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Abstract—A thorough investigation of calcareous plankton from the Pliocene—~Quaternary sediments of DSDP
Sites 397, 608, 609, and 611 enabled correlation between the foraminiferal and nannofossil zonations. The first
and last occurrence levels of nannoplankton and foraminifer index species are defined and calibrated against
the chronological scale by Berggren et al. (1995). First occurrence of Globorotalia margaritae is tecorded in
studied sections at 6.1-6.3 Ma and last occurrence of Discoaster quingqueramus corresponds to the level of
5.94 Ma. The first appearance of Gephyrocapsa oceanica is established at 1.87 Ma. The distinct correlation
between the planktonic foraminiferal and nannofossil zonations is revealed in the North Atantic region

between 26° and 52°N.
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INTRODUCTION

A central problem of stratigraphy, i.e., the detailed
subdivision of sedimentary succession and the precise
dating of stratigraphic units, can be solved by means of
correlation of different biostratigraphic zonations, for
instance, of zonations established for well-studied
planktonic foraminifers and nannoplankton. The
Pliocene—Quaternary zonations of these two groups of
planktonic calcareous fossils are of a high resolution,
tested in different regions of the World Ocean. As the
boundaries between discriminated biostratigraphic
units mostly do not coincide, the paraliel analysis of
two or more fossil groups leads to an enhanced strati-
graphic resolution and to the more exact dating of
strata.

The nannofossil and planktonic foraminiferal zona-
tions have been correlated in some previous works
(Krasheninnikov, 1978, 1980; Berggren et al., 1985,
1995; Krasheninnikov et al,, 1999) though without
proper attention to critical datum levels of microfauna
and flora established in the same borehole sections and
samples. In the above-mentioned works, the top of the
nannoplankton Discoaster quingueramus Zone NN11
(CN9) is placed below the first occurrence of Globoro-
talia margaritae or at the same level. The base of the
Discoaster brouweri Zone CN12 (NN16-18) is estab-
lished either within the Globorotalia margaritae Zone
or at the top of this zone. Moreover, the detailed corre-
lation with due regard for subzones discriminated by
Okada and Bukry (1980) and for the high-resolution
Quaternary nannofossil zonation (Gartner, 1977) has
not been considered.

In this paper we discuss the correlation of the
Pliocene—Quaternary sediments penetrated at DSDP

Sites 397, 608, 609, and 611. All these sections have
been studied by paleomagnetic methods. In her study of
nannofossils, Golovina coordinated the results with the
standard scale by Martini (1971), with the low-latitude
zonation suggested by Okada and Bukry (1980), and
with the Quaternary standard developed by Gartner
(1977). Bylinskaya who studied planktonic foramini-
fers used for correlation the stratigraphic scale by Bolli
and Saunders (1985) that was slightly modified not
long ago (Bylinskaya et al., 2002). The first and last
occurrence levels (FO and LO, respectively) of most
index species established in the studied sections are
dated based on the chronological scale published by
Berggren ef al. (1995). The reported ages characterize
events distinctly traceable in the sections and the levels
of certain paleomagnetic reversals near the particular
events.

STUDIED STTES AND STRATIGRAPHY

Southernmost DSDP Site 397 (26°50.7' N, 15°10.8' W,
2900 m) is located in the subtropical zone, on the con-
tinental slope of the northwestern African coast
(Fig. 1). The Pliocene and Quaternary sediments accu-
mulated here under combined hydrodynamic influence
of the cold Canary Current and upwelling. The Pliocene
sediments are 280 m thick and the Quatemary strata are
about 140 m thick. Site 608 (42°50" N, 23°05° W,
3526 m) was drilled on the southern flank of the King’s
Trough complex, east of the Mid-Atlantic Ridge. The
total thickness of the Pliocene and Quaternary deposits
penetrated at the site i1s about 160 m. Site 609 (49°53" N,
24°14’ W, 3883 m) is located in the eastern flank of the
Mid-Atlantic Ridge, where a 350-m-thick sequence of

309




310

BYLINSKAYA, GOLOVINA

BENS

Fig. 1. Localities of the studied DSDP sites.

the Pliocene—Quaternary sediments was recovered. Site
611 (52°50" N, 30°18" W, 3230 m) is in a lower part of
the Gardar Ridge southeastern flank, where sediments
accumulated under influence of the deep-water over-
flow from the Norwegian Sea. The Pliocene and Qua-
ternary deposits recovered here are about 330 m thick.

