
From the greenhouse to the icehouse: a Southern Ocean perspective of 
Paleogene climate.

by James C. Zachos

Paleontological and geochemical studies of deep sea cores obtained by scientific ocean drilling 
has yielded new knowledge regarding the dramatic climatic changes which occurred during the 
Paleogene era. The era is subdivided into the Paleocene, Eocene and Oligocene epochs. Climate 
shifted from warm to cold during the Paleogene era, with the warmest conditions occurring in the 
Eocene epoch about 55 million years ago.
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Glomar Challenger’s retirement in 1983 marked the end of 
a highly successful 15-year international scientific drilling 
program that radically altered our understanding of the 
geologic and climatic evolution of the oceans. Among the 
many achievements was a new understanding of the early 
Cenozoic period of climate change known as the 
Paleogene era, which is further subdivided into three 
epochs, the Paleocene (57 to 65 million years ago), 
Eocene (35 to 57 million years ago), and Oligocene (25 to 
35 million years ago). Paleontological and geochemical 
investigations of deep sea cores revealed that the 
Paleogene was a time of dramatic earth climate transition 
from warm, equable conditions of the "hothouse" or 
"greenhouse" mode, to cooler, glacial-like conditions of the 
"icehouse mode." Although the "greenhouse" mode 
prevailed during much of the Paleocene and early Eocene, 
the warmest conditions existed during the early Eocene, 
some 55 million years ago.

Temperatures of the deep sea at that time were some 10 
|degrees~ C warmer than the present, as were 
temperatures of higher latitude surface waters, which were 
inhabited mainly by warm-water species of marine 
plankton. The warmer conditions found in marine 
environments seemed to conform with reconstructions of 
climate on the continents, where high-latitude regions were 
inhabited by temperate to subtropical species of 
vertebrates and plants, such as alligators and palms. This 
episode of early Eocene global warmth lasted for several 
million years before the onset of cooling and a 
20-to-30-million-year gradual transition to the "icehouse" 
mode. By Oligocene time, polar regions had cooled 
substantially, although it remained unclear whether or not 
ice sheets had existed.

As the details of this global-climate transformation 
emerged in the late 1970s, it began to draw the attention 
of paleoclimatologists who wondered why Earth’s climate 
changed as it did. Was the early Eocene warmer and the 
Oligocene cooler because of a decline in the concentration 
of atmospheric carbon dioxide, a greenhouse gas, or were 
other factors responsible, such as rearrangement of 

oceanic passages and currents by slowly drifting 
continents? These questions grew in importance, 
especially with concern increasing over the future climatic 
impact of recent high carbon-dioxide levels. However, 
despite the great interest, the questions remained 
unanswered, partly because many critical details about the 
character of the Paleogene climate were still vague. In 
particular, the absence of sediment cores from the 
climatically sensitive high latitudes had left a crucial gap in 
the paleoclimatic record. Attempts to obtain deep sea 
sediments from polar regions during the initial drilling 
program were limited by persistent harsh, icy weather. As 
a result, little was learned about the pre-Pleistocene 
climate history of the high-latitude oceans.

A New Perspective From the Bottom: Southern Ocean 
Paleoceanography

In 1985, with the initiation of JOIDES Resolution and the 
second phase of scientific drilling, scientists gained the 
capacity to drill in some of the more remote and 
inhospitable reaches of the world oceans, including the 
polar oceans. One immediate regional target was the 
Southern Ocean, where nearly 10 kilometers of sediment 
were recovered at more than 25 sites during four legs of 
drilling (Legs 113, 114, 119, and 120). In the years since, 
shore-based investigations of these cores have provided 
new insight into the Paleogene climate. Some of these 
findings are beginning to have profound effects on our 
understanding of the forces that altered Paleogene 
climate, as well as on climate-change dynamics in general.

Long- and Short-Term Warming in the Eocene

One of the more unexpected findings from high-latitude 
drilling resulted from high-resolution geochemical and 
paleontologic investigations of cores recovered from atop 
Maud Rise, and later Kerguelen Plateau, which revealed 
that the long-term climatic transitions were much more 
complicated than previously recognized. In reconstructing 
the sea-surface temperature records from the late 
Paleocene to the early Eocene, geologists found that 
Southern Ocean sea-surface temperatures (SST) first 
warmed from 4 |degrees~ C to 5 |degrees~ C, from 59 to 
55 million years ago, reached a maximum of 14 |degrees~ 
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C to 16 |degrees~ C in the early Eocene, and then began 
to decline. This was expected since the already available 
record of deep ocean temperature showed a similar trend.

A completely unforeseen result was the discovery of a 
brief but exceptional episode of high-latitude and 
deep-ocean warming midway through the longer-term 
trend, near the end of the Paleocene at roughly 57 million 
years ago. This unprecedented "event" was marked by an 
abrupt (less than 10,000 years) increase in high-latitude 
Southern Ocean SST with peak values in excess of 20 
|degrees~ C, and deep sea temperatures as high as 16 
|degrees~ C, conditions that were sustained for only a few 
tens of thousands of years. Moreover, this abrupt warm 
episode coincided with the demise of many species of 
bottom-dwelling, deep sea organisms, as well as increases 
in rainfall and chemical weathering rates on the antarctic 
continent. Discovery of this short-term event immediately 
prompted several reinvestigations of other pelagic 
sequences from all ocean basins that eventually proved 
the event was global in scale.

