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Abstract. - A foraminiferal-nannofossil based biostratigraphic analysis of 
DSDP sites 111 and 116 from the North Atlantic Ocean indicates 2.5 Ma instead 
of 3.0 Ma, as previously suggested, for the level of initial ice rafting. This 
and other data suggest that development of Northern Hemisphere ice sheets 
did not take place until about 2.5 Ma. The closing of the Central American 
seaway induced pronounced changes in the global ocean circulation system, 
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beginning at approximately 3.2-3.4 Ma. A hypothesis is presented in which 
it is proposed that the joint effect of these circulation changes and a period of 
cooling of surface waters in the seas surrounding Antarctica, which occurred 
at about 3.1-3.3 Ma and resulted in an increased formation of Antarctic Deep 
Water, produced the ()1 80 signals recorded between 2.5 and 3.2 Ma from the deep 
equatorial Pacific. 

ABBREVIATIONS 

A small set of abbreviations is frequently used m this study: DSDP =Deep 
Sea Drilling Project; FAD= first appearance datum; LAD= last appearance 
datum. 
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INTRODUCTION 

Pronounced changes in the late Cenozoic paleoclimate at 3.2 to 2.5 Ma ago have 
been widely reported; e.g. McDOUGALL & WENSINK (1966); KENNETT et al. 
(1971); BERGGREN (1972a); ZAGWIJN (1974); SHACKLETON & KENNETT (1975); 
SHACKLETON & 0PDYKE (1977); BUCHARDT (1978); KENNETT et al. (1979) . In 
that time interval cooling took place and ice accumulated, according to sedimento
logical, paleontological and geochemical data (Table 1). These data are interpreted 
to represent the onset of Northern Hemisphere glaciation. It is not clear if 
extensive continental Northern Hemisphere ice sheets were initially developed 
at the lower end (3 .2 Ma) of this critical time interval, which some data 
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Table 1. Data indicating early presence of continental ice and climatic detoriation m the Cenozoic record of 
the Northern Hemisphere and their age estimates. 

Anthor(s ) Land-Sea 
Geographic 

Evidence Age in Ma 
Age determining 

position method 

DENTON & ARMSTRONG (1969) Land Alaska Tillite About 10 K-Ar 
CURRY (1966) California Till 3.1-2.7 
MCDOUGALL & WENSINK (1966) Iceland Tillite 3.1 
EINARSSON et al. (1967) (3.0~2.8)-2.4Paleomagnetism 

ZAGWIJN (1974) Netherlands Paleon tological 2 .5 
KENNETT et al. (1971) N ew Z ealand 2.5-2.4 

and 
1\180 2.5-2.4 Biostratigraphy 

SHACKLETON & KENNETT (1975) D eep-Sea Tasman Sea 2.6 Biosrrarigraphy 

Paleonrological 2.6 
SHACKLETON & 0PDYKE (1977) Equat. Pacific 1\180 3.2 Paleomagnetism 

BERGGREN (1972a) N Atlantic Ocean Ice-rafting 3 0 Biostratigraphy 

BUCHARDT (1978) Shelf North Sea 1\180 About 2.5 

indicate, or if this first happened at the upper end of the critical time interval (2.5 
Ma) , which other data indicate, or if there was a slow gradual increase in ice volume 

over the entire time interval. 
LAUGHTON et al. (1972) and BERGGREN (1972a) suggested that the onset of 

Northern Hemisphere glaciation is coincidental with the first appearance of 
ice rafted detritus in the North Atlantic Ocean. BERGGREN ( 19'72a) assigned 
an age of 3.0 Ma for the first appearance of ice rafted debris from the 
Labrador Sea and the NE Atlantic Ocean (Deep Sea Drilling Project sites 111 
and 116, fig. 1); at approximately the extinction level of Reticulofenestra psettdo
umbilica in nannofossil zonation (sites 111 and 116), and just prior to the local 
extinction of Globoquadrina altispira, Globorotalia multicamerata and Sphaeroi
dinellopsis seminulina in plank tic foraminiferal zonation (site 111) . Evidence 
of glacial sediments on Iceland (McDouGALL & WENSINK, 1966) and in Sierra 
Nevada of California (CURRY, 1966) at approximately 3 Ma reinforced the 
impression that relatively extensive Northern Hemisphere ice sheets were developed 
at 3 Ma. Later, SHACKLETON & OPDYKE ( 1977) recorded () 1 80 excursions, from 
benthic foraminifera in a paleomagnetically dated core from the equatorial Pacific, 
which were interpreted as representing Northern Hemisphere glaciations of 
a magnitude of one third to one fourth of the late Pleistocene glacial maxima. 
These () 180 excursions started at approximately 3.2 Ma and the authors considered 
this 3.2 Ma date for Northern Hemisphere glaciation as consistent with the 3.0 
Ma estimate of BERGGREN (1972a). This () 1 80 indication of early Northern 
Hemisphere glaciation is contradictory to other () 1 so indications from the Southern 
Hemisphere, the NE Pacific and the North Sea, which suggest that the first conceiv-
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able late Pliocene cooling which is associated with extensive, continental ice accumu

lation in the Northern Hemisphere took place at approximately 2.6---2.5 Ma ago 

(KENNETT et al., 1971; SHACKLETON & KENNETT, 1975; BUCHARDT, 1978; 

KENNETT et al., 1979). If the ice rafting data of BERGGREN (1972a) momentarily 

are disregarded , the Southern Hemisphere and North Sea () 1 80 data might imply, 

as will be discussed, that the early record of Northern Hemisphere tillites only 

are local phenomena preliminary to the main development of the Northern 

Hemisphere ice sheets, and that the early () 1 80 variations (before 2.5 Ma) recorded 

by SHACKLETON & OPDYKE (1977) reflect changes caused by processes other 

than development of relatively extensive Northern Hemisphere ice sheets. 

