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ABSTRACT

Three holes were drilled at Site 603 on the continental rise off the U.S. east coast during DSDP Leg 93. A thick Plio-
cene section and a few meters of lowermost Quaternary sediments were recovered in Hole 603C. A detailed biostrati-
graphic analysis, based on planktonic foraminiferal distribution, allowed us to delineate precisely all the Pliocene zones
(sensu Berggren, 1977). The Quaternary sequence was eroded beyond Ericson's Zone P. The calculated sediment accu-
mulation rate remained relatively high during most of the Pliocene, reaching a maximum of 150 m/Ma in Zone PL4.
Quantitative micropaleontological methods enabled us to delineate several paleoclimatic and paleoceanographic events,
including those at 4.3 and 3.4 Ma.

INTRODUCTION

This chapter reports the results of a quantitative analy-
sis of the vertical distribution of Neogene and Quater-
nary planktonic foraminifers recovered in Hole 603C,
which was chosen for study because it was continuously
cored and offered a complete section. Preliminary ship-
board investigations by M. Moullade were completed
ashore by K. Ma'alouleh, under the supervision of the
second author.

Hole 603 C was drilled at a water depth of 4633 m on
the lower continental rise of the eastern U.S. coast, 270
mi. east of Cape Hatteras, at 35°29.78'N, 70°01.86'W.
(Fig. 1). In the partial Quaternary and the Pliocene sec-
tion, 366 m (40 cores) were recovered, consisting mostly
of dark claystones.

Relatively abundant and moderately well preserved
populations of planktonic foraminifers, together with
minor benthic assemblages, were extracted from 106 sam-
ples collected from the 40 cores of Hole 603C. Plankton-
ic foraminiferal assemblages become progressively more
impoverished and poorly preserved downhole. Increased
signs of dissolution occur from Core 603C-27 downward.

A semiquantitative analysis of the planktonic forami-
niferal distribution was conducted for biostratigraphic
purposes. A more detailed quantitative study of 50 se-
lected samples provided paleoclimatic and paleoceano-
graphic interpretations.

METHODS

Samples were prepared by standard laboratory procedures, that is,
they were dried, weighed, boiled in a Calgon solution, and wet-sieved
with a minimum mesh size of 63 µm. The > 160 µm fraction obtained

1 van Hinte, J. E., Wise, S. W., Jr., et al., Init. Repts. DSDP, 93: Washington (US.
Govt. Printing Office).

2 Address: Laboratoire de Micropaléontologie et de Géologie Marines, Université de
Nice, Pare Valrose 06034 Nice Cedex, France.

by dry-sieving was divided in two parts. One was used for the bio-
stratigraphic study, and the relative abundance of each species was
semiquantitatively estimated by visual estimation; the other was quan-
titatively analyzed after microsplitting the residue. At least 350 to 400
specimens were counted in each sample.

BIOSTRATIGRAPHY

Planktonic Zonation

Abundance, preservation, and stratigraphic distribu-
tion of planktonic foraminifers are shown in Figure 2.
Long-ranging species, for example, those belonging to
the genus Globigerina (with the exception of G. nepen-
thes), were intentionally omitted. Our planktonic fora-
miniferal zonation was established using studies by Blow
(1969), Parker (1973, 1974), Stainforth et al. (1974), Berg-
gren (1973, 1977, 1982), Berggren et al. (1983), Moul-
lade (1983), and Kennett and Srinivasan (1983). In addi-
tion, the climatic zonation of Ericson and Wollin (1968)
was applied to the Quaternary of Hole 603C.

