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Preface

In 1974 the Geophysics Research Board completed a plan, subsequently approved by
the Committee on Science and Public Policy of the National Academy of Sciences, for
a series of studies to be carried out on various subj xts re:ated to geophysics. The
Geophysics Study Committee was estaulished to provide guidance in the conduct of
the studies.

One purpose of the studies is to provide assessments from the scientific community
to aid policymakers in decisions on societal problems that involve geophysics. An im-
portant part of such an assessment is an evaluation of the adequacy of present geo-
physical knowledge and the appropriateness of present research programs to provide
information required for those decisions. Some of the studies place more emphasis on
assessing the present status of a field of geophysics and identifying the most promising
directions for future research.

This study was initiated in response to the recommendation in the report Geolog-
ical Perspectives on Climatic Change (National Academy of Sciences, Washington,
D.C., 1978). The recommendation called for the following: "(1) to assess the state of
the art, ... and to stimulate progress in geological ispects of climate research; (2) to
evaluate comprehensively and in detail the res-arch opportunities in, the operational
needs of, and the scientifi, and societal relevance of geological and geophysical pro-
cesses affecting the understanding of climate and climatic forecasting; and (3) to
recommend the appropriate geological content of a national and global climate pro-

xi



Preface

gram." In considering this recommendation, the Geophysics Study Committee felt
that the major geologic and geophysical questions concerning climate were those
found in the pre-Pleistocene (older than 2 million years) record.

The study was developed through meetings of the Geophysics Study Committee
and the Panel on Pre-Pleistocene Climates. The preliminary scientific findings of the
panel were presented at an American Geophysical Union meeting that took place in
Toronto in May 1980. These presentations and the essays contained in this volume
provide examples of current basic knowledge of the climate in the geologic past. They
also pose many of the fundamental questions and uncertainties that require addi-
tional research. In completing their papers, the authors had the benefit of discussion
at this symposium as well as comments of several scientific referees. Responsibility for
the individual essays rests with the corresponding authors.

The Overview of the study summarizes the highlights of the essays and formulates
conclusions and recommendations. In preparing it, the panel chairmen had the
benefit of meetings that took place at the symposium, the comments of the panel of
authors, and selected referees. Responsibility for the Overview rests with the Geo-
physics Study Committee and the chairmen of the panel.

xii
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Overview

and

Recommendations

INTRODUCTION

The long record of climate on the Earth is valuable in understanding how the climate
system works. The study of past climates can conveniently be viewed on three time
scales: (1) the last 10,000 years; (2) the period back to 2 million years ago (Ma)—the
Pleistocene Epoch, which witnessed the rise of man; and (3) the pre-Pleistocene
period prior to 2 Ma. Much attention has already been devoted to the records of
climatic change in the first two intervals; this study is devoted to the third, the vast
(billions of years) pre-Pleistocene period of Earth history. The climate record is con-
tained in strata and rocks of the continental crust and in sediments of the oceans. By
examining this record we can learn much about the long-term changes in climate,
what the state of climatic normalcy has been back into remote periods of geologic
time, and what some of the factors are that perturb this state and by how much. We
offer here a summary of achievements in understanding ancient climates and of cur-
rent research problems and make recommendations concerning profitable avenues
for future research.

Climate is the result of flow of the air and ocean system on the rotating Earth in
accordance with the laws of physics. These fluids flow and interact within a geo-
graphic setting determined primarily by the arrangements of land and sea, the orien-
tation of mountains and lowlands on continents, the depths of the oceans, and the

3
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Overview and Recommendations

location of ocean gateways. The total system is complex, and climate is the result of
the interplay between the air, ocean, and land on a range of time scales. These scales
range from the short period, dealt with in weather forecasts, to long-period changes
resulting from changes in atmospheric composition and the drift of continents on the
mobile lithosphere.

Meteorologists are currently developing computer models of the atmosphere that
give increasingly accurate descriptions of the global circulation. Through the use of
such models in the decades ahead, they will explain the flow of air and the movement
of weather patterns. In addition, oceanographers are attempting to understand the
way the ocean works. In time their models can be combined with atmospheric
models leading to general-circulation models of both the air and the ocean waters.
Most changes within, the ocean .system take place over many centuries, so the study of
oceanography aimed at such time scales as well as over shorter times must be melded
into the framework of the weather and climate models, which deal with changes
over days, weeks, months, and years. Paleo-oceanography, concerned with describ-
ing the ocean system back farther into time, can be expected to reveal how longer-
term components of the ocean play their part in the way the climate system works.

Geologists and geophysicists, employing the concepts of plate tectonics and con-
tinental drift, are now reconstructing past arrangements of lands and was for the last
several hundred million years. These reconstructions are providing boundary condi-
tions for investigations by paleo-oceanographers and paleoclimatologists. In the near

-Mufft they will lay out the framework for computer modeling of ancient climates.
With enough information from sediments on the seafloor and strata within the con-
tinents, an iterative approach promises to disclose how changing land-sea patterns
and-topography and bathymetry influence the flow of ocean waters, which, in turn,
strongly influence the circulation pattern of the atmosphere. By comparing dif-
ferences in the factors controlling past climates we will learn of the checks and
balances in the system and of the complex feedbacks, overshoots, and dampenings.
We will learn what physical mechanisms bring the perturbed climatic system back to
a near-steady state. The climatic record contained in strata will provide information
on what past climates were like, on how quickly they changed, and on how large
these changes were. Nature has performed a large number of experiments during the
course of Earth history, and the geologic record contains the outcome of these ex-
periments.

In this Overview, we bummarize key factors for the understanding of climates in
particular periods in the pre-Pleistocene and various approaches (synoptic, time-
series, and event analyses) for investigating ancient climates. We also make several
specific recommendations for future investigations. Detailed discussions of recent ad-
vances in understanding ancient climates appear in the chapters that follow this
Overview.

^..r principal goal is to encourage specialists in all the earth sciences to find ways
!heir disciplines can contribute to understanding the complex atmosphere-ocean-
interactions that constitute the climate system and its variations through time.

STUDY ANCIENT CLIMATES?

ate, its variation, and its change are closely linked to the grownh of our crops,
jr well-being, and to the economy. Consequently, predictions or forecasts of
-term climate changes promise substantial benefits. Recognizing this potential,
tress recently enacted the National Climate Program Act, which calls for "a
defined and coordinated program in climate-related research, monitoring,
;ment of effects, and information utilization' (U.S. Congress, Public Law
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95-367, 1978). Improvement in the understanding of climate has become urgent in
view of the potential for inadvertent climate modification by our industrial society.
Heat and particulates are released to the atmosphere and affect climate bth locally
and regionally, and perhaps even globally. The greatest potential global impact is
from carbon dioxide release (NRC Geophysics Study Committee, 1977; NRC
Climate Research Board, 1979; NRC Climate Board, 1982). At present, the rate of
carbon dioxide added to the atmosphere is about 0.7 percent per year of the at-
mospheric carbon dioxide content. The input of industrial carbon dioxide has been
called a "geophysical experiment" of unprecedented scope—an experiment whose
course and outcome is unplanned and unknown. On the whole, a global warming
over the next century is indicated: a doubling of atmospheric carbon dioxide would
raise the global temperature by some 2 to 3°C (Hansen et al., 1981; NRC Climate
Board, 1982).

To obtain the necessary perspective on present climatic conditions, we study an-
cient climates. How stable is the present climate, and how has it changed with time?
How fast might the present climate respond to pertubation? What might be the ef-
fects of rapid change of climate on the biosphere? Any changes in the biosphere, con-
sisting namely of changes brought about by human activities in agriculture and in
the forests, will have profound economic and political consequf ices. Because model-
ing of the climate system over time spans more than a decade is W" rudimentary, ap-
praisal of rates of climatic change need to be extracted from the historical and
geologic record.

Many important materials owe their origins to the interplay of climatic variables
both in the oceans and on land. Petroleum and natural gas, for example, have at
times and at places originated where wind-driven upwelling of deep ocean water en-
couraged the flourishing of microscopic algae, resulting in organic-rich muds on the
seafloor. Marine phosphate deposits, important as fertilizers in crop production,
were also largely associated with regional upwelling. Bauxite and laterites, prime
sources of aluminum and nickel, respectively, resulted from extensive deep weather-
ing of crystalline rocks under warm and humid conditions. Manganese deposits and
coal also require specific climatic conditions for their origin. Coal deposits derive
from swamps, generated in a humid climate. Much of our knowledge about past
climates results from the search for such economic deposits, and our ability to locate
additional resources will be improved by an increased understanding of climates
throughout Earth history.

PAST CLIMATES

The geologic record shows th pt surface temperatures on Earth have not been too dif-
ferent over most of the Precambrian and Phanerozoic times from those of today
(Frakes, 1979). Sedimentary rocks deposited 3500 Ma and since show that water has
been predominantly present in its fluid state in the past as it is today. The air-ocean
system has been driven by the Sun's energy as it is today. Life flourished and kept
evolving within the seas and later upon the lands. Climate has been remarkably
stable when viewed in this time perspective.

Paleoclimatic investigations can be grouped into three general time periods on the
basis of the precision with which the climatic record can be read, the tools and
techniques available for study, and the applicability to future climate forecasts.
Studies of the most recent period make use of instrumental, historical, and high-
resolution proxy records and are the most definitive. Proxy data, such as tree rings,
glacial records from ice cores, and pollen distributions, have extended our detailed
climate knowledge back some 10,000 years ago. The goals and challenges of these

5
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types of investigations have been covered in previous reports, for example, Under-
standing Climatic Change (NRC U.S. Committee for the Global Atmospheric Re-
search Program, 1975).

The second period is the Pleistocene Epoch, a time of alternating glacial and in-
terglacial stages that extends back to about 2 Ma. Major advances in understanding
the climate of t7-tis interval have resulted from quantitative approaches similar to
those used in the CLIMAP (Climate, Long-Range Investigations, Mapping and
Prediction) program. Recent results of such investigations are summarized by Imbrie
and Imbrie (1979).

The subject of this report is the third period, the pre-Pleistocene (Figure 1), a
period that encompasses the entire geologic record older than 2 million years (m.y.).
The goais pursued through the study of pre-Pleistocene climate are as varied as those
of historical geology itself, as indicated by the range of the specific contributions in
this study.

PRE-PLEISTOCENE CLIMATOLOGY: A MATTER OF SCALE

The central task of paleoclimatology is to describe the climatic patterns throughout
geologic time and to understand the trends, cycles, and discontinuities in these pat-
terns—in short, to find out how the climate system works.

Weather elements include temperature, precipitation (as either rain or snow),
wind strength and direction, cloud cover, and humidity; climate consists of weather
patterns in time and space. In human affairs, climate usually refers to the sum of
weather patterns over periods of months to a few years. Changes in some weather
elements from one decade to the next, such as changes bearing on the occurrence of
droughts, are of course significant. In reconstructing past climates from the geologic
record, however, we are forced to integrate over longer and longer intervals as we go
back in time. In general, the further back we go, the less sure we are of the ages of

6
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our sampl e and of the spans of time they represent. Because of the increasing number
of unknowns in progressively older records, the type of questions we can hope to
answer must change with the age of the record. We can conveniently consider the

-	 available record of pre-Pleistocene climates on five different time scales.

1. The most detailed climatic records can be constructed for the time during
which the continents were essentially in their present positions and, as today, the
polar areas had snow and Ice. The onset of northern continental glaciations, about 3
Ma (Berggren, 1972; Shackleton and Opdyke, 1977) marks the beginning of this
period. Essentia::; , the climatic mechanisms of the Pleistocene (1.7 Ma to the pres-
ent) apply.

2. The second scale applies to the time during which we have an adequate sedi-
mentary deep-sea record. This period spans about the last 100 million years. Paleon-
tology and geochemistry of the deep-sea sediments provide detailed climatic signals
on a global basis. In addition, the positions of continents and the morphologies of
ocean basins—both of which affect the atmospheric and oceanic circulation—can be
reconstructed from seafloor paleomagnetic information. Because there are more un-
certainties on this scale than on that in 1, above, our understanding of climatic
change within this period will necessarily be less complete. However, some of the
questions that can be asked regarding changes, variations, and repetitions over
relatively long periods will lead to new insights not derivable from Pleistocene
studies.

3. The third scale applies to the last 200 Ma or the time since the disruption of
Pangaea, the early Mesozoic supercontinent that made up of most of the Earth's land
masses. Although there are several reconstructions of Pangaea, the differences refer
largely to detail: the broad outlines of paleogeography are reasonably well known
(McElhinny and Valencio, 1981). A deep-sea sedimentary record exists for some of
this period but is much less complete than that of the 0-100 Ma record.