This study presents a revised biostratigraphic and biochronologic analysis of 
the Pliocene intervals of Deep Sea Drilling Project sites 111 and 116, and its 

implications for the global climatic history during this period. The implications 

include an alternative interpretation of the significance of the () 180 fluctuations 

which SHACKLETON & OPDYKE (1977) recorded in the time interval 2.5-3.2 

Ma from the deep equatorial Pacific. 

The differences in sedimentation history and age assignment of the level of 

initial ice rafting at sites 111 and 116 between the results of BERGGREN (1972a) 

and this study are causally related to the following: ( 1) Pliocene-Pleistocene 

biostratigraphy and biochronology of calcareous plankton has been improved 

after the publication (in 1972) of the results of Deep Sea Drilling Project sites 

111 and 116 (e.g. BERGGREN, 1973; 1977; R YAN et al., 1974; BERGGREN & VAN 

COUVERING, 1974; HAQ et al., 1977; HAQ & BERGGREN, 1978). This study 
benefits from these improvements, for example from the relatively recent 

established age assignments of the datum events of the nannofossils Gephyrocapsa 

oceanica and Discoaster surcttltts. (2) The last appearance level of Reticttlofenestra 

pseudoumbilica is redetermined at site 116. Also, a slightly older age is used 

(3.1-3.3 Ma) for this datum event, compared to that used (3.0 Ma) by BERG
GREN (1972a). (3) The last appearance level of the nannofossil Discoastet· brou

weri, which otherwise has a well established age assignment, is excluded from 

the analysis of this study, because this level is not considered to be representative 

for the extinction of the species in this area. ( 4) The calculations of sedimenta

tion rates from hole 111A are based on data from levels above the first appearance 

level of the ice rafted detritus, whereas BERGGREN ( 1972a) based his analysis from 

levels below the level of initial ice rafting. (5) The established age assignments of 

the datum events employed are given a possible error of ± 0.1 Ma. This produces 
a maximum and a minimum age of the level of initial ice rafting. 

SHE AND CORE DESCRIPTIONS 

This paper is based on studies of material drilled by DSDP. The terminology 
of DSDP is used in discussions of specific levels or intervals of the drilled 
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Fig. 1. Positions of DSDP sites Ill and ll6 m the North Atlantic Ocean, 
from LAUGHTON et al. (I972). 

material. A core is 9 m long and each core is segmented into 6 sections, where 
section 1 is located at the top and section 6 is located at the bottom of a core, 
each being thus 150 cm. 

Site 111, NW Atlantic Ocean / Orphan Knoll/ 

Site 111 was drilled at 1797 m waterdepth on Orphan Knoll, a small topo
graphic high situated NE of Newfoundland at 50°N, 22 °W (fig. 1). It has an 
isolated position at the foot of the continental rise, and fringes the abyssal 
plain of the Labrador Basin. One of the major objectives of drilling site 111 
was to determine the origin of the crystalline basement of this knoll. It was 
thought possible that this knoll could have had a continental origin, later moved 
to its present oceanic position by regional tectonics (LAUGHTON et al., 1972). 
Other objectives were to describe the lithology and biostratigraphy of the 
sedimentary column, to identify the principal acoustic reflectors and to establish 
a chronology of the transition from non-glacial to glacial sedimentation. 

Cores 1 and 2 of hole 111 recovered Pleistocene glacial sediments. The bottom 
of core 2 terminates at 103 m and the top of core 3 begins at 189 m. Core 3 
contained only about 1.5 m sediment, which turned out to be shallow water 
sandstone of Cretaceous age. The last core in hole 111, which terminates at 258 m, 
showed coarse, graded-bedded sandstones with some coal particles of probable 
Jurassic age present (LAUGHTON et al., 1972). 

Before reaching crystalline basement, the drillstring in hole 111 was with
drawn and re-inserted into the sediments in order to recover the preglacial-
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glacial transition. This hole, 1llA, was continuously cored between 105 and 
199 m. The Cenozoic record of this hole shows approximately 35 m of early 
Eocene nannofossil marls, a few cemimerers of lace Eocene marl, approximately 
0.2 m late Miocene sand and calcareous ooze and about a 1 m sequence of early 
Pliocene sand and calcareous ooze. This 1 m sequence ends abruptly, shifting 
colour from creamy, pale green ro olive grey, and is succeeded by a silry clay 
rich in rerrigenous material: pyrite lumps, mica flakes and small pebbles (LAUGH
TON er al. , 1972). This change in sediment composition at 145.89 m was inter
preted ro represent the first appearance of ice rafred derrirus and the onset 
of Northern Hemispheric glaciation (BERGGREN, 1972a). 

Site 11 6, NE Atlantic Ocean / Hatton-Rockall Basin/ 

Sire 116 was drilled ar 57°N , 15 ° W (fig. 1), in a warerdeprh of ll51 m on 
the Rockall Plateau. This is surrounded by deep troughs or basins, except ro rhe 
NE where rhe George Bligh Bank and shoal waters characterize the area between 
Rockall and rhe Faeroe Islands. A small part of the Rockall Bank appears above 
the sea surface. Rockall Island consists of early Eocene granite, suggesting a 
possible continental origin of the plateau (LAUGHTON er al., 1972). Site 116 
is situated east of the center of the Hatron-Rockall Basin where the lower lying 
layers pinch out cowards the Rockall Bank. Hole ll6 was drilled ro a depth 
of 841 m, and terminated in late Eocene calcareous ooze and chalks. The first 
core in hole ll6 (70-79 m) showed ice rafted material and calcareous oozes of 
a late Pliocene age. Core 2 of hole ll6 (109-118 m) did not reveal any ice 
rafted material. The uppermost 70 m of the sedimentary column at site 116 
were thus expected ro contain a good record of the Pliocene and Pleisrocene 
glaciations (LAUGHTON et al. , 1972). Hole 116A was therefore continuously cored 
from the sediment-water interface ro 99 m subbotrom. Ice rafted material first 
appears ar 75 m in hole 116 (LAUGHTON et al., 1972). In hole 116A ice rafted 
sedimentation first appears at about 71 m (LAUGHTON et al. , 1972) or at 75 m 
(POORE & BERGGREN, 1975). 