The Onset of Antarctic Glaciation

In addition to documenting early Eocene global warming, 
the Southern Ocean investigations also provided critical 
evidence on the magnitude and timing of subsequent 
high-latitude cooling and continental glaciation. SST 
reconstructions showed a long-term, 8 |degrees~ C 
gradual cooling of the Southern Ocean over the middle 
and late Eocene from about 54 to 36 million years ago. As 
observed during the late Paleocene--early Eocene 
warming trend, a number of more abrupt steps were found 
in the record, times when Southern Ocean temperatures 
appeared to decrease rapidly in tens of thousands of 
years. Several short-term excursions toward warmer 
conditions--reversals of the long-term cooling trend--were 
also noted in the middle and late Eocene.

By the late Eocene and early Oligocene, high-latitude 
climate had cooled sufficiently that conditions seemed 
frigid enough for continental glaciation. However, until 
high-latitude drilling began, timing of antarctic glaciation 
was an extremely controversial subject, with many 
geologists doubting the existence of continental ice sheets 
on Antarctica prior to the middle Miocene, some 15 million 
years ago. This perception was based mainly on the lack 
of significant physical evidence for earlier glacial activity. 
As a result of Antarctic drilling, however, it became evident 
that ice sheets were present on Antarctica as long ago as 
the earliest Oligocene Thick sequences of glacially 
deposited debris found in Prydz Bay, together with similar 
deposits found earlier in McMurdo Sound on the opposite 
side of the continent, indicated widespread glacial activity, 

not atypical of continental ice sheets. Some of the oldest 
glacial sediments, however, were deposited in the late 
Eocene, suggesting that the very first ice sheets, albeit 
small, formed nearly 40 million years ago. Thus, it appears 
that glacial activity was limited regionally to portions of 
east Antarctica until about the earliest Oligocene (about 35 
million years ago) when ice rafting became more 
widespread with occurrences even in distant offshore 
locations, indicating a permanent transition to full-scale 
continental glaciation.

Additional evidence for these continental ice sheets has 
come from oxygen-isotope geochemistry. This technique is 
based on the observation that the ratio of two naturally 
occurring isotopes of oxygen, 18O:16O, is higher in ocean 
water than in ice sheets. The difference results from 
evaporation and condensation because these processes 
transfer relatively more 16O-enriched water into 
precipitation, including snow. During glaciations enough of 
this 16O water is locked up in ice sheets to increase the 
18O:16O ratio of water remaining in the ocean.

Because changes in the ratio of seawater 18O:16O are 
imprinted in the calcareous shells of microscopic marine 
organisms, past variations in global ice volume can be 
reconstructed by measuring fossil shells from sediments of 
different ages. Analyses of microfossils from early 
Oligocene sediments deposited at roughly the same time 
as the glacial debris in Antarctica and the Southern Ocean 
yielded high 18O:16O ratios for seawater, indicative of 
large ice sheets, by at least 35 million years ago. This is 
tens of millions of years earlier than previously thought. 
Moreover, the oxygen-isotope records indicate that the ice 
sheets formed very suddenly, and briefly attained volumes 
close to those of present day ice sheets, before settling 
into a smaller, but more stable configuration.

Rapid Transitions and Transient Climates: Ramifications of 
Global Change

Not surprisingly, these recent discoveries of more rapid, 
and sometimes brief, excursions in early Cenozoic climate 
have influenced thinking about climatic driving forces. Can 
large-scale climate-forcing mechanisms behave 
episodically? For example, can carbon-dioxide outgassing 
due to volcanic activity along subducting margins or at 
mid-ocean ridges increase rapidly enough to produce the 
kind of abrupt, episodic warming that occurred near the 
Paleocene/Eocene boundary? Or does the global climate 
system respond episodically to gradual forcing due to the 
existence of physical thresholds in the climate continuum?

Some climatologists have suggested that even with 
gradual changes in boundary conditions, the 
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ocean/atmosphere system is capable of shifting rapidly 
between two equilibrium modes, and in the process may 
temporarily overshoot equilibrium with the help of physical 
and chemical feedbacks in the ocean/atmosphere system. 
While there are many potential feedbacks, the exact 
source(s) of such nonlinear behavior in the climate system 
remains unclear. Nevertheless, these past excursions in 
global climate illustrate that climatic processes and forcing 
mechanisms can sometimes behave in unexpected ways. 
Although the Paleogene excursions were long by human 
time scales, such feedback-driven instability might exist at 
a variety of time scales, including the human. At the very 
least, the Paleogene climate excursions should serve as 
reminders of the climate system’s unpredictable nature.
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