4. The fourth scale includes the entire Phanerozoic, nearly 600 m.y., the time for
which we can read climatic zonation from biogeography, aided by geology and geo-
physics (positioning of the continents), geochemistry (mapping of climate-sensitive
deposits), and interpretations based on data from strata incorporated in the con-
tinents. It includes all of Paleozoic time.

5. The fifth scale is applicable to Precambrian time and includes the entirety of
Earth history except for the last one seventh. Climatic information exists for this
scale but is scarce and commonly imprecise. On this scale, we see the chemistry of the
atmosphere change in response to the evolution of organisms. On the whole, oxygen
content increases and CO 2 content decreases.

On each of the time scales, we are interested in learning what were the inputs to
the climate system, its boundary conditions, its inner workings, and the way it ex-
pressed itself in the geologic record. The levels of detail of description and of under-
standing differ considerably for the various scales considered. For the most remote
intervals, such as those within the Pr9cambrian, statements about typical tempera-
ture ranges on the surface of the Earth and about limits on atmospheric composition
and on solar radiation may be all that can be hoped for. For the Paleozoic Era, fossils
provide clues, and it is possible both to recognize climatic zonations and to estimate
the rates of change of such zonations. Yet even within these remote times, there may
be glimpses into climatic cycles, based on continuous sequences of finely layered
rocks. We may be able, for example, to test the concept of the Sun being a stable star
for thousands of millions of years.

Continental configurations of the Mesozoic Era are reasonably well known. How-
ever, the geologic-geochemical setting during this era is different enough from
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today's so that we cannot unambiguously reconstruct pole-to-equator temperature
gradients or humidity patterns. From the middle Cretaceous on, we have the advan-
tage of extensive deep-sea records of the necessary time constants that contain de-
tailed climatic signals of global significance. The record of the last 100 Ma will there-
fore be most productive in our search for the sequences of climatic change and their
causes.

The Tertiary Period, and especially the Neogene part, is well represented by deep-
sea sediments, and it is possible to extract information on details such as temperature
anomalies within latitudinal bands.

SYNOPTIC STUDIES

Paleoclimatic investigations can be conveniently characterized by three approaches:
synoptic studies, time-series studies, and event and episode analysis, as summarized
below.

One way to study ancient climates is to select convenient intervals of past geologic
time and to assemble all pertinent information bearing on climate within that inter-
val, that is, to study synoptic intervals or time slices. The length of the time slice
selected is determined by the time control available, and it should be short enough so
that climate change is minimal through its duration. Difficulties of correlation and
the fact that the record is more complete for younger periods than for older ones
mean that time intervals are longer and less truly synoptic as we go back in time.
The crucial ingredients of synoptic analyses are reliable reconstructions of continen-
tal positions and accurate stratigraphic correlation from one continent to another
and from continents to ocean basins.

The comparison of reconstructed climatic zones with present-day belts has been a
t_aditional approach in such studies. For example, interpretation of the latitudinal
distribution of coral reefs, evaporite deposits, coal deposits, and glacial moraines has
relied on present-day analogies; this is also true for studies of the biogeography of
plant and animal fossils. This analog approach involves the establishment of bound-
ary conditions such as the distributions of continental landmasses, continental
shelves, and ocean basins; the presence and extent of snow and ice (Figure 2); the
overall pattern of surface albedo (insofar as it is dependent on snow and plant cover
and the area of the seas and oceans); and the sizes rnd fluxes among the important
carbon reservoirs influencing the carbon dioxide content of the atmosphere. The dis-
tribution of land heights and the location of mountain chains are also part of the
boundary conditions. The distribution of climatic indicators and of theoretically ex-
pected belts of temperature and humidity can then be compared a-..- reasons for
mismatches within a given synoptic interval discovered. Once such understanding is
achieved, synoptic maps acquire predictive value. Not only can climatic zones be
completed by interpolation, but their probable extent and associated sedimentary
deposits of zones, not yet discovered, may also be predicted.

In studying the older geologic record we are commonly hampered by the lack of
present-day or Pleistocene analogs. In the absence of a physicochemical understand-
ing of ocean-atmosphere-land interaction, wP need such analogies to provide
guidance. Quantitative simulation of paleoclimates proceeds from using the present
as an analog rather than from first principles of fluid flow. To understand the ful!
functioning of the system, we need a greater array of climate Conditions than the
Pleistocene can yield. Nor does the Late Cenozoic yield enough analogs for more
remote times. Although a synoptic analysis of the early Pliocene and late Miocene
can be constructed from existing data, it is insufficient as an analog for earlier times.
Oceanic circulation was thermally driven in Cenozoic times, but there is evidence
(Chapter 7) that it was driven by salinity gradients in the Mesozoic Era.
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Precambrian Time

For late Precambrian intervals, intercontinental correlation is imprecise and con-
tinental masses are difficult to define and to place relative to one another and to the
equator. For older periods within the Precambrian, the time slices become ever
thicker and the identification of sites of sediment deposition become less precise. In-
vestigations in the Precambrian must therefore focus increasingly on the statistical
significance of climatic indicators. As an analogy to such research in the fragmentary
Precambrian record, consider what might be learned of the Earth's climate today if
it were visited by an unmanned automats~ i spacecraft and Lander. Random samples
from the present Earth's surface would be revealing. We probably would be able to
reconstruct (1) the relative abundance of ocean, shelf, and land environments; (2)
the fact that we live in an ice age but with warm tropics; and (3) the presence of con-
siderable diversity in soil types. We might even be able to arrange these soil types in a
series from those for which mechanical processes of soil formation predominate to
those for which chemical processes prevail.

In the collection of such data from the Precambrian sedimentary record, the over-
representation or underrepresentation of certain regions or certain rock types needs
evaluation. Such distortions come both from differential preservation of rock types
and from accidtMats of exposure and location. Improvement is also needed in under-
standing the systematic physical and chemical changes that can modify the sedimen-
tary record after deposition and the effect of these postdepositional changes on the
distortion of the climatic information. In addition, depositional conditions may not
have analogs in the present because the chemical composition of the oceans and at-
mosphere was different from now. We suggest that studies in organic geochemistry,
with its abundance of compounds and path%vay's, have been underutilized in provid-
ing understanding of the postdepositional ehangas of climate indicators. The dia-
genetic processes themselves may be climate controlled.

The composition of the early Precambrian atmosphere was significantly different
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from the composition of the present atmosphere. From astrophysical theory and by
eomparigun with the inferred evolution of other stars, it is assumed that the Sun was
somewhat less luminous when the Earth was young (3000 or 4000 Ma). The f ^cept
that the Sun has continuously increased its heat output (by about 30 pe:r(ent) has led
to a search for a balancing factor to kvp the Earth's temperature hospitable. if the
Earth's atmosphere had its current composition throughout geologic time, calcula-
tions (Budyko, 1969; Schneider and Dickinson, 1974) prc ict that the planet would
have been permanently glaciated since near its beginning and would not have
thawed yet. If the early atmosphere were rich in carbon reioxide, an enhanced
greenhouse effect would have kept the mean sumacs temperature of the Earth above
freezing.

The composition of sonic Precambrian strata indicates that the early atmosphere
was poor in oxygen (Cloud, 1965). This has been inferred from study of the banded-
iron formations found in ancient rocks over the world (about 2200 Ma). The trans-
port of the iron without the concurrent movement of other materials (e.g., Al 203) to
its depositional sites implies a carbon dioxide content of the Precambrian atmosphere
approximately double that of the present atmosphere (Rubey, 1951; James, 1966). A
similar conclusion for atmospheric composition has been drawn from the Precam-
brian gold-uranium-pyrite occurrences typified by the Witwatersrand (South Africa)
and Jacobina (Brazil) deposits. These have been interpreted as placers. However, the
detrital uranium-bearing mineral and the pyrite would have been oxidized and
made soluble in the surface waters if the atmosphere were rich in oxygen as it is today
(Hutchinson, 1981).

The Paleozoic and Aesozoic Eras

For each geologic epoch within the Paleozoic and Mesozoic Eras, several st u."fic in-
tervals hold promise for satisfactory worldwide climate correlation. WIthin such
time slices, those data on the geochemistry of sedimentary rocks and fossils that bear
on climate need to be systematically collected and synthesized. For each time slice
the former position of continents needs to be reconstructed, incorporating paleomag-
netic and other data. Such reconstructions should be augmented by geophysical,
geologic, and pertinent compositional information from sedimentologic investiga-
tions. The sizes of the error margins aho need evaluation. If this is done properly,
each reconstruction can start where die previous one left :)ff, thus adding further
confidence. Estimates of the latitudinal gradients of temperature and humidity, for
each time slice, will emerge from interpretation of the &4 ,, ibution of climate in-
dicators with the continental re cons'ructions.

Such synoptic analyses are currently being attempted for several periods in the
Paleozoic and Mesozoic. See, for example, time-slice analysis in Chapter 21 for Silu-
rian-Devonian times and in Chapter 17 for the Jurassic, Similar analyses have been
attempted by Gray and Boucot (1979), Habicht (1979), and Ziegler eat al. (1979).

The Cenozoic Era

As we move toward the present. the requirements of reconstruction of place and time
are met with comparative ease. The reconstruction and interpretation of climate,
and especially of ocean-atmosphere interactions, caa now move from the level of
narrative toward one of numerical simulation. Such simulations have bex:n at-
tempted for the last glacial maximum in the Pleistocene with significant success
(CLIMAP Project Members, 1976).

We need synoptic intervals for an Earth with nc: (or minor) northern ice caps. One
time slice el(m-,t to the present and useful in this regard is a warm peak in the earh
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Pliocene. Further back in time, another instructive Interval occurred wlth. is the
early Miocene, when the Antarctic foe cap was small. Stratirds hriic mrrdatictrr Are
probably adequate within Miocene and Pliocene sequences, and dat9 exit-crage Is
good becausesediments of -these ages are available over wide areas of the seafloor, -is_ - - -- - -
well as on continental shelves.

TIME - SERIES STUDIES

Thick contint na stratigraphic sections cunsisting of uumemus thin beds may t t'.. r!'
climate variability if the bedding is rhythmic or r*peiltious and the the kttm or
some other characteristic, is the response to a sea,oaal climate signal, Sta Zcal
analysis of the recurring signal may disclose variations in climate on a seasonal, an-
nual, or even longer bads. Well-dated condnuotu sequences invite such analysis, - I
the investigation of several nearby sequenom may enable the sorting out of local or
regional responses from those; of broader or even globa l significance.

Time-series analysis can also employ data from many localities if the rocks or

sediments can be accurately dated and stratigraphically correlated. Ancient ocean
temperatures may be deduced from oxygen isotopic ana;ysea (Figure 3) acid are the
type of data appropriate to tirnf,  sets study. Such analyses show the gross variations

of a climatic parameter with time, and continuous stratigraphic seems Amw mare
detailed variations, which may reflect differences in climatic driving forces.

With long quasi-rhythmic sequences in hand, variability can be etracted both
from complete time series and from random sampling within a given seciioz,. Where
there is order along the time axis, so that a pattern or repetition is recognized,
climate cycles may be present. For example, the extraction of such cycles from the
Peistoeene record of deep-seas cores oy freq,_enr, analysis has shown that climate
has responded to orbital variations in the rem ut geologic past (Imbrie and Imbrie,
1980).

COMPOSITE TEMPERATURE

CURVE FOR LOW LATITUDES
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Time-series studies, including both variability analysis and frequency analysis, are
po-sihle when continuous global climate signals dominate or are amplified by re-
gional ones. Because of the likelihood of continuous deposition, pelagic sediments
from the deep sea, and even older sequences uplifted and exposed on land, are the
most promising candidates for time-series study. Well-dated sec tions provide the
most readily interpretable data, but long sections that are only approximately dated
may reveal useful repetitions interpretable as having resulted from climate changes.
Although the pelagic record is more complete from the mid-Cretaceous and younger
seafloor (because of the ekstruetion of ocean crust at subduction zones), ancient sec-
tions even as old as Precambrian warrant study. Times in which interesting climatic
signals have been observed are the early Pliocene (preceding northern ice caps), the
middle Eocene (weak latitudinal temperature gradient), and the late Cretaceous

-	 (equable temperature gradient and possibly high carbon dioxide cont" t in the at-
)

Pleistocene deep-sea cores show that cydicity is commonly associated with more
than one climate-assnciated parameter. Phase differences between such parameters
contain information, as yet poorly understood, about cause-and-effect chains in the
ocean-atmosphere-biosphere-lithosplhere system. For example, the coherences and
offsets t .'ween oxygen isotope cycles, carbon isotope cycles, and carbonate cycles
have implications for the Wlence of events—such as the buildup and melting of ice,
changes in temperature, changes in carbonate sedimentation, and fluctuations in-st-
mospheric carbon dioxide.