RESULTS 

Biostratigraphy and rates of sedimentation from hole lllA 

This biostratigraphic analysis is aimed at estimating an age of the level in 
hole 111A where the first ice rafted material appears . Several FADs and LADs 
of fossil calcareous plankton were observed ro occur within a few decimeters 
from the level of initial ice rafting at 145.89 m (within core 6 of hole 1llA) 
(LAUGHTON et al., 1972; BERGGREN, 1972a). However, those occurring in an 
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Fig. 2. Calculated sedimentation rates from DSDP 
hole 111A. Box a represents the time-depth interval 
within which the LAD of DiJcoaster surculus occurs. 
Box b represents the time-depth interval within 
which the LAD of Globorotalia miocenica occurs. 
Bar c indicates the FAD level of Globorotalia 
truncatttlinoides. See text p. 120 for details on age 
assignments of datum events, their core positions 
and the rates of sedimentation deduced from these 
data. 

interval comprising the upper part of section 3 and the lower part of section 2 
of core 6 in hole 1llA cannot be used chronologically for reasons specific to 

this particular interval which are discussed in a later section of this paper. 
To establish an age estimate for the level of initial ice rafting in hole 111A, 
a sedimentation rate curve, which is based on the biochronology from levels above 
core 6 in hole 1llA, has been calculated and extrapolated to the 145.89 m level 
in core 6. 

Cores 1 through 5 of hole 1llA represent a 38 m sequence (105-143 m), 
and contain relatively few calcareous plankton age indications. A re-examination 
of the data of LAUGHTON et al. (1972) reveals two planktic foraminiferal and one 
nannofossil datum event in that 38 m sequence (fig. 2). The LAD of Globorotalia 
miocenica at 2.2 Ma occurs in the 134---137 m interval, the FAD of G. truncatuli
noides at 1.85 Ma occurs at ll4 m and the LAD of Discoaster surculus at 2.3 Ma 
occurs in the 141-142 m interval. The age assignments are those estimated 
by HAQ et al. (1977). In this study these age assignments are given a possible 
error of ± 0.1 Ma. Regression analysis of possible sedimentation rates have 
been calculated using these depth and age data (fig. 2). The character of these 
data imply that a maximum and a minimum rate of sedimentation is obtained. 
These constitute the limits of a zone, the area between lines 1 and 2 in fig. 2, 
within which the sedimentation rate must fall in the 0-146 m interval. That 
zone also gives a maximum and a minimum value of the age of initial ice 
rafting (fig. 2). 
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The maximum rare of sedimentation (line 1 in fig. 2; r 2 = 0.998) is 6.5 cm/ 
1000 years. This line produces an age of approximately 2.2-2.3 Ma for the level 
of initial ice rafting. The minimum rare of sedimentation (line 2 in fig. 2; 
r 2 = 0.999) is 5.8 cm/ 1000 years. This line gives an age of approximately 
2.5 Ma for rhe level of initial ice rafting. A best fir of rhe data (line 3 in fig. 2; 
r 2 = 1.000) gives a rate of sedimentation of 6.2 cm/ 1000 years, and an age of 
approximately 2.4 Ma for the level of initial ice rafting. At age zero lines 1 and 
2 closely brackets the zero-meter level; line 1 ends ar - 3.7 m and line 2 ends 
at + 2.7 m (fig. 2). This indicates that the sedimentation rate has been nearly 
constant from the time of initial ice rafting to the present. 

Biostratigraphy and rates of sedimentation from holes 116 and 116A 

The datum events of three planktic foraminifera and three nannofossils are 
used to deduce maximum and minimum rates of sedimentation in the uppermost 
120 m of holes 116 and 116A (fig. 3). The FAD of Globorotalia crassaformi.s 

at 3.5 Ma occurs between the top of core 3 (159 m) and the bottom of core 2 
(117.5 m) in hole 116. The LAD of G. marga-ritae at 3.3 Ma occurs in the 
115-118 m interval in hole 116 and the FAD of G. truncatulinoides at 1.85 Ma 
occurs at 39 m in hole 116A. The positions of these datum events are derived 
from lAUGHTON et al., 1972 and POORE & BERGGREN, 1975, and the age assign
ments are those estimated by HAYS et al., 1969, BERGGREN, 1973 and HAQ et al., 
1977. In this study these age assignments are given a possible error ± 0.1 Ma. 

The LAD of Reticulofenestra pseudoumbilica has been estimated to 3.2 ± 0.1 
Ma for the following reasons. GARTNER (1969) estimated this datum event to 

occur within the planktic foraminiferal Zone N 20 of BLOW (1969), a Zone com
prising the time interval 3.0-3.3 Ma and whose lower boundary correlates with 
the LAD of G. marga·ritae and the Gauss-Gilbert boundary in paleomagnetic strati
graphy (BERGGREN, 1973, 1977; BERGGREN & VAN COUVERING, 1974). MAR
TINI & WORSLEY (1970) correlated the LAD of R. pseudoumbilica with the 
lower boundary of Zone N 20, rhat is 3.3 Ma, but other reports (e.g. HAQ & 