The Pliocene—Quaternary intervals of all the holes
yield the diverse assemblages of planktonic foramini-
fers and nannofossils, which are suitable for a high-res-
olution biostratigraphic subdivision. The initial study
of sediments during DSDP Legs 47 and 94 (von Rad
et al., 1979; Ruddiman et al., 1987) was subsequently
followed by the more thorough investigation (Krash-
eninnikov and Bylinskaya, 1999; Bylinskaya et al.,
2002). As the planktonic foraminiferal and nannofossil
assemblages and zonal units recognized at the sites are
described in detail in the last work, both issues are con-
sidered here in brief. It should be noted that zonal units
are distinguished in this study based on their character-
istic assemblage but not on individual key species. At
the same time, the events of appearance and extinction
of some forms in different climatic zones can serve as
additional markers enabling a higher resolution of
stratigraphic subdivision. The first and last occurrence
datums defined for foraminiferal and nannofossil spe-
cies most important in terms of stratigraphy are pre-
sented in the tables.

In our previous work (Bylinskaya et al., 2002), we
analyzed the calcareous plankton zonations in the
Atlantic Ocean and proved the possibility to use the
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low-latitude zonations in higher latitudes, up to the
boreal realm, although their resolution is different in
various latitudinal belts. Analyzing zonation of plank-
tonic foraminifers, we used the scheme by Bolli and
Saunders (1985) that was detailed in the middle
Pliocene interval.

The Globorotalia margaritae, Globorotalia mioce-
nica, Globorotalia rosaensis, and Globorotalia trunca-
tulinoides zones with subzones are distinguished in the
Pliocene—Quaternary foraminiferal zonation at DSDP
Sites 397, 608, 609, and 611. The nannofossil Zones
CN10-CN12 with the corresponding subzones and five
Quaternary biostratigraphic units by Gartner (1977)
were recognized in addition.

RESULTS AND DISCUSSION
Site 397

Since the site is located in a warm-water region of
the Atlantic, the nannofossil zonation was correlated
herewith that of Okada and Bukry, although we failed
to distinguish certain subzones, the index species of
which are either lacking or show their earlier (later)
occurrence in the section.

The Pliocene sediments are recovered by Cores 45
to 15 (Fig. 2). The base of the early Pliocene foramin-
iferal Globorotalia margaritae Zone is placed in the
lowermost Core 45 (Bylinskaya er al., 2002). The index
species 1.O defines the zone upper boundary, being
Vol. 12
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Fig. 2. Correlation between of the Pliocene~Quaternary zonal units of calcareous plankton from DSDP Site 397; (1) nannofossil,
(2) foraminiferal, and (3) nanno-foraminiferal oozes; (4} nannofossil chalk; (K) Kaena Subchron; (M) Mammoth Subchron.
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Table 1. First (FO) and last occurrence (LO) datums of
planktonic foraminiferal species

BYLINSKAYA, GOLOVINA

Table 2. First (FO) and last occurrence (LO) datums of nan-
nofossils

Age (Ma)
Daium events Site | Site | Site | Site
397 + 608 | 609 | o611

FO G. calida calida 1.05 | 1.07 | 0.99
LO G. crassaformis viola 145 | 1.48
FO G. truncatulinoides 1.95 1.95
LO G. extremus 2.08 2.05
LO G. exilis 2.30
LO G. miocenica 2.40
LO Gg. altispira 303 | 3.03
FO Sph. dehiscens 3.13
LO Sph. seminulina 3.14 | 310
LO G. margaritae 323 | 347 | 392
LO Ggq. dehiscens 34
FO G. miocenica 3.81
FO G. crassaformis viola | 4.0 4.18
FO G. exilis 4.5
FOQ G. crassaformis hessi | 4.5 4.51
FO G. crassaformis ronda | 4.5 4.51
LO G. nepenthes 4.88 4.51
FO G. puncticulata 4.88 4.54
FO G. crassaformis 5.06 4.62
FO G. margaritae 6.21 6.13 | 6.31

approximately located at the top of the Mammoth Sub-
chron of the Gauss Chron. The zone is subdivided into
the Globorotalia margaritae margaritae and Globoro-
talia margaritae evoluta subzones. The base of the
Globorotalia crassaformis Beds distinguished in the
upper part of the latter is defined within the Thvera Sub-
chron of the Gilbert Chron (Table 1).

