
47. LEG 94 PALEOENVIRONMENTAL SYNTHESIS1

W. F. Ruddiman, J. Backman, J. Baldauf, P. Hooper, L. Keigwin, K. Miller, M. Raymo, and E. Thomas2

ABSTRACT

Over 3000 m of rapidly deposited sediments with well-preserved microfossils were cored during DSDP Leg 94. High-
resolution studies of these sediments have only begun. Major paleoenvironmental results to date reported in this volume
include the following: (1) moderately large-scale surface-ocean changes in the east-central North Atlantic apparently be-
gan at around 3.3 Ma, in response to small fluctuations in ice-sheet volume or to other factors, such as closing of the
Panamanian Isthmus or opening of the Bering Straits; (2) the 2.47 Ma date of initiation of ice rafting and large-scale
Northern Hemisphere glaciation found at 56°N on Leg 81 also applies to Northeast Atlantic sites farther south to
37°N, the effective southern limit of Pleistocene ice rafting; (3) the basic rhythm of response of the North Atlantic
Ocean changed from the 41,000-yr. orbital tilt period during the latest Pliocene and early Pleistocene (2.47-0.735 Ma)
to the 95,000-yr. orbital eccentricity period during the later part of the Pleistocene (0.65-0 Ma), due to similar changes
in the fluctuations in volume of surrounding Northern Hemisphere ice sheets.

INTRODUCTION

The primary goal of Deep Sea Drilling Project Leg
94 was to retrieve material for paleoenvironmental stud-
ies of the late Neogene North Atlantic Ocean. For this
purpose we cored six sites in a north-south transect from
53°N to 37°N in the carbonate-rich sediments along the
upper and middle flanks of the Mid-Atlantic Ridge (Fig.
1). All sites have the high sedimentation rates (20-75 m/
m.y.) necessary for high-resolution paleoenvironmental
work.

The specific precruise paleoenvironmental objectives
were divided into events occurring prior to, and subse-
quent to, the onset of large-scale Northern Hemisphere
glaciation at about 2.47 Ma; these are listed in order of
decreasing age.

For the record prior to 2.47 Ma, the main Leg 94 pa-
leoenvironmental objectives were to determine the re-
sponse of the North Atlantic to: (1) increases in volume
of the Antarctic ice sheet at 14 and 6.5 Ma; (2) the clos-
ing and reopening of Atlantic/Mediterranean connec-
tions at the end of the Miocene (6-5 Ma); (3) the closing
of the Panamanian Isthmus between 4.5 and 3 Ma; and
(4) initial mountain valley glaciation on Iceland and in
the Sierra Nevada Mountains at 3.4 to 3.1 Ma.

Three other objectives were linked to the interval of
major Northern Hemisphere glaciation in the late Plio-
cene and Pleistocene after 2.47 Ma: (1) When did large-
scale southward swings in the polar front begin and with
what relation to the first large-scale glaciations? (2) Did
development of strong 100,000-yr. cycles in ice volume
at roughly 0.8 Ma coincide with similar changes in rhythm
and amplitude of polar-front movements? (3) What was
the rhythm of response of the northern subtropical gyre
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Figure 1. Location of the six Leg 94 sites.
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south of the polar front as the ice-volume rhythms
changed?

Subsidiary objectives involving or immediately related
to paleoenvironmental work included: development of
high-quality paleomagnetic stratigraphy, including defi-
nition of very short events; generation of long, detailed
records of oxygen isotopic and carbon isotopic signals;
investigation of the detailed Neogene history of CaCO3

and silica preservation and dissolution; studies of the
ice-rafted and windblown terrigenous fractions; and study
of the deep-water circulation history, using stable iso-
topes and benthic foraminiferal assemblages.

Two years have passed since the Leg 94 cruise ended;
the last chapters to be included the Leg 94 Initial Re-
ports have now been accepted for publication. Because
state-of-the-art paleoenvironmental work requires sam-
pling at a small scale (about 5 kyr., or kiloyears) to avoid
signal aliasing at the primary orbital frequencies (20-
100 kyr.), the chapters included in this volume are only a
prelude to those that will ultimately be published. Nev-
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ertheless, we can already report substantial progress to-
ward many of our objectives.

OUTLINE OF MAJOR RESULTS

The principal paleoenvironmental findings from Leg
94 sediments of post-Oligocene age are summarized in
Figure 2. Also shown in Figure 2 are the major global
climatic and tectonic changes relevant to Leg 94 results.

Early/Middle Miocene

Lower-middle Miocene sediments were only recovered
at Sites 608 and 610, and few Leg 94 studies of these in-
tervals have been completed. Baldauf (this volume) rec-
ognized a decrease in diatom preservation in the lower-
middle Miocene at Site 610 and an apparent short hiatus
spanning the lower/middle Miocene boundary at Site
406. Although the apparent hiatus most likely reflects
an increase in bottom-water circulation, the decrease in
diatom preservation could reflect either a decrease in sur-
face-water productivity or increased dissolution of bio-
genic silica. Thomas (this volume) noted episodes of mi-
nor turnover in benthic foraminiferal faunal composi-
tion at 19.2 to 17 Ma and 15.5 to 13.5 Ma.

At Site 608, Miller et al. (this volume) found carbon
isotopic evidence that deep waters in the eastern North
Atlantic were isolated from the well-ventilated western
basin from prior to 24 Ma until about 15 Ma. The de-
creasing isolation of the eastern basin at about 15 Ma
was ascribed to increased advection of deep waters from
the north across the subsiding Iceland-Faeroe portion of
the Greenland-Scotland Ridge.

Late Miocene

Upper Miocene and younger sediments from Leg 94
have been more intensively studied. Results suggest that
major changes in the deep circulation occurred between
7.0 and 5.5 Ma.