BERGGREN, 1978) support the observation of GARTNER (1969) that the LAD of 
R. pseudoumbilica occurs within Zone N 20. A reinvestigation of the nannofossil 
assemblages of DSDP hole 125A from the Mediterranean indicates that R. 
pseudoumbilica survives G. margaritae by approximately 2.5 m, which equals 
about 0.1 Ma according to the established sedimentation rate for that interval 
in hole 125A (2.6 cm/ 1000 years; CITA et al., 1978). Also at site 116 G. margari
tae is survived by R. pseudoumbilica by a few meters (POORE & BERGGREN, 1975; 
this study). The LAD of R. pseudoumbilica thus probably should have an age 
assignment which is slightly younger than that of G. margaritae at 3.3 Ma. An 
age assignment of 3.2 ± 0.1 Ma seems to provide a relatively accurate estimation 
of the LAD of R. pseudoumbilica. 
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Fig. 3. Sedimentation rates from holes 116 
and 116A. Box a represents the FAD of Glo
borotalia crassaformis, box b the FAD of 
Psettdoemiliania lacunosa and the LAD of 
Globo1·otalia margaritae, box c the LAD of 
Retiwlofenestra pseudoumbilica, bar d the 
FAD of Globorotalia tmncatulinoides and bar 
e the FAD of Gephyocapsa oceanica. See text 
p. 122 for details on age assignments of datum 
evenrs, their core positions and sedimentation 
rates. 

' Ma 

In hole 116 R. pseudottmbilica is present in core 2 (110 m) but is absent in 
core 1 (70- 79 m) (BUKRY, 1972; this study). Reticulofenestra pseudomnbilica 
is not present in hole 116A (B. U. HAQ personal communication, 1978), which 
terminates at 99 m. The LAD of R. pseudottmbilica then must occur in the interval 
between the top of core 2 of hole 116 (110 m) and the bottom of core 11 of 
hole 116A (99 m), that is in the time-depth interval 3.1-3.3 Ma and 99-110 m 
(box c in fig. 3 ). 

The FAD of Pseudoemiliania lacunosa has been estimated to 3.3 ± 0.1 Ma for the 
following reasons. CrTA & RYAN (1973) associated this datum event with the 
Gauss-Gilbert boundary in paleomagnetic stratigraphy, that is at approximately 
3.3 Ma. A slight overlap between the FAD of P. lacunosa and the LAD of R. 

pseudoumbilica has been reported by several authors (e.g. GAR1NER, 1969; 1973; 
ROTH & THIERSTEIN, 1972; WrLCOXON, 1972; MULLER, 1978). Consequently, 
the P. lactmosa FAD is assigned an age (3.3 Ma) which is slightly older than the 
assignment of the LAD of R. pseudottmbilica at 3.2 Ma. 

A reinvestigarion of core 2 in hole 116 shows that the FAD of P. lacttnosa 
occurs within that core at 117.5 ± 1 m, 0.5 m above the LAD of G. margaritae. 
The time-depth interval within which the FAD respectively LAD of these two 
species occur in core 2 of hole 116 is represented in fig. 3 as box b. 

The time-depth relationships of the six datum events between 118 and 27 m 
indicate that the rate of sedimentation has been approximately constant in this 
interval (fig. 3). Lines 1 and 2 in fig. 3 are the limits of a zone within which 
the mean rate of sedimentation must fall in order to fit all six datum events. 
Both lines show a rate of sedimentation of about 5.2 cm/ 1000 years. The ice 
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rafted sedimentation startS in the 71-75 m interval (LAUGHTON et al., 1972; 
POORE & BERGGREN, 1975), which gives a minimum age of approximately 
2.4 Ma and a maximum age of about 2.6 Ma for the level of initial ice rafting 
at site 116 (fig. 3). This result is consistent with the ages obtained from hole 
111A (fig. 2). 

In fig. 3 a drastic change in the sedimentation rate occurs at 27 m, where the 
rate decreases by a factor of three (from 5.2 cm/ 1000 years to 1.7 cm/ 1000 
years). This is interpreted as being due to the increased bottom water erosion 
which is likely to have accompanied the recurring Pleistocene glaciations. This 
is consistent with the observation of JoHNSON (1972) who proposed that glacial 
periods are characterized by intensified deep circulation resulting from increased 
rates of bottom water production. 

DISCUSSION 

Cenozoic rates of sedimentation at site 111 

Three different regimes of sedimentation can be distinguished in the 182 m 
Cenozoic sequence drilled at site 111, according to the data of LAUGHTON et al. 
(1972, p. 159). The first regime consists of a 35 m sequence of early Eocene 
nannofossil marls. Non-deposition and/ or erosion characterize the second regime; 
a large part of the Eocene, all of the Oligocene and most of the Miocene is 
missing. The sediments in this second regime consist of a few centimeters of 
late Eocene clay, about 0.2 m of late Miocene sand and calcareous ooze and a 1 m 
sequence of early Pliocene sand and calcareous ooze. The third regime consists 
of a 145.89 m thick Pliocene-Pleistocene sequence of ice rafted material and 
calcareous ooze. Obviously, the initiation of the late Pliocene ice rafted sedimen
tation drastically ended a 40-45 million-year period showing practically no 
deposition at site 111. The early Pliocene sequence of 1 m is of particular interest 
because it borders the 145.89 m sequence of ice rafted sedimentation, and BERG
GREN (1972a) used the biochronology in it to establish an age of 3.0 Ma for the 
level of initial ice rafting and onset of Northern Hemisphere glaciation. 