Within the foraminiferal Globorotalia margaritae
Zone, the following nannofossil zonation is recognized
(Fig. 2).

The uppermost part of the Discoaster quinqueramaus
Zone (CN9) is traceable up to Sample 397-43-2, 51—
55 cm, where the index species LO is recorded. This
level is 5.94 Ma old (Table 2). The Triguetrorhabdulus
rugosus Zone (CN10a) corresponding to the lower part
of the Amaurolithus tricorniculatus Zone NN12 in the
standard zonation by Martini spans the interval from
the Discoaster quingueramus LO to the index species
Tr. rugosus LO at 5.56 Ma. The Ceratolithus acutus
Subzone (CN10b) corresponding to the upper part of
the Amaurolithus tricorniculatus Zone NN12 is defined
as the interval from the Tr. rugosus LO to the C. rugo-
sus FO, In the hole under discussion, the top of the sub-
zone is placed at the C. acutus LO. According to our
conclusion, this event took place 4.70 Ma ago. The
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Age (Ma)
Datum events Site | Site | Site | Site
397 | GO8 | 609 | 611
LO Pseudoemiliania lacunosa | 0.44 | 0.45 1 045 | 0.47
LO small Gephyrocapsa 0.95
LO Helicosphaera sellii 1.38 1 1.25
LO Calcidiscus macintyrei 1.56 1.55
FO Gephyrocapsa oceanica sl. | 1.87
LO Discoaster brouweri 1.95
LO Discoaster pentaradiatus 243 2.43
LO Discoaster surculus 2.57 2.56
LO Discoaster tamalis 2841276 | 2.85
FO Pseudoemiliania lacunosa | 3.78
LO Amaurolithus tricorniculatus | 4.47
LO Ceratolithus acutus 4.70
LO Triquetrorhabdulus rugosus | 5.56
LO Discoaster quingueramus 5.94 5.93

Globorotalia crassaformis FO is recorded within the
last subzone at 5.06 Ma. The Ceratolithus rugosus Sub-
zone (CN10c), spanning the joint interval of Cera-
tolithus rugosus (NN13) and Discoaster asymmetricus
(NN14) zones in zonation by Martini, is defined in the
section between the C. ecutus LO and the Amaurolithus
tricorrniculatus LO at 4.47 Ma. The Reticulofenestra
pseudoumbilica Zone (CN11a, b) corresponds to the
Zone NN15 of the Martini’s zonation and corresponds
to the interval between the A. tricorniculatus LO in
Sample 397-34-5, 46-50 cm, and the disappearance
level of R. pseudoumbilica and/or of the genus Spheno-
lithus. Following Bukry, we recognized in Hole 397 the
Sphenolithus neoabies (CN11a) and Discoaster asym-
metricus (CN11b) subzones. The boundary between
them is marked by the flourishing level of D. asymmet-
ricus at the top of Core 30. The Pseudoemiliania lacun-
osa FO in association with small Gephyrocapsa forms
at 3.78 Ma is the main event within the R. pseudoumbil-
ica Zone. The top of the Discoaster asymmetricus Sub-
zone at Site 397 is recorded in the middle of the Gauss
Chron at 3.20 Ma. Like at Sites 608 and 609, the top of
the Reticulofenestra pseudoumbilica Zone (CN11) is
slightly above the top of the foraminiferal Globorotalia
margaritae Zone. At Site 397, the latter is 3.23 Ma old
and coincides with the top of the Mammoth Subchron
of the Gauss Chron.