Fluctuations of sea level accompany the waxing and _ waning of -continental gla-
ciers. However, nondimatic factors, such as L crustal mcwemerhts and the rates
of seafloor spreading, also cause eustatie. sea-le A changes. These eustatk changes
need to be separated front those caused by climate—in fact they- can affect climate.
Sea-level fluctuations change the albedo by altering the ratio between e- cased land
surface and the surface area of inland sears and takes. mouse water on the average is
a t±etter absorber of light tl:an is dry land, when sea level is high, increased absorp-
tie solar radiation results. In addition there is an increase in the surface area from
whicW water can enter the - atmosphere through evaporation. Hens -, humidity rises
and there is an increase in the greenhouse effect, which warns the nee ► ►rface
layers of the atmosphere. Such complex feedback relations as these are still incom-
pietely documented or understood. Are times of high sea level invariably warmer
and more equable than those of low sea level? What are the causes of sea-level
change? How has sea level changed through geologic time?

A period-by-period and region-by-region compilation of sea-level variation for the
contineatal shelf areas of the world has been initiated by geologists of the petroleum
indmtry employing the techniques of seismic stratigraphy (see Chapter 15). The key
to success is exact stratigraphic correlation, using well-dated sections. These data in
turn need to be dovetailed with climatic indicators.

EVENT AND EPISODE ANALYSIS

Notable events in Earth history, such as these associated with the termination of the
Cretaceous Period, the fragmentation of Gondwana, and widespread volcanism,
have left discrete geolog., records that will certainly be useful in connection with
climatic investigation. Many events may actually occur over longer periods and are
more properly referred to as episodes. The analysis cf such climatic transition- it--
volves study of conditions prevailing before and after, as well as during, the event.
Even though rapid climatic changes are deemed to be caused by single forcing fac-
tors, the signals may be overwhelmed by background factors and from competing
causes. Careful analysis is required to surt out the various contributing causes of the
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event. Sea-level change stimulates feedback through a gain of processes that need
elucidation. Basic questions regarding many important geologic events are whether
they were externally (e.g.. extraterrestrially) caused or forced, and hnw important
internal feedback is in the system.

Event analyses of climatic records are successful when gaps in the record are ab-
sent or subordinate. A sedimentary sequence whose continuity is established can be
characterized statistically by the distribution of events within it. By studying each
event in detail, using various climate indicators, it may be possible to distinguish
classes of events (Berger et al., 1981).

Times of rapid climate change need to be studied in detail on a worldwide basis if
we are to understand the factors that can cause such climatic transitions. At the time
of t%e Cretaceous termination (about 63 Ma), for example, differences in composi-
tion of deep-sea sediments (a short-lived increase in iridium concentration) accom-
panied a marked biological event; this supports the hypothesis of a !arge meteoritic
or cometary impact. Other key times in geologic history that should be 6ucidated by
paleoclimatic investigations are (1) the Albion-Cenomanian (about 100 Ma) tran.-;-
tion, (2) the Eocene-Oligocene boundary (38 Ma), (3) the mid-Miocene (15 Ma), (4)
the end-of-Miocene (6 Ma), and (5) the mid-Pliocene (3 Ma). A multifaceted ap-
proach involving biostratigraphy, magnetostratigraphy, stable isotopes, trace ele-
ment anAlysis, and other methods is needed for each of these events and several
others.

Some episodes in the distant geologic past may have taken place over millions of
years. For example, what happened climatologically at the onset of the Phanerozoic?
What caused the appearance of calcareous shells Rt approximately this time? Was
there a change in seawater chemistry or an increase in predation pressure and com-
petition once the first hard shells evol ved? In the Precambrian, events may have
taken tens of millions of years to rise, culminate, and perhaps to fade—possibly com-
parable to the long-term cooling in the Cenozoic. Conditions favorable for the for-
mation of some banded-iron formations have not existed for nearly 2 billion years.
The origin of intercalations of chert and iron ore in these banded-iron formations is
still a subject of research. Perhaps changing climatic and geochemical conditions
hold the clue: What were the faelors that made deposition of banded-iron formations
passible? What environmental condition changed when their deposition ceased?

NEW OPPORTUNITIES IN PALEOCLIMATOLOGY

Climate is determined by two major classes of factors. The First class cor! +itutes the
`static setting." This is the arrangement of continents and ocean basins, which can
be considered fixed on a short time scale. The second class of factors involves what
may be called the "dynamic setting." This includes oceanic and atmospheric circula-
tion, heat transfer, albedo distributions, biosphere patterns, and atmospheric con-
centration of infrared absorbing gases. A goal of paleoclimatology is to interrelate
the static and dynamic settings and determine how they, operate together.

New opportunities arise from our present understanding of plate tectonics and
continental drift. For times back to about 200 Ma, we know the geography of the
static setting and can concentrate on the dynamics of the fluids within it. V a now
have a set of concepts and methods de: eloped by climatologists workin ; on Pleisto-
cene and modern climates. Thest concepts and methods can be tested for applicabil-
ity to pre-Pleistocene climates and promise to reveal much about why long-term
climate charges have occurred.

Two examples illustrate theopportunities. The first is the map of the surface of the
Earth at the time of the last maximum of glaciation, 18,000 years ago, based on in-
tegration of paleochinaac information from land and from the seafloor (CLIMAP
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M., 'RE a Tw o Iui ^ cditTivnt arcs from ihvle Se a Drillinw r'mieet Site 4h(I tare A was oMaimd %% ith dan-
dard e+mint pr'KCdime . Care H %%i:h the rucuntI^ desehykd h\draulic p0mi carer. The Ia\enn¢ AN una in
the h\draulic pi.tnn arc %ill alho\s detailed climatic anahsi, herctnb,re difficult %%ith standard ewer.

Project \l:^mbers. 1976: Denton and fiu^,rhes, 1961). Paleotemperature and albedo
distributions arc p •nsented on a scale fine enough to Ix useful for numerical model-
ing of the paleoclim-w (Cates. 1976: Manahe and Hahn, 1977).

The second example concerns time-series analx.sis in which a long climatic record.
such as a lone deep-sea corgi (Figure 4), is examined for repetitions and cycles of a
climatic signal (Hans cl al.. 1976, Pisias, 1976). These studies are useful in single
stratigraphic sections and offer an escape from man y of the frustrations associated
%%ith time-slic•^ • mapping. %%-here correlations user large distances max be uncertain.
Such studies y ield insights about the d y namics and variability of climate systems at
any one site that cannot he obtained from spatial reronstruc •tiores alone. Anal ysis of
Pleistocene climatic records inferred front deep-sea sediments has established rela
tions between orbital parameters and glaciation by ide ,, tify ing astronomical c ycles of
19.(M y r, 23,(>t1) \-r, 41,006 yr, and lxrhaps yr within the geologic record.
A search for these c ycles in older record, and for other cycles is no\% lxissible: they
ma y Ix- present in Mesozoic, Paleozoic. and lx • rhaps even Precamhrian scoluence%.
The task is to find long. ecmtinuous stratal ucluences recording a signal (e g.,
thickness variations in limestone-.shale couplets) that permits frequenc y analysis.
Even \there the time scale is not known accuratel y . the ratios of different c ycles or
repetitions ma y eventuall y lead to the estahlishment o; such time sales. and the
identification of c\cics will aid in long-distance correlation.

Existence of lxtth longer and shorter c ycles than those orbital cycles so far iden-
tified is likel y . The anal ysis of long-period y ariation.s in annual la yers, if then can be
reeognizcd, through geerlogic time ma y y ield information on the variations of solar
radiation inc'iden` on the Earth. Unfortunatel y , there• is no simple criterion 'ry which
to pro%e that la y ,ring is trul y annual. Long-c'\c'le len:4ths of approximatel y 2311,000
and 450,000 years have been proposed, as \yell as frequencies or 4-5 m. y ., 30 m.y..
acid 200 m.;:. ;see Fischer, Chapter 9). Usuall y such suggestions rest on records that
are onl y hyo to five tim. •s longer than the proposed "c ycle. ­ so that th,,\ cannot yet
Ix- es`.abli.shcd quantitatively.

THF; S1'STF.'.IS Al l PhO ACH

Because climate ,s the result of the air and ocean c'irc'ulation and their interactions
\within a gcwogtc ,ettine, a d y namo Nid sy .tcui is dcfincd. a s ystem that ma y lend
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itself to systems analysis. Sediments deposited by these fluids record a composite of
global signals and regional or local overprint_. It would be useful to attempt to
separate the global message from the regional modulations and to investigate the sen-
sitivity of the system. Global effects map be rapid with quick response times or with
phase shifts between different components. Regional influences may amplify or
dampen or even reverse global signals. Climate extremes and rapid transitions from
one state to another are probabl y associated with times when factors influencing
global climate are maximized.

Studies that focus on times of instability and rapid climate transition within an
overall stable re, d may reveal why evolution is apparently punctuated by mass ex-
tinctions and relatively rapid speciation, such as those marking the end of the
Paleozoic and Mesozoic eras. To what extent were climatic extremes due to varia-
tions within the system or to factors external to the system. such as those of extrater-
restrial origin? Important questions about extraterrestrial factors are the following:
How stable has the solar constant been? Has the Sun's output varied in an oscillatory
manner? What influence might large impacts on the Earth (similar to those that pro

-duced large craters on the Moon) have had on climate evolution? Have there been
times when havoc has been raised in the Earth's surface environment by huge
meteorites falling from the sky, as has been suggested for the end of the Cretaceous
by Alvarez et al. (19801?

Factors that are not related to the fluid system but are related to the dynamics and
mobile Earth include tectonic forces and volcanic activit y. Continents have moved
about and oceans have opened and widen and closed through geologic time.
':Mountain ranges rose in many orientations that influenced the air circulation and
then were worn away. These marked changes in size and shape and positioning of
landmasses, oceans, and mountains have dramaticall y influenced climates. Ocean
gateways between landmasses have opened and closed and have altered the flow of
ocean currents and modified the mechanisms of heat transport from low to high
latitudes. Ancient ice ages during the Phanerozoic (see Figure 2) may be largely the
consequence of times when continents were sited in high latitudes so that air-ocean
flow brought heavy and long-lasting snowfall, with the result that ice caps grew
upon them. The location of landmasses, the level of the sea, and the presence of
ocean gateways in crucial positions are several of the boundary conditions that are
responsible for the sensitivity of the fluid system to perturbation.

Geochemical aspects are also intimately tied to climate, mainly through the car-
bon dioxide content of the atmosphere; increases in carbon dioxide raise the surface
temperature. On a long time scale, the average atmospheric carbon dioxide content
may be fixed by weathering reactions and carbon storage in soil, rocks, and sea-
water. However, on a shorter time scale, the atmospheric reservoir is dominated by
the much larger adjoining reservoirs of the ocean, th-- biosphere-soil complex, and
the reactive portion of marine organic and calcareous sediments. As the exchange
patterns between these reservoirs change, so must the carbon dioxide content of the
atmosphere. Rapid increase or decrease of carbon dioxide content that results from
temporary buildup or release of carbonate or organic matter may cause, or be associ-
ated with, "climate steps" from one climatic state to another (Berger et al., 1981;
Re%elle, 1981). The existence of steps suggests the existence of inherent instability
within the system: this ma y be tested by a comparison of climatic variability at times
long before the event, approaching the event, and after the event.

FINDINGS AND RECOMMENDATIONS

Interpretation of the history of climates on Earth back in geologic time for More than
a billion years indicates that the same principles of oceanic and ••'-nospheric Vircula-
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tion have always operated. Over this long interval, however, the composition of the

	

atmosphere and oceans has changed in ways not yet fully determined. Climatic ex-	 3

tremes that we are experiencing at present, and that have occurred for the past
million years or so, are probably similar to climatic extremes back into the very
remote past. Only at rare intervals do the many variables influencing climate se
combine that they perturb the system beyond a quasi-steady state, bringing about a
transition to a new temperature regime, but one actuall y not very different from the
previous one.

	

The record of climate and its changes during the last 50 million years reveals a 	 -
gradual cooling interrupted by a few pertubations. Fairly rapid transitions or steps
resulting in a cooler mean surface temperature of a few degrees Celsius have been
followed by partial recoveries. Superimposed rh.,,thm on these fluctuations, detect-
able in the Pleistocene record but se far not discovered in older rocks, are brought
about by systematic changes in the Earth's axis and orbit.

Understanding of climate and climatic change, with the eventual goal of arriving
at a satisfactory theory of climate, requires an improved data base and more intense
efforts in analysis and interpretation. Many disciplines are involved. Toward these
ends, we recommend the following:

1. Geologists, during their investigation of rocks, should continue to strive to
glean information bearing on past climates. Economic geologists, for example,
recognize that certain types of mineral deposits were formed under special climatic
conditions. Through an understanding of weathering and other climate-controlled
processes they may be able to extract climatic information. Even the most ancient
sedimentary rocks may reveal some information on climates.

