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3. PLIOCENE TO QUATERNARY CALCAREOUS NANNOFOSSIL BIOSTRATIGRAPHY OF THE
ARCTIC OCEAN, WITH REFERENCE TO LATE PLIOCENE GLACIATION!
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ABSTRACT

Calcareous nannofossil assemblages from the samples in Holes 910A, 910C, and 911 A were studied in order to estimate the
age of the sediments drilled at the Yermak Plateau in the Arctic Ocean. Although the abundance and species diversity of calcar-
eous nannofossil flora were poor, eight of twelve Quaternary calcarcous nannofossil events were detected in Hole 911A. This
indicates that the Quaternary datum planes defined by Takayama and Sato (1987) are applicable to the Arctic Ocean.

The late Pliocene new datum plane A, defined by the floral change from Reticulofenestra spp. (small) assemblage to Cocco-
lithus pelagicus assemblage, is placed in the late Gauss Normal Epoch in the successions at both the Japan Sea side of Japan
and at the Arctic Ocean. This horizon is also assigned to that of increased dropstones in Holes 910C and 911A. These facts indi-
cate that the datum plane A in the late Gauss Normal Epoch is strongly related to heavy glaciation in the high northern latitudes.

INTRODUCTION

Takayama and Sato (1987) investigated calcareous nannofossils
from Cenozoic sediments recovered from the North Atlantic during
Deep Sea Drilling Project (DSDP) Leg 94, and they recognized a to-
tal of 12 calcareous nannofossil datums in the Quaternary. Sato et al.
(1988; 1991) and Sato and Takayama (1992) also studied the calcar-
eous nannofossil assemblage of the uppermost Cenozoic sediments
from the Indian Ocean, both Pacific and Japan Sea sides of Japan, and
the Pliocene/Pleistocene boundary stratotype in Italy, and showed
that the Quaternary datum planes recognized in the North Atlantic
Ocean were applicable to the low- to high-latitude regions in not only
the Atlantic Ocean, but also the Japan Sea, Pacific Ocean, Indian
Ocean, and Mediterranean Sea.

During Ocean Drilling Program Leg 151, seven sites were drilled
in the Norwegian-Greenland Sea and the Arctic Ocean in an effort to
clarify the timing and development of polar cooling and to establish
the temporal and spatial variation of sea-ice distribution, the glacial
history of the circum-arctic, Greenland, and Northern Europe, and
the history of ice rafted debris (IRD) sedimentation in the Arctic (Fig.
1).

In this report, we describe in detail the calcareous nannofossil as-
semblages and their stratigraphic changes in Holes 910A, 910C, and
911A, located in the Yermak Plateau in the Arctic Ocean (Fig. 1: Ta-
ble 1). On the basis of their results, we also discuss the biostratigraph-
ic utility of calcareous nannofossil datum planes defined by Takaya-
ma and Sato (1987) and the relationship between calcareous nanno-
fossil assemblages, polar cooling, and the sea-ice distribution.

METHOD

Each sample was processed by a smear slide preparation method
for calcareous nannofossil study. The microslide (size of coverslip is
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18 mm X 18 mm) was observed under the binocular polarizing micro-
scope with an oil-immersion objective at a magnification of 1,500x.
As the abundance of calcareous nannofossils is rare to barren and is
not sufficient for quantitative analysis in most samples, we empha-
size the qualitative analysis of distribution of each species throughout
upper Cenozoic sequences.

Range charts have been prepared for all samples examined and
show the presence of calcareous nannofossil species in each sample.
Among three holes, the total number of calcareous nannofossil spec-
imens in the samples from Hole 911A is designated in Table 2 by us-
ing one of following codes: A = abundant (more than 200 specimens
in a smear slide); C = common (60 to 200 specimens in a smear slide);
R = rare (less than 60 specimens in a smear slide); B = barren (no
specimens are found in a smear slide).

PLIOCENE TO QUATERNARY CALCAREOUS
NANNOFOSSIL DATUMS

Many Quaternary calcareous nannofossil events were classified
by recent studies mainly based on the analysis of deep-sea cores
(Gartner, 1977; Rio, 1982; Rio et al., 1990, 1991; Takayama and Sa-
to, 1987; Raffi et al., 1993; Matsuoka and Okada, 1989). In the North
Atlantic Ocean, Takayama and Sato (1987) investigated calcareous
nannofossil floras of the Cenozoic sediments recovered from the bot-
tom of the Northeast Atlantic Ocean during DSDP Leg 94. They rec-
ognized a total of 12 calcareous nannofossil datums in the Quaternary
sediments. These datums were correlated with the magnetostratigra-
phy established by Clement and Robinson (1987), and ages for all the
datums were estimated by interpolation between magnetic reversals.
Subsequently, Sato (1989) restudied the calcareous nannofossil as-
semblages at Hole 610A and recognized one additional datum in the
Quaternary. The relations between magnetic reversals and these cal-
careous nannofossil datums were summarized by Sato et al. (1991),
and a total of 13 datums in the Quaternary were numbered from 1 to
13 in descending stratigraphic order.

However, a more recent geomagnetochronology has been pub-
lished by Cande and Kent (1992). Therefore, we have recalculated
the ages of the late Pliocene to Quaternary calcareous nannofossil da-
tums of Sato et al, (1991), based on the relationships between the cal-
careous nannofossil stratigraphy of Leg 94 (Holes 606, 607, 609, and
610A studied by Takayama and Sato, 1987 and Sato, 1989), the mag-
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Figure 1. Location map of Sites 910 and 911.

Table 1. Location of Leg 151 sites studied,

Water

Hole Latitude Longitude  depth (m)
910A  B0°15.882'N  06°35.405'E  556.38
910C  80°15.896'N 06°35430°E  556.38

911A  B0°28.466'N  08°13.640E  901.58

netic polarity of Leg 94 holes (Clement and Robinson, 1987), and
new magnetochronology by Cande and Kent (1992). Figure 2 shows
the revised ages of these calcareous nannofossil datums. Based on
these results, we describe and discuss the Pliocene to Quaternary cal-
careous nannofossil stratigraphy of the Arctic Ocean in the following
section.
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LATEST PLIOCENE TO QUATERNARY
CALCAREOUS NANNOFOSSIL
BIOSTRATIGRAPHY
OF HOLES 910A, 910C, AND 911A

Holes 910A and 910C

Site 910 is located at 556 m below sea level (mbsl) on the central
inner Yermak Plateau in the Arctic Ocean (Fig. 1). Four holes (Holes
A, B, C,D) were drilled at this site; two (Holes 910A and 910C) were
studied for calcareous nannofossil biostratigraphy.