As noted previously (Bylinskaya et al., 2002}, the
overlying foraminiferal Globororalia miocenica Zone
of subtropical sections can be subdivided into four
intervals (faunal beds). In the sediments of Site 397,
three lower vnits among them mainly correspond to the
greater part of the Discoaster tamalis Subzone
(CNI12a), which is defined as the interval from the R.
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pseudoumbilica LO to the D. tamalis LO at 2.84 Ma.
The upper Globorotalia exilis Beds correspond to three
nannofossil subzones distinguishable in the lower part
of the Discoaster surculus Zone NN16 of the Martini
scale. The lower Discoaster surculus Subzone (CN12b)
is established between the D, tamalis and D. surculus
extinction events, the latter recorded in the lowermost
Matuyama Chron at 2.57 Ma. The next Discoaster pen-
taradiatus Subzone (CN12c) with the top at 2.43 Ma
corresponds to the Zone NN17 by Martini, and the third
unit spans (in this hole) the lower part of the Discoaster
brouweri Subzone (Fig. 2). As is evident, the estab-
lished datums are very close to that cited in the publica-
tions {(Kucera, 1998; Kameo and Takayama, 1999,
Spencer-Cervato, 1999). Thus, different groups of cal-
careous plankton from Site 397 enable recognition of 5
to 6 biostratigraphic units in the time span from 3.3 to
2.2 Ma.

It should be noted that certain biostratigraphic
boundaries recognized at Site 397 differ in age from
their analogues established in other holes (see below)
and known from the literature. As reported previously
(Bylinskaya, 1999), the southern part of the subtropical
belt is characterized by the earlier appearance and later
extinction of some calcareous plankton species. For
instance, the published (Berggren er af., 1995) and our
own data on other holes (see below), the first occur-
rence levels of Globorotalia crassaformis, G. puncticu-
lata, G. miocenica, and Gephyrocapsa oceanica s.1. are
lower at Site 397, whereas the last occurrences of
Globorotalia margaritae and, likely, of Sphenolithus
forms are recorded here considerably higher (Tables 1
and 2),

The foraminiferal Globorotalia tosaensis Zone of
the late Pliocene is defined within the interval from the
G. exilis LO (G. miocenica disappeared slightly earlier
at the site) to the G. truncatulinoides FQ at 1.95 Ma.
The zone corresponds to the last Discoaster brouweri
(=Calcidiscus macintyrei) Zone CN12d of Pliocene
nannofossils, the analogue of the Zone NN18 by Mar-
tini, and its top corresponds to the last occurrence level
of index species at the base of the Olduvai Subchron. At
Site 397, this event coincides with the appearance of
Globorotalia truncatulinoides. Therefore the Pliocene—
Quaternary boundary in this hole is identical in zona-
tions of both the planktonic foraminifers and nannofos-
sils.

In the Quaternary interval, the foraminiferal
Globorotalia truncatulinoides Zone and five subzones
after Bolli and Saunders (1985) are distinguished. Sub-
dividing sediments based on nannoplankton, we used
the Gartner’s zonation and recognized in addition the
zones after Okada and Bukry. Impediments for a
detailed subdivision were therewith a turbidite layer
present in Core 12 and an evident hiatos in the Heli-
cosphaera sellii—-small Gephyrocapsa interval. The for-
aminiferal Globorotalia crassaformis hessi Subzone

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 12

313

shown in Fig. 2 is strongly reduced because of the hia-
tus.

In the lower Quaternary, two nannofossil zones and
two subzones of planktonic foraminifers are distin-
guished at the site. The latter ones are the Globorotalia
crassaformis viola and G. crassaformis hessi subzones,
the last one strongly reduced in this hole. The Calcidis-
cus macintyrei Zone by Gartner is defined between the
D. brouweri and C. macintyrei LO levels, and its top
1.56 Ma old is recorded in Sample 397-12-2, 62-66 cm.
The G. crassaformis viola L.O cannot be determined
exactly because of the hiatus in the section. When cor-
relating previously the calcareous planktonic zonations
in the tropical Atlantic (Bylinskaya and Golovina,
1990), we also placed the top of the C. macintyrei Zone
within the G. crassaformis viola Subzone.

The most important event in the interval under con-
sideration is the first occurrence of typical large Gephy-
rocapsa oceanica s.1. in Sample 397-14-4, 60-64. Their
first occurrence is dated back to 1.87 Ma, and this level
is the oldest one among dates reported previously. The
interval between the D. brouweri LO and G. oceanica
s.l. FO corresponds to the Zone CN13 in the low-lati-
tude zonation elaborated by Okada and Bukry.