Hooper and Weaver (this volume) interpreted partic-
ularly intense CaCO3 dissolution at Site 609 in the up-
per Miocene (corresponding in time to after 7.0 Ma) as
indicating a strong flow of corrosive bottom water from
Antarctica. They attributed the progressive decrease in
dissolution during the later Miocene to an increase in
the relative flow of deep water from northern sources.
Murray (this volume) interpreted benthic foraminiferal
assemblage changes at Sites 609 to 611 as indicating strong
flow from Antarctic sources just prior to 6.0 Ma. Thom-
as (this volume) also found a significant turnover in the
composition of benthic foraminifers from 7.0 to 5.5 Ma
at a shallow site (610; — 2.5 km), but not at a deeper site
(608; —3.5 km). Keigwin et al. (this volume) noted that
the δ13C values registered by Planulina wuellerstorfi at
Site 552 in the latest Miocene suggest that North Atlan-
tic Deep Water continued forming during the Messini-
an.

As for surface waters, Hooper and Weaver (this vol-
ume) interpreted the predominance of left-coiling Neo-
globoquadrina pachyderma (sinistral coiling; the unen-
crusted form) from 6.5 to 5.6 Ma at Site 609 as evidence
of a minimum temperature of cool surface waters at 6.2
Ma. Large oscillations between the sinistrally and dex-

trally coiling TV. pachy derma populations from 5.6 to
4.8 Ma were similarly interpreted as major oscillations
in sea-surface temperature, with an apparent periodicity
around 125 kyr. at the 20-kyr. sampling interval. This
use of coiling directions of N. pachyderma in the upper
Miocene for paleoclimatic interpretations follows earlier
work by Poore and Berggren (1975), but Hooper and
Weaver also pointed out that Kennett and Vella (1975)
have argued that this parameter was not an indicator of
surface-ocean conditions until the early Pliocene. As a
further caution, Keigwin (1978) has reported "enigmatic"
abundances of left-coiling N. pachyderma in Caribbean
and eastern equatorial Pacific sediments during the lat-
est Miocene and early Pliocene.

Keigwin et al. (this volume) found quasiperiodic fluc-
tuations in δ13C records from benthic and planktonic
foraminifers at Site 552. They speculated that these os-
cillations may have been in response to changes in conti-
nental biomass at or near orbital periodicities.

Early Pliocene (5.3-3.5 Ma)

There is evidence that significant bottom-water changes
occurred during the early Pliocene. At Site 609, Hooper
and Weaver (this volume) noted a transition at roughly
5.2 Ma from weakly corrosive bottom waters interpreted
as originating in the North Atlantic to more strongly
corrosive waters presumably from an Antarctic source,
and then back to less corrosive (northern-source?) wa-
ters at roughly 4.5 Ma. This interpretation agrees only
in part with the benthic foraminiferal assemblage data
of Murray (this volume), who inferred a maximum in
Antarctic-source bottom waters from 4.6 to 3.2 Ma.
Thomas (this volume) did not find changes in benthic
foraminiferal assemblages at Sites 608 and 610 during
this interval (see also Kidd and Hill, this volume).

Keigwin et al. (this volume) noted two brief δ 1 8θ maxi-
ma at the beginning of the early Pliocene at Site 552,
with both the covariance between the planktonic and
benthic δ 1 8 θ records and the large amplitudes of the sig-
nals (O.5%o) indicating brief increases in continental ice
volume at 5.5 and at 5.0 Ma. These pulses fall within
the interval of large oscillations in circulation patterns
of North Atlantic surface-water, inferred by Hooper and
Weaver (this volume) from faunal data at Site 609. From
planktonic foraminiferal assemblages at Site 609, Hoop-
er and Weaver (this volume) inferred that a uniformly
warm interval occurred in the early Pliocene after 4.8 Ma.

Late Pliocene (3.5-1.66 Ma)

A number of indicators point to major changes in
deep-water circulation in the first half of the late Plio-
cene. Ruddiman et al. (this volume) found increasingly
intense depth-dependent CaCO3 dissolution from 3.15
to 2.5 Ma. Because increased dissolution in the Atlantic
is usually ascribed to increased flow of deep waters from
Antarctic sources, this evidence suggests stronger Ant-
arctic-source flow after 3.15 Ma. In contrast, Murray
(this volume) interpreted benthic foraminiferal assem-
blages at Sites 609 and 611 to indicate that deep waters
resembling those in the eastern North Atlantic today
("NEADW") first developed at those Sites at about 3.2
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Ma. Thomas (this volume) noted a major change in ben-
thic faunal composition at Sites 608 and 610 between
3.15 and 2.4 Ma, but did not interpret the results.

Oxygen isotopic evidence indicates some combination
of increased ice volume and deep-water cooling between
3.1 and 2.4 Ma. Keigwin (this volume) found short δ 1 8 θ
maxima at 3.1, 2.7, 2.6, and 2.4 Ma at Site 606, super-
imposed on a background trend of increasing isotopic
values. He suggested that minor glaciation occurred dur-
ing the earliest pulse (3.1 Ma), but that this was mostly
a deep-sea cooling event. Keigwin dated the permanent
δ 1 8 θ enrichment at 3.1 Ma, comparable to earlier esti-
mates (Prell, 1984).

At every site on Leg 94, unequivocal evidence was
found that substantial Northern Hemisphere glaciation
began during the interval from 2.55 to 2.4 Ma, appar-
ently coincident with the Gauss/Matuyama boundary at
2.47 Ma. Ruddiman et al. (this volume) noted that the
effects of this important late Pliocene event, reported by
Berggren (1972) and Poore and Berggren (1975) and lat-
er accurately dated by Backman (1979) and Shackleton
et al. (1984), thus influenced the entire sector of the
eastern and central North Atlantic reached by large-scale
ice rafting in the last half of the Pleistocene (as far south
as 37°N). Latouche et al. (this volume) found that detri-
tus of glacial origin became the dominant component of
the clay-mineral fraction at all Leg 94 sites after 2.4 Ma.