Miocene/Pliocene Boundary

From the planktonic foraminiferal data, it is not easy
to determine whether the Miocene/Pliocene boundary
was recovered in Hole 603C. Common Globorotalia mar-
garitae are already present in the bottom of the hole.
This species is regarded as first appearing either in the
latest Miocene or at the Miocene/Pliocene boundary (see
discussion of Site 604, Moullade, this volume). Calcite
dissolution strongly increases in the bottom part of Hole
603C, and the possible climatic exclusion of other key
marker species, such as Globoquadrina dehiscens and
the Globorotalia merotumida-plesiotumida lineage, al-
so prevents recognition of the boundary. The distribu-
tion of planktonic foraminifers from Cores 6O3C-35 (lower
part) to 603C-40 suggests that this interval includes the
acme of G. margaritae and thus belongs to Subzone PL la
(earliest Pliocene).
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Pliocene

All the Pliocene zones (sensu Berggren, 1977) were
identified in Hole 603C (Fig. 2). The boundary between
Zones PLl and PL2 was placed between Cores 603C-27
and 603C-28, based upon the last appearance datum
(LAD) of Globigerina nepenthes in Sample 603C-28-3,

90-94 cm. More difficulties arise in trying to delineate
precisely the three subzones of Zone PLl , as defined by
Berggren (1977). The lower limit of the upper Subzone,
PLlc is placed between Cores 603C-30 and -31 by the
first occurrence of Globorotalia gr. crassaformis in Sam-
ple 6O3C-3O,CC. The first appearance datum (FAD) of
G. puncticulata defines the lower limit of Subzone PLlb.
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Probably because of climatic control, this temperate to
cold-water species occurs only sporadically in Hole 603C.
Its first occurrence in Sample 603C-35-3, 90-94 cm may
be nonevolutionary, and the position of the PLla/PLlb
subzonal boundary in Core 603C-35 is slightly uncer-
tain.

The PL2/PL3 boundary was placed in the middle of
Core 603C-25, based upon the highest occurrence of G.
margaritae in Sample 603C-25-5, 90-94 cm. The PL3/
PL4 boundary was defined by Berggren (1973, 1977) as
the concomitant FAD of Sphaeroidinella dehiscens s.s.
and LAD of Sphaeroidinellopsis spp. (i.e., seminulina
group). In Hole 603C the former species first appears in
Sample 603C-20-2, 90-94 cm and the latter becomes ex-
tinct in Sample 603C-21-3, 90-92 cm. We therefore tenta-
tively place this boundary in the middle of Core 603C-20.

The boundary between Zones PL4 and PL5, based
upon the LAD of Dentoglobigerina altispira, occurs be-
tween Samples 603C-15-3, 90-92 cm and 603C-15-4,
90-94 cm. The PL5/PL6 zonal boundary is placed be-
tween Samples 603C-8-3, 90-93 cm and 603-8-5, 90-93
cm, because G. miocenica last appears in the latter
sample.

Pliocene/Pleistocene Boundary
Preliminary shipboard investigations based on both

foraminifer and nannofossil distribution demonstrated
that the Pliocene/Quaternary boundary should be placed
between Cores 603 C-4 and -5. Shore-based studies con-
firm that Globorotalia truncatulinoides, a Quaternary
index-form in the North Atlantic mid-latitudes, first ap-
pears in this interval—more precisely, in Sample 603C-
5-2, 90-94 cm.

Quaternary

Only about 30 m of Quaternary sediments were pene-
trated in Hole 603C. Globorotalia tosaensis co-occurs spo-
radically with G. truncatulinoides in Cores 603C-4 to
603C-1, thus making it possible to attribute these sedi-
ments to the lower Pleistocene. A very thin layer of
Recent deposits, however, may overlie the lower Pleisto-
cene beds: a warm-water, Holocene and/or Recent as-

semblage consisting of G. truncatulinoides, G. gr. me-
nardii-tumida, G. hirsuta, Pulleniatina obliquiloculata,
P. finalis, G. ungulata, and common Globigerinoides ru-
ber f. rosea was found in a sample taken from the very
top of Core603C-l.

By using the Globorotalia menardii-tumida complex
abundance curve (Fig. 3) (cf. Briskin and Berggren, 1975),
we identified the first two intervals of Ericson's zona-
tion in the lower Pleistocene part of Hole 603 C. The
first interval, not labelled by Ericson and Wollin (1968)
and named Zone "O" by Moullade (Site 604, this vol-
ume), corresponds to the upper part of Core 603C-5,
Core 603C-4, and the lower part of Core 603C-3 (upper
limit of Zone "O": Sample 6O3C-3-3, 100-104 cm). The
second interval includes the upper part of Core 6O3C-3,
Cores 603C-2, and Core 603-1 (with the exception of the
topmost sediment, previously mentioned) and represents
most of Zone P. These results demonstrate that only the
basal part of the lower Pleistocene is present in Hole
603C.