Upward the section, the undivided Helicosphaera
sellii-small Gephyrocapsa interval corresponds to the
foraminiferal Globorotalia crassaformis hessi Subzone
coupled with conjoined parts of the over- and underly-
ing subzones. In studied section, the top of the Gephy-
rocapsa Zone is placed by convention above the upper
boundary of the Globorotalia crassaformis hessi Sub-
zone.

In the upper Quaternary interval of the section, we
distinguished three foraminiferal and three nannofossil
units. The Pseudoemiliania lacunosa Zone is corre-
lated with a largest part of the foraminiferal Globiger-
ina calida calida Subzone; its top at the level of
0.44 Ma is recorded within the Globigerina calida cal-
ida Subzone like in the tropical Atlantic. The upper
boundary of the Gephyrocapsa oceanica Zone is
defined by the first appearance of Emiliania huxleyi in
Sample 397-2-5, 4041 cm. As in the tropical Atlantic,
the zone is within the Globigerina calida calida Sub-
zone. At Site 397, the base of the overlying Emiliania
huxleyi Zone is placed slightly below the base of the
foraminiferal Globigerina bermudezi Subzone. The
Emiliania huxleyi Acme zone was not distinguished in
the studied cores.

Site 608

This DSDP site is located considerably northward
of Site 397. However, zonations of planktonic foramin-
ifers and nannofossils at both sites are well correlative,
as we shall see below (Fig. 3).

We studied the calcareous plankton from the
Pliocene—Quaternary interval starting with the middle
part of Core 17. The Lower Pliocene Globorotalia mar-
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Fig. 3. Pliocene—Quaternary zonal units of calcareous plankton from DSDP Site 608 (symbols as in Fig. 2).

garitae Zone corresponds at the site to successive nan-
nofossil zonal units. The tower Ceratolithus rugosus
Subzone CN10c extends upward to the basal interval of
Core 15, Sample 608-15-5, 95-97 cm, inclusive. The
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first occurrence of planktonic foraminifer Globororalia
crassaformis is recorded within the subzone, and its top
coincides with the LLO levels of Globorotalia conomi-
ozea and G. conoidea. Higher in the section up to Sam-
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ple 608-13-1, 99-101 cm, we recognized the Amauroli-
thus delicatus Subzone. Within this subzone, there is
recorded the first occurrence of planktonic foraminifers
Globorotalia crassaformis viela, and characteristic of
its upper part are the last occurrence of Globigerina
nepenthes and the appearance of Globorotalia cras-
saformis hessi. However, we failed to determine age of
these events, because the magnetochronological
records in this interval are unreliable (Weaver and
Clement, 1986).

Higher in the section up to Sample 608-12-2, 100
102 cm, the undivided Reticulofenestra pseudoumbil-
ica Zone (CN11) is recognized. Its range is evidently
reduced. The top of the zone is placed, as at Site 397, in
the lowermost foraminiferal Globororalia miocenica
Zone.

The undivided interval of Globorotalia miocenica
and Globorotalia tosaensis zones includes here, like at
Site 397, the succession of Discoaster subzones, of
which the lowermost Discoaster tamalis Subzone
(CN12a) with top dated at 2.76 Ma ranges upward to
Sample 608-10-1, 96-98 c¢m. Planktonic foraminifers
Sphaeroidinellopsis  seminuling,  Globoquadrina
altispira, and Globorotalia pertenuis successively dis-
appear within this subzone as at Site 397 (Table 1). The
subzone lower boundary is placed, with certain reserva-
tions, at the last occurrence level of Reticulofenestra
pseudoumbilica.

The overlying interval up to Sample 608-8-2, 95—
97 cm, is assigned to the Discoaster surculus Subzone
(CN12b). The subzone yiclds comparatively abundant
and diverse nannofossils whose assemblage is of a rel-
atively cold-water type, as indicated by abundance of
Coccolithus pelagicus and by rarity of Discoaster
forms. The base of the subzone is defined by the last
occurrence of index species of the underlying unit. The
foraminifer assemblage that includes the first appeared
Globorotalia tosaensis, G. inflata, and G. triangula is
also of a rather cryophilic character.