2. Marine geologists and geochemists have a new tool in hand—the hydraulic
piston corer—and should obtain many more long sediment cores from the seafloor.
Valuable paleoclimatic data, highly resolved with respect to time, can come from
well-placed cores, especially from localities where global climatic signals are not
masked by local sediment influxes. We urge the continuation of programs using
hydraulic piston cores in any ocean-drilling effort.

3. Paleogeographers, working closely with paleontologists, tectonieists. and
stratigraphers, should prepare paleogeographic maps of the Earth for all practical
time intervals of Earth history. These intervals can be short for time slices in the Ter-
tiary and by necessity must he longer for intervals successively more remote. Such
maps will serve as a basis for assembling climatic data and as guides for computer
modeling.

4. Meteorologists and climatologists, working at many different scales, should at-
tempt to arrive at explanations for ancient climates. Although satisfactory computer
models do not yet exist to explain all aspects of modern climates, such studies for an-
cient synoptic intervals can nevertheless serve as guides to explain climatic events.
Therefore, models of several types should be applied to the paleogeographic recon-
structions of selected times of climatic significance in the geologic past.

5. Investigators of sea-level changes should be encouraged to complete as accur-
ately as possible a worldwide ecstatic sea-level curve for the geologic past Such a
curve will aid greatly in correlation from place to place, when the record of advances
and retreats of the sea is identified. If other factors remain unchanged, increased
flooding should correlate with increased global temperatures because of albedo
reduction and increased evaporation. These inferences can be checked indepen-
dently against the geologic record.

6. Long stratal sequences displaying variations should be analyzed using the time-
series approach. These sequences may come from long deep-sea cores or from sec-
tions exposed on land. Their study may reveal repetitions and cycles in balding
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features, such as thickness or composition, that are related to climate. Among these
are orbital and axial phases that influence the amount of radiative energy received
from the Sun. With some luck, even ancient Precambrian sedimentary rocks may
disclose such information.
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The Role of Prediction
in Paleodimatology
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1

INTRODUCTION

In the early, descriptive phase of any historical science, such as
paleoclimatology, the primary task is to provide a narrative
of past events. As facts accumulate, investigation enters an in-
terpretive phase in which attemvts are made to explain why
these events occurred. Initially, these explanations are likely
to be ad hoc in nature, verbal in form, and therefore difficult
to pin down and test. Gradually, as data accumulate and as
physical insights into causal mechanisms improve, it may be
possible to transform such qualitative explanations into a nu-
merical model of the natural system in which specific re-
sponses (system output) can be estimated from a knowledge of
specific forcing functions (system input). The model can then
be used to make hindcasts, i.e., to make predictions of system
behavior over some past interval of time for which the forcing
functions are known. The principal value of such a model is
that the concepts on which the model is based can be tested
by comparing hindeasts with c ww7vations. The test is par-
ticularly powerful if comparisons are made over an interval
of time that was not used to develop the model.

In some cases it is possible to use a quantitative model to
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make forecasts, i.e., to make predictions of system behavior
over some future interval of time. In order to use a model in
this forecast mode, one must either be able to predict what
values the forcing function will assume in the future or be in-
vestigating a system in which the behavior at any given time
is strongly conditioned Ly previous values of a forcing func-
tion.

For many years, the science of paleoclimatology has been
in a descriptive phase. But as other chapters in this volume
make clear, the field has already begun to move into an inter-
pretive phase. So far, however, most interpretations are
formulated as verbal narratives rather than as quantitative
predictions. The aim of this chapter is to point out the value
of building paleoclimatic models that are capable of making
quantitative predictions and to foster the development of
such  models by reviewing some of the types of quantitative,
predictive models that have been used in climatology.

The first section of this chapter is a brief review of the
nature of the climate system. The pond section considers
some general properties of quantitative, deterministic mod-
els. In the last section, six examples of quantitative climatic
predictions are cited.

Preceding page black
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MODEL 2 EXTERNAL	 INTERNAL
 SOURCES OF nCLIMATIC VARIATION

FIGURE 1.1 A simple model of the climate
system illustrating internal and external sources
of climatic variation.
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THE CLIMATE SYSTEM

In order to formulate a predictive climate model it fs
necessary to have in mind some dear aefinition of the climate
system. A conventional and useful definition (Figure 1.1)
considers the climate system to condst of four interacting
components: the atmosphere, the ocean, the cryoaphere, and
the surface of the land, including the terrestrial biota (NBC
Panel on Climatic Variation, U.S. Committee for CARP,
1975). For simplicity, the last of these components is not
shown in Figure 1.1, and the other components are not sub-
divided. The system boundary conditions are defined as the
global geography, the geometry of the Earth's orbit, the out-
put of the Sun, and the concentrations of carbon dioxide and
dust in the atmosphere. Two of these variables—orbital ge-
ometry and solar output—are dearly external to the climate
system by any definition, because the values they assume are
not influenced by the climatic state. However, some aspects
of global geography—notably sea level and the elevation of
the crust in high latitudps—are not completely independent
of climate, so that the listing of geography as an external
boundary condition makes sense only if the term is defined as
the location of continents and oceans. Finally, we should note
that the atmospheric concentrations of carbon dioxide and
dust depend to some extent on the climatic state and are
therefore rot, strictly speaking, external variables. They are
often placed in that category for the convenience of modelers,
however.

Based on the definitions discussed above and illustrated in
Figure 1.1, two quite different sources of climatic variation
can be recognized (Mitchell, 1976). One of these sources is a
change in external boundary conditions. Any such change
will force the system as a whole to move toward a new equili-
brium state and will therefore give rise to variations in the
cryosphere, ocean, and atmosphere. This kind of climatic
variation is described as being externally forced. Another
type of climatic variation originates within the climatic sys-
tem itself owing to interactions among the components of the
system. These variations are internally forced and will occur
even if all the external boundary conditions are fixed.

PROPERTIES OF DETERMINISTIC
CLIMATE MODELS

From the above comments about the structure of the climate
system, it is dear that the task of making quantitative predic-
tive models is a challenging one (see Schneider and Dickinson,
1974, and Leith, 1978, for useful reviews). In general, there
are two types of predictive models, deterministic and
stoduWk (Mitchell, 1976). Deterministic models view changes
in one or more components (or subcomponents) of the ch-
nuate system as forced by (1) c hangns in other components or
(2) changes in external boundary conditions. Moreover, such
models assume that the actual climatic narrative—the time-
dependent behavior of the system component being modeled—
can be predicted from a knowledge of changes in other internal
components or from a knowledge of changes in external bound-
ary conditions. Stochastic models, on the other hand, assume
that random variations of internal origin make it impossible to
predict the dine-dependent behavior of the system. Ind,
they make statistical predictions concerning the amount of
variability to be expected over psutieular frequency bands
(Hastelmann, 1976; Frankignoul and Hasselmann, 1977).

This chapter will discuss only deterministic models. Before
proceeding, we examine some general elements of modeling
strategy (Table 1.1). For example, in certain deterministic
models the forcing function is identified as a change in one or
more external boundary conditions (e.g , a change in global
geography or orbital geometry). In -ther models, however, a
change in one component or the climate system (e.g., at-
mospheric temperature) is viewed as a response to a change in
another component (e.g., the sea-surface temperature or the
extent of ice sheets), without taking feedback relationships

TABLE 1.1 Some Properties of Deterministic Climate
Models

Category	 Possible Modeling Strategies

Nature of forcing External or quasi-external
Type of response Equilibrium or time-dependent
Prediction mode Hindeast or forecast
Mathematical form A wide range from simple, highly

parameterized models to Complex
statistical-dynamical models
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between the prescribed variable (the predictor) and the cal-
culated response (the predirtand) into account. This type of
forting will be referred to as qww external forcing.

Another diitinction to be made between modeling strategies
has to do with the type of gone. In many cases the response
calculated is an egtdlibrium response to some specified change
in an external or quasi-external forcing function. In this type
of mode:, attention +c focused on the new equilibrium value
rather d; ,t, on the time-dependent nature of the change to the
new eq,, ;t " mum. Such a formulation is reasonable provided
that the aaracteristie time scale of changes in the forcing
function is inuch longer than the characteristic time scale of
the -tspnme. Howe or, when these two time scales are of the
same ord, ,- of mantutude, so that the response never has a
chance to approach equilibrium values, it is desirable to use a
time-dependent model in which the response is explicitly
calculated as a function of time. Such time-dependent models
are sometimes referred to as difjerentiaVni6deh (Imbrie and
Imbrie, 1990).

As previously discussed, predictions can be mace in either
the ldndeast or forte mode, depending on whether the
changes modeled have actually occurred.

Finally, we should tote that a wide variety of mathematical
procedures are used in climate- modeling. For inany F-arposes
it is useful to consider this variety as ranging across a wide
range of complexity, from simple statfsfic al models at one end
of the scale to complex, statistical-dynamical models at the
other. The simplest models make little demands on our knowl-
edge of the underlying physics. The investigator is content to
assume that the response teing modeler( is linearly related to
one or more input variables, and his modeling strategy is to use
regression methods to extract the constants of proportionality
from a given set of data. As knowledge of the underlying
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mechanisms becomes more secure, the investigator may at-
tempt to capture certain elements of the physical processes in a
anal( number of differential equations, leaving the balance to
be treated as statistical parameterization. Such models of in-
termeeiate complexity predict the behavior of only a small
number of climatic variables. At the other end of the range of
complexity, more of the underlying physics is explicitly cap-
tured in differential equations, and fewer ptbcPo ps are treated
statistically. Examples include the genera:-circulation models
of the atmosphere, which take a global array of seasonal input
parameters and calculate the seasonal response in three
dimensions (Gates, Chapter 2 in this volume, 1976a, 1976b;
Manabe and Hahn, 1977).

EXAMPLES

Examples to illustrate some of the modeling strategies already
in use are given in Table 1.2. Donn and Shaw (1977) predict
the atmospheric temperature field as a response to changing
global geography since the Triassic (Figure 1.2). Imbrie and
Imbrie (1980) hindcast late Pleistocene glacial history and
forecast the glacial history of the next 100,000 years. Their
model is shown in Figures 1.3 and 1.4. Gates (1976a, 1976b)
and Manabe and Hahn (1977) have used estimates of ice-sheet
distribution and sea-s rfam temperatures at the last glacial
maximum, 18,000 years ago, as a basis for calculating the
equilibrium response of t:e global atmosphere. Namias (1980)
uses information on Pacific sea-surface temperature, and
other information, to forecast weather patterns over the
United States one season in advance. Barnett (1981) uses infor-
mation on the Pacific wind field to hindcast sea-surface
temperature off Peru, 12 months in advance (Figure 1.5).

TABLE 1.2 Examples of Climate Prediction Using Quantitative, Deterministic Models

Tv pe of
Forcing

Predictor
(Characteristic
Time Scale
in Years°)

Predictand
(Characteristic
Time Scale
in Year') Reference

Prediction
Mode Type of Model

Eirternal Global Atmospheric Donn and Hindcast Complex equilibrium
geography temperature Shaw (1977)
(101 ) field 00 -1)

Orbital Global ice Imbrie and Hindcast, Simple time-dependent
geometry volume (104 ) Imbrie (1980) forecast
(104)

Quasi-external Global SST Global atmospheric Gates (19706); Hindcast Complex equilibrium
field fields of T. SST, Manabe and

Ice sheets winds (10- i ) Hahn (1977)
(10 1 ) CLIMAP Project

Member (1978;
in press)

Quasi-external Pacific SST U.S. weather Namias (1980) Forecast Simple time-dependm.
(10 -1 ) (10 -1)

Pacific wind SST off Peru Barnett (1981) Hindeast Simple time-dependent
field (10 -1 ) (10-1)

'T, temperature; SST, sea-surface temperature.
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FIGURE 1 .3 Response du ewistim of a simple model for predbd-
ing global ice volume a, a hmction of changes in orbital geometry. The
response function has a man time oonstant of 17,000 years and a ratio
of 4:1 between the time constants of ghhcial grov th and melting.
Lower curve shows the system: response to an arbitrary step input (Im-
bnie and Imbnie, 1980, copyright 1980 by the American Association
for the Advanoement of Scie nce).