The core recovery of this site was poor except for the uppermost
sequences of Hole 910A. Ninety samples were studied for calcareous
nannofossil biostratigraphy; calcareous nannofossils were found in
65 of the 90 samples (Table 2; Fig. 3). The preservation of calcareous
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Table 2. Distribution of calcareous nannofossils in Holes 910A and 910C.
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1H-1, 46-47 0.46
1H-1, 95-96 0.95 X
1H-2, 46-47 1.96 X X X
1H-2, 95-96 2.45 X X X
1H-2, 144-145 | 2.94 X X X
1H-3, 46-47 3.46 X X
1H-3, 95-96 3.95 X X
1H-4, 4647 496
1H-CC 550 X X X
2H-1,45-46 5.05 X X X ot G X
2H-1,95-96 6.45 X X X
2H-2, 45-46 7.45 X X X
2H-2,95-96 7.95 X X
2H-3, 45-46 8.95 X X X
2H-3, 95-96 9.45
2H-4, 45-46 1045 X X X X X
2H-4, 95-96 10,95
2H-5, 45-46 11.95 X X X X X X
2H-5. 05-96 12.45 X X X X
2H-6, 45-46 13.45 X X
2H-6, 95-96 13.95 X X X X X
2H-CC 15.00 | X X X X X
3H-1, 45-46 15.45 X X X X X E
3H-1,95-96 15.95 X X X X 5
3H-2, 4546 16.95 X X X X X g
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3H-3, 45-46 18.45 X X X X
3H-3.95-96 18.95 X X
3H-CC 19.50 | X X X X X X ¥, X
4H-1,45-46 19.95 X X X X
4H-1,95-96 20.45 X X X X X
4H-2, 45-46 21.45 X
4H-2,95-96 21.95 X
4H-3, 4546 22.95
4H-3,95-96 23.45 X X X X X|X %
4H-3, 129-130 | 23.79 X X X X X X
4H-CC 2450 | X X X X X X X
151-910C-
4R-1, 19-21 26.95 X X X X
4R-2, 19-21 28,00 X
4R-3,20-22 29.60 X
4R-4, 19-21 31.09 X
4R-5, 19-21 32,50
4R-CC 35.30 X X X X
SR-1,20-21 35.50
R-CC 37.30 X X X
6R-CC 45.70 X X X X X
7R-CC 54.50 X X X X
8R-CC 66.50
1IR-CC 93.30 X X X
12R-CC 103.70 X
13R-CC 114.40
14R-CC 124.10
15R-CC 133.50 X
16R-CC 144,40
17R-CC 155.30
18R-CC 170.10
19R-CC 177.90
20R-CC 187.70 X
21R-CC 189.90
22R-CC 205.70
23R-CC 21630 2
24R-CC 22250 2
25R-CC 236.0 X x| &
26R-CC 247.10 =
27R-CC 254.90 | X X X X x| %
28R-CC 262.80
29R-CC 272.70 X x| x X
30R-CC 276.50 X X X
32R-CC 304.80 X X X
33IR-CC 310.40
34R-CC 32420 X X
35R-CC 333.20
36R-CC 341.30
37R-CC 353.00 X X X X
38R-CC 36220 | X X X X X X
39R-CC 368.80 X X X
40R-CC 381.30
41R-CC 391.60 X X X X X
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Table 2 (continued).
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Figure 2. Calcareous nannofossil datums and the rela- 20— o [=10 —@ LAD Discoaster brouweri 2.00
tion to magnetostratigraphy (J = Jaramillo Event; CM 30
= Cobb Mountain Event; O = Olduvai Event). = E

nannofossil specimens is moderate to good; however, the total num-
ber of specimens in a slide is less than 60 in most samples.
Emiliania huxleyi, which defines NN21 zone of Martini (1971), is
not found in Hole 910A. This may result from barren samples in the
uppermost sequence of Hole 910A. Samples 151-910A-1H-2, 4647
cm, to 151-910A-2H-3, 45-46 cm, contain Gephyrocapsa caribbe-
anica, G. oceanica, and Coccolithus pelagicus without both Emilian-
ia huxleyi and Pseudoemiliania lacunosa. P. lacunosa, the last ap-
pearance of which defines the NN20/NN19 boundary and datum 3 of
Sato et al. (1991), occurs in and below Sample 151-910A-2H-4, 45~
46 cm. Therefore, datum 3 and the NN19/NN20 boundary is placed
between Sample 151-910A-2H-3, 45-46 cm, and 151-910A-2H-4,
45-46 cm. The lowest occurrences of Gephyrocapsa caribbeanica
and G. oceanica, both index species of the Quaternary, are found be-
tween Samples 151-910C-7R-CC and 151-910C-8R-CC. Therefore,
the Pliocene/Pleistocene boundary and datums 11 and 12 are placed
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in this horizon (Fig. 3). Gephyrocapsa parallela, Reticulofenestra
asanoi, Gephyrocapsa spp. (large), and Helicosphaera sellii, which
define datums 3, 6, 7, 8, 9, and 10 of the Quaternary, are very rare to
absent throughout the Quaternary section.

Below the Pliocene/Pleistocene boundary down to Sample 151-
910C-24R-CC, the abundance of nannofossils is rare (less than 60
specimens in a slide) to barren. Only one species, Coccolithus pelagi-
cus, occurs sporadically in this interval. On the other hand, a remark-
able nannofossil event is found in Samples 151-910C-24R-CC to
151-910C-25R-CC. The calcareous nannofossil assemblage below
this horizon abruptly changes to higher species diversity and to abun-
dant occurrences of both Reticulofenestra spp. (small) and Dictyo-
coccites spp. (small). This highly diverse assemblage occurs down to
Sample 151-910C-53R-CC. Pseudoemiliania lacunosa and Heli-
cosphaera sellii, both of which occur in the latest early Pliocene to
Quaternary in the North Atlantic (Takayama and Sato, 1987), are also
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Figure 3. Stratigraphic distribution of calcareous nannofossil species in Holes 910A and 910C (calcareous nannofossil datums: Sato et al., 1991).

found throughout this interval. On the basis of the absence of early
Pliocene marker species such as Reticulofenestra pseudoumbilica
and Sphenolithus abies and of the presence of both species mentioned
above, Samples 151-910C-25R-CC to 151-910C-53R-CC (bottom
sample) may be assigned to the late Pliocene.

Hole 911A

Site 911 is located in the southern part of the Yermak Plateau
(901.58 mbsl) at a moderate distance northeast of Site 910 in the Arc-
tic Ocean (Fig. 1; Table 1).

A total of 606 samples from Hole 911A was studied for calcare-
ous nannofossil biostratigraphy. Although most of the sample se-
quence of Hole 911A is barren of calcareous nannofossils, 81 of 606
samples contained nannofossil specimens. The abundance of samples
wherein calcareous nannofossils occurred was rare to common, or
over 200 calcareous nannofossil specimens per slide. Preservation of
nannofossil specimens in this hole is moderate to good, and the Qua-

ternary marker species of Martini’s zonation (1971) and of datum
planes in Sato et al. (1991) are found. Eleven genera and 21 species
(including “sp.”) were recognized, excepting the reworked speci-
mens from the Paleogene to Cretaceous (Table 3; Fig. 4).