Aside from the initiation of large-scale ice-rafting,
surface-water changes in the late Pliocene are somewhat
difficult to interpret. At Site 606 (37°N), Backman and
Pestiaux (this volume) found a gradual decline in disco-
aster abundance from 3.25 Ma to the time of total dis-
coaster extinction at 1.85 Ma. They attributed this de-
cline to a prolonged cooling of northern subtropical wa-
ters in the North Atlantic. Superimposed on this decline
were 400-kyr. fluctuations in discoaster abundance. An
earlier study had shown that the same decline at Hole
552A at 56°N contained significant power at a period of
41,000 yr. (Backman et al., in press).

Raymo et al. (this volume) interpreted planktonic fo-
raminiferal trends as indicating a major cooling from
3.4 to 3.2 Ma at Site 609 (see also Ehrmann and Keig-
win, this volume). This was followed by an interval of
intermediate and oscillatory conditions between 3.2 and
2.47 Ma, with periodic surface-water oscillations to con-
ditions cooler than today but not as cold as during the
glaciations of the late Pleistocene. They also found sub-
stantial relative abundance changes in the planktonic fo-
raminiferal fauna near the beginning of major Northern
Hemisphere glaciation at 2.47 Ma, with most changes
suggesting a cooling. Climatic interpretations of plank-
tonic foraminifers during this interval are complicated
by the evolutionary overturn of prominent species. The
rest of the late Pliocene foraminiferal fauna at higher
latitudes remains difficult to interpret because of no-an-
alog faunas (heightened abundances of some species rel-
ative to their percentages today and/or the virtual ab-
sence of other species that are prominent today).

Pleistocene

A large turnover of benthic fauna that took place
during the Pleistocene at Sites 608 and 610 between 1.3

and 0.7 Ma was noted by Thomas (this volume). Other-
wise, most Leg 94 studies of the Pleistocene were fo-
cused on the surface-water indicators.

There are some disparities among different paleocean-
ographic indicators about the basic sense of Pleistocene
surface-water changes. Morley (this volume) found that
the radiolarian Cycladophora davisiana, thought to in-
dicate extensive developement of sea ice and salinity-
stratified surface waters in the polar seas, held to the
same basic range of abundance fluctuations through the
entire Pleistocene at Site 611. This suggests little change
in the amplitude of glacial-interglacial surface-water fluc-
tuations between the Brunhes and the Matuyama chrons,
although Morley noted that radiolarians were not pre-
sent through large portions of the early Pleistocene.

On the other hand, Ruddiman et al. (this volume)
found a significant increase in the amplitude of fluctua-
tions in planktonic foraminiferal faunas and in estimated
sea-surface temperature (SST) relative to the earlier Pleis-
tocene record at Site 607 (41 °N) after 1.0 to 0.8 Ma.
Ruddiman et al. (in press) also found a major increase
in fluctuations in foraminiferal abundances and SST be-
tween 1.0 and 0.4 Ma at Site 552 (56°N).

Other evidence strongly supports a major surface-wa-
ter change between 1.0 and 0.4 Ma. The increase in am-
plitude of percent CaCO3 fluctuations noted by Ruddi-
man et al. (this volume) at Sites 607 and 609 during the
last million years indicates that North Atlantic ice raft-
ing increased and expanded southward. There may also
have been greater suppression of productivity and stronger
glacial dissolution during the glacial maxima. These
changes agree with oxygen isotopic analyses made at very
broad time intervals at Site 610 (Jansen and Sejrup, this
volume); these data repeat trends established by previous
more detailed δ 1 8 θ studies showing larger ice-volume max-
ima since 0.9 Ma (Shackleton and Opdyke, 1973; Prell,
1982). On balance, the evidence suggests higher-ampli-
tude Northern-Hemisphere climatic fluctuations during
the latest Matuyama and Brunhes than in the earlier
Pleistocene.

Baldauf (this volume) observed diatoms of the Den-
ticulopsis seminae group only in middle Pleistocene sed-
iments at Sites 607, 609, 610, and 611. This diatom spe-
cies is today characteristic of the North Pacific and the
Bering Sea. Its presence suggests communication between
the Bering Sea and North Atlantic through the Arctic
Ocean during the middle Pleistocene (1.07-0.73 Ma),
possibly accompanied by lower salinity, lower tempera-
ture and changes in nutrients in the North Atlantic.

The rhythms of the North Atlantic sea-surface tem-
perature responses also changed during this mid-Pleisto-
cene interval. For the last 0.45 m.y. of the Pleistocene,
the basic tempo of fluctuations in sea-surface tempera-
tures in the polar gyre north of 45°N has been 95,000
yr.; prior to this time, the 95,000-yr. SST rhythm was
weaker by as much as 75% (Ruddiman et al., in press).
Oxygen isotopic records show a similar evolution of
100,000-yr. power during this time (Pisias and Moore,
1981; Imbrie, 1985). The North Atlantic SST signal at
95,000 yr. is directly in phase with the δ 1 8 θ signal, im-
plying ice-sheet control of the surface-ocean response
(Ruddiman et al., in press).
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During the last 250,000 yr., the region of Site 607
(41°N) responded with very strong SST power near
100,000 yr. and also at 23,000 yr. (Ruddiman and Mcln-
tyre, 1984). Initial spectral analysis of full Pleistocene
records of estimated SST and percent CaCO3 at Site 607
has just been completed using a composite record simi-
lar to that shown in Ruddiman et al. (this volume) but
incorporating accurately controlled between-hole splices
to span gaps and disturbances at core breaks (Ruddi-
man et al., in press). This analysis showed two major re-
sults: (1) 100,000-yr. power was negligible in both re-
cords prior to 1.0 Ma, amounting to no more than 5 or
10% of its absolute late Pleistocene value; (2) 41,000-yr.
power was as dominant from 2.0 to 1.0 Ma as 100,000-
yr. power has been during the Brunhes Chron. The "mid-
dle" Pleistocene (ca. 0.9-0.6 Ma) thus marks a funda-
mental shift in response of the North Atlantic from one
orbital periodicity to another.