Correlation with Magnetostratigraphic Data

The main magnetostratigraphic datums (observations
in Hole 603C from Canninga et al., this volume) are
plotted versus numerical ages (calibration of magnetic
anomalies from Lowrie and Alvarez, 1981; Hsü et al.,
1984) in Figure 4. Assuming that the magnetic chronol-
ogy is correct, we can calibrate the ages of the plankton-
ic foraminiferal datums in Hole 603C by plotting their
sub-bottom depths on the same curve. In Table 1 our
observations are compared with recent age estimations
of these planktonic foraminiferal datums, established
mainly in the South Atlantic (Berggren, 1977; Berggren,
et al., 1983). It appears that there exists an important di-
achrony, particularly for the middle and late Pliocene,
between the subtropical South Atlantic zonation scheme
and that at 35°N in the North Atlantic.

Sediment Accumulation Rate

The curve shown in Figure 4 also permits us to calcu-
late the sediment accumulation rate (uncorrected for com-
paction) in Hole 6O3C. This curve may be broken into

Table 1. Numerical calibration of main Pliocene-earliest Quaternary biostratigraphic
datums (South Atlantic Ocean; Site 603).

Datum

"O"/P zonal boundary
Globorotalia truncatulinoides FAD
G. miocenica LAD
Dentoglobigerina altispira LAD
Sphaeroidinella dehiscens FAD,

Sphaeroidinellopsis spp. LAD
G. margaritae LAD
Globigerina nepenthes LAD
Globorotalia crassaformis FAD
G. puncticulata FAD

Top of zone

"O"
PL6
PL5
PL4
PL3

PL2
PLlc
PLlb
PLla

Berggren,
1977

1.75
1.8
2.2
2.8
3.0

3.3
3.7
4.0
4.6

Age (Ma)

Berggren et al.,
1983

1.9
2.1
2.5
2.8

3.4
3.6
4.2
4.4

This
chapter

1.68
1.8
2.23
2.95
3.38

3.8
4.1
4.28
4.76

Note: FAD = first appearance datum, LAD = last appearance datum.
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Figure 2. Semiquantitative stratigraphic distribution of planktonic foraminiferal species in samples from Hole 603C.

five segments, corresponding to five periods in which
sedimentation rates are relatively constant:

1. From 5.2 to 3.4 Ma (= Zones PL 1 to PL3), with a
rapid sedimentation rate averaging 100 m/Ma.

2. From 3.4 to 3.2 Ma (= lower part of Zone PL4),
characterized by a very rapid rate approaching 150 m/
Ma.

3. From 3.2 to 2.9 Ma (= upper part of Zone PL4),
with a rate of 100 m/Ma.

4. From 2.9 to 1.9 Ma (= upper Pliocene Zones PL5
and PL6), in which the sedimentation rate decreases to
70 m/Ma.

5. From 1.9 to 1.7 Ma (= lowermost Pleistocene),
with about 150 m/Ma, as in period 2.

484



NEOGENE AND QUATERNARY PLANKTONIC FORAMINIFERS, SITE 603

<o
o>

<

CD
C
α>oo

Φ

o
N

CO
_l
D.

og

1

a.

J Q

_i
Q_

CO

I ]

o °c
ü —
CB • J J

°? >
O "cü =

23-3, 90-94
23.CC
24-3, 90-94
24-4, 90-94
24.CC
25-1,90-94
25-2, 90-94
25-3, 90-94
25-4, 90 -94
25-5, 90-94
25-6, 90-94
25.CC
26-1, 90-94
26-2, 90 -94
26-3, 90-94
26-4, 90-94
26-5, 90-94
26-6, 90-94
26.CC
27-1,90-94
27-2,90-94
27-3, 90-94
27.CC
28-3, 90 -94
28.CC
29-2, 90-94
29.CC
30-2, 90 -94
30.CC
31-1, 90-94
31-2,90-94
31-3,90-94
31, CC
32.CC
33-3, 90-94
33.CC
34.CC
35-1,90-94
35-2, 90-94
35-3, 90 -94
35.CC
36-1,90-94
36-2, 90-94
36-3, 90 -94
36.CC
37-3, 90-94
37.CC
38-3, 90 -94
38.CC
39-3, 90 -94
39,CC
40-4, 90 -94
40.CC