Emiliania huxleyi, the marker species of zone NN21 of Martini
(1971), occurs from Sample 151-911A-1H-1, 19-20 cm, to Sample
151-911A-1H-2, 70-71 cm. Therefore, datum 2 (first appearance da-
tum [FAD] E. huxleyi) is placed between Samples 151-911A-1H-2,
70-71 cm, and 911A-1H-CC. Samples from 151-911A-1H-CC to
151-911A-2H-6, 19-21 cm, which are characterized by the absence
of both Emiliania huxleyi and Pseudoemiliania lacunosa, are corre-
lated with zone NN20 in the late Quaternary. Pseudoemiliania lacun-
osa is found in and below Sample 151-911A-3H-2, 7071 cm. On the
basis of the occurrence of this species, datum 3 (last appearance da-
tum [LAD] P. lacunosa and NN19/NN20 boundary of Martini’s zo-
nation) is placed between Samples 151-911A-2H-6, 19-21 cm, and
151-911A-3H-2, 70-71 cm. Samples 151-911A-9H-2, 70-71 cm,
and 151-911A-9H-5, 118-119 cm, are characterized by the occur-
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Table 3. Distribution of calcareous nannofossils in Hole 911A.
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151-911A-
IH-1, 19-20 0.19 | B
1H-1, 7071 070 | C X
1H-2, 19-20 169 | R X X
1H-2, 70-71 220 | R X X
1H-3, 19-20 39| B
1H-3, 70-71 370 | B
1H-4, 19-20 469 | B
1H-4, 70-71 52 | B
1H-5, 19-20 619 | B
1H-5, 70-71 670 | B
IH-6, 19-20 769 | B
1H-6, 70-71 820 | B
IH-CC 940 | R X
2H-1, 19-21 969 | C X
2H-1, 69-71 1019 | R X X X
2H-2, 19-21 IL19 | B
2H-2, 69-71 1169 | B
2H-3, 19-21 1269 | R X
2H-3, 69-71 13.19 | B
2H-4, 19-21 1419 | B
2H-4, 69-71 1469 | A X X X X
2H-5, 19-21 - 1560 | B
2H-5, 69-71 16.19 | B
2H-6, 19-21 17.19 | R X
2H-6, 69-71 1769 | B
2H-CC 1885 | B
3H-1, 19-20 19.19 | B
3H-1,70-71 1970 | B
3H-2, 19-20 2069 | B
3H-2, 70-71 2120 | A X X X X X X X X
3H-3, 19-20 2219 | B
3H-3, 69-70 2269 | B
3H-4, 19-20 2369 | B
3H-4, 69-70 24.19 | B
3H-5, 19-20 2519 | B
3H-5, 69-70 2560 | B
3H-6, 19-20 2669 | B
3H-6, 70-71 2720 | C X X X X X X
3H-7, 19-20 2819 | B
3H-CC 2846 | R X X
4H-1,21-22 2871 | C X X X X
4H-1,70-71 2920 | B
4H-2,21-22 3021 | R X X
4H-2,70-71 3070 | B
4H-3,21-22 3171 | B
4H-3, 70-71 3220 | B
4H-4,21-22 3321 | B
4H-4,70-71 3370 | B
4H-5, 21-22 3471 | B
4H-5, 70-71 3520 | B
4H-6, 21-22 3621 | B
4H-6, 70-71 3670 | B
4H-CC 3771 | R X X X X
5H-1, 20-21 3820 | B
5H-1,70-71 3870 | B
5H-2, 20-21 3970 | B
5H-2, 70-71 4020 | B
5H-3, 20-21 4120 | B
5H-3, 70-71 4170 | B
5H-4, 20-21 4270 | B
5H-4, 70-71 4320 | B
5H-5, 20-21 4420 | B
5H-5,70-71 4470 | B
5H-6, 20-21 4570 | B
5H-CC 4623 | B
6H-1, 20-21 4770 | B
6H-1, 70-71 4820 | B
6H-2, 20-21 4920 | R X
6H-2, 70-71 4970 | R X X X
6H-3, 20-21 5070 | B
6H-3, 70-71 5120 | R X
6H-4, 20-21 5220 | R X X
6H-4, 70-71 5270 | R X X X|x X X X X
6H-5, 20-21 5370 | B
6H-5, 70-71 5420 | B
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Table 3 (continued).
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6H-6,20-21 5520 | B
6H-6, 70-71 5570 | R X
6H-7, 20-21 5670 | B
6H-CC 5727 | € X X X X X X X X
7H-1,20-21 5720 | R X
TH-1, 70-71 5770 | B
7H-2, 20-21 5870 | B
7H-2,70-71 5920 | B
7H-3,20-21 6020 | B
7H-3,70-71 6070 | B
TH-4, 20-21 6170 | B
7H-4, 70-71 6220 | B
TH-5, 20-21 6320 | B
TH-5, 70-71 6370 | B
TH-CC 64.51 | B
8H-1, 20-21 6540 | B
8H-1,70-71 6590 | B
8H-2, 20-21 6690 | B
8H-2, 70-71 67.40 | B
8H-3, 20-21 68.40 | B
8H-3, 70-71 68.90 | B
§H-4, 20-21 69.90 | B
8H-4. 6970 7039 | € X X X
8H-5, 20-21 7140 | B
8H-5, 69-70 7189 | R X X
8H-6, 20-21 7290 | B
8H-6, 70-71 73.40 | B
8H-7, 20-21 74.40 | B
8H-CC 75.13 | B
9H-1,21-22 7491 | B
9H-2,21-22 7551 | B
9H-2, 70-71 7600 | C % % X X X X X X X
0H-3,21-22 7701 | B
9H-3, 70-71 7750 | B
9H-4,21-22 78.51 | B
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9H-5, 70-71 80.50 | R X X X g
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9H-7, 70-71 83.50 | B
9H-CC 84.00 | B
10H-1, 20-21 84.40 | B
10H-1, 71-72 8491 | B
10H-2, 20-21 85.90 | B
10H-271-73 8641 | B
10H-3, 20-21 8740 | B
10H-3, 71-73 8791 | B
10H-4, 20-21 88.90 | B
10H-4, 70-71 89.40 | B
10H-5, 20-21 90.40 | B
10H-5, 70-71 9090 | B
10H-6, 20-21 9190 | B
10H-6, 69-70 9239 | B
10H-CC 9395 | B
11H-1, 20-21 9390 | B
1LH-1, 70-71 9440 | B
11H-2.20-21 9540 | B
11H-2, 70-71 9590 | B
11H-3, 20-21 96.90 | B
11H-3, 70-71 97.40 | B
11H-4, 20-21 98.40 | B
11H-4, 70-71 9890 | B
11H-5, 24-25 9994 | B
11H-5, 70-71 10040 | B
11H-CC 10140 | R X X X X
12H-1,19-20 | 10209 | B
12H-1, 70-71 102,60 | B
12H-2,19-20 | 10359 | B
12H-2, 70-71 104,10 | B
12H-3,19-20 | 10509 | B
12H-3, 70-71 10560 | B
12H-4, 19-20 | 106,59 | B
12H-4, 70-71 107.10 | B
12H-5,19-20 | 108.09 | B
12H-5, 70-71 108.60 | B
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Table 3 (continued).
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12H-6, 19-20 109.59 | B
12H-6, 70-71 110.10 | B
12H-7, 19-20 11109 | B
12H-CC 1135 | R X X
13H-1, 20-21 1160 | B
13H-1,70-71 112.10 | B
13H-2, 20-21 113.10 | B
13H-2, 70-71 11360 | B
13H-3, 20-21 11460 | B
13H-3, 70-71 11510 | B
13H-4, 20-21 116,10 | B
13H-4, 70-71 11660 | B
13H-5, 20-21 11760 | B
13H-5, 70-71 118.10 | B
13H-6, 20-21 119.10 | B
13H-6, 70-71 11960 | B
13H-7, 20-21 120.60 | B
13H-7, 70-71 121.00 | B
13H-CC 12110 | B
14H-1, 20-21 12115 | B
14H-1, 70-71 121.60 | R X
14H-2, 20-21 12260 | B
14H-2, 70-71 123.10 | B
14H-3, 20-21 12410 | B
14H-3, 70-71 124.60 | B
14H-4, 20-21 125.60 | B
14H-4, 70-71 126,10 | B
14H-5, 20-21 12706 | B
14H-5, 70-71 127.56 | B
14H-6, 20-21 12735 | R X X X X X
14H-6, 70-71 127.85 | B
14H-7, 20-21 12885 | B
14H-7, 70-71 12935 | R X X X X X
14H-CC 130.40 | R X X X X X X3 X X
15H-1, 19-20 130.59 | B
15H-1, 70-71 131.10 | B
15H-2,19-20 | 13209 | B
15H-2,74-75 | 13264 | B g
15H-3, 19-20 133.59 | B £
15H-3, 69-70 13409 | B 2
15H-4, 19-20 13509 | R X X X % % X X &
15H-4, 69-70 13559 | B
15H-5, 19-20 136.59 | B
15H-5, 69-70 137.00 | B
15H-6,19-20 | 13809 | B
15H-6, 69-70 138.59 | B
15H-CC 139.12 | R X X X X X
16X-1, 20-21 140.10 | B
16X-1,70-71 140.60 | B
16X-2, 20-21 14160 | B
16X-3, 20-21 143.10 | B
16X-4, 20-21 14460 | B
16X-5, 20-21 146.10 | B
16X-CC 14736 | B
17X-1,70-71 150.10 | B
17X-2, 70-71 15160 | B
17X-3,70-71 153.10 | B
17X-4, 70-71 15460 | B
17X-CC 15540 | B
18X-1, 70-71 159.70 | B
18X-2, 70-71 16120 | B
18X-3, 70-71 16270 | R X
18X -4, 70-71 163.94 | B
18X-5, 70-71 16530 | B
18X-6, 69-70 166.38 | B
18X-CC 16670 | B
19X-1,71-72 | 16931 | B
19X-2,20-21 17030 | B
19X-2, 70-71 17080 | B
19X-3, 20-21 171.80 | B
19X-3, 70-71 17230 | B
19X-4, 20-21 17330 | A X X X X X
19X-4, 71-72 17381 | R X
19X-5, 20-21 17480 | B
19X-5, 70-71 17530 | B
19X-CC 176,15 | A X X X X X X X X|x X
20X-1,19-20 | 17849 | R X
20X-1,68-69 | 17898 | B
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Table 3 (continued).
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20X-2, 19-20 17999 | B
20X-2, 68-69 18048 | B
20X-3, 19-20 18149 | B
20X-3, 68-69 181.98 | R X X X X X
20X-4, 19-20 18299 | B
20X-4, 6869 18348 | B
20X-5, 19-20 18449 | B
20X-5, 68-69 18498 | B
20X-6, 19-20 18599 | B
20X-6, 63-69 18648 | B
20X-CC 186,60 | B
21X-1,70-71 18860 | R X
21X-2, 70-71 190.10 | B
21X-3,70-71 19160 | B
21X-4,70-71 193.10 | B
21X-5, 75-76 19465 | B
21X-6, 67-68 196.07 | B
21X-CC 19700 | B
22X-1,26-27 197.76 | R X X X
22X-1, 69-70 198.19 | B
22X-2,22-23 19922 | B g
22X-2, 69-70 199.69 | R X £
22X-3,22-23 20065 | B 2
22X-3, 69-70 201.12 | B &
22X-4, 20-21 20194 | B
22X-4,69-70 | 20243 | B
22X-5, 20-21 20344 | B
22X-5,69-70 | 20393 | B
22X-6, 20-21 20494 | B
22X-CC 20570 | B
23X-1, 17-18 20737 | B
23X-1,76-77 20796 | B
23X-2, 17-18 20887 | B
23X-2,76-77 20946 | B
23X-3, 17-18 21037 | B
23X-3,76-77 21096 | C X X X X X X
23X-4, 17-18 21187 | R X 5 ol X
23X-4, 76-77 21246 | B
23X-5, 17-18 21337 | B
23X-5, 76-77 21396 | A X XX X X X X X
23X-6, 17-18 21487 | R X X X X X X
23X-6, 76-77 21546 | B
23X-CC 21600 | R | X X X X =% X X X
24X-1,20-21 217.00 | R X X % % X X X X
24X-1,70-71 21750 | B
24X-2, 20-21 21850 | B
24X-3,20-21 21890 | B
24X-3, 70-71 21940 | B
24X-4, 20-21 22040 | B
24X-4,70-71 22090 | B
24X-5,20-21 22131 | B
24X-5, 70-71 22181 | B
24X-6, 20-21 22244 | B
24X-6, 70-71 22204 | B
24X-7,20-21 22389 | B
24X-7,70-71 22439 | B
24X-8, 20-21 22539 | B
24X-8, 71-72 22590 | B
24X-CC 22700 | B g