This early Pliocene sequence shows an extremely low rate of sedimentation, 
0.06 cm/ 1000 years according to this study or 0.04 cm/ 1000 years according ro 
BERGGREN (1972a). Both these estimates indicate that the general pattern of 
non-deposition and/ or erosion, which characterizes the time interval between 
approximately the middle Eocene and the late Miocene, also continued to influence 
the pattern of sedimentation during early Pliocene times. This condensed early 
Pliocene sequence terminates at 145.89 m, which is the lower boundary of 
a 0.15 m transition zone between the preglacial and glacial sedimentation (BERG-
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Fig. 4. The position and duration 
of the proposed Pliocene hiarus in 
hole 111A. G .a. stands for Globo
quadrina altispira, G.m. for Globo
rotalia multicamerata, S.s. for Sphae
roidinellopsis seminulina, R.p. for 
Reticula fenestra pseudoumbilica and 
P.l. for Pseudoemiliania lacunosa. 
See text p. 124 for detailed discus· 
sion of the biostratigraphy of this 
critical interval in hole 111A. 
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GREN, 1972a). Several calcareous plankton datum events are present in the 
condensed early Pliocene, preglacial, sequence and in this transition zone. Three 
planktic foraminiferal datum events occur within the transition zone, namely 
the last appearances of Globoquadrina altispira, Globorotalia multicamerata and 
Sphaeroidinellopsis seminulina, dated at 2.8, 2.8 and 3.0 Ma respectively (BERG
GREN, 1972a; 1973; 1977; BERGGREN & VAN COUVERING, 1974) . BERGGREN 
( 1972a) used these datum events, occurring a few centimeters above the lower 
boundary of the transition zone, to assign an age of 3.0 Ma for the level of 
initial ice rafting and Northern Hemisphere glaciation. It cannot be excluded that 
some reworking and homogenization of the sediments has taken place, both 
within the condensed early Pliocene sequence and the transition zone. At a sedi
mentation rate of 0.04-0.06 cm/ 1000 years a minor reworking upwards of only 
0.2-0.3 m would give an age, for example, of the lower boundary of the transi
tion zone, which is 500 000 years too old. Sediment mixing caused by bioturbation 
is frequently reported to occur in deep-sea cores, and mixing depths can reach 
0.2-0.3 m (ARRHENIUS, 1963), 0.17-0.42 m (GUINASSO & SCHINK, 1975), 
0.17-0.66 m (RUDDIMAN & GLOVER, 1972), 0.5 m (HANOR & MARSHALL, 
1971), 0.3 m or more (MciN1YRE et al., 1967). Considering the probable effects 
of bioturbation alone in the condensed Pliocene sequence, it seems obvious 
that it is difficult to deduce an accurate chronology for a specific level from 
that sequence. 

Furthermore, the 145.89-145.81 m interval in the transition zone includes the 
LADs of G. altispira, G. multicamerata, S. seminulina and R. pseudoumbilica, 
dated at 2.8, 2.8, 3.0 and 3.2 Ma respectively (fig. 4). It also includes the FAD 
of P. lacunosa dated at 3.3 Ma. At best this interval indicates a period of extremely 
slow sedimentation, 0.08 m in 500 000 years, or 0.08 m in 700 000 years if the age 
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assignments are given a possible error of ± 0.1 Ma; more probably it is associated 
with a period or periods of non-deposition and/ or erosion, giving some minor 
reworking of some species. Taking into account rhe effects of this probable hiatus in 
the transition zone (fig. 4), it does nor seem quire appropriate to use this interval 
for precise estimates of the age of Northern Hemisphere glaciation. On the contra
ry, it seems more appropriate to propose that the deposition of ice rafred material 
was initiated immediately above this period which is represented by extremely slow 
deposition or a hiatus, that is less than 2.8 Ma. This is consistent with the 
approximate 2.5 Ma estimate of initial ice rafting at site 111 this study presents, 
a dare which also suggests that the period of non-deposition or eros:on lasted 
until approximately 2.5 Ma (fig. 4). 

The LAD of Reticulofenestra psettdoumbilica at sites 111 and 116 

The LAD of R. pseudoumbilica is estimated to occur close to rhe bottom of 
Zone N 20, at 3.2 ± 0.1 Ma. In hole 111A LAUGHTON et al. (1972) observed that 
the last appearance of R. pseudoumbilica occurred practically simultaneously 
with the last appearances of G. altispira, G. multicamerata and S. semimdina. 
These planktic foraminiferal last appearances indicate the top of Zone N 20 
and an age of about 3.0 Ma (BLOW, 1969; BERGGREN, 1972b). Bur since LAUGH
TON et al. ( 1972) and BERGGREN ( 1972a) did not consider either the effects 
of sediment mixing or the probable occurrence of a hiatus in the transition 
zone, they concluded that the last appearance level of R. pseudoumbilica in 
hole 111A (i) represents its LAD, (ii) that its LAD is coincidental with the 
top of Zone N 20 and hence has an age of 3.0 Ma (fig. 5). Furthermore, the last 
appearance level of R. pseudottmbilica and the first appearance level of ice rafted 
sedimentation are coincidental in hole 111A. LAUGH1'0N et al. ( 1972) and BERG
GREN (1972a) thought that this pattern also appeared at site 116, thus supporting 
their finds from site 111. However, BUKRY ( 1972) and this study have shown that 
the LAD of R . pseudoumbilica is situated about 30 m below the level of initial 
ice rafting at site 116. 

The LAD of Discoaster brouwe1·i at sites 111 and 116 

HAQ et al. (1977) documented the chronostratigraphic relationships among 
Discoaster brouweri, Gephyrocapsa oceanica and Globorotalia truncatulinoides. 
This can be used to discuss the significance of the last appearance of D. bt-ouweri 
at sites 111 and 116. 