u
c
co

•σ

3

a
θ
θ
θ
θ
O
θ
O
θ
θ
θ
o
θ
θ
θ

o
o
o
θ

o
θ

o
θ
θ
θ

o
c
θ

o
o

o
ö •
θ
θ
θ

o
o
o
o
o
o
o
o
o
o
θ
θ

o
θ

o
o
θ
θ

Q

>

CD
<o
Φ

a.

G
M
G
M
G
M
P

G
M
M
M
M
M
M
G
P
M
M
G
M
M
G
M
G
M
P
M
P

M

P
P
M
G
G

M
G
M
M
M
M
M
M
P

G
M
P
M
M
M
P

M
M

in
o

id
es

tr
un

ca
tu

i

2
S
o
o
-Q
o

•e
na

rd
ii

tu
m

id
a-

rr
i

hi
rs

ut
a

CO CO

S S
o o
•Q •Q

5 °δ CD CD

o

o

o

θ

θ
0

θ
O

O
•
θ
o
o

o

o

ul
at

a
fin

al
 is

ob
liq

ui
lo

c

CO CO

•S •S

•5 •S

-2 -2
"3 "3
£ á:

un
gu

la
ta

co

iH
o
δ
o

de
s 

ru
be

r

δ
c

Φ

lo
bi

g

I!

de
s 

ru
be

r
de

s 
ob

liq
c

in
fla

ta

δ δ •S
c c 2
Q) Φ O

lo
bi

g
lo

bi
g

lo
bo

i

δ CD CD CD CD

o

O

0

o

o

o
o

o

•

1

<
4
<

<

>

i

>

>
1

θ
θ

θ
•
•

•
_ •

•

•
•

θ
•
•
θ

•
1
4
4
4

1
1
I
»