25X-1, 89-90 22729 | R X
25X-2,89-90 | 22879 | R X g
25X-3,89-90 | 23029 [ B 5
25X-CC 23090 | B 2
26X-1,90-91 237.00 | B =
26X-2, 90-91 23850 | B
26X-3, 90-91 24000 | B
26X-4, 90-91 24150 | B
26X-5, 90-91 243.00 | B
26X-6, 90-91 24450 | B
26X-CC 24478 | B
27X-1, 88-90 24668 | B
27X-2, 88-90 248.18 | R X
27X-3, 88-90 24968 | B
27X-4, 20-21 25025 | B
27X-5,88-90 | 251.36 | R X
27X-CC 252.18 | B
28X-1,90-91 25640 | B
28X-2, 90-91 25790 | B
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Table 3 (continued).
8
= 3 - = g n g E
; E Sz 3|BE £ 35 8
se. 8| IESEf gz Fiicilt
S$3 & T §SlgaSiSZSeRg|es
'a»ﬂi}'%-%'sgg_wﬁ‘u-ﬁgu.sgaﬁ.gs
E&auggsgagg_g%%%gégzéz
gls 88 38%|(Es TEfS S S 3|8 F & & S8
=k EE £ = H S 5 S5 T T TS
_— -§%ﬁ%gs%.§§.§§§§,838§§33§3_
, section, Dep'h=5-55é’g@&*iﬁii@'ﬁﬁ%:%é%Et‘:
imervalem) [ (mbsh |2 12 S S S A3 R|F X & € | Awe
28X-3, 90-91 25040 | B
28X-4,92-94 26092 | B
28X-5, 94-95 26244 | B
28X-6,89-90 | 26389 | B
28X-7, 19-21 26469 | B
28X-CC 26496 | R X
29X-1,20-21 26530 | B
29X-2,20-21 26633 | B
20X-2, 90-91 267.03 | B
29X-3,20-21 26783 | B
29X-3, 90-91 26853 | B
29X-4,20-21 26933 | B
29X-4, 90-91 27003 | B
29X-5, 20-21 27083 | B
209X-5, 90-91 27153 | B
29X-6, 20-21 27233 | B
29X-6, 90-91 27303 | B
29X-7, 20-21 27383 | B
29X-CC 27460 | B
30X-1,20-21 27490 | B
30X-1,90-91 27560 | B
30X-2, 20-21 27640 | B
30X-2, 90-91 277.10 | B
30X-3, 20-21 27790 | B
30X-3, 90-91 27860 | B
30X-4, 20-21 27940 | B
30X-4,90-91 280.10 | B
30X-5, 20-21 28080 | B
30X-5, 90-91 281.50 | B
30X-CC 283.00 | B
31X-1,20-21 28450 | B
31X-1,90-91 28520 | B
31X-2,20-21 286.00 | B
31X-2,90-91 28670 | B
31X-3,20-21 287.50 | B
31X-3,90-91 28820 | B
31X-4,20-21 289.00 | B o
31X-4,90-91 28970 | B g
31X-5,20-21 290.50 | B 2
31X-5,90-91 29120 | B a
31X-6,20-21 292.00 | B 4
31X-6, 89-90 29269 | B =
31X-7,20-21 29350 | B
31x-cc 29393 | B
32X-1,20-21 29420 | B
32X-1, 90-91 294.90 | B
32X-2,21-22 29571 | B
32X-2, 90-91 29640 | B
32X-3,21-22 | 29721 | R X
32X-3,90-91 29790 | B
32X-4, 20-21 29870 | B
32X-4,90-91 29940 | B
32X-5,21-22 30021 | B
32X-6, 20-21 30152 | B
azx-cc 30260 | B
33X-1,23-24 | 303.83 | B
33X-1, 90-91 30450 | B
33X-2,23-24 | 30533 | B
33X-2, 90-91 30600 | B
33X-3,23-24 | 30683 | B
33X-3, 90-91 30750 | B
33X-4,23-24 | 30833 | B
33X-4,90-91 309.00 | B
33X-CC 310,10 | B
34X-1,23-24 | 31353 | B
34X-1, 90-91 31420 | B
34X-2,23-24 31503 | B
34X-2, 90-91 31570 | B
34X-3,23-24 31653 | B
34X-3,89-90 | 317.19 | B
34X-4,23-24 31803 | B
34X-4, 90-9] 31870 | B
34X-5,23-24 31935 | R X
34X-5, 90-91 32002 | B
34X-6,25-26 | 32087 | B
34X-6, 90-91 32152 | B
34X-CC 32210 | B
35X-1,27-28 32317 | B
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Table 3 (continued).
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35X-1,89-90 | 32379 | B
35X-2,27-28 | 32467 | B
35X-2,93-94 | 32533 | B
35X-3,27-28 | 326.17 | B
35X-3,89-90 | 32679 | B
35X-4,27-28 | 32767 | B
35X-4,80-00 | 32829 | B
35X-5,27-28 | 32917 | B
35X-5,89-90 | 32979 | B
35X-CC 33070 | B
36X-1,19-20 | 33279 | B
36X-1,90-91 | 33350 | B
36X-2,18-19 | 334.26 | B
36X-2,91-92 | 33499 | B
36X-3,20-21 | 33576 | B
36X-3,90-91 | 33646 | B
36X-4, 20-21 33726 | B
36X-4, 90-91 33796 | B
36X-5.20-21 | 33869 | B
36X-CC 339.80 | B
37X-1,17-18 | 34237 | B
37X-1,97-98 | 34317 | B
37X-2,17-18 | 34377 | B
37X-2,97-98 | 34457 | B
37X-3,17-18 | 34519 | B
37X-3,102-103 | 34604 | B
37X-4,18-19 | 34654 | B
37X-4.96-97 | 34732 | B
37X-5,18-19 | 34790 | B
37X-5,104-105 | 348.76 | B
37X-6, 18-19 | 349.10 | B
37X-6,94-95 | 34986 | B
37X-CC 35050 | B
38X-1,20-21 | 352.10 | B
38X-1,89-90 | 35279 | B
38X-2,20-21 35301 | B
38X-2,91-92 | 35372 | B "
38X-3, 20-21 35451 | B g
38X-3.91-92 | 35522 | B 2
38X-4, 20-21 35601 | B &
38X-4,91-92 | 35672 | B 2
38X-5,20-21 | 35744 | B =
38X-5.91-92 | 358.15 | B
38X-6, 20-21 35864 | B
38X-6, 103-105 | 359.47 | B
38X-7.20-21 | 35996 | B
38X-7.91-92 | 360.67 | B
38X-CC 36140 | B
39X-1,20-21 | 36160 | B
39X-1,90-91 36230 | B
39X-2,20-21 36305 | B
39X-2,90-91 | 363.75 | B
39X-3,20-21 | 36449 | B
39X-3, 90-91 365.19 | B
39X-4, 20-21 36589 | B
39X-4,90-91 | 36659 | B
39X-5, 20-21 36732 | B
39X-5, 90-91 368.02 | B
39X-6, 20-21 368.74 | B
39X-CC 369.60 | B
40X-1,20-21 | 371.10 | B
40X-1,89-90 | 37179 | B
40X-2,20-21 37260 | B
40X-2,89-90 | 37329 | B
40X-3,20-21 | 37405 | B
40X-3,89-90 | 37474 | B
40X-4,20-21 | 37555 | B
40X-4,90-91 | 37625 | B
40X-5, 20-21 37683 | B
40X-6,20-21 | 37775 | B
40X-6,90-91 | 37845 | B
40X-CC 379.08 | B
41X-1,20-21 | 38060 | B
41X-1,90-91 | 38130 | B
41X-2,18-19 | 38208 | B
41X-2,90-91 382.80 | B
41X-3,90-91 38430 | B
41X-4,20-21 385.10 | B
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Table 3 (continued).
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41X-4, 90-91 385.80 | B
41X-5,20-21 386.60 | B
41X-5,90-91 38730 | B
41X-6, 19-20 388.09 | B
41X-6, 89-90 38879 | B
41X-CC 38940 | B
42X%-1, 19-21 390.19 | B
42X-1, 89-90 39089 | B
42X-2, 19-21 39121 | B
42X-2, 89-90 39191 | R ' X
42X-3, 19-21 39228 | R X X
42X-3, 89-90 39298 | B
42X-4, 19-21 39378 | B
42X-4, B4-85 39443 | B
42X-5, 19-21 39465 | B
42X-5, 90-91 39536 | B
42X-6, 19-21 39588 | B
42X-6, 90-91 396.59 | B
42X-7, 19-21 39722 | B
42X-CC 39960 | B
43X-1,29-30 399.89 | R X X
43X-1,90-91 40050 | R X
43X-2, 29-30 40136 | B
43X-2,90-91 40197 | R X X
43X-3, 29-30 40260 | R X X X
43X-3, 90-91 40321 | B
43X-4, 29-30 404.10 | B
43X-5, 29-30 40497 | B
43X-CC 40560 | B
44X-1,20-21 40050 | B
44X-1,90-91 41020 | B
44X-2,20-21 41100 | B
44X,2,90-91 | 41170 | B
44X-3, 20-21 41250 | B
44X-3,90-91 41320 | B
44X-CC 41399 | B
45X-1,21-22 41911 | B
45X-1.89-90 | 41979 | B é
45X-2,21-22 42048 | B 2
45X-2,89-90 | 421.16 | B £
45X-3,21-22 42198 | B 2
45X-3,01-92 42268 | B =
45X4,21-22 42329 | B
45X-4.91-92 42399 | B
45X-5,21-22 42463 | B
45X-5,89-90 | 42531 | B
45X-6,22-23 42599 | B
45X-6, 91-93 426.68 | B
45X-7,27-28 42754 | B
45X-CC 42820 | B
46X-1, 17-18 42877 | B
46X-1,90-91 42950 | B
46X-2,19-20 | 43029 | R X X X
46X-2,90-91 431.00 | B
46X-3,20-21 43176 | B
46X-3,90-91 43246 | B
46X-4, 20-21 43312 | B
46X-4, 90-91 43382 | B
46X-5, 20-21 43462 | B
46X-5,90-91 43532 | B
46X-CC 43571 | R X X X
47X-1,21-23 43841 | B
47X-1,89-90 | 439.09 | R X
47X-2,21-23 43991 | B
47X-2.89-90 | 44059 | B
47X-3,24-25 44144 | B
47X-3,92-93 | 44212 | R X X
47X-4,24-25 | 44294 | R X X
47X-4, 90-91 44360 | B
47X-5,19-20 | 44405 | R X X
47X-5,90-91 44476 | R X
47X-6,18-19 | 44524 | R X X X
47X-6, 92-93 44508 | R X X
47X-7,19-20 | 44650 | B
47X-CC 44780 | B
48X-1,20-21 44800 | B
48X-1,88-89 | 44868 | B
48X-2, 24-25 449.11 | B
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Table 3 (continued).
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48X-2,88-80 | 44975 | B
48X-3,25-26 | 45062 | B
48X-3,88-89 | 45125 | B
48X-4,18-19 | 45201 | B
48X-5,18-19 | 45272 | B
48X-5,80-90 | 45346 | B
48X-6,24-26 | 454.17 | B
48X-6,80-90 | 45536 | B
48X-7,20-21 45576 | B
48%-CC 45730 | B
49X-1,20-21 45770 | R X
49X-1,90-91 45840 | B
49X-2,20-21 45920 | B
49X-2,91-92 | 45991 | B
49X-3, 20-21 46070 | R X
49X-3,01-92 | 46141 | B
40X-4,2425 | 46224 | B
49X-4, 90-91 46290 | B
49X-5,20-21 46370 | B
49X-5, 90-91 46440 | B
49X-CC 46500 | B
50X-1,20-21 46740 | B
50X-1,90-91 468.10 | B
50X-2, 20-21 46890 | B
50X-2, 90-91 469.60 | B
50X-3, 90-91 47040 | B
50X-4, 20-21 47190 | B
50X-4, 90-91 47260 | B
50X-5, 20-21 47340 | B o
50X-5, 90-91 47410 | B g
50X-6, 20-21 47490 | B £
50X-6, 90-91 47560 | B =
50X-CC 47680 | B 2
51X-1,20-21 47700 | R X X =
51X-1,90-91 47770 | R X X
51X-2,21-22 | 47851 | B
51X-2,92-93 | 47922 | B
51X-3,20-21 48000 | B
51X-3,90-91 | 48070 | B
51X-4.19-20 | 48149 | B
51X-4,90-91 48220 | B
51X-5,17-18 | 48297 | B
51X-5,91-92 | 48371 | B
51X-6,16-17 | 484.46 | B
51X-6,92-93 | 48522 | B
51X-7,20-21 | 486.00 | R X
51X-CC 48650 | R X
52X-1,17-18 | 486.67 | R X X X
52X-2,17-18 48742 | R X X
52X-2,92-93 | 488.17 | B
52X-3,17-18 | 48892 | R X
52X-3,92-93 | 48967 | B
52X-4,20-21 49045 | B
52X-4,92-03 | 491.17 | B
52X-5,18-19 | 491.86 | B
52X-5,93-94 | 49261 | B
52X-6,18-19 | 49302 | B
52X-6,95-96 | 49379 | B
52X-7,19-20 | 49453 | B
52X-CC 49620 | B
53X-1,19-20 | 49639 | B
53X-2,19-20 | 497.13 | B
53X-CC 505.80 | R X X X X 7