The use of transfer functions on planktonic forami-
niferal data from Leg 94 sites at and north of 50 °N is
limited to the Pleistocene. Prior to 1.7 Ma, TV. pachy-
derma (s.) was very rare at these sites, despite the pres-
ence of abundant ice-rafted debris and CaCO3 minima
suggestive of cool surface waters; this anomalous condi-
tion developed again between 1.25 and 1.1 Ma (Ruddi-
man et al., this volume; Raymo et al., this volume). At
sites north of 50°N, these intervals were marked by abun-
dances of Globorotalia inflata and/or TV. pachyderma
(d.) at "no-analog" levels, that is, at percentages greater
than those observed in any North Atlantic surface sedi-
ments. Under these conditions, transfer functions can-
not be used.

At the more southern latitude of Site 607 (41 °N),
where TV. pachyderma (s.) is a less important member of
the Pleistocene fauna even during glaciations, the trans-
fer functions basically remain useful back through at
least the 1.9 m.y. record analyzed to date. Slightly high-
er estimated SST values occur at the intervals where TV.
pachyderma (s.) is absent, and this apparent bias ap-
pears to impart a low-frequency wave to the SST trend
(Ruddiman et al., this volume). This suggests a mar-
ginal impact from the no-analog condition that is severe
farther north.

DISCUSSION AND CONCLUSIONS: LINK OF
LEG 94 RESULTS TO GLOBAL CHANGES

We now reexamine the questions posed in the intro-
duction to this chapter. We summarize briefly the progress
to date in answering these questions and note likely di-
rections for ongoing and future research in this area.

What was the response of the North Atlantic to in-
creases in Antarctic glaciation around 14 and 6.5 Ma?

For both these intervals, there are North Atlantic re-
sponses suggestive of possible links to changes in the
Antarctic environment. Shackleton and Kennett (1975)
interpreted the earlier increase in oxygen isotope values
at about 14 Ma as indicating the formation of large ice
sheets on Antarctica, although Savin et al. (1975) em-
phasized cooling of deep waters in contributing to the
middle Miocene isotopic shift. Miller et al. (this vol-
ume) dated this isotopic change at 14.6 to 12.6 Ma by
correlation to the paleomagnetic record (Clement and

Robinson, this volume). Time-correlative events identi-
fied in the northeast Atlantic include: increased bottom-
water velocity and/or corrosiveness in the late Miocene
(Hooper and Weaver, this volume); and an end to the
partial isolation of eastern North Atlantic deep water in
the middle Miocene (Miller et al., this volume). A change
in benthic foraminiferal composition preceded this cir-
culation change by about 2 m.y. (Thomas, this volume;
Murray, this volume); another faunal change appears to
be about coeval (Fig. 2).

All of these changes could be connected to changes in
formation of Antarctic-source deep waters associated with
the major increase in Antarctic glaciation. At this point,
however, proposed connections between Antarctic ice vol-
ume, deep-water temperatures, and North Atlantic sur-
face-water responses for the middle Miocene must be
highly speculative. The atmospheric circulations of these
two polar regions are thermally and dynamically iso-
lated from each other (Manabe and Broccoli, 1984), and
the only plausible connections from the circum-Antarc-
tic to the Northern Hemisphere are via the deep-water
circulation (with speculative linkages) or via atmospheric
CO2 levels. In addition, the exact timing of all these
middle Miocene phenomena remains just uncertain
enough to make it difficult to use their relative timing
for evaluating critical cause-and-effect relationships.

An early stable isotope study suggested that there was
a major increase in Antarctic ice volume in the latest Mi-
ocene (Shackleton and Kennett, 1975). This was thought
to have been associated with expansion of Antarctic po-
lar waters and acceleration of the Antarctic Circumpo-
lar Current (Cieselski et al., 1982) and with pronounced
regional cooling trends around the Pacific (Ingle, 1967;
Kennett and Vella, 1975). Higher-resolution studies, how-
ever, reveal only brief δ 1 8 θ events, and not a permanent
baseline shift in upper Miocene isotopic values (Keig-
win, 1979; Keigwin et al., this volume). Detailed study of
the 6.5 to 5.0 Ma interval at Site 552 shows that the im-
portant δ 1 8 θ events are dated at 5.5 and 5.0 Ma (Keig-
win et al., this volume).

What was the response of the North Atlantic to clos-
ing and reopening of connections with the Mediterrane-
an at the close of the Miocene during the Messinian?

Several substantial changes shown in Figure 2 have
been detected in Leg 94 records of Messinian age: brief
δ 1 8θ maxima indicative of deep-water cooling and/or
increased global ice volume (Keigwin et al., this volume);
quasiperiodic changes in δ13C, which may be indicative
of changes in continental biomass at orbital frequencies
(Keigwin et al., this volume); large oscillations in plank-
tonic foraminiferal coiling direction at periods near
125,000 yr. (Hooper and Weaver, this volume); changes
in benthic foraminiferal assemblages (Murray, this vol-
ume; Thomas, this volume); and indications of weaker
CaCO3 dissolution attributed to a decreased volume of
Antarctic-source deep water after about 6 Ma (Hooper
and Weaver, this volume) (see also Masson and Kidd;
and Kidd and Hill, this volume).

Hooper and Weaver (this volume) suggested that the
Messinian isolation of the Mediterranean may be con-
nected to late Miocene fluctuations in TV. pachyderma
coiling directions between 6 and 5 Ma. As noted above,
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the environmental significance of this parameter in the
Miocene is still unclear. This is an important topic for
more detailed work in the future, as are the cyclical δ13C
changes (Keigwin et al., this volume).