θ

θ

•

g

1
•S

"£
c

δ
S
CO

•c
o

CO

er
tr

ei
ad

rin
a 

d
u

t

3

g"
•g
Q

"Bi
o
CD

•.
hy

de
rm

a
ad

rin
a 

p
a

t
ve

rs
a

a c

•Q CO

•2 •S

o .§
Φ i.2 O

i 
gl

ut
in

at
a

*z
e
CD

sc
itu

la

CO

m
O

•Q
O

bu
s

o

ilo
b

at
u

s 
tr

ii
de

s 
qu

ad
r

c

Φ

lo
bi

g
te

ra
lis

la
 

ae
qu

ila

"α>

CD

lo
bi

g
cu

lif
er

o

ilo
b

at
u

s 
s

a
fo

rm
is

ob
at

us

de
s 

qu
ad

r
gr

. 
cr

as
st

d
es

 c
o

ng
l

to
sa

en
si

i

δ •2 δ 2
«= rà •S "5
Φ P Φ P

lo
bi

g
lo

bo
i

lo
bi

g
lo

bo
i

esoja
u

i

3

>
st

ae
ns

is
-h

tid
a

ad
rin

a 
ac

e

c- a
^ o•
CO O
C •Q

an
d

e
eo

gk

CDCDCDCDC3CDCDCDO2

O O O
o
o θ
o O
θ o
o

^ o
θ

o

o

θ

o
o

θ θ
o

° o
o θ

θ
O θ

o
o

o

θ O
Φ

o θ
o
0

O θ O
θ θ

θ
θ

θ θ
θ θ
Φ

θ

θ θ
0
o O
0 O

θ θ
O θ
θ

•

•
O θ
O θ
o O
O O

O θ

• θ

θθ θ

o

θ
o

0

o

o

o

o

o
0

o

0

o

o

Q

Φ
θ
•
θ
•

Φ
O
•

Φ
O θ
o

o

θ

•
•

oo θ
O θ
o

o

0

o

θ
Φ
•

θ

θ

O θ
O θ

o

0

0

•
θ

•

θ
θ
•
Φ
•

O

θ
θ
•

o

o

o

o

o

o

o

o

O o
θ θ O
θ θ O
O o

0

O O O

O θ O
O O O
o Φ °
o θ O

O o
θ θ

θ
o0

o o
θ OOθ o

O O

o

oθ O0

o
θ

o O
θ

jQ_o o

o

o Q
0 O

θ o
O

θ

o

0 0

θ

o

O

O

θ
O
o

O
o

o
o
o

o
o

0

o

θ
o θ

θ
θ

o
o
θ

θ

θ
o

O θ

o
o

o

0

e
xi

lis

CO

-2
'o
δ
-Q
0

δ

0

0

m
io

ce
ni

c

CO

2
o
δ
-Q
o

δ

pe
rt

en
ui

s

CtJ

•2
o
o

•Q
O

CD

o

θ

e
ni

ca

o

1
CO

α
CO

S

o

δ
θ
θ
O
o

O
o

θ
o
o

O
θ
θ
O
o

o

0
O

O
θ

o

o

CO
3
CO

de
s 

fis
tu

U

δ

Φ

lo
bi

g

CD

CO

a a

p
ra

eh
ir

sc
er

in
a 

a
lt

is

.to o>
"5 •S

s iδ o
| |
CD Q

θ θ

• o
• o
θ θ
• O
o

θ

o
o

θ
θ
o
o

θ
θ
o
o
θ
o

θ
o
θ
o

θ
o
o

θ

θ

o
θ

o
o

θ
o

o
o

θ
o

•2
2
Φ

m
ul

tic
am

CO

£
o
δ

•Q
O

δ

o

O

o

o

CO

m

"o
δ

•Q
o

ö
o

•
•
θ
•

θ
θ
Φ
o

O

o

θ
llo

p
si

s 
si

c•

O

o
Φ
(O

-c
Q.co

o

o
o

o

θ θ
o

o

o

θ

o

o

o

o

o

o

o
o

0

o

o

CO

c
Φ

ae
ne

d
e

hi
sc

e
llo

p
si

s 
p

,

c
iδ
o
Φ

I

am
in

ul
in

a
ie 5

e
llo

p
si

s 
s<

m
ar

ga
rit

t
ne

p
en

th
e:

S 2 to

2 o S

lo
bo

i
lo

bi
g

05 CO CD CD

0

θ
O

O
θ
θ

θ
O
θ O
θ o
θ
O o
O 0

0

θ
o o

θ

o

Θ O
θ o

o

θO
θ θ θ

O o θ

θflOfl

•θ

OO
θ θ
O θ

• θθOo o Φ

θO o θ
θ

O θ
θ
O θ O

o O
O θ θ

o θ
O θ θ

θ• θ

θO θ θ

Abundance: #abundant, >10%; θcommon, 5-10%; θfew, 3-5% Orare, 1-2%; o very rare, 0-1%

Preservation: G = good, M = moderate, P = poor

Figure 2 (continued).

The marked increase in the sedimentation rate that
occurs between the upper Pliocene and the basal Qua-
ternary of Hole 603C is consistent with data obtained
from neighboring DSDP Site 106 (Hollister, Ewing, et
al., 1972), where 350 m of Quaternary sediments were
penetrated (a calculated rate of 195 m/Ma).

PALEOCLIMATOLOGY AND
PALEOCEANOGRAPHY

Quantitative parameters based on variations of both
planktonic and benthic foraminiferal abundance are
shown in Figure 5 A-C. In Figure 5D are indicated vari-
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Figure 3. Quantitative distribution (in percentages) of planktonic foraminiferal species in the > 160 µm size fraction from selected samples of Hole
603C.

ations in the percentage of planktonics (of total fora-
minifers). In addition, Figure 6 shows variations in the
number of planktonic species (planktonic diversity).

The shape of these curves demonstrates a distinct con-
trast between the Pliocene and the Quaternary of Hole
603C.