Upward the section the interval of the Discoaster
pentaradiatus (CN12¢) and Discoaster browweri
(=Calcidiscus macintyrei CN12d) subzones is recog-
nized. It is difficult to separate undoubtedly these two
units at Site 608. The top of the latter corresponds to the
last occurrence of the index species in Sample 608-5-5,
68—70 cm.

It should be particularly emphasized that Sites 608
and 609 are located in the narrow geographic belt
between 42° and 49° N, where the Pliocene-Quater-
nary boundary can be concurrently defined based on
three events: on simultaneous extinction of Discoaster
brouweri and Neogloboquadrina atlantica sin. and on
the first appearance of Globorotalia truncatulinoides.
Northward of the belt, the latter species appears for the
first time later, whereas to the south species Neoglobo-
quadrina atlantica are missing.

The Quatemary lower boundary that coincides with
the base of the foraminiferal Globorotalia truncatuli-
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noides Zone, is placed at Site 608 slightly above the
Discoaster brouweri Subzone, the top of which is
defined in Sample 608-5-2, 96-98 cm. The top of the
Calcidiscus macintyrei Zone is within the foraminiferal
Globorotalia crassaformis viola Subzone, as in the
other studied sections, though at the site in question this
level is established conventionally. Upward the section
the Helicosphaera sellii Zone is distinguished up to the
extinction of its index species, and the zone top is
placed in Sample 608-4-1, 97-99 c¢m, within the fora-
miniferal Globorotalia crassaformis hessi Subzone. In
the upper part of the zone (Sample 608-4-2, 34-96 cm),
the first occurrence of large Gephyrocapsa oceanica is
recorded.

Zone of small Gephyrocapsa forms occupies the
uppermost part of the Globorotalia crassaformis hessi
Subzone and partly overlaps the lowermost foramin-
iferal Globigerina calida calida Subzone. Sample 608-
2-6, 95-97 cm, is typical of the zone and bears the nan-
nofossil assemblage completely consisting of the index
species. The Jaramillo Subchron is recorded in the mid-
dle part of the zone, as at Sites 397 and 609, whereas in
the piston cores from tropical Atlantic the zone top cor-
responds to the subchron lower boundary (Bylinskaya
and Golovina, 1990),

The Globigerina calida calida Subzone also
includes ranges of the Pseudoemiliania lacunosa Zone
(up to Sample 608-2-2, 98-100 cm) whose upper
boundary is at 0.45 Ma and of the Gephyrocapsa oce-
anica Zone (up to Sample 608-1-5, 68—70 cm). The for-
aminiferal Globigerina bermudezi Subzone corre-
sponds to the Emiliania huxleyi and Emiliania huxleyi
acme zones.

Site 609

This site is located in the temperate belt, where the
assemblages of foraminifers and nannofossils are sub-
stantially impoverished (Bylinskaya et al., 2002). How-
ever, almost complete succession of zonal units of both
groups of calcareous plankton can be recognized here
(Fig. 4), and the units are close to those established at
Site 608 (Fig. 3).

The Globorotalia margaritae Zone is distinguish-
able in the section beginning from the uppermost part
of Core 37. Its base almost coincides in age with the
same datum at Site 397 (Table 1). The range of the zone
includes the following nannofossil units,

The upper part of the Discoaster quingueramus
Zone {CN9) is recovered in the lowermost Pliocene
interval up to Sample 609-36-2, 98-100 cm. The last
occurrence level of index species at 5.93 Ma is close to
the same level at Site 397. A series of thermophilic spe-
cies present in the assemblage permits the recognition
of the interval as the Amaurolithus primus Subzone
CNO9b. The Amaurolithus tricorniculatus Zone CN10
undivided into subzones is distinguishable up to Sam-
ple 609-28-2, 99-101 cm. The first occurrence of
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Fig. 4. Pliocene—Quaternary zonal units of calcareous plankton from DSDP Site 609 (symbols as in Fig. 2).

planktonic foraminifers Globorotalia crassaformis and  reduced at the site (Fig. 4). Like at Site 608, its top is
G. puncticulata is recorded within the zone. The Retic-  defined in Sample 609-26-6, 98—100 cm, from the low-
ulofenestra pseudoumbilica Zone (CN11) is likely ermost foraminiferal Globorotalia miocenica Zone.
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Fig. 5. Pliocene—Quaternary zonal units of calcareous plankton from the DSDP Site 611 (symbols as in Fig. 2).