Several theoretical connections between the Mediter-
ranean isolation and other aspects of global climate dur-
ing the Messinian have previously been proposed in the
literature. Two of these link Antarctic glaciation and
Mediterranean isolation, but in inverse senses. Increases
in the volume of Antarctic ice could lead to isolation of
the Mediterranean via the link of sea level (Adams et al.,
1977; Loutit and Keigwin, 1982). On the other hand, iso-
lation and dessication of the Mediterranean could cause
Antarctic glaciation by another cause-and-effect sequence:
reducing circum-Antarctic salinity, enhancing Antarctic
upper-water stability, promoting Antarctic sea-ice for-
mation, increasing mean circum-Antarctic albedo, and
decreasing circum-Antarctic temperatures (Ryan et al.,
1974). Leg 94 evidence to date (Keigwin et al., this vol-
ume) does not bear directly on these ideas, other than to
support the existence of short positive δ 1 8 θ pulses in the
late Miocene that could represent as much as 60-m tem-
porary decreases in global sea level, if all the δ 1 8 θ change
represents ice accumulated at 0.1 %o per 10 m of sea lev-
el. On the other hand, none of these pulses requires ice-
volume changes, because temperature fluctuations of bot-
tom waters could absorb all the variation without freez-
ing the deep ocean.

Two other theories link Mediterranean dessication to
deep-water processes. Blanc and Duplessy (1982) suggest-
ed (based on low-resolution δ13C signals) that deep-water
formation might cease in the North Atlantic during Med-
iterranean dessication because the lowered North Atlan-
tic salinities would stabilize the water column and sup-
press overturn. However, additional carbon isotopic da-
ta indicate that formation of deep water continued
uninterrupted during the Messinian without the Atlan-
tic having an open connection with the Mediterranean
(Keigwin et al., this volume). Ryan et al. (1974) pro-
posed that extraction of excess amounts of sulphates and
carbonates by the Messinian evaporite deposition in the
Mediterranean would lead to severe dissolution elsewhere
in the world ocean. At least on the local scale of Site 609
in the North Atlantic, however, Hooper and Weaver (this
volume) find evidence suggesting the opposite trend and
thus arguing against both theories.

What was the response of the North Atlantic to clos-
ing of the Panamanian Isthmus at 4.5 to 3 Ma? What
was the response of the North Atlantic to climatic cool-
ings evidenced by early glaciation on Iceland and in the
Sierra Nevada Mountains at 3.4 to 3.2 Ma? When did
major southward swings of the polar front begin, and
were they synchronous with major ice-sheet fluctuations?

We combine these precruise objectives because they
involve approximately the same interval of time and be-
cause they may involve causally related phenomena. We
rephrase these questions as follows: Were there large-
scale oscillations of North Atlantic surface waters be-
fore major ice-sheet fluctuations began at 2.47 Ma? If
so, what caused them?

Late Pleistocene fluctuations in position of the polar
front were synchronous with, and apparently controlled
by, the size of Northern Hemisphere ice sheets (Ruddi-
man and Mclntyre, 1984). The specific mechanism of
ice-air-ocean interaction appears to be cold, strong
westerly winds that blew from the northern flank of the
North American (Laurentide) ice sheet out into the
North Atlantic Ocean, extracting the little heat available
from those high-latitude waters (Manabe and Broccoli,
1984).

Because of this well-defined link, it might be antici-
pated that the sudden initiation of relatively large-scale
ice rafting at 2.47 Ma, which marks an important in-
crease in the development of large-scale Northern Hem-
isphere ice sheets, would cause the first substantial cool-
ing of North Atlantic surface waters and the first major
polar-water advance. Earlier surface-water fluctuations,
however, clearly occurred and require an explanation.

Poore (1981) found long-term (~ 1-m.y.) fluctuations
in foraminiferal faunal composition in upper Miocene
sediments (10-5 Ma). Leg 94 data show that large-scale
oscillations in at least one planktonic foraminiferal in-
dex species (N. pachyderma coiling direction) occurred
from 5.6 to 4.8 Ma, and may be interpreted as reflecting
changes in the sea-surface response (Hooper and Weav-
er, this volume). The fluctuations prior to the late Plio-
cene have generally been sampled in less detail, and their
interpretations tend to be more equivocal because of the
overprint of evolutionary complications (and dissolution
at Site 609). More work is needed both to verify that
these earlier (pre-2.47 Ma) changes are indicative of sur-
face-ocean responses and to test for periodicities.

Clear evidence of quasiperiodic surface-water fluctu-
ations first occurred at 3.3 Ma. Earlier studies of plank-
tonic foraminifers in rotary drilled cores from Leg 12
suggested a major cooling of the Labrador Sea in the
late Pliocene at about 3 Ma (Berggren, 1972), but the
lack of paleomagnetic stratigraphy and the drilling dis-
turbances did not permit an accurate age estimate for
this change, nor could surface-ocean oscillations be de-
tected from these data.

Planktonic foraminiferal changes based on Leg 94 (and
previous) hydraulic piston coring (HPC) pinpoint a ma-
jor cool-to-warm surface-water oscillation in the late Pli-
ocene from 3.4 to 3.2 Ma, followed by periodic (or quasi-
periodic) oscillations in sea-surface response at moder-
ate amplitudes into the Pleistocene (Raymo et al., this
volume; Loubere and Jakiel, 1984; P. Loubere, personal
communication, 1985). The Discoaster spp. abundance
changes beginning at about 3.25 Ma are interpreted as
indicating an oscillatory cooling trend lasting until final
extinction of all discoasters in the late Pliocene at 1.85
Ma (Backman and Pestiaux, this volume).