The Pliocene foraminiferal assemblages are marked
by few specimens, averaging less than 25/g. The number
of foraminifers increases slightly in the middle-late Pli-
ocene, with a few moderate peaks of less than 100 speci-
mens/g. Both planktonic and benthic foraminifers show
similar patterns. The paucity of Pliocene foraminifers
may be consistent with the high sediment accumulation
rates depicted in Figure 4 and can be interpreted as re-
sulting from sedimentary dilution of the microfauna. Dur-
ing the same Pliocene period, percentages of planktonic
foraminifers (Fig. 5D) and the planktonic diversity (Fig.

6) show many oscillations attributable to fluctuations of
the CCD (cf. Moullade, Site 604, this volume).

In the upper part of Zone PL6 and the lowest Qua-
ternary, planktonic foraminiferal percentages markedly
increase to values of >95%. Almost simultaneously, the
total number of foraminifers and the number of plank-
tonic specimens sharply increase with two peaks of sev-
eral hundred of specimens per gram. Even the benthic
foraminifers appear to be proportionally more abundant
at these levels than deeper in the hole: instead of an av-
erage value of 1 to 2 specimens/g and maximums of 3,
two small peaks of almost 8 specimens/g are observed.
Figure 4 showed that the sediment accumulation rate re-
mained high and even increased compared to that of the
Pliocene during the early Quaternary in Hole 603 C. We
may thus eliminate condensed sedimentation as a possi-
ble explanation for this sudden enrichment in foramini-
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Figure 3 (continued).

fers. The increase in the percentage of planktonic fora-
minifers at the top of Zone PL6 and during Ericson's
Zone P, which is considered to be a warmer episode,
leads us to suggest that this change is due to increased
productivity accompanied by a deepening of the CCD.

These data, combined with quantitative data for plank-
tonic foraminiferal species (Fig. 3), enable us to identify
three main climatic events in the sequence drilled at Hole
603C.

1. A sharp decrease in both planktonic diversity and
the abundance of Globigerinoides trilobus (a warm-wa-
ter species), as well as a strong increase in the frequency
of Neogloboquadrina pachyderma (a cold-water but al-
so dissolution-resistant species), occur in the interval cor-
responding to the top of Subzone PLlb (Cores 603C-30
to 32), at about 4.3 Ma according to magnetostratigra-
phy (see Fig. 4). Such a change was also depicted close
to the PLlb/PLlc subzonal boundary at Site 604 (Moul-
lade, this volume). The only significant paleoceanographic

event that occurred at this time is the uplift of the Isth-
mus of Panama (Berggren, 1982; Keigwin, 1979, 1982),
which isolated the Atlantic Ocean from the Pacific. No
marked early Pliocene cold event seems to have been
clearly documented.

2. Another similar crisis clearly occurs at the PL3/
PL4 zonal boundary, from Core 603C-19 up, as is shown
by shifts in several parameters: a sudden drop in plank-
tonic diversity, more frequent oscillations in the percent-
age of planktonic specimens, and a sharp decrease in the
abundance of Globigerinoides spp. (trilobus, ruber, gr.
obliquus). A sudden crisis also occurs at the same bio-
stratigraphic level in Site 604 (Moullade, this volume),
that is, at the PL3/PL4 boundary, here located at 3.4
Ma (see Table 1).

3. The third paleoclimatic and/or paleoceanograph-
ic event that may be depicted in Hole 603C is a latest
Pliocene (upper part of Zone PL6) "warming." This is
revealed by the evolution of the parameters shown in
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Figure 3 (continued).

Figure 5, but does not seem to be clearly indicated at the
specific level (Fig. 3).

CONCLUSION

Quantitative investigations of at least two samples per
core have made it possible for us to define a detailed
biostratigraphy, to correlate biostratigraphic and mag-
netostratigraphic datums and to insert several events, de-
picted by quantitative micropaleontological methods, in-
to the chronological framework. Further isotopic stud-
ies using a closer sample spacing, should make possible
a better understanding of their paleoceanographic and
paleoclimatic significance. However, taking into account
the results obtained by Keller et al. (1982) in the Pacific
Ocean, we suggest that the dissolution crises that appear
to have occurred contemporaneously at various sites may
be interpreted as evidence of climatic cooling.
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Figure 5. Characteristics of samples from Hole 603C (> 160 µm size fraction).
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Figure 6. Variation in planktonic foraminiferal species diversity, Hole
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