rence of Reticulofenestra asanoi. This indicates that datum 5 (LAD
Reticulofenestra asanoi), which is correlated between the Brunhes
Normal Epoch and Jaramillo Event in the Matuyama Reversed Epoch
(Sato et al., 1991), is placed between Samples 151-911A-8H-5, 69—
70 cm, and 151-911A-9H-2, 70-71 cm. Samples 151-911A-9H-6,
21-22 cm, to 151-911A-14H-5, 70-71 cm, are characterized by the
absence of nannofossils or by sporadic and rare occurrences of Coc-

colithus pelagicus. The nannofossil assemblage between Samples
151-911A-14H-6, 2021 cm, and 151-911A-20X-3, 68—69 cm, has a
relatively higher species diversity. Gephyrocapsa spp. (large), which
defines datums 8 and 10 of Sato et al. (1991), occurs in this interval.
Helicosphaera sellii, which last appears between datums 8 and 10
(datum 9), occurs sporadically in Samples 151-911A-19X-CC down
to 151-911A-24X-1, 20-21 cm. Therefore, datums 8, 9, and 10 are
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Figure 4. Stratigraphic distribution of calcareous nan- . 2 & 2
nofossil species in Hole 911 A (calcareous nannofossil i 0 ° 8
datums: Sato et al,, 1991). 500 ) o
placed between Samples 151-911A-14H-1, 70-71 ¢m and Sample DISCUSSION