FIGURE 1.5 Observed and predicted values of uaaurfaa tempera-
ture off Peru (Barnett, 1981). The model uses variations in the Pacific
wind Held as input and is calibrated for the period 1950.1975. Tinos
Barnett considers the predictions as Idre—I . whereas in this chapter
they are defined a hirdasb. Unpublished world by T. P. Barnett.
Scripps institution of Orampaphy, shows out tla< predictions are
considerably improved it the asnhmption of stationsrity of the alasonal
signals k removed.
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CONCLUSIONS

The exempla of climatic hinicasting and force sting re-
vieu eel in this paper are e4ted not because they solve fun-
damental problems in paleoclimatolog-v, but bwauw they il-
lustrate u powerfid method of attack on &w problenn. the
formulation and testing of numeric.41, predictive tsodels. So
long n% our explanations for past climates remain ementtally
q aditative in form, causal thetxks will be diffie dt to
evaluate. It will, for example,  be difficult to distinguish causal
relationships trots r correlations and perhaps Impossible
to assess the relative importance of ahffec A cages that act
together to produce it given effect. These pros are par-
ticularly acute in pre-Pleistocene climatology. Here it is nften
tempting to explain a given climatic change in terms of a cor-
related change in some particular aspect of the geometr y of
continents and oceans—ignoring other aspects of that geom-
etry and implicitly denying the possibility that changes in at-
mospheric chemistry, in solar output, or in ot: wr climatic
boundary conditions ma y be invol-ed.

In the rapidly developing and challenging field of paleocli-
matology, tyre is dearly an urgent need to teed am ideas
about the underlying physical mechanists by developing
quantitative, predictivm models. As such models are substi-
tuted for the evasive verhal narratives that now serve as expla-
nations of past climates, the science of paleodimatology will
come of age.
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iN RODUCTION

While problems of paleodimate have long held ; ­ attention of
geologists, biologists, and climatologists, they have only
recently been regarded as a subject to which mathematical
modeling could be aped u xmdully. From painstakingly
assembled evidence of climatic changes in the geologic pan at
scattered locations around the world, the volume of paleodi-
n:atic data has caused a veritable flood during recent years as
new techniques of dating and new sources of information have
been developed. The unifying key to this evidence of global
pre-Pleidocene climates is the theory of plate tectonics,
through which the relative global geometry of the continents
and oceans may be at least tentatively reconstructed. These re-
oontructious provide the larple-style boundary conditions for
climate, whereas the accompanying biological and geophysi-
cal data provide verifying evidence for climatic change: what
is missing is the reconstruction of the paloodimate itself, so that
the global distribution and evolution of the climate over geo-
logic time may be seen in parallel to the larp-sca!^ c ha.Ves of
the Earth's unlace and the evolution of the Earth 's flora -nd
sauna. This reconstruction of the Earths climatic history is one

of the great unsolved purrs of geophysics and !roses a par-
ticularly exciting challenge to the climate modeler.

In addition to its undying role in paleodimatic research, the
modeling of the structure and evolution of climate over geo-
logic dine presents a uni9ue opportunity to test the perfor-
mance of climate models under the widest possible variety of
boundary conditions. The comparison of modeled paWcli-
mates with the paleoclimatic evidence is a valuable supple-
ment to the models' calibration, which would otherwise be
confined to modern climates, and thereby increases confidence
In the models' use in the estimation of possible future climates.
The systematic oval aadon of model -simulated paleodimates
may also be expected to serve as a guide in the identi#ketion of
the accuracy needed in paleoclimstfic data and in the assembly
and analysis of new data in regions of particular climatic dg-
nif canoe. In view of the uncertainty that surrounds the global
distribution of many of the pre-Plelstooese boundary co"-
tions required by climate models, agreement between the
modeled and "observed" paleoclimate may be at least partly
due to this source; experimentation with aitsxru+te but plaud-
Me distributions of mountains and shallow hers, for example.
may wiprove the accuracy of both the simulated climate and
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the geologic ramnstrmtion. Once a best fit is obtained for a
particular geologic epoch, Bather experimentation may per-
mit the testing of hypotheses of paleodimatic change and
thereby provide the elener& of a consistent physical synthesis
of pre-Pleis*ocene climates.

The purpose of this chapter is to review and evaluate climate
modeling as a tool for psleodimatie research. To this end, I
shall first present an overview of the techniques and present
status of climate modeling, followed by a brief review of past
applications of climate models to paleodimatology. With this
background, I shall then consider the development of a re-
search strategy for modeling pre-Pleistocene climates in partic-
ular. More comprehensive reviews of climate modeling have
been given by Schneider and Dickinson (1974) and Saltzmaa
(1978), aH cu rent model performance has been reviewed by
the World Meteoroiogiical Organization (1976,

THE CLIMATE SYSTEM AND
CLIMATE MODELING

Underlying much of the resurgence of intm-est in the problem
Of climate that has occurred in the past decade or so is the in-
creasingly dear demonstration that uumerical ;models are ca-
pable of simulating many important aspects of the global cli-
mate with considerable accuracy. This has prompted the use of
such models to study the climatic impacts of a variety of fac-
tors, such as increased CO Q concentration in the atmosphere
and changes in the character of the Earth's surface. Even
though climate models have not yet been applied extensively to
the prediction of the time -dependent evolution of future cli-
mate in terms of specific seasons or specific years, experimenta-
tion with climate models has provided new insight into the
many factors that can influence climate and its changes.

27

The Phydcal Basis of Climate Moddkg

The Earth's climate is t'w result of the interaction among a
wide variety of physical ptoemses, many of v ► Bich are tamiliar
as the ingredients of daily wertther. On the longer time scales of
climate, however, it is not only the atmosphere that is involved
but also the behavior of the world's oceans and ice masiee and
the nature M the lard surface and the associated biomass.
These elements are usually identified as componeks of the di-
mate rjstein, which thus formally includes the atmosphae,
hydrosphere, cryosphere, surface lithosphere, and global bio-
mass (NRC Panel on Climatic Variaton, U.S. Committw for
CARP, 1975). These components of the nDmplete climate sys-
tem are shown schematically in Figure 2. 1. tW- her with some
of the principal interactions among them.

The atmosphere is of course the most prominent and famil-
iar component of the climate system and is central to the com-
mon perception of climate itself. In'mdition to the average of
statistical distribution of the wind, premise, temperature, and
humidity, the atmospheric climate includes the distribution of
cloudiness and precipitation, the distribution of shortwave
and long-wave radiation, and the atmospheic composition
and aerosol concentration. On the global stale the distribution
of many of these atmospheric properties is closely related to the
surface properties of the ocean, including the ocean 's configu-
ration relative to the continents. The oceanic climate itself in-
cludes the statistical distribution of ocean temperature, salin-
ity, and current, together with the distribution of dissolved
gases and suspended matter. Of particular importance to the
atmosphere is the distribution of the sea-surface temperature,
which largely controls the vertical flue of heat and moisture
through the atmospheric boundary laver.

In addition to the properties of the atmosphere and ocean,
the global distribution of ice and snow is an important compo-
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FIGURE 2 . 1 Schematic representation of
the climate system and the principal interac-
tions between its components (from NBC

ATEgW1ERE	 Panel on Climatic Variation, IT .S. Commit-
tee for CARP, 1975).
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FIGURE 1.2 The characteristic time scales
over which possible internal and 4wernal
causes of climatic duuW take place (from
NRC Panel on Climatic Variation, U.S.
Committee for GARP. 1975).
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dent of the climate system. The climate of the world's ice
masses includes the statistics of their areal extent and thickness,
and their temperature and motion, whether for the continen-
tal ice sheets, mountain glaciers, sea or lake ice, or surface
snow cover. These latter dements respond relatively rapidly to
atmospheric and oceanic conditions, while the former and
more massive dements change much more slowly. In this re-
spect the climate of the cryosphere is like that of the land sur-
face and associated biomass, both of which contain dements of
widely differing response tides to the prevailing atmospheric
(and oceanic) conditions. The climate of the Earth's land sur-
face and biomass in turn includes the statistics of the tempera-
ture and water content of the surface soil, the surfaces albedo
or reflective characteristics for solar radiation, and the surface
vegetation or land use, all of which have important effects on
surface evapotranspiration and surface heat and moisture
fluxes.

Taken together, these climatic statistics or characteristics
constitute the to,al climate system, which also formall y in-
cludes the variability (and higher -order statistics) of the
various climatic elements in addition to the distributiou of the
means. Defined in this way the climate of the Earth has not yet
been completely determined, for large portions of the global
atmosphere and ocean remain unobserved on a systematic
basis, and the analysis necessary for an adequate description of
even the atmospheres variability has riot yet been completed.
The determination of climate is further complicated by the
fact that the statistics (or elimaic) of the complete dimatie sys-
tem can in principle change in response to a wide variety of in-
fluences originating outside the system, as well as in response to

influences from within the system itself. As illustrated in Fig-
ure 2.1, a distinction is therefore made between internal and
external causes of climate change, with the latter presumably
being independent of the climate of the (internal) system.

In view of many processes that serve to relate one portion of
the climate system to another, and the disparate response times
of the system '% atmospheric, oceanic, cryospheric, land sur-
face, and biomass components to these internal processes as
well as to external ones, the history of the Earth's climate can
be expected to show variations over a wide range of time scales.
As illustrated in Figure 2.2, these variations extend from the
age of the atmosphere itself to the shortest-term climatic varia-
tion (about 1 month) that can be identified. Even if the exter-
nal factors causing climate change were concentrated in well-
defined frequencies, the high degree of coupling or interaction
among inte: nal processes in the climate system would Ile suffi-
cient to create a virtually continuous spectrum of climatic vari-
ation. It is precisel y these nonlinear feedback processes, the
most prominent of which are illustrated in Figures 2.1 and 2.2,
that make the analysis of climate and climate change a difficult
if not impossible task. without the assistance of models. (As we
shall see, however, even with models there remain significant
uncertainties, although the process is now at least a systematic
one.)

Although a truly comprehensive climate model would in-
clude the interactions among all components of the climate sys-
tem, usually only a portion of the complete system is modeled
at any one time, with the remaining components held !fixed (or
ignored). This tactic is due both to our limited observational
understanding of many of the interactions involving the nonat-
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mospik-ric portions. of the system and to the difficedt• of coping
with the vastly different time scales over which different por-
tions of the climate system respond (sea Figure 2.2).

The fastest -responding component of the climate system is of
course the atmosphere, which effectively adjusb to new exter-
nal conditions on time scales of the order of months. This rela-
tively rapid response is determined b•• the char eteristic
growth rate of synoptic-scale baroclinic disturbances (the fa-
-m:...r transient highs and lows of mid-latitudes) and their as-
sociated transports of heat and momentum and by the more
rapid adjustments that occur through smaller -scale convective
and turbulent processes. The response of the ocean occurs over
time scales ranging from the order of months it, the surface
waters in response to atmospheric changes to the order of cen-
turies in the case of the deeper ocean. These time scale: are de-
termined by the vertical muting of the upper ocean by wind
and convection and by the relatively high thermal and me-
chanical inertia of the bulk of the oceanic water mass. Except
for the synoptic-scale and seasonal variation of sea ice and sur-
face snow cover as a result of surface oceanic and atmospheric
heat fluxes, the response to the cryosphere may be even slower
than that of the oceans: mountain glaciers typically respond to
changes in atmospheric conditions and stow accumulation
over time scabs of centuries, while the more massive continen-
tal ice sheets respond over thousands of years. These time scales
are determined by the relatively high viscosity, latent heat,
and albedo of the ice and by the large volumes of ice involved.
Finally . the response of the land surface and associated bio-
mass oc mrs on time scales from months in the case of seasonal
vegetative cover to centuries and be vond in the case of changes
in surface-soil properties by erosion and desertification. These
and other aspects of the physical basis of climate and climate
modeling are reviewed in more detail elsewhere (World Mete-
orological Organization, 1975).

Faced with this complexity of space and time scales, it has
been found coneni , nt to introduce a scientific definition of
climate. We may define climate, or more precisely a climatic
state, as the statistics of one or more components of the climatic
system over a specified domain and specified time interval, in-
cluding the mean, variance, and other moments (NRC Panel
on Climatic Variation. U.S. Committee for CARP, 1975). We
may therefore speak• for example, of the atmospheric climate
of Washington or of Forth America during July or of the cli-
mate of the global atmosphere -ocean system over a year, dec-
ade, or centur y . This definition recognizes that the climate var-
ies significantly in both space and time and avoids the sometimes
troublesome questions of homogeneity and statistical equilib-
rium. Climatic change may then he defined as the difference
between climatic states of the same kind, and we may speak,
for example, of the intervnnual climatic change between two
Januaries or of the climatic change between two decades.
When practical applications of climate are considered, these
definitions are often further restricted to apply to only the at-
mosphere near the surface and to the more readily observed
variables, as in the traditional classification~ of climate in
terms of the average seasonal regimes of surface -air tempera-
ture and precipitation. There are therefore many h ypes of cli-
mate and climatic change, the most important aspect of which

is the identification of the space and time scales involved for
that portion of the climate system being considered.

The Formulation and Stru cture of Climate Models

For the present purposes, climate models may be considered to
be physical-mathematical representations of the structure and
variation of the large-scale climate. Most of these focus on the
atmosphere, although there are some that consider aspects of
the coupled atmosphere-ocean-ice system. For the most part,
the continental ice sheets. which play such a large part in the
geologic history• of the Earth 's surface, have not been fully in-
corporated into the interactive climate system nor have the
longer-term changes of the land surface a ad biomass been ade-
quately modeled.