The FAD of G. oceanica is shown to occur at 1.6 Ma, the LAD of D. brottweri 
occurs at 1.65 Ma and the FAD of G. truncalinoides occurs at 1.85 Ma. In hole 
116A the FAD of G. oceania occurs at 27 m, the FAD of G. truncatulinoides 
occurs at 39 m whereas D. b·rottweri has its last appearance at 61 m (LAUGHTON 
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Fig. 5. Different estimates of the age 
assignment of the LAD of Reticula
fenestra pseudoumbilica. See text p . 
126. 
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et al., 1972). The time-depth relation between the FADs of G. oceanica and 
G. truncatulinoides is essentially linear according to these chronologies. In 
contrast, the last appearance level of D. brouweri has an anomalously early strati
graphic position relative to the FADs of G. oceanica and G. truncatulinoides . 
This relationship is most probably caused by the fact that D. brouweri, having its 
optimum living conditions in low latitudes, disappeared from high northern Atlan
tic latitudes before its extinction. Therefore, the disappearance of D. brouweri 
marks the level of its exclusion from the nannofossil assemblages due to a bio
geographic response to changing environmental conditions. POORE & BERGGREN 
(1975) demonstrated that a relatively warmer planktic foraminiferal assemblage 
was succeeded by a relatively colder assemblage, at about the level of disappearance 
of D. b1·ouweri at site 116. Such a change probably also occurred at site 111 (see 
POORE & BERGGREN, 1975, fig. 4; LAUGHTON et al., 1972, p. 112 and p. 137). 
According to the rates of sedimentation presented in figs . 2 and 3 the level of 
pronounced cooling and disappearance of D. brouweri can be estimated to have 
an age of about 1.9-2.2 Ma (site 111) and 2.2-2.3 Ma (site 116). 

The Pliocene hiatus in hole 111 A 

Investigating the data from a few DSDP holes drilled off the continental margin 
of eastern United States reveal several breaks in the sedimentary record, beginning 
at approximately 3.2-3.5 Ma. 

(a) Site 4, located between the Hatteras Abyssal Plain and the Bahama Platform. 
No sediments younger than 3.2 Ma are preserved at this site, according to the 
nannofossil data of BUKRY & BRAMLETTE (1969). 
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(b) Site 99, located in Cat Gap, approximately 100 km south of site 4. A hiatus 
begins close to 3.3 Ma,. according to the nannofossil data of WILCOXON (1972) . 

(c) Sites 103 and 105, located at the Blake-Bahama Outer Ridge. Both sites 
show breaks of sedimentation in the middle-late Pliocene interval, according 
to the nannofossil data of WILCOXON (1972). 

(d) Site ll1, located on the Orphan Knoll off Newfoundland. This study has 
demonstrated the probable occurrence of a hiatus in hole 111A which begins 
in the interval 3.3-3.4 Ma. 

It seems likely that intensified bottom water circulation due to an increased 
production of bottom water caused these sedimentation breaks. As appears from 
the following discussion the increased production of bottom water is considered 
to represent an oceanographic response in the Norwegian Sea to a tectonic change 
in the Central American region. 

The elevation of the Central American Isthmus occurred at about 3.5 Ma 
(SAITO, 1976) or some time in the interval 3.1-3.6 Ma (KEIGWIN, 1978). It has 
been suggested that the closing of the Central American seaway caused a more 
vigorous Gulf Stream, capable of carrying greater loads of warm, high salinity 
waters and humid air farther north (BERGGREN & HoLLISTER, 1974; 1977). Eva
poration of warm, high salinity Gulf Stream waters entering the Norwegian Sea 
produces dense surface waters which sink and form great quantities of North 
Atlantic Deep Water (WORTHINGTON, 1970). Coming along the continental rise 
of eastern Greenland and reaching Greenland's southernmost tip, North Atlantic 
Deep Water is forced to the right by the Coriolis force up into the Labrador 
Basin where it flows in a northwesternly direction until the bottom topography 
of the Labrador Basin forces this deep current to flow south again along 
the continental rise of Labrador (passing site 111) and eastern United States 
as the Western Boundary Undercurrent (WORTHINGTON, 1970; JONES et al., 
1970). This tectonic-oceanographic model may simply explain the presence of 
middle Pliocene (3.2-3.5 Ma) breaks in the sedimentary record along the flow 
path of deep north Atlantic waters, including that suggested at site lll. The 
model is consistent with observations of sedimentation patterns made from 
the Straits of Florida. Prior to 3.4 Ma the sediments are unwinnowed in the 
Yucatan Channel. A change in depositional regime at about that time is attributed 
to an increased transport capaciry of the Gulf Stream System, which is interpreted 
as being due to the closing of the Central American seaway (BRUNNER, 1978). 

The model can also serve to explain the sudden influx of Pacific boreal 
molluscs on Iceland just prior to 3.3 Ma (EINARSSON et al. , 1967). Much of the 
deep Atlantic water ultimately reaches the Pacific, and this export of deep Atlantic 
water to the Pacific is balanced by surface flows back to the Atlantic (BROECKER, 
1971). A sudden increase in production and flow intensity of deep Atlantic 
water is probably associated with an increased export of Atlantic waters to the 
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Pacific. The water balance changes between these ocean basins, induced by 
the closing of the Central American seaway, can have initiated a pronounced 
flow of surface water from the Pacific to the Atlantic across the Arctic Ocean 
basins which brought the Pacific molluscs to Iceland. The distribution of these 
fossils also indicate that the Arctic Ocean can hardly have been ice covered at 
about the time of their arrival to Iceland, that is at about 3.3-3.5 Ma, as 
proposed by CLARK (1971). The onset of this flow towards the Atlantic of 
surface water across the Arctic Ocean basins at approximately 3.3-3.5 Ma also 
might have triggered the initial formation of the Labrador Current. 

The middle Pliocene !5 1 80 record from the deep equatorial Pacific 

SHACKLETON & OPDYKE (1977) presented a study of variations in Pliocene
Pleistocene oxygen isotopes, as these were reflected in benthic foraminifera 
collected from a paleomagnetically dated piston core from the equatorial Pacific 
at a waterdepth of 4509 m. Their curve shows two points where general scale 
changes occur. One of the inception points occurs at approximately 2.5 Ma where 
an isotopic excursion of about 1 o I 0 0 is observed, which was interpreted to 
represent a built-up of continental ice in the Northern Hemisphere being of 
a magnitude of at least two thirds of the late Pleistocene glacial maxima. Between 
2.5 and 3.2 Ma lesser variations of about 0.4 O I 00 occur, and these were interpreted 
as being predominantly glacial in character. SHACKLETON & OPDYKE (1977) 
considered their 3.2 Ma date of Northern Hemisphere glaciation as being in 
substantial agreement with the 3.0 Ma estimate by BERGGREN (1972a) of the 
level of initial ice rafting in the North Atlantic. However, the revised age of 
the initial ice rafting from the North Atlantic presented in this study, at about 2.5 Ma 
instead of 3.0 Ma, makes it difficult to correlate the early oxygen isotope fluctua
tions in the deep equatorial Pacific with the first ice rafting in the North 
Atlantic. 