151-911A-14H-6, 20-21 cm, datum 9 between 151-911A-19X-5,
20-21 em and 911A-19X-CC and datum 10 between 151-911A-
20X-3, 68-69 cm and 151-911A-21X-1, 70-71 cm. The lowest oc-
currences of Gephyrocapsa oceanica and G. caribbeanica, the mark-
er species of datums 11 and 12, are found in Sample 151-911A-24X-
1, 20-21 cm. Therefore the Pliocene/Pleistocene boundary is placed
between Samples 151-911A-24X-1, 20-21 cm, and 151-91 1 A-25X-
1, 89-90 cm, in this hole on the basis of datum 12, which is situated
just above the Olduvai event in the Matuyama Reversed Epoch and
traced to the Pliocene/Pleistocene boundary at its type section (mark-
er bed “e” at Vrica section in Italy; Sato and Takayama, 1992). The
sequence below this sample down to 151-911A-42X-2, 19-21 cm, is
barren of calcareous nannofossils, except for seven samples in which
moderately preserved Coccolithus pelagicus occurs rarely (less than
60 specimens in a smear slide). The calcareous nannofossil assem-
blages in Samples 151-911A-42X-2, 8990 cm, to 151-911A-53X-
CC (bottom sample), have a higher species diversity and relatively
abundant occurrences of nannofossils. This interval is also character-
ized by abundant occurrences of Reticulofenestra spp. (small) and
Dictyococcites spp. (small) with few numbers of Coccolithus pelagi-
cus. Both Reticulofenestra pseudoumbilica and Sphenolithus abies
are not found throughout this hole, so the age of the bottom sample is
correlated with the Late Pliocene.
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Late Pliocene to Quaternary Calcareous Nannofossil
Datum Planes in the Arctic Region

In the Norwegian-Greenland Sea, the latest Cenozoic calcareous
nannofossil biostratigraphy has been studied (Miiller, 1976; Donnal-
ly, 1989; Gard and Backman, 1990; Henrich and Baumann, 1994).
Donnally (1989) studied the calcareous nannofossil assemblages of
the Norwegian-Greenland Sea and described the difficulties of apply-
ing the standard low-latitude nannofossil zonations in that sea. Final-
ly, she showed three datum planes, the first appearance datum of ge-
phyrocapsids, last appearance datum of Pseudoemiliania lacunosa,
and first appearance datum of Emiliania huxleyi, for correlation
among sites 642, 643, and 644 in Norwegian-Greenland Sea.

A total of 12 calcareous nannofossil datums, shown in Figure 2,
was already recognized in the Quaternary sections of the North At-
lantic Ocean, located between 37°N and 53°N (Takayama and Sato,
1987). These datums were also traced to the Quaternary sequences in
Indian Ocean (Leg 117 by Sato et al., 1991), Boso Peninsula in Pa-
cific side of Japan (Sato et al., 1988), and Vrica of Pliocene/Pleis-
tocene boundary stratotype in ltaly (Sato et al., 1991; Sato and
Takayama, 1992). These facts indicate that these datum planes are
useful for the correlation among the Quaternary sequences not only
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Figure 5. Calcareous nannofossil datum planes recognized in the Arctic Ocean with reference to nannofossil datums of Sato et al. (1992).

in the low-latitude regions but also in middle- to high-latitude re-
gions.

We have described in detail the Quaternary calcareous nannofos-
sil biostratigraphy of three holes drilled in the Arctic region in this
study. Although the calcareous nannofossil assemblages found in this
area are very low in abundance and have low species diversity, most
marker species of the Quaternary datum planes mentioned above oc-
cur in the Quaternary section in Hole 911A (Fig. 4). On the basis of
detailed paleomagnetic study (Shipboard Scientific Party, 1995b),
the relationship between distributions of marker species and the po-
larity in Hole 911A is shown in Figure 4. Datums 2 and 3 defined by
FAD E. huxleyi and LAD P. lacunosa, are found in the late Brunhes
Normal Epoch in Hole 911A. Among them, datum 3, which is corre-
lated to oxygen isotope stage 12 (Thierstein et al., 1977; Niitsuma et
al., 1991), is also traced to stage 12 (Flower, this volume) in the up-
permost Quaternary in Hole 910A. Datum 5, LAD Reticulofenestra
asanoi, is placed between the Brunhes Normal Epoch and Jaramillo
Event of the Matuyama Reversed Epoch. Datums 8,9, 10, 11, and 12,
defined by the occurrences of Gephyrocapsa spp. (large), Heli-
cosphaera sellii, Gephyrocapsa oceanica, and G. caribbeanica are
recognized between the Cobb Mountain Event and the Olduvai Event
of the Matuyama Reversed Epoch. Datum planes 1, 4, and 6, defined
by last and/or first appearance of Helicosphaera inversa and Gephy-
rocapsa parallela, are not found in this area because of the absence
or very rare occurrences of these marker species in the Arctic Ocean.
However, most of the Quaternary datum planes are found in Hole

911A, as mentioned above (Fig. 4). Furthermore, the relationship be-
tween calcareous nannofossil datum planes and the magnetic polarity
recognized in Hole 911A is the same as that described by Takayama
and Sato (1987) and Sato et al. (1991; Fig. 4). Datum 3, last occur-
rence of Pseudoemiliania lacunosa, is also found in oxygen isotope
stage 12 in a recent study in low latitude regions.