The last occurrence of Globorotalia margaritae As in the other studied sections, the undivided inter-
recorded within the zone took place at this northern site  val of the Globorotalia miocenica and Globorotalia
considerably earlier than in the low-latitude regions. tosaensis foraminiferal zones corresponds to several
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nannofossil units. The Discoaster tamalis Subzone
ranges up to Sample 609-22-2, 57-59 cm, and its top is
dated at 2.85 Ma. The Discoaster surculus Subzone
extends up to Sample 609-19-1, 98-100 cm (age level
of 2.56 Ma) and the Discoaster pentaradiatus Subzone
up to Sample 609-18-1, 98-100 cm (age level of
243 Ma). The Discoaster brouweri (=Calcidiscus
macintyrei} Subzone CN12d terminates the Pliocene
section at Site 609. Its upper boundary in Sample 609-
15-4, 103-105 cm, is very close to the extinction level
of Neogloboquadrina atlantica and (o the Globorotalia
truncatulinoides FO.

As at Site 608, the Calcidiscus macintyrei Zone of
the lower Quaternary corresponds to a greater part of
the Globorotalia crassaformis viola Subzone. Its top in
Sample 609-12-1, 102-104 cm, is dated back to
1.55 Ma. The Helicosphaera sellii Zone is overlapping
with the lower half of the Globorotalia crassaformis
hessi Subzone. The top of the former defined in Sample
609-10-3, 102-104 cm, is 1.38 Ma old. Despite the
conventional upper boundary of the Gephyrocapsa
Zone at the site, it seems to be close to the top of the
Globorotalia crassaformis hessi Subzone. The Globi-
gerina calida calida Subzone includes the Pseudoemil-
iania lacunosa Zone ranging up to Sample 609-3-6,
96-98 cm (age level of 0.45 Ma), and the Gephyro-
capsa oceanica Zone traceable up to Sample 609-2-3,
103105 cm. Finally, the undivided interval of the Glo-
bigerina bermudezi and Globigerina fimbriata sub-
zomes corresponds to the Emiliania huxleyi Zone.

Site 611

DSDP Site 611 located in the Boreal Atlantic is the
northernmost one among the others. In distinction from
other cases, when we were able to correlate in detail the
zonal units established for different groups of calcare-
ous plankton, the microplankton assemblages from Site
611 are so impoverished that it was impossible to divide
the recognizable zones and intervals into smaller units
(Fig. 5).

The Globorotalia margaritae Zone 1s correlated at
the site with the upper part of the nannofossil Dis-
coaster quingueramus Zone CN9 whose top 1s in the
uppermost Chron 5, like at Sites 609 and 397, and with
the greater part of zones CN10 and CN11. The upper
boundary of the undivided Amaurolithus tricornicula-
tus (CN10)-Reticulofenestra pseudoumbilica (CN11)
interval is established in the upper part of the Gilbert
Chron within the interval of the foraminiferal Globoro-
talia miocenica-Globorotalia tosaensis Zone. This
level analogous to its counterpart at Site 609 is dated
back to 3.63 Ma based on the last occurrence of Sphe-
rolithus forms, It is remarkable that the estimated dis-
appearance time of Sphenolithus forms at this northern
site coincides with dates established in other climatic
belts (Berggren et al., 1995). The rest of the Globorota-
lia miocenica—Globorotalia tosaensis interval includes
the Discoaster subzones, first the undivided interval of
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the Discoaster tamalis (CN12a), Discoaster surculus
{CN12b), and Discoaster pentaradiatus (CN12¢) sub-
zones ranging up to Sample 611-14-3, 101-103 cm,
and then the Discoaster brouweri (=Calcidiscus macin-
tyrei) Subzone (CN12d) ranging up to Sample 611-11-
5, 99-101 cm. The top of the latter subzone coincides
with the Pliocene—Quaternary boundary that was
defined in the studied section at the last occurrence
level of Neogloboguadrina atlantica and corresponds
to the Olduvai Subchron.