Thus the firmest Leg 94 evidence of the beginning of
quasiperiodic North Atlantic surface-water fluctuations
is at about 3.3 Ma. This is also the approximate age
(within radiometric and stratigraphic dating uncertain-
ties) at which other climatic indicators place a funda-
mental change in Northern Hemisphere climate toward
a colder state: initial mountain glaciation in the Sierra
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Nevada (Curry, 1966) and in Iceland (McDougall and
Wensink, 1966); and the beginning of late Pliocene cool-
ing of the Mediterranean (Thunnell, 1979).

A change toward heavier δ 1 8 θ values is also evident in
many oxygen isotopic records at about this time. It has
been variously interpreted as indicating permanent or
temporary (1) increases in ice volume in the Northern
and/or Southern Hemispheres, or (2) decreases in tem-
perature of bottom waters and high-latitude surface wa-
ters (Keigwin, this volume; Prell, 1984). This would seem
to suggest a correlation between the surface-ocean cool-
ing at 3.3 Ma and the δ 1 8 θ enrichment indicative of
larger ice sheets or cooler bottom waters. At present,
uncertainties in absolute ages and in correlations be-
tween records preclude making a firm link between the
North Atlantic response and the δ 1 8 θ record around 3.2
Ma.

Other Leg 94 evidence (Fig. 2) also points to impor-
tant changes in bottom waters during this late Pliocene
interval: a major change in composition of the benthic
foraminiferal fauna (Murray, this volume; Thomas, this
volume); and evidence of increasing severity of depth-
dependent dissolution (Ruddiman et al., this volume).
We have already noted, however, that these studies dis-
agree as to whether flow increased from Northern or
Southern Hemisphere sources. Future studies of δ13C in
the eastern North Atlantic might help to choose among
these possibilities.

In any case, it is clear that major changes in surface
and deep circulation of the North Atlantic and in cli-
mate on the surrounding continents began within a rela-
tively short interval in the late Pliocene around 3.4 to
3.1 Ma. These climatic changes must have been due ei-
ther to: (1) changes in volume of small ice sheets (on re-
mote northern land masses) that did not send icebergs
into the North Atlantic; or (2) factors other than North-
ern Hemisphere ice sheets.

The lack of ice-rafted debris in the east-central North
Atlantic prior to 2.47 Ma does not rule out earlier North-
ern Hemisphere ice. By analogy with today, ice could
exist on Greenland and locally in the Canadian Arctic
without ice rafting reaching the area cored by Leg 94 or
other DSDP cruises. Recent preliminary results on Legs
104 and 105 of the Ocean Drilling Project (ODP) sug-
gest initiation of some ice rafting at least 0.5 m.y. prior
to the change at 2.47 Ma. Assuming that this was not
caused solely by sea ice picking up debris from conti-
nental margins, ice sheets during this earlier interval must
have been very small.

It is also possible that other factors influenced the
North Atlantic surface-ocean response after 3.4 Ma. Ma-
jor tectonic changes (Fig. 2) occurred at roughly the same
time: final emergence of the Panamanian Isthmus (Saito,
1976; Keigwin, 1978), and opening of the Bering Strait
(Einarsson et al., 1967). Individual chapters in this vol-
ume have made no specific attempt to draw a causal
connection between the response of the North Atlantic
and these changes in solid boundary conditions of the
earth's crust, despite the suggestive time equivalence.
These possible linkages call for more work in the future.

Did development of strong 100,000-yr. cycles in ice
volume roughly 800,000 yr. ago coincide with similar
changes in rhythm of polar front movements? What was
the rhythm of oceanic response in the northern subtrop-
ical gyre south of the polar front as the ice volume
rhythms changed?

Again, we combine several interrelated questions and
answers. Our major finding to date from Leg 94 and
other North Atlantic HPC cores is summarized in Fig-
ure 3: the dominant rhythm of climatic variation in the
North Atlantic systematically shifted from the 41,000-
yr. period of orbital obliquity in the first half of the
Pleistocene (prior to 1.0 Ma) to the 95,000-yr. period of
orbital eccentricity in the last half of the Pleistocene.
Prior to 1.0 Ma, the 95,000-yr. period was virtually ab-
sent from the surface-ocean response, whereas the 41,000-
yr. period was at least three times stronger in absolute
terms than in the Brunhes (Ruddiman et al., in press).
During the late Pleistocene, the amplitude and relative
dominance of the 95,000-yr. signal became twice as large
in the last 0.4 m.y. as it had been during the previous
0.4 m.y.

In large part, the Northern Hemisphere ice-sheet re-
sponse apparently evolved in a similar manner. Imbrie
(1985) found that the "100K" (100,000 yr.) δ 1 8 θ signal
also was only half as strong between 0.8 and 0.4 Ma as
it has been in the last 0.4 m.y. A continuous δ 1 8 θ record
sampled at adequate resolution prior to 1.0 Ma does not
exist, but the record from Hole 552A appears to be domi-
nated by a period near 41,000 yr. in disjunct segments at

41,000 yr.
(0.735-2.47 Ma)

Frequency

Figure 3. Pleistocene evolution of Northern Hemisphere ice sheets is
indicated by showing the dominant climatic response (ice-air-
ocean) in the North Atlantic region during this time. The domi-
nant response has shifted toward longer periodicities and higher
amplitudes (from Ruddiman et al., in press).
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2.0 to 1.4 and 1.2 to 1.0 Ma (Shackleton et al., 1984).
These correlations between the SST and δ 1 8 θ records
appear to confirm the temporal and causal linkage be-
tween Northern Hemisphere (North American) ice sheets
and the high-latitude North Atlantic SST response noted
above.

Even though this evidence of rhythmic Pleistocene re-
sponses appears to support the concept that Northern
Hemisphere ice sheets are driven by orbitally controlled
insolation and in turn provide the dominant immediate
local forcing of high-latitude North Atlantic SST, the
possible presence of orbital rhythms in North Atlantic
responses prior to the 2.47-Ma initiation of major glaci-
ation remains unexplained. P. Loubere (personal com-
munication, 1985) found an apparent periodicity near
42,000 yr. in the late Pliocene (3.0-2.5 Ma) responses of
several species of planktonic foraminifers at eastern North
Atlantic Site 548 (45°N). On the other hand, discoaster
abundances at Site 606 (37°N) show 400,000-yr. power
in the late Pliocene (Backman and Pestiaux, this vol-
ume).