These results indicate that the Quaternary datum planes recog-
nized in the low- to high-latitude regions in the North Atlantic, Pacif-
ic, and Indian Oceans, are also applicable to the Arctic Ocean (Figs.
4, 5). Therefore, we conclude that the Quaternary datum planes de-
scribed by Takayama and Sato (1987) and Sato et al. (1991) are use-
ful for correlation among Quaternary sequences worldwide.

The Pliocene marker species of Martini’s zonation (1971), such as
Discoaster brouweri, D. surculus, D. asymmetricus, and D. ramalis,
are not found throughout the upper Pliocene sections in Holes 910C
and 911A. This is because these marker species seem to be warm-wa-
ter species (Hag, 1980). Therefore, this indicates that a detailed cor-
relation among the late Pliocene successions in the high-latitude to
Arctic region is difficult based on the discoasters and Pliocene datum
planes of Sato et al. (1991; Fig. 5).

However, the remarkable floral change of calcareous nannofossils
from Reticulofenestra spp. (small) and Dictyococcites spp. (small)
assemblage to Coccolithus pelagicus assemblage was found in the
latest Gauss Normal Epoch in Hole 911A (Fig. 4). This event is also
recognized in the succession of Hole 910C (Fig. 3). The utility of this
datum in the late Pliocene will be discussed in next section.

wn
s
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Figure 6. Location map of Osugozawa route in Akita prefecture, northern
Japan.

Timing and Development of Polar Cooling

Late Pliocene Nannofossil Event Recognized in Both Arctic and
Japan Sea Side Regions

A remarkable event characterized by a floral change is found in
the Holes 910C and 911A in the late Gauss Normal Epoch in the late
Pliocene. The calcareous nannofossils below the event are character-
ized by moderate species diversity and abundant occurrences of both
Reticulofenestra spp. (small) and Dictyococcites spp. (small). Some
other species such as Helicosphaera sellii, Pseudoemiliania lacun-
osa, and Discolithina spp. are also found in this interval in Hole
910C. The assemblage above this event is rare or barren until the
Pliocene/Pleistocene boundary. Only Coccolithus pelagicus occurred
in this interval (less than 60 specimens) and occupied the assemblage
in this sequence.

Similar floral changes are also found in the upper Pliocene se-
quence in the Osugozawa route in the Akita area, which is located on
the Japan Sea side in northern Japan (Fig. 6). The Pliocene Sasaoka
and Tentokuji Formations, widely distributed in the Akita area, con-
tain abundant calcareous nannofossils without discoasters, as in the
Arctic region. Figure 7 shows the calcareous nannofossil biostratig-
raphy of the Tentokuji and Sasaoka Formations in the Osugozawa
route (with magnetic polarity; Noritomi et al., 1980). The calcareous
nannofossils in the Tentokuji to lower Sasaoka Formations are char-
acterized by abundant occurrences of both Reticulofenestra spp.
(small) and Dictyococcites spp. (small). Rare numbers of Heli-
cosphaera sellii, Discolithina spp., and Calcidiscus leptoporus are
also found in this section. In the upper Sasaoka Formation, the calcar-
eous nannofossil assemblage changes to a dominant occurrence of
Coccolithus pelagicus with few specimens of other species in the late
Gauss Normal Epoch.

This drastic floral change recognized in the Osugozawa route in
Akita, Japan, is correlated with the late Pliocene event found in the
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Arctic Ocean, on the basis of the characteristics of nannofossil as-
semblage and relation to the magnetic polarity (Fig. 8).

Based on these results, we give the name datum A to this event
(Figs. 3, 4, 5, 7, and 8), which is defined by the floral change as fol-
lows:

Datum A: Floral change from abundant occurrences of both Retic-
ulofenestra spp. (small) and Dictyococcites spp. (small) to bar-
ren nannofossil or to Coccolithus pelagicus assemblage. This
datum is correlated to the late Gauss Normal Epoch at Hole
911A in the Arctic Ocean and the Osugozawa route in Akita
prefecture, on the Japan Sea side of Japan. Age is 2.78 Ma,
based on the relationship between magnetic polarity (the
Gauss/Matuyama boundary) and the stratigraphic position of
datum A in Hole 911A.

The relation between datum A and the late Pliocene datum planes
of Sato et al. (1991) is not clear because of absence of discoasters. On
the basis of stratigraphic position and the age of the datums in the late
Pliocene, datum A may be correlated with LAD D. tamalis or LAD
R. ampla.

Relationship Between Datum Plane A and the Late Pliocene
Glaciation

The history of the large glaciation in the high northern latitudes
has been documented to about 2.5 Ma (Shackleton et al., 1984; Jan-
sen etal., 1988). Jansen et al. (1990) noted that the first large pulse of
IRD (ice-rafted debris) appears a little earlier in the Norwegian Sea
(2.57Ma) than in the North Atlantic record (2.44Ma). Whitman and
Berger (1992) also reported that there was an increase in the volume
of the northern hemisphere ice at 2.8 Ma in the glacial and intergla-
cial cycles based on oxygen isotope record.

The calcareous nannofossil assemblages above datum plane A
(2.78 Ma) are barren or characterized by the dominant occurrence of
Coccolithus pelagicus and by very low species diversity compared
with the sequence below this datum. The floral change from a higher
species diversity to a Coccolithus pelagicus assemblage indicates the
paleoclimatic change from warmer conditions to a cool environment
at 2.78 Ma in the late Gauss Normal Epoch, based on the low species
diversity and on the characteristic of Coccolithus pelagicus, which
lives in cold water in high-latitude regions (Baumann and Matthies-
sen, 1992; Roth, 1994; Samtleben et al., 1995).

During ODP Leg 151, the stratigraphic distribution of dropstones
were also studied in each hole (Shipboard Scientific Party, 1995a,
1995b). Figures 3, 4, and 8 show the relationship between the calcar-
eous nannofossil biostratigraphy and stratigraphic distribution of
dropstones with datum planes in each holes. According to these re-
sults, a drastic increase of dropstones is found in the horizon just
above datum A in Holes 911A and 910C. The abundant occurrence
of the dropstones continues until latest Pliocene, just below datum 12
(Figs. 5 and 8). This distribution of dropstones indicates that calcar-
eous nannofossil datum A is strongly related to the increase of ice
sheets in the northern hemisphere. These results also support the re-
sult of the paleoclimatic analysis, based on calcareous nannofossils
that indicate paleoclimatic conditions changed from warm to cool at
2.78 Ma (datum A).