Other studies of I) 1 80 variations in the critical interval 2.5-3.2 Ma indicate 
an initial built-up of Northern Hemisphere ice sheets first at about 2.4-2.5 Ma 
(KENNETI et al., 1971) or 2.6 Ma (SHACKLETON & KENNETT, 1975). Mea
surements of I) 180 in the benthic foraminifera Uvigerina from DSDP site 173 
(NE Pacific) show a sequence of isotopic variations greater than 1 O / 00 (standard 
deviation: 0.4 01 00 ), starting at 100.5 m (KAMMER, 1979). In biostratigraphy 
that level is equivalent with the boundary of North Pacific Diatom Zones 8 and 
7, which is correlated with the Gauss-Matuyama boundary in paleomagnetic strati
graphy and an age of 2.4-2.5 Ma (ScHRADER, 1973). Since the mean residence 
time of oceanic oxygen is insignificant on a geologic timescale, this implies that 
conceivable ice volume changes are immediately imprinted in the stratigraphic 
record in all ocean basins (SHACKLETON & OPDYKE, 1973). These isotope data 
suggest that the relatively small isotopic variations recorded from the deep equatorial 
Pacific in the interval 2.5-3.2 Ma are due to changes other than development of 
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rather extensive Northern Hemisphere ice sheets, a consideration which is support
ed by further data. ZAGWIJN (1974) demonstrated from a paleomagnetically dated 
sequence that the first major cooling in NW Europe, comparable to the glacial 
phases of the Pleistocene, appears at about 2.5 Ma. He could also show that prior 
to that date a period of warm climate characterized NW Europe (during the Reuve
rian Stage which begins before 3 Ma and ends at about 2.5 Ma). BucHARDT (1978) 
studied ()180 variations in Tertiary shelf molluscs in the North Sea area. His results 
indicate a distinct warming during the Reuverian Stage, and the initial Pliocene 
cooling was observed in post-Reuverian deposits (personal communication, 1979), a 
result being consistent with those of ZAGWIJN (1974). At DSDP site 141, north of 
the Cape Verde Islands in the EasternAtlantic Ocean, DIESTER-HAAS & CHAMLEY 
( 1978) recorded several distinct changes in the late Pliocene sedimentation 
processes. A generally increased, but fluctuating, input of terrigenous material 
was interpreted to be due to the onset of strong trade winds. They thought 
that these fluctuations represent changes between "glacial" and "interglacial" types 
of climate. The "glacial" periods were accompanied by increased calcium carbonate 
dissolution and certain sorting phenomena which were interpreted as being 
representative of increased velocities of cold bottom water currents. According 
to their fig. 5h and sample list the onset of these changes can be located to 
27 m subbottom. A sedimentation rate has been calculated (r 2 = 0.996) for the 
critical interval using the data in Table 2, which gives an age of 2.5 Ma for 
the level indicating the first "glacial" type of climate. 

If relatively extensive ice sheets did not develop in the Northern Hemisphere 
until about 2.5 Ma, as the data above suggest, the () 1 80 signals recorded from 
the deep equatorial Pacific in the interval 2.5-3.2 Ma have to be explained 
by other processes. Two source areas causing possible regional () 1 80 variations 

in the deep Pacific will be discussed. 

The Deep Pacific Water below 3500 m is today quite uniform and can be 
considered to represent a mixture of North Atlantic Deep Water and Antarctic 
Deep Water, with lesser contributions from Antarctic Intermediate Water and In
dian Ocean Deep Water (CRAIG & GORDON, 1965). These authors demonstrated 
that distributions of the isotopic fractionation in surface waters are strongly depen
dent of local evaporation/ precipitation patterns. local variations of 0.4 °/ 00 in 
Caribbean surface waters, resulting from in situ evaporation/ precipitation effects, 
were suggested by IMBRIE et al. ( 1973). The oxygen isotopic composition in deep 
water masses reflects those of their surface sources. Finding an area showing 
pronounced surface water changes in temperature or evaporation/ precipitation 
patterns would thus imply finding a possible source of ()1 80 variations in deep 
water masses, provided it is an area where formation of bottom water takes place. 
Furthermore, the () 1 80 fluctuations observed in deep water masses which are 
caused by such effects can be regional in appearance, in that they are confined 
to specific deep water masses . 
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Table 2. The nannofossil and foraminiferal data used in order to calculate a sedimentation rate in 
the critical Pliocene interval at D SDP site 141 (see text p . 130). 

Datum 
Species 

event 

Globorotalia tmncawlinoides FAD 
miocenica LAD 

Discoaster pentaradiattts LAD 
surcttltis LAD 

R eticulofenestra pseudoumbilica LAD 

Age 
(Ma) 

1.85 
2.2 

2. 3 

2.3 
3.2 

Reference 
Depth 

H ole in 111 

HAQ et al. (1977) 141 14 

this study 

20 
22 

22 
41.6 

Reference 

HAYES et al. (19 72) 