The units recognized in the Quaternary part of the
section are as follows. The Globorotalia crassaformis
viola Subzone approximately corresponds to the
greater part of the Calcidiscus macintyrei—Heli-
cosphaera sellii undivided interval, the top of which
conventionally defined in Sample 611-8-3, 103-105 cm,
is dated back to 1.25 Ma. The Gephyrocapsa—Pseudoe-
miliania lacunosa undivided interval ranging up to
Sample 611-4-5, 98—100 cm, includes the Globorotalia
crassaformis hessi and, partly, Globigerina calida cal-
ida subzones. Crowning the section are the Gephyro-
capsa oceanica and Emiliania huxleyi nannofossil
Zones.

CONCLUSIONS

The analyzed correlation between nannofossil and
foraminiferal zones in the Pliocene—Quaternary depos-
its of subtropical and boreal region of the Atlantic
Ocean leads to the following conclusions.

(1) The upper part of the Discoaster quingueramus
Zone (CN9) in all studied sections is overlapping with
the Lower Pliocene foraminiferal Globorotalia marga-
ritae Zone, and its top is close to the base of the Gilbert
Chron. The base of the Globorotalia margaritae Zone
is 6.1 t0 6.3 Ma old in the sections, and the top of the
Discoaster guingueramus Zone is 5.94 Ma old.

(2) The foraminiferal Globorotalia margaritae Zone
(N18-N19) is comparable in range with nannofossil
zones CN10-CN11 and includes the Triguetrorhabdu-
lus rugosus (CN10a), Ceratolithus acutus (CN10b),
Ceratolithus rugosus (CN10c), Amaurolithus delicatus
(CN10d), Sphenolithus neoabies (CN11a), and Dis-
coaster asymmetricus (CN11b) subzones after Okada
and Bukry (1980). In all studied sections, the top of the
Reticulofenestra  pseudoumbilica Zone (CN11) is
established in the lower part of the foraminiferal
Globorotalia miocenica Zone close to the boundary
between the Gilbert and Gauss chrons.

{3) The greater part of the foraminiferal Globorota-
lia miocenica and Globorotalia tosaensis (N20-N21)
zones corresponds to a succession of Discoaster tama-
lis, Discoaster surculus, Discoaster pentaradiatus and
Discoaster brouweri (=Calcidiscus macintyref) sub-
zones CN12a-CN12d.

(4) The lower boundary of the foraminiferal
Globorotalia truncatulinoides Zone corresponds to the
base of the Olduvai Subchron and almost coincides
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with the top of the Discoaster brouweri Subzone at the
level of 1.95-2.0 Ma according to our assessment. The
Pliocene-~Quaternary boundary is thus substantiated
based on distribution of nannofossils and planktonic
foraminifers. In a narrow belt of the Atlantic Ocean
between 42° and 49° N, the Pliocene-Quaternary
boundary marks three concurrent events: the extinction
of Discoaster brouweri and Neogloboguadrina atlan-
tica sin and the first appearance of Globororalia trunca-
tulinoides. To the north of the belt, the first occurrence
level of latter species is recorded higher, whereas Neo-
globoquadrina atlantica is missing to the south of the
belt.

(5) In the Quaternary sequences of all studied sites,
similar correlative zonations of two groups of calcare-
ous plankton are observable. The Calcidiscus macinty-
rei Zone (Gartner, 1977) is correlative in this case with
the lower (greater) part of the Globorotalia crassafor-
mis viola Subzone. Zones of Helicosphaera sellii and
small Gephyrocapsa forms approximately correspond
to the Globorotalia crassaformis hessi Subzone, and
the Jaramillo Subchron is therewith in the second nan-
nofossil zone. The Pseudoemiliania lacunosa Zone is
included in or overlaps with the Globorotalia calida
calida Subzone. The Gephyrocapsa oceanica and
Emiliania huxleyi zones correspond to the upper part of
the Globorotalia calida calida and two overlying sub-
ZOones.
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