Stepwise Evolution of the Norwegian Current
in the Late Pliocene to Quaternary

Henrich and Baumann (1994) described that glacial/interglacial
environmental contrasts are increased step-by-step from 2.6-1.0 Ma
to 1.0-0.6 Ma, and to 0.6 Ma to present. They also showed that in the
paleoceanographic condition of the Norwegian-Greenland Sea, long-
term, stable, small ice caps on the surrounding land masses were
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Figure 7. Stratigraphic distribution of calcareous nannofossil species in the Osugozawa route.

widely developed, and the small-scale Atlantic water intrusions pen-
etrated into the Norwegian Sea within a narrow tongue along the east-
ern margin during 2.60-1.0 Ma.

No calcareous nannofossils occurred in the Pliocene to the lower
Quaternary in the holes located in the Iceland Plateau, the eastern
Greenland margin, and the western part of the Fram Strait (Sites 907,
908, 909, and 913; Shipboard Scientific Party, 1995a, 1995b). How-
ever, calcareous nannofossils occur in the Pliocene to the Quaternary
sequence of Holes 910A, 910C, and 911A located near Svalbard. On
the basis of the abundance of calcareous nannofossil specimens in the
sequence of Holes 910A, 910C, and 911A, the late Pliocene to Qua-
ternary is roughly divided into four intervals:

1. Below datum A (Late Pliocene before 2.78 Ma): Reticu-
lofenestra spp. (small) assemblage with few other species such
as Dictyococcites spp. (small), Pseudoemiliania lacunosa,
Calcidiscus leptoporus, and Helicosphaera sellii. The abun-
dance of calcareous nannofossils is rare.

2. Interval between datum A and datum 11 (between 2.78 Ma and
1.7 Ma): no nannofossils or only a few Coccolithus pelagicus
specimens are found.

3. Interval between datum 11 and just above the Jaramillo Event
(1.7 Ma—1.0 Ma): abundance of calcareous nannofossils is
rare; however, species diversity is high, and the marker species
of Sato et al. (1992) are found.

4. Interval between just above the Jaramillo Event and present
(about 1.0 Ma—present): the contrast between the presence and
absence of calcareous nannofossils becomes greater. Over 200
specimens were sometimes found in smear slides in which

specimens reworked from the Paleogene to Cretaceous were
also abundant.

These results indicate that the sea ice was widely developed in the
central to western part of the Norwegian-Greenland Sea throughout
the Late Pliocene to Quaternary. However, the Norwegian Current
intrusions sometimes penetrated to the Arctic Ocean through the east-
ern edge of the Norwegian-Greenland Sea along Svalbard. The
strength of this current increased in a stepwise manner at 1.7 Ma and
1.0 Ma after the glaciation at 2.78 Ma. Among them, the glacial/in-
terglacial environmental contrasts are increased in the late Quaterna-
ry during 1.0 Ma to Holocene, with the result that common to
abundant calcareous nannofossil specimens sporadically occurred in
the upper Quaternary (Table 3). These results support the stepwise
evolution of the Norwegian Current at 1.0 Ma described by Henrich
and Baumann (1994).

CONCLUSION

The calcareous nannofossil biostratigraphy of the Arctic Ocean
was studied in detail. Although the abundance and species diversity
of the calcareous nannofossil flora was poor, the Quaternary marker
species of Takayama and Sato (1987) and Sato et al. (1991) occurred
throughout the section. This indicates that the Quaternary datum
planes of Takayama and Sato (1987) are applicable to the Arctic
Ocean.

The utility of the late Pliocene new datum plane A, defined by the
floral change from a Reticulofenestra spp. (small) assemblage to a
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Coccolithus pelagicus assemblage, is described. This datum plane,
placed in the late Gauss Normal Epoch in the successions in both the
Japan Sea side of Japan and in the Arctic Ocean, is assigned to the ho-
rizon of increasing dropstones in Holes 910C and 911A. These facts
indicate that the paleoclimate conditions changed from warm to cool
conditions at 2.78 Ma (datum A).
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Floral Reference List

Eleven genera and 23 species (including “sp.”) that were recognized dur-
ing this investigation are listed below.

Acanthoica spp.

Calcidiscus leptoporus (Murray and Blackman) Loeblich and Tappan, 1978.
Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan, 1978.
Coccolithus pelagicus (Wallich) Schiller, 1930.

Coccolithus streckeri Takayama and Sato, 1987.

Dictyococcites spp. (small).

Discolithina spp.

Emiliania huxleyi (Lohmann) Hay and Mohler, 1967.

Gephyrocapsa caribbeanica Boudreaux and Hay, 1967.

Remarks: This species was identified by characteristic features such as
size (larger than 4 pm) and orientation of the diagonal bar (greater than
a 45° angle with short axis). Specimens larger than 6 pm were consid-
ered Gephyrocapsa spp. (large).

Gephyrocapsa oceanica Kamptner, 1943,

Remarks: This species was identified by characteristic features such as
size (larger than 4 pm) and orientation of the diagonal bar (less than a
45° angle with short axis). Specimens larger than 6 pm were consid-
ered Gephyrocapsa spp. (large).

Gephyrocapsa parallela Hay and Beaudry, 1973.

Remarks: This species is similar to G. oceanica, but differs in orientation
of the diagonal bar (nearly 0° angle with a short axis). This species
first appears just above the Jaramillo event and occurs continuously
throughout the upper Quaternary sequence in the North Atlantic (Leg
94). However, it is very rare or absent in the Arctic Ocean.

Gephyrocapsa spp. (large).

Remarks: Specimens of G. oceanica and G. caribbeanica larger than 6

um are included in G. spp. (large).
Gephyrocapsa spp. (small).

Remarks: Gephyrocapsa specimens smaller than 4 pym are included in G.

spp. (small).
Helicosphaera carteri (Wallich) Kamptner, 1954.
Helicosphaera hyalina Gaarder, 1970.
Helicosphaera sellii (Bukry and Bramlette) Jafar and Martini, 1975.
Helicosphaera cf. wallichii (Lohmann) Okada and MclIntyre, 1977,
Pseudoemiliania lacunosa (Kamptner) Gartner, 1969.
Reticulofenestra asanoi Sato and Takayama, 1992.
Reticulofenestra sp. D.
Reticulofenestra sp. E.
Reticulofenestra spp. (small).
Reticulofenestra cf. pseudoumbilica (Gartner) Gartner.
Syracosphaera pulchra Lohmann, 1902.
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Plate 1. 1, 2. Coccolithus pelagicus (Wallich) Schiller; Sample 151-911A-3H-6, 70-71 cm. 3, 4. Calcidiscus leptoporus (Murray and Blackman) Loeblich and
Tappan: (3) Sample 151-911A-19X-CC, (4) 151-911A-14H-CC. 5, 6. Reticulofenestra asanoi Sato and Takayama; Sample 151-911A-9H-2, 70-71 cm. 7. Emil-
iania huxleyi (Lohmann) Hay and Mohler; Sample 151-911A-1H-2, 19-20 cm. 8. Pseudoemiliania lacunosa (Kamptner) Gartner; Sample151-911A-9H-2, 70-
71 cm. 9-12. Reticulofenestra spp. (small); Sample 151-911A-9H-2, 70-71 em. 13. Gephyrocapsa oceanica Kamptner (large); Sample 151-911A-14H-CC. 14—
18. Gephyrocapsa oceanica Kamptner; Sample 151-911A-19X-CC. 19. Gephyrocapsa caribbeanica Boudreaux and Hay (large); Sample 151-911A-14H-CC.
20-24. Gephyrocapsa caribbeanica Boudreaux and Hay; Sample 151-911A-19X-CC. 25-27. Gephyrocapsa spp. (small); Sample 151-911A-1H-2, 19-20 cm.
28-30. Helicosphaera sellii (Bukry and Bramlette) Jafar and Martini; Sample 151-911A-19X-CC.
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