As noted earlier, these earlier responses require forc-
ing either by: (1) small Northern Hemisphere ice sheets
at very high latitudes, or (2) some other part of the cli-
mate system. The fact that these SST responses occur at
orbital periods indicates that unknown factors play the
role of intermediaries that transfer variations in incom-
ing insolation to the surface ocean. This is a particularly
interesting problem for future research.

The changes in dominant rhythmic response of the
ice sheets and the surface North Atlantic Ocean after
2.47 Ma (Fig. 3) remain unexplained. The shift from
short to long periods basically indicates a change in the
sensitivity of the terrestrial climate system. From among
the large array of orbital forcing periods, only a small
band width is selected for strong amplification at high
latitudes of the Northern Hemisphere at any one time.
This amplification is attributed to factors internal to the
climate system (Ruddiman et al., in press).

Changes in these internal amplification processes are
probably caused by tectonic changes in the solid bound-
ary conditions at the Earth's surface that also led to the
initiation of major glaciation at 2.47 Ma. Another fac-
tor that could be important in the progressive (or abrupt)
deterioration of Northern Hemisphere climate is the ex-
tent of Arctic sea-ice cover. Although there is still con-
siderable disagreement over the history of Arctic sea ice
(Herman and Hopkins, 1980; Clark, 1982), major changes
in Arctic sedimentation estimated to have occurred at or
near 2.5 and 0.7 Ma coincide with the initiation of glaci-
ation and with the major change in dominant North At-
lantic response. This suggests a link, but it is unclear
whether the Arctic response is cause or effect. Results
from ODP Legs 104 and 105 may bear on this problem.

Finally, Leg 94 results have at this point not clarified
the full climatic role of the surface North Atlantic Ocean.
It clearly reacts to (and reflects) climatic changes on ad-
joining land masses. But two important questions raised
by Ruddiman and Mclntyre (1984) remain unanswered:

(1) What role does the North Atlantic play as a cli-
matic feedback factor?

(2) Has the North Atlantic played an active and inde-
pendent role in the evolution of Northern Hemisphere
climate, including the fluctuations of the ice sheets?

ACKNOWLEDGMENTS

We thank the officers and crew of the Glomar Challenger for ex-
ceptional work on our behalf, and members of the scientific crew of
Leg 94 for their excellent spirits and cooperation. This research was
funded in part by National Science Foundation Grant OCE82-19862
from the Submarine Geology and Geophysics Program of the Ocean
Sciences Section. This is Lamont-Doherty Geological Observatory Con-
tribution No. 3945.

REFERENCES

Adams, C. G., Benson, R. H., Kidd, R. B., Ryan, W. B. F., and
Wright, R. C , 1977. The Messinian salinity crisis and evidence of
Late Miocene and eustatic changes in the world ocean. Nature,
269:383-386.

Backman, J., 1979. Pliocene biostratigraphy of DSDP Sites 111 and
116 from the North Atlantic Ocean and the age of the Northern
Hemisphere glaciation. Stockholm Contrib. Geol., 32:115-137.

Backman, J., Pestiaux, P., Zimmerman, H., and Hermelin, O., in
press. Pliocene palaeoclimatic and palaeo-oceanographic develop-
ment in the North Atlantic: Discoaster abundance and coarse frac-
tion data. London Geol. Soc. Spec. Pap.

Berggren, W. A., 1972. Late Pliocene-Pleistocene glaciation. In Laugh-
ton, A. S., Berggren, W. A., et al., Init. Repts. DSDP, 12: Wash-
ington (U.S. Govt. Printing Office), 953-963.

Blanc, P.-L., and Duplessy, J .-C, 1982. The deep-water circulation
during the Neogene and the impact of the Messinian salinity crisis.
Deep-Sea Res., 29:1391-1414.

Cieselski, P. F., Ledbetter, M. ‰ and Elwood, B. B., 1982. The devel-
opment of Antarctic glaciation and the Neogene paleoenvironment
of the Maurice Ewing Bank. Mar. Geol., 46:1-51.

Clark, D. L., 1982. Origin, nature and world climatic effect of Arctic
Ocean ice cover. Nature, 300:321-325.

Curry, R. P., 1966. Glaciation about 3,000,000 years ago in the Sierra
Nevada. Science, 154:770-771.

Einarsson, T , Hopkins, D., and Doell, R., 1967. The stratigraphy of
Tjörnes, northern Iceland and the history of the Bering Land
bridge. In Hopkins, D. (Ed.), The Bering Land Bridge: Stanford
(Stanford Univ. Press), p. 312-325.

Herman, Y., and Hopkins, D. M., 1980. Arctic Ocean climate in late
Cenozoic time. Science, 209:557-562.

Imbrie, J., 1985. A theoretical framework for the Ice Ages. J. Geol.
Soc. London, 143:417-431.

Ingle, J. C , Jr., 1967. Foraminiferal biofacies variation and the Mio-
Pliocene boundary in southern California. Bull. Am. Paleontol.,
52:236.

Keigwin, L. D., 1978. Pliocene closing of the Isthmus of Panama,
based on biostratigraphic evidence from nearby Pacific Ocean and
Caribbean Sea cores. Geology, 6:630-634.

, 1979. Late Cenozoic stable isotope stratigraphy and pale-
oceanography of DSDP sites from the east equatorial and central
North Pacific Ocean. Earth Planet. Sci. Lett., 45:361-382.

Kennett, J. P., Houtz, R. E., et al., 1975. Init. Repts. DSDP, 29:
Washington (U.S. Govt. Printing Office).