The dynamical basis of climate model, rests on the funda-
mental equations that presumably govern the system 's motion,
mass, and energy, together with whatever additional physical
information is necessary to describe the system and its bound-
ary conditions. For the atmosphere, these relations may be
written in the form of the equati: is describing the conserva-
tion of horizontal momentum, the consen ation of heat, and
the conservation of mass:	 -" -
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where a is the radius of an assumed spherical Earth with lati-
tude 0, longitude X. and rotation rate Q. and v is a gradient
operator on an isobaric surface. Here the dependent variables
are the eastward (u) and northward ( r) components of thehor-
izontal wind v tI . the vertical mass flux m ( — d p/dt in the iso-
baric coordinate system in which the pressure p plays the role
of the vertical independent variable), the geopotential t of an
isobaric surface, the tempers cure T, and the atmospheric spe-
eif'c humidity q. Together with the hydrostatic equation
a^lc p = — a and the atmospheric equation of state p a = R T,

l
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where a is the specific volume and R the gas constant, Fqs.
(2.1)-(2.5) constitute a closed dynamical system in terms of the
variables u, c, w. T. q, and a once the frictional forces Fa and
Fe, the diabatic heating Q, the net evaporation E minus the
net conde►sation C, and the necessary boundary, —nditions
are specified. For most applications, the Earth 's geophysical
constants (it, a, and gravity), the Earth -Sun geometry, the at-
mospheric composition, and the distribution and elevation of
the continents relative to the oceans are assumed given.

Equations (2.1)-(2.4) describe the local ,a. lation of the
velocity, tetttperature, and moisture with time (f) es result of
the horizontal and vertical anection accompanyin;4'. a large-
scale field of motion over the spherical Earth, the C.niolis
forces induced by the Earth 's rotation, the prey are _,sees, and
the local frictional, heating, and moisture source/shk effects;
Eq. (2.5), on the other hand, serves to ,-Aerf-.irw t:ie vertical
motion in terms of the isobaric divergence of the horizontal ve-
locity and is a diagnostic relation in contras, to the )rogriostic
Eqs. (2 . 1)-(2.4). These equations, often wa•..°r ':irther appeoxi-
mations, are the basis of the numerical weather-p:.diction
methods now used routinely by the Nati( • '.1. W eatl:er Service.
Similar equations exist for the s ariatio • . the veJocity, tem-
perature, and salinity of the oce m r tid V •mi 'he basis of opera-
tio-W models for predicting the large -scale c., .wanic circulation
and sea-surface temperature. The r.mount of water in the sur-
face soil and the depth of snow oil surface are sometimes
also treated as dependent variables through equations describ-
ing their net accumulation as z functior of the local precipita-
tion, evaporation, and surfree runoff and/or melting.

For the purposes of climate, however, some of the most im-
portant physical processes are not thc,e displayed explicitly in
these equations (all of which car. in p:; nciple be determined
with reasonable accuracy) but rather those that are contained
implicitly in the frictionai and heating terms. Included in the
symbol F, for example, are all the smaller :scale convective and
turbulent transfers of mohnentum within the atmosphere and
between the atmosphere and the underlying surface, whether
it is ocean, land, or ice; in the case of the ocean, this includes
the wind stress at the sea surface and the ocean's fricl ional drag
against the bottom and lateral boundaries of the basin. These
frictional effects serve as a brake on the intensit y of the circula-
tion, which is otherwise sustained by the kinetic energ y con-
verted from the total potential and internal energy of the sys-
tem, the ultimate source of which is the Sun 's radiation. The
symbol Q contains not only this net heating from insolation but
also the heating from the transfer of long-wave radiation within
the atmosphere and between the atmosphere, the clouds, and
the Earth 's surface. Also included in Q is the latent heating ac-
companying the pi ,icesses of condensation and evaporation
and the transfers of sensible heat by conduction and convection.

Many of these momenbun and heat fluxes occur in the bound-
ary layer near the Earth 's surface and in the convertive-scale
motions associated wish clouds in the case of the atmosphere.
Generally, these fluxes are not explicitly resolved in climate
models, in spite of the fact that they contain much of the
model 's physics, and their successful parameterization or rep-
resentation in terms of the large-scale variables is an important
aspect of modeling. Such parameterization usual!~' rests heav-

ily on empirical information and affords an opportunity to
adjust or tune the model to some extent to observed (present)
conditions. On the time scales of climate such model parame-
terization is of particular importance, because in the long run
it is the accumulation of small imbalances in friction and heat-
ing that maN cause the climate to change as the spoem seeks a
new statistical equilibrium. The net incoming and outgoing
radiation at the top of the atmosphere are in only approximate
balance over periods of a year or longer, and it is possible for
the deeper oceans and the ice sheets, for e., ;amplc, to store or
release large amv^!nts of heat effectively over long periods of
time by slow but progressive changes in their temperature and
volume.

The remaining aspect of the formulation of a climate model
is the spetificahion of the boundary conditions necessary for its
solution. In the case of the atmosphere, these conditions consist
of the incoming solar radiation at the top of the (model) atmo-
sphere and the elevation and albedo of the Earth's surface.
Without the ocean and ice included as interactive components,
it is also necessary to specify the sea-surface tempe rature and
the distribution of surface ice as boundrya conditions for the
atmospheric model as sketched in Figure 2.3. The boundary
conditions for an oceanic model are the net flu of momen-
tum, heat, and moisture at the ocean surface (which would
automatically be determined by a coupled atmosphere) and
the geometry of the ocean basin. Similarly, for models of the
ice sheets and land surface the necessary boundar y conditions
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Schlesinger and Gates, 1979).
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are the net fluxes of water and heat with the overlying atmo-
Where and the geometry of the Earth's surface.

Because the atmosphere is the central conduit (and the
smallest reservoir) of the climate system's energy and contains
most of the high-frequency variations, It is the resolution of the
atmospheric portion of a climate model that is usually the most
demanding. An exception to this occurs when the atmosphrere
is itself treated in a parametric or statistical fashion, In which
case the necessary resolution is determined by the higher-fre-
qumcy component of the climate system that is explicitly mod-
eled. The climate models of lowest spatial resolution are those
that effectively represent the entire atmosphere as a single
point; thane of highest spatial resolution are capable of resolv-
ing features of several-hundred-kilometer horizontal dimen-
sion and a few kilometer vertical dimension. Because the com-
putational effort involved in solving a model generally varies
as the cube of the spatial resolution, the higher-resolution mod-
els generally proceed relatively slowly on even the facet of
modern computers, whereas models of less spatial resolution
proceed hundreds or thousands of times faster. This computa-
tional disparity effectively restricts the more detailed climate
models to the simulation of a few years or decades. ; he more
highly parameterized (and therefore teas-detailed) models are
able to simulate effectively the behavior of at least some aspects
of the climate over much longer periods of time. As we stall
see, the problems of paleodimate require an effective solution
to this computational dilemma.

In general, atmospheric and oceanic models (and hence di-
mate models) are convenientl y da sified as either general-dr-
culation models (GCMs) -or statistical-uyn%mical models
(SDMs), depending on whether synoptic -scale motions are
resolved. In the atmosphere these motions are the familiar cy-
clones and anticyclones of mid-iatitude weather, which occur
on characteristic scales of the order of 10 3 km, whereas the cor-
responding motions in the ocean (the so-called mesoscale
oceanic eddies) occur on scales of the order of 10 2 km. Most of
the kinetic energy in both fluids is associated with these tran-
sient disturbances, and they represent the dominant mode of
instability whereby potential and internal energy is trans-
formed into kinetic energy; these motions also play an impor-
tant role in the maintenance of the global balances of angular
momentum, heat, and total energy. GCMs are therefore a—,
tialiy weather models that have been designed to run
matic time scales and from which the statistics of the c!:
are extracted by averaging the solutions over the desired i.
vats of time (and possibly space as well). SDMs, on the other
hand, may be regarded as more directly addressing the cli-
matic averages themselves, although not without a possibly
serious loss of information. Depending on the esseptial space
and time scales of the problem being considered, both model-
ing approaches may be useful; for the problem of prr-Pleisto-
cene climates in particular, a blending of the two approaches is
indicated, as will be discussed below.

As already noted, climate models are invariably solved with
the aid of high-speed computers. This requires the design of
appropriate numerical algorithms to replace the physical dif-
ferential equations [such as Eqs. (2.1)-(2.5)), as well as the
adoption of resolution intervals in both space and time; in a

well-designed numerical scheme the solution of the approxi-
mating equations should be reasonably close to the (generally
unknown) solution of the basic diffemntial equations them-
selves. Although other techniques are ivail[ble, most GCMs
vre salved with the aid of either finite-dif erence or spectral ap-
proximations to the models' physical equations, in which car
the maximum allowable time step is limited to the order of 1 h
In order to ensure the solution's computational stability. More-
over, it is also gimenily desirable to design the numes ial solu-
tion of a CCM in such a way that the basic integral invariants
of the flow (sends as the total energy, total angular momentum,
and total square of the vortidty) will be at least approximately
conserved In the absence of sources and sinks.

When these conditions are met, the numerical solution of an
atmospheric GCM proceeds on modern computers at speeds
between roughly 10 and 1000 times the speed of the evolving
climate Itself, depending primarily on the number of levels in
the vertical and the amount of sophistication included in the
parameterization of the friction, beating, and moisture source
terms. The numerical solution of SDMs, on the other hand,
may be carried out without the restrictions of computational
stability, which so severely slow it GCM's solution because they
do not explicitly resolve the atmospheric (or oceanic) synoptic-
scale motions. It is therefore not uncommon for a time-depen-
dent SDM to advance in steps of several years, although special
attention is sometimes given to seasonal clanger. SDMs also
lend themselves readily to the examination of equilibrium or
time-independent solutions, such as those that are built around
the requirement of an exact heat balance at the Earth's surface.
By employing different degrees of spatial averaging, SDMs
may be developed in zero-, ore-, two-, or three-dimensional
versions (Saltzman, 1978); a zero-dimensional model is one in
which averaging is performed 'both horizontally and vertically
over the climate system, a one-dimensional model has only ver-
tical or latitudinal resolution, and two-dimensional models are
usually developed in either the meridional or horizontal
planes. Zonally averaged atmospheric models in particular
have been widely used to study the latitudinal dependence of
climate, although they necessarily obscure the longitudinal
structure of clineate features such as those due to the relative

of oceans and continents and require parameterization
is of synoptic-scale disturbances.

mining the output of a climate model, whether in
extended numerical integration of a GCM or the

Numerical solution of an SDM, it is usually as-
he statistical properties of the solution (i.e., the cli-

end only on the specification of the model's internal
Y.., properties and on the specified boundary conditions.
In this deterministic view of climate, the initial conditions
from which a particular integration is started are viewed as un-
important in the determination of the statistical properties of
the equilibrium climatic state; when the more slowly respond-
ing components of the climatic system are included, howeve,
more time will generally be required to achieve statistical equi-
librium. As reasonable as this sounds, it is known that the cli-
mate given by at least some relatively simple models is not
unique and that more than one stable solution exists for identi-
cal boundary conditions. This property has its origin in the
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model's puranl('terizalion ( f nonlinear Ietdha(k efhels. and
\whether it is also prt'sl'nt in more general climate npxlels has
not vt't Ixrn stlisfactlorih determined. The solutions of certain
simplified etiolate s\stcons under imariant lxn p ldar\ mndi-
tions are also kno\\ it  s\\ itch in a uronins l\ irregular and uu-
pre'dictable p lanner bvt\veen t\eu s'e'nlingl\ distinct stat(„
v. hether such Ix•lla %ior 1.1 (or has been) v Ithoblled h\ the Earths
climate is not knm% n. Lest them , c•(onsiderations cast doubt ou

the \ alldlt\ of palt'1K-linlatic reconstruction, It shuoold he noted
that the Earth's climate has nuc•tssaril\ follo%%ed onl\ olle cli-
matic path during gc•olovic time e\en if multiple paths \verc
a%ailable and that this nni(luenm%should therefore in principle
be repr(Klucihle.