Erosion of deep-sea sediments off Antarctica, caused by increased bottom current 
velocities which result from increased rates of bottom water production in this 
area, has been reported to occur at about 3.3-3.4 Ma (FILLON, 1972; WATKINS 
& KENNFIT, 1972; KENNm & WATKINS, 1976). LEDBETTER et al. (1978) 
observed an erosional hiatus in the Vema Channel (SW Atlantic) which they 
suggested was caused by intensified flows of Antarctic Deep Water. The age of 
this event is reported to be 3.0-3.4 Ma. KENNm et al. (1979) reported a 
distinct surface water cooling episode at DSDP site 284 in the Tasman Sea, at 
the extinction level of R. pseudoumbilica (KENNETT et al., 1979, fig. 2; 1975, 
p. 415 and p. 423), that is at about 3.1-3.3 Ma. According to GORDON (1971) 
freezing of sea ice is the most important mechanism producing dense surface water 
which sinks and forms Antarctic Deep Water. These data indicate a pronounced 
increase in formation of Antarctic Deep Water at about 3.1-3.4 Ma. Considering 
that much of the Deep Pacific Water is formed in the seas surrounding Antarctica, 
these data also indicate one probable source for the early 81 80 variations, begin
ning at 3.2 Ma, recorded by SHACKLETON & OPDYKE (1977) from the deep equato
rial Pacific (it deserves to be noted that their curve also shows a few 0.4 °/ 00 

excursions at about 3.3-3.4 Ma). 
The Norwegian Sea is another possible source area for the 2.5-3.2 (3.4) 

Ma SlSQ variations recorded in the deep equatorial Pacific. Changed evaporation/ 
precipitation patterns and increased formation of bottom water (North Atlantic 
Deep Water) in the Norwegian Sea at about 3.3-3.4 Ma, resulting from the 
closing of the Central American seaway (p. 128), are also likely to have produced 
variations in the isotopic composition in the deep equatorial Pacific since North 
Atlantic Deep Water is not a negligible source for Pacific Deep Water (CRAIG & 

GORDON, 1965). 
Finally, the revised age of the initial ice rafting in the North Atlantic and the 

alternative interpretation for the early 81 80 variations from the Pacific which is 
presented in this study, suggest that the ice which formed the tillites on Iceland 
and in Sierra Nevada of California at about 3 Ma (MCDOUGALL & WENSINK, 
1966; CURRY, 1966) were only local phenomena. 
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CONCLUSIONS 

( 1) A revised biostratigraphic analysis of DSDP sites 111 and 116 indicates an age 
of approximately 2.5 Ma instead of 3.0 Ma for the level of initial ice rafting in 
the North Atlantic Ocean. 

(2) The exclusion of Discoaster brouweri from the nannofossil assemblages at 
sites 111 and 116 previous to its extinction, suggests that the 1.65 Ma age assign
ment of the LAD of this species cannot be applied in high northern Atlantic 
latitudes. 

(3) The presence of a hiatus is proposed in hole 111A, representing the time 
interval 2.5-3.4 Ma. 

( 4) The hiatus is interpreted as being due to increased bottom current velocities 
resulting from an increased formation of bottom water in the Norwegian Sea; 
which is proposed to have occurred as an oceanographic response to the closing 
of the Central American seaway. 

(5) It is also proposed that the closing of the Central American seaway induced 
a flow of surface water across the Arctic Ocean basins which brought Pacific 
boreal molluscs to Iceland at about 3.3-3.4 Ma, and that the initiation of that 
flow might have triggered the onset of the Labrador Current. 

( 6) An alternative interpretation is presented of the significance of the 1)180 

fluctuations recorded in the deep equatorial Pacific in the time interval 2.5-3.2 
(3.4) Ma. These are not considered to indicate formation of Northern Hemisphere 
ice sheets as much as reflecting unstable bottom water conditions. 

APPENDIX 

The age of initial ice rafting at site 410 

After this paper was completed the results from DSDP Leg 49 were published, 
and these include an observation of initial ice rafting at site 410 (POORE, 1979). 

Site 410 is situated on the west side of the Mid-Atlantic Ridge crest at 45 °N 
and 29°W (LUYENDYK et al., 1979). The level of initial ice rafting at site 410 
is coincident with the evolutionary replacement of Globorotalia punctitulata by 
G. inflata (POORE, 1979), and approximates the top of the Discoaster tamalis 
Subzone in nannofossil zonation (BURKY, 1979). 

The replacement of G. puncitulata by G. inflata also occurs at the level of 
initial ice rafting at sites 111 and 116 (LAUGHTON et al., 1972; POORE & BERG-
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GPREN, 1975). At these sites the initial ice rafting, and hence also the G. puncti
tulata-G. inflata specific transformation, appears at about 2.4-2.6 Ma according 
to the results of this study. This age assignment of the G. punctitulata-G. inflata 
transition is consistent with results obtained from DSDP site 132 ( 40°N, 11 °E; 
Western Mediterranean). The Pleistocene-Pliocene sequence at site 132 is paleo
magnetically dated (RYAN, 1973), and transitional forms between G. punctitulata 
and G. inflata were observed within the Globigerinoides obliquus extremus Inter
val-zone (CITA, 1973, p. 1357), which represents the time interval between 2.2 
and 2.85 Ma (RYAN, 1973). 

The top of the D. tamalis Subzone is clearly determined both at sites 132 and 
410 (BUKRY, 1973; 1979) . At site 132 the top of this zone appears at 93 m 
(BUKRY, 1973), and this level represents an age of about 2.4-2.5 Ma (RYAN, 
1973, fig. 1) . At site 410 the top of the D. tamalis Subzone occurs at approxi
mately 136 m (BUKRY, 1979), which is 4 m above the level of initial ice rafting at 
140 m (POORE, 1979). If 136 m of sediments were deposited during 2.5 Ma at 
site 410, this gives a mean sedimentation rate of 5.4 cm/ 1000 years. The 4 m 
sequence which separates the top of the D. tamalis Subzone from the level of 
initial ice rafting is thus equivalent to 74 000 years. Consequently, the level of 
initial ice rafting at site 410 can be assigned an age of 2.5-2.6 Ma, which IS 

consistent with the estimates derived from sites 111 and 116. 
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