Kennett, J. P., and Vella, P., 1975. Late Cenozoic planktonic forami-
nifera and paleoceanography at DSDP Site 284 in the cool sub-
tropical South Pacific. In Kennett, J. P., Houtz, R. E., et al., Init.
Repts. DSDP, 29: Washington (U.S. Govt. Printing Office), 769-
782.

Loubere, P., and Jakiel, R., 1985. A sedimentological, faunal, and
isotopic record of the middle-to-late Pliocene transition in the
Northeastern Atlantic, Deep-Sea Drilling Project Site 548. In Gra-
ciansky, P. C. de, Poag, C. W , et al., Init. Repts. DSDP, 80:
Washington (U.S. Govt. Printing Office), 473-485.

Loutit, T. S., and Keigwin, L. D., Jr., 1982. Stable isotopic evidence
for latest Miocene sea-level fall in the Mediterranean region. Na-
ture, 300:163-166.

McDougall, I., and Wensink, H., 1966. Paleomagnetism and geochro-
nology of the Pliocene-Pleistocene lavas in Iceland. Earth Planet.
Sci. Lett., 1:232-236.

1214



LEG 94 PALEOENVIRONMENTAL SYNTHESIS

Manabe, S., and Broccoli, A. J., 1984. Influence of the CLIMAP ice
sheet on the climate of a general circulation model: implications
for the Milankovitch theory. In Berger, A., Imbrie, J., Hays, J. D.,
et al. (Eds.), Milankovitch and Climate (Part II): Boston (D. Reidel
Publ. Co.), 789-799.

Pisias, N. G., and Moore, T. C , 1981. The evolution of Pleistocene
climate: a time series approach. Earth Planet. Sci. Lett., 52:450-
458.

Poore, R. Z., 1981. Late Miocene biogeography and paleoclimatology
of the central North Atlantic. Mar. Micropaleontol., 6:599-616.

Poore, R. Z., and Berggren, W. A., 1975. Late Cenozoic planktonic
foraminiferal biostratigraphy and paleoclimatology of the Hatton-
Rockall Basin: DSDP Site 116. J. Foraminif. Res., 5:270-293.

Prell, W. L., 1982. Oxygen and carbon isotope stratigraphy for the
Quaternary of Hole 502B: evidence for two modes of isotopic vari-
ability. In Prell, W. L., Gardner, J. V., et al., Init. Repts. DSDP,
68: Washington (U.S. Govt. Printing Office), 455-464.

, 1984. Covariance patterns of foraminifera δ 1 8 θ; an evalua-
tion of Pliocene ice volume changes near 3.2 million years ago.
Science, 226:692-693.

Ruddiman, W. E, and Mclntyre, A., 1984. Ice-age thermal response
and climatic role of the surface Atlantic Ocean, 40°N to 63 °N.
Geol. Soc. Am. Bull., 95:381-396.

Ruddiman, W. R, Raymo, M., and Mclntyre, A., in press. Matuyama
41,000-year cycles: North Atlantic Ocean and northern hemi-
sphere ice sheets. Earth Planet Sci. Lett.

Ruddiman, W. E, Shackleton, N. J., and Mclntyre, A., in press.
North Atlantic sea-surface temperatures for the last 1.1 m.y. Geol.
Soc. London Spec. Publ.

Ryan, W. B. E, Cita, M. B., Dreyfus Rawson, M., Burckle, L. H.,
and Saito, T., 1974. A paleomagnetic assignment of Neogene stage
boundaries and the development of isochronous datum planes be-
tween the Mediterranean, the Pacific and the Indian Oceans in or-

der to investigate the response of the World Oceans to the Mediter-
ranean "salinity crisis". Riv. Ital. Paleontol. Stratigr., 80:631-688.

Saito, T., 1976. Geologic significance of coiling direction in the plank-
tonic foraminifera Pulleniatina. Geology, 4:305-309.

Savin, S. M., Douglas, R. G., and Stehli, F. G., 1975. Tertiary marine
paleotemperatures. Geol. Soc. Am. Bull., 86:1499-1510.

Schnitker, D., 1980. Global paleoceanography and its deep water link-
age to the Antarctic glaciation. Earth Sci. Rev., 16:1-20.

Shackleton, N. J., Backman, J., Zimmerman, H., Kent, D. V., Hall,
M. A., Roberts, D. G., Schnitker, D., Baldauf, J. G., Desprairies,
A., Homrighausen, R., Huddlestun, P., Keene, J. B., Kaltenbach,
A. J., Krumsiek, K. A. O., Morton, A. C , Murray, J. W, and
Westberg-Smith, J., 1984. Oxygen isotope calibration of the onset
of ice-rafting and history of glaciation in the Atlantic region. Na-
ture, 307:620-623.

Shackleton, N. J., and Kennett, J. P., 1975. Late Cenozoic oxygen and
carbon isotopic changes at DSDP Site 284: implications for glacial
history of the Northern Hemisphere and Antarctica. In Kennett, J.
P., Houtz, R. E., et al., Init. Repts. DSDP, 29: Washington (U.S.
Govt. Printing Office), 801-807.

Shackleton, N. J., and Opdyke, N. D., 1973. Oxygen isotope and pa-
leomagnetic stratigraphy of equatorial Pacific core V28-238: oxy-
gen isotope temperatures and ice volumes on a 105 year and 106 year
scale. Quat. Res., 3:39-55.

Thunnell, R. C , 1979. Climatic evolution of the Mediterranean Sea
during the last 5.0 million years. Sed. Geol., 23:67-79.

van Andel, Tj. H., Thiede, J., and Moore, T. C , Jr., 1975. Cenozoic
tectonics, sedimentation, and paleoceanography of the central equa-
torial Pacific. Geol. Soc. Am. Mem., 143.

Date of Initial Receipt: 1 July 1985
Date of Acceptance: 10 March 1986

1215