Characteri.\fir Model Performance

To gi\c a clear idea of the nature and accurac'e of the sdotiom
to be exlK•cttd froll) elll?latl' 1110 ft'1S, \vc first mrisider the char-
acteristic lierhormance of c •I lrrent atmospheric GCM1,. The dis-
tribution of the a\erage sea-le\el presort simulated for the
month of Jul\ in a recent integration of a t\co-Ie\el atmo-
spheric C(;\1 is sh(ncn in Figure 2.4, along \with the obsc•r\cd
climatological distribution (Schlesinger all(] Cates, 19711).
While a nornbe'r of local simulation errors ma\' lx• noted (the

nuIst IIrvnuinent I. \vhich is the nnKlel' sevi (it rlt faf!nretosinul-
late mrrmtl\ the position of tilt- yiasi-statIonur\ high-pnwsuru
cells n\er the void-latitude I K'l • un+ ill stomper hemisphere).
the Inmiul has salisfuctoril\ Ixlrlra\td most of till- large•s'ale
feat, n •s of the pnssun field. A siniilar level of skill is ,vem-lit in
the crorr('slxmding solotions from other G(Ais and for other
months of the \ear \\bell tilt imolation and the s'u-surface•
temperature are assigned their , oh.wr\ed was7nal sariations.
Fil;ure 2.4 also illnstratt•s the t\ pic •al rc •sdutiou of the conti-
nents and IKt'alL• achie\ed h\ global ((:A1%, \which in this cas•
is that irkell b\ ;I A latit ode and 5 longitude grid.

The glohal distribumon (if total prec• tpllatloe siluolattd (fill 
ing J p l\ ^n the same model integration just coIsidercd is sho\vn
in Figure 2.5, together \\ ith the climatological a\erage Jul\
precipitation. As %% as th1• ease \\ith sca-lesel pmssure. the
model call Ix- seen to ha\e mcem%full\ simulated the large-
scale distribution of precipitation. including the band of maxi-
mum rainfall near the t'(Inator and the lo\\ precipitation in the
subtropical desert and s e miarid regions. Although there are er-
rors of IINI lx • rc•enr or more in the t%timutc of local prtx , ipita-
tion in some areas, the c(oherenct• in the simulated precipitation
pattern and its s •.stenlatic shift \\ith the seasons Inot sho\\'n
here') Iends confidence to the o\erall realism of this and other
similarl\ 1wi-forming GC\1s. This performance is eslxcialh

FIGVRE 2 -i The distribution of Juh sca-
level possum- tin millibars) as simulated
(aIx)\vI and as olos'r\ed (fxdo\\). here .tip-
pluu^ o\er the (xean denote •. the assign(d Io-
ratimis of wa ice (from Schlesinger and Gate•..
14-n).
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noteworthy in the case of precipitation, of which approxi-
mately half of that in mid-latitudes and nearly all of that in low
latitudes is simulated to occur in association with convective-
scale motions, the effective parameterization of this convective
rainfall is one of the more difficult and sensitive aspects of cli-
mate modeling.

The characteristic performance of atmospheric SDMs may
be illustrated by the zonally averaged distribution of mean air
temperature simulated by a simple energy-balance mode, as
shown in Figure 2.6, along with the observed average distribu-
tion (North and Coakley, 1979). This model (and most other
SDMs with latitudinal resolution) has obviously reproduced
the climatological meridional surface-temperature variation,
especially in middle and higher latitudes, with an accuracy
equal to that achieved by GCMs. As is usuall y the case with the
more highly parameterized models, however, the extent to
which this agreement with observation has been caused by the
use of climatological data in the tuning or adjustment of the
modul's overall heat balance needs to be determined. In spite of
this proviso (or perhaps because of it), SDMs have generally
shown an acceptable level of accuracy in simulating other ele-
ments of the climate, including the pressure and zonal winds
(not shown here), and have proven useful in the depiction of at
least a first-order solution for those aspects of the climate that
are least sensitive to parameterization and spatial averaging.
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FIGURE 2 .6 The distribution of the zonally averaged mean atmo-
spheric temperature (in degrees Celsius) during March. April, and
May as simulated by a simple climate model (curve) and as observed
(dots). The alasvicsa X is the sine of the latitude (from forth and Coak-
ley. 15179).
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More det ailed information on the performance of current at-
mospheric CCMs and SDMs haws been given by the World Me-
teorological Organization (1979).

In parallel with atmospheric CCMs, general circulation
models have also been devek :ped for the global ocean. The
characteristic performance of these oceanic CCMs is illus-
trated in Figure 2.7 by the distribution of the annual average
sea-surface temperature simulated by a six-level oceanic model
In respopse to atmospheric wind stress and heat flux at the sur-
face (Bryan et al., 1975). In comparison with the observed av-
erage distribution, w hich is also shown, the model has success-
fully reproduced the large-scale features of the sea-surface
temperature distribution even though there are local errors of
several degrees Celsius. The success of this simulation, as well
as that of similar oceanic CCMs, is partly the result of the ad-
ve ction of temperature by the large -scale current systems,
which the model successfully simulates (not shown here) and
partl y due to the model's depiction of the local vertical mixing
of heat. This performance is of particular importance to the at-

W. LAWRENCE GATES

mosphere in view of the close correspondence observed he.
tween the variations of sea-surface temperature and rainfall in
the lower latitudes--a result of the surface temperature's con-
-trol of surface evaporation and the subsequent convective con-
densation. There is therefore an expectation that when these
mechanisms are allowed to interact freely in a coupled ocean-
atmosphere CCM, there will be an improventent in at least the
tropical simulation of both the sea-surface temperature and
precipitation; the fact that this has not occurred to a marked
degree in the few integrations of coupled CCMs that have been
made so far is testimony to the difficulty of properly Parame-
terizing the turbulent fluxes in the back-to-back atmospheric
and ocean ;c surface-boundary layers and to the lack of an ade-
quate treatment of the disparate response times of the large-
"le atmospheric and oceanic circulation to these tnutually
determined surface fluxes.

In addition to the atmosphere and ocean, mods have also
been successfully developed for the eryosphere. ,Among ttase
are numerical models of the growth and movement of seas ice,

FIGUA71 2.7 The distribution of annually
ase.aged sea-surface temperature (in degrees
Celsius) as simulated Sy in oceanic CCkt
(above) and as observed (below) (from Bryan
et al.. 1975. with permission of the American
:Meteorological Society).
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IA( :t'RE 2.8 'hhc disrihulioo of %ca - %ur-
lum 14-mix • ratiac (in dtvrtro Cehiu.y, wu ie'

I.\• denoted o%er the oxram h\ stippling) and
land it-c (I. dcnotlrl mer the land ht crw) %-
hatching). Ilerc tht conitinental m itlinv% mr.
n •%Ixnal to a u •a- le%el 1(m eriog ul S5 Ili as sun
on a a latittalc and 5 loiigitmdc grid (Irons
Cau, 1976u: (41p\righ1 11176 ht the Ameri-
run Av xialion h,r the Ad%an(vivent (if Se • i-
en('e )

%%hic • h are usual(\ integrated a% part of the solution of an
coc •can.; (node(. Thu s e asonal \ariations of sea 

ice ill Arctic
and Antarctic arc reasonabl\ \vcll simulated b\ the simpler (if
such niodel% that consider onl% the local %crlic•al flux( •% of heat
alx)%v and beneath the ice. Of at least equal importance to the
o%crall modeling of the climatic s ystems are the models of the
ice sheets (and to a lu• &, r extent, models of mountain glaciers).
In re%lx)nse to a pre%c•ribcd pct surface accumulation of mass
and to a prewrilx •d net surface--heat flux (%%hic • h are the most
imliorLmt elements of the local ahno%pheric climate as far as
the ice sheet is comccrned), dynainic•nl icr-sheet models that
consider toth the sheet's inte • r,la: temperature and %ulocil\
ha%c sued ,%fli p \' simulate( tht dl•\'c lopnlent of ice shorts on

continental dimension% \.1'hcre as thou models ma\ be regarded
as icr-she e t GCSk their dcnamic%are soinc%%bat %iinplcr than
those of their atmospheric and oveanic counterparts becaus e of
the high %isrosih of ;he ice. Tile integration (if %itch models (.art
therefore he carried out relatixck cusil%. In stlntions extend-
ing over hundreds and thousands of \cars the friction w ith the

underling ground and the pos%ihilit\ that lht• ice Ilea\ Inch at
the 1xittont ma y exert a major inlluenev en the Icha\ for of an
icr sheet a% it either approaches or retreats front 	 equilibriums
cornfiguratiou, (Budd, 1969). It alight also N . noted that an im-
shee•t GC%1 has not yet Ix-(-n soked ill \\'ith an atmo-
spheric or o(eanic GC%1• so the long-terns effects of their
mutual interaction cannot he adequatcic a%m-mcd: thi% interac-
tion, however, i%likel	 allto Ix' a important (lt • ment in the Ilk-
tor\ of the F.arth'% glaciation.

PA 1.1 •:OC1,1MATIC ti1O1)1•:I.1NG

Oil the hasi%of the bac kgronnd and rc\ ir\v of c • linubte nl(odchfig
given above, vve arc• no\% in a po%ition to consider the spcific
problem of modeling the palecliniale, \kith particular refer-
( , net , to the pre-Pleistoc •cnc. After rc\ic\ving the prohlcm of

palcochniatic data ass •n,hl\ and the pres e nt %tatus of palcooc • li-
matic numerical viopc insent%, %cc %hall consider a %lxrific stra-
te* for pre-Pleistoc-ene climate modeling.

Puh •ocliinah( Dafu A.ea•Inhly and :1fodcl :''c•.+•ling

'I'll( , relativ-• scarcit\ of suitable paleoclinlatic records anJ the
difficult o\ that usualle accompanies their extraction dictates
(flat careful co mideralion he given to all paleo climatic data.
Theo , prox y data are h pic •all\ found at scattered locations
over the globe and can he interpreted in terms of onl y a limited
number of climatic variables. As sho\\'n cfs •\%!,t I, in this vol-
imic, such paltox •limatic "data of opportunit%" are also gener-
all.\ Ies% abundant a% one pnxr.tds to older good )gic• lleriods.

From the viewpoint •)f climate modeling. paleo)chinatic
data s •r\e t\vo purp)s-%: first, the are neccssar\ for the realis-
tic specification of the lrtuncian conditions at (fie Earth's sur-
face that are required by climate models, and, second, the\ are
nvc(-sar\ for the verification of at least portions of the models'
simulated c:imate. As has Ixen noted previoush, the most
demanding surface-boundar\ conditions are those reoluired hN
atmospheric GC11s: these consist of the location and elevation
of the land %urfaee rela t ive to a lossihlN changed sea level, the
s ea-surface temlcratutre, the distribution (and el(-\ ation) of ice
she ets and sea ice, and the surface allxdo, \which se rves to dis-
tinguish land-surface t\ pes and vegetative c •o\er. Ideal] these
data should be provideol at ever\ point of the model's global
grid and be changed \\ith the seasms if appropriate for the
model's time integration. No palt•ccliniatic data st et full\ meets
then • requirements, although that ass e mbled b\ the CLIMAP
Proje c t Members ( 076) for the Wisconsin ice age of alxwut
18.000 \r. B.Y. wears before pres ent) sho\\n in Figure 2.8
cowes con%r %t. For earlier epoch% atmospheric climate mod-
eler% \\ ill bare to proceed oil hasis of less pre c is kno\%ledee
of condition% at the Earth's surface and \\ ill ha\e to de\ clop the
grid-point loundar\-condition data s ets rerluircJ by GCMs
with the help of inu-polation schemes and the most physical(\
consistent ( •%tiinalc% that can I)v made.

In the palcowliniatic • application of oceanic GCMs, the re-
(iuired loundar\ conditions consis t he location and gecnnc-
tr% of the global ocean hasins and dw -.cater mass and heat
fluxe%at the ocean %urface. From the uox%ing b od\ of data cod-
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lected in association with studies of plate tectonics, the history
of the shape, depth, and global position of the major ocean
basins is now emerging from which It may be possible to ex-
tract the information required by models (Smith et at., 1973;
Smith -.nd Briden, 1977, Scotese et al., 1979; Ziegler et al.,
1979). Of particular importance for the large-scale oceanic cir-
culation, and hence for the distribution of global climate, is the
presence (cr absence) of zonal passages and shallow seas and
the geographic locations of intermediate and bottom water for-
mation. In the simulation of a ;)aleo-ocean, It may be expected
tha- the surface layers will show a relatively rapid adjustment
to the imposed surface fluxes and that the response of deeper
v., ater will require many years. The details of the surface fluxes
are probably not critical for the study of the ocean 's spin-up
characteristics, although these fluxes should be made compati-
ble (or artually be coupled) with an atmospheric model if the
oceanic climate is to achieve a realistic equilibrium state. A
similar remark applies to the application of ice-sheet mods,
which as previously noted have not yet been integrated in con-
cert with their atmospheric and oceanic counterparts.

After a climate mod has been integrated under suitable pa-
leocim34ic conditions, there remains the question of verifying
its results against whatever paleoclimatic data are available
(anal have not already been used as boundary conditions for the
model). Using an atmospheric GCM as an example, the time
history of a climate simulation will generally yield the global
distribution of a wide variety of surface climatic variables (in
addition to variabl , s in the free atmosphere itself). These in-
clude the surface-air temperature, pressure and wind velocity,
surface evaporation and sensible heat flux, net surface fluxes of
long-wave and shortwave radiation, precipitation in the form
of either rain or snow, degree of ground wetness, local snow
depth (if any), and cloudiness. If the model simulation extends
over seasonal or annual time scales, then the corresponding
seasonal and interannual variability of such variables is auto-
matically furnished as well. Because the detail of the simulated
data far exceeds that which is ever likely to be available for
even relatively recent geologic periods, model verification will
generally consist of the comparison with limited "observed"
proxy data at selected locations. If such comparison slows rea-
sonable agreement, and especi.-Ily if agreement occurs for
more than one variable and in more than one location, then the
model 's results may be accepted provisionally. The importance
o^ such verification for multiple variables at multiple sites is an
especially important factor in our appraisal of the realism of
the simulated climate, observed climate, or both as the ele•
ments of the simulated climate at least are guaranteed to be
physically consistent with one another and in their spatial dis-
tribution. While it is of course true that a model is never better
than the data on which it rests, a locally poor verification of a
particular simulated climatic variable may be due to the low
quality of the verifying proxy data rather than to a failure of
the model itself.

Although the-- two uses of paleoclimatic data —for bound-
ary conditions and for verification—are formally independent
from the modeler 's viewpoint, they are often closely related in
practical paleoclimatic work. For example, the derivation of
one proxy data set may depend on another set, as in the calibra-

tion of paleobotanical evil mce in terms of either temperature
and rainfall or the implications that the specification of tse
land-surface slbedo has in terms of surface vegetation. Fur-
thermore, a proxy data set that serves as a boundary condition
for one model may serve as verification data for another, more
general model, as in the case of the sea -surface temperature in-
ferred from the analysis of oceanic sediments. In the CLIMAP
effort, most of the available proxy data were for the specifics
tion of model surface-boundary conditions, leaving relatively
little independent data for verification. It Is hoped that this al-
location will be reversed as poleoclimatic data assembly pro-
ceeds in parallel with climatic reconstructions with progres-
sively more comprehensive mods.

Paleoclimatic• Model Experiments

As a preview of the results that may be expected from future
model simulations of the pre-Pleistocene, a is useful to review
In more detail some of the results that have been obtained for
the Wisconsin (Pleistocene) ice age. The first application of a
comprehensive atmospheric model to the dmulat;or of ice-age
climate was that of Alyea (1972), who used a hemispheric geo-
strophic mod in conjunction with Idealized surface-bound-
ary conditions representing an ice age. He found, as might
have been anticipated, a generally cooler and drier climate
along with indications of slight shifts in the pattern of the zonal
wind circulation. Generally similar results were subsequently
found by Williams et al. (1974), who used a global GCM but
with surface-boundary conditions drawn from diverse esti-
mates that schematically represented conditions during the
Wisconsin ice age. Only a qualitative verification of these
model experiments was attempted, and the degree of model
dependence :n the results has not been determined satisfactorily.

By far the most comprehensive paleoclimatic data assembly
yet achieved is that of the CLIMAP Project Member; (1976).
These data, representing conditions at the height of the Wis-
consin ice age about 18 ,000 yr B.P., include the global distri-
bution of sea-surface temperature and sea ice (inferred from
the fossil record in deep-sea sediments), the extent and thick-
ness of ice sheets (reconstructed from glacial evidence and ice-
sheet budgets), the albedo of the land surfaces (inferred from
botantical evidence and soil characteristics), and a specifica-
tion of global sea level relative to the present (inferred from
coral-reef data and ice -volume estimates). These data have
been used by Gates (1976a, 197eb) and Manabe and Hahn
(1977) in the reconstruction of the July ice-age climate with
global GCMs. The results of these experiments (in which sea-
sonal effects were omitted) are represented in Figures 2.9 and
2.10, which show the simulated change of July surface-air
temperature (with respect to the model's simulation for pres-
ent-day conditions) and the simulated ice-age Judy sea-level
pressure, respectiveiy. In Figure 2.9 the model is seen to have
simulated an ice-age cooling of 10 °C or more in extensive ice-
free areas over &e continents, even though the average speci-
fied cooling of the ice-age oceans relative to modern July was
only about 2°C. In comparison with the limited verification
data also shown in Figure 2 .9, the model's simulated cooling is
considered reasonably accurate.
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ION
•l, 1

SON
_  

H ,
" "1101

30N

102

1'

1010^^L
p

t' r! 
t

ION
10th ^•IL !	 1

tO$

-_.1010 ^^ 1 t

loll

JO$

1000

b%
1000

705 . e•.9d6
i

•a

vas

I go 150W VOW vow 601N

Front 	 simulated July sea-level prc-tisure shales it in Fi$4.1re
2. 10, the major icr-age change in the surface virc •ulation is svn
to he that associated kith the s •rniliermancnt antic•\clones
found o\er the major ice shuts in North America and F.uropu:
this pattern impLi(s a drastic change from the pres e nt cherm-
teristic )ulk climate okrr the eastern wid smthern portions of

tht_•u• continents. Although the models (if both Cates (1976a,
1976b) and • If Manalx • and Hahn (19"7) shok\ the )ull, ice-aye
climate in i^crwral to be slightl y drier than at pre wnt, Iess confi-
dence can be placed in the models' simulated changes of local
precipitation (not shok\n her(-) for rca.am, disc-ussed earlier.
Theo , results hake been generaac confirmed in neck GCM ex-
periments using the revis ed global data s ets for loth )annary
and )ulN' rvcrntl\ assembled b\ CLIMAP (Peterson ('t at..

1979).
Th^ pxrformaneo • of SDMk in JUCOClimatie re •eolnstnic • lion is

illustrated in Fignrc 2.11 b.: the re%oltsof Saltzman art(]
 (1975) for glacial maximum conditions. Ifere the simu-

lated roe-age change, of zonall y a\eragc •(l ternlx • ratare, \%ind.
and the c\al)oration-pr(-c • ipitation difference are generally
similar to the zonal average of t.,e results liven hN' GC\k
Other SD.Ms have liven used to simulate glacial- iriterglacial
cycl(•s in resp on.s to either k ariati(ns of the Earth's orbital pa-

ranieters (Pollard. 1978) or to internal feedback- hict% een the
ice , adxYf•1 and temlx •rature (Held and Saurez, 1974). A pre-
liminark' attempt to simulate the climatic effects of changed
crmtincntal lositions has also Ixrn made h\' Donn and Shaw
(197.5). Such exiicriments scrvc to illustrate the sensitivit- of
the climate in such models (and perhaps in all moduis) to the
relati\c absorption of heat b\ the atmosphere, ocean, and ice.
Without additional palvoclintatic data it is difficult to verify
such models adt•epuatel\ even for the Pleistocene, although they
mac necerthelc •ss prove useful in conjunction k\ith other mod-
els in the exploration of earlier c'liniates.

A Sfruf(gy for .1lndrling Pr(-Movto((ric Climate

In \iow' of the conlplcxil\ of the climate system and the effort
im olce•d in achieving c\ en a nuxlt •st degree of success for mod-
ern and recent Holocene climates• it is riot realistic • to expect a
rapid breakthrough in the simulation of pre-Pleistocene cli-
mate: it ,\ill in all likelihood rut fuire seccraI decades of work
liefore the pal(`1K • 1imatic data and Modeling techniques necrs-
sar\ for satisfac'tor\ results ,kill I)c in hand. And even if \irUr-
all\ unlimited c •oniputing re •son et •, kvere a\"ailable (which is
certainik riot the case ), it would Ix• titterl\ unrealistic to: xpxc•t
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to simulate with GCMs the day-by -day evolution of climate
over pre-Melstooene time scales. What is needed is a modeling
strategy that combines the valuable features of both GCMs and
SDMs in an economical and effective fashion while guiding the
acquisition of new proxy data and the developm e nt of new
modeling techniguas.

Such it strategy in fact is suggested by a basic characteristic
of the climate system itself, namely, the widely differing
response times of the system 's major atmospheric, oceanic, cry-
ospherie, land surface, and biomass components. The behav-
ior of the nwre inertial portions of the system suits that
theme -,omponents effectively respond to the average or integral
,)f the climatic information from the more rapidly varying
components and that they therefore require such information
only at relatively widely separated times. Hence, in the solu-
tion of an atmospheric model (and specifically an atmospheric
CCM) it is permissible to neglect the variation of all other com-
ponents of the system (except perhaps the oceanic surface laver
and associated sea ice) and to integrate only over that time in-
terval sufficient to generate a statistically representative at-
mospheric climate. this interval is certainly longue than a sea-
son but probably lea than a decade. For an oceanic Ghat !acrd
perhaps also for the surface biomass) whose response time is in-
termediate between that of the ice sheets and the atmosphere,
this strategy suggests that integration needs to be performed in
response to a periodically upda A atmospheric climate only
once that time interval sufficient a, generate a representative
oceanic climate, with the land surface and ice streets held fixed
as boundary conditions: this inter val is probably of the order of
a few centuries. Finally, for the Ice streets themselves (and per-
haps also for the land surface), this in turn suggests that models
describing their variation need to be integrated in response to a
periodically updated climate only over that time interval suffi-
cient to generate a representative ice-sheet climate.

As summarized in Figure 2 . 12, this strategy results in a series
of snapshots of the climate of the various components of the cli-
mate system, with each snapshot exposed only long enough to
wire representative information for use by another compo-
nent and with the interval between snapshots selected in ac-
cord with each component's natural response time. Although
there are many conceivable variations of such a modeling Stra-
tegy, its basic phi!isophy appears to offer a way in which long
climatic time scales can he addressed without unni ssary
computation. In this scheme, a climate -system component is
linked to any sloweu -reacting a)mporents by boundary condi-
tions and to any faster -reacting components by thdr climatic
statistics; the common practice of using an atmospheric model
with all other variables held fixed may be recognized as a part
of this procedure. If the complete strategy is implemented, the
evolution of the slow componen t-s will periodically update the
boundary conditions for the faster components, whereas the
transfer of climatic statistics in the other directions afford an
opportunity for the development and use of appropriate pa-
rameterizations or entire SDMs.

Such a snapshot strategy for modeling paleoclimate may he
initiated at any particular point in geologic time (or extended
into the future, for that matter). Although we do not yet know
the behavior of the climate system ender d ifferent arrange-
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ments of the continents atal oceans, there are certain times
when the climate should be more interesting to study than at
other times; these include in particular those periods when the
continents were away from the poles and wF.;n the global
ocean was free of meridional obstructions in low latitudes
(Frakes, 1979). This suggests that the late Cr.nbrian and early
Devonian might be interesting times at which to attempt a
reconstruction of the climate, perhaps starting with a pre-
scribed ocean and then progressively r6axing this constraint
with the strategy described above. Other considerations, not
the lust of which is the likely availability of appropriate paleo.
climatic data, suggest that simulating the climate at some time
during the Carboniferous, Permian, and Jurrasie would also
be of considerable interest.
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conditions, ur both needed for a sustained integration. Such a
strategy can serve as the key organizing element of a compre-
hensive paleoclimatic research program (NRC Panel on Cli-
matic Variation, U.S. Committee for CARP, 1975; NRC
Committee on Geology and Climate, 1978), wherein there is
ar. active interplay between the identification, assembly, and
analysis of paleoclimatic data on the one hand and the design,
application, and evaluation of a hierarchy of climate models
on the other. Whereas such a program calls for the dedication
of considerable resources over several decades, and will re-
quire an extraordinary degree of collaboration among Earth,
atmospheric, and oceanic scientists, it is probably the most ef-
fective way to advance the scientific study of pre-Pleistocene
climates.

SUMMARY AND CONCLUDING REMARKS

From this review it is seen that the successful application of cli-
mate modeling to the pre-Pleistocene will depend primarily on
(1) the assembly of the paleoclimatic data necessary for the
specification of the model boundary conditions and for model
verification and (2) the development of a modeling strateg y for
treating the disparate characteristic response times of the inter-
acting components of the climatic system. It is particularly im-
portant that the geometry and relative positions of the oceans
and continents be specified as accurately as possible for those
geoiogic periods chosen for study and that data that may be
used for verification of the model-simulated climate be assem-
bled for as many climatic elements and locations as possible.
These considerations are perhaps more important than the ab-
solute accuracy of the individual data or their spatial density,
in view of the inevitable questions concerning the representa-
tiveness of local data. Finally, it may be remarked that in the
assembly of paleoclimatic proxy data for either model bound-
ary conditions or verification particular attention should be
given to the rapidly accumulating body of quantitative infor-
mation from paleomagnetic, tectonic, and isotopic evidence,
in addition to the use of the more qualitative climatic informa-
tion from biogeographic sources.

Although there is always room for improvement, available
models of the atmosphere and ocean are clearly capable of sim-
ulating the global structure of the currently observed seasonal
climates with acceptable accuracy, and the limited applica-
tion that has been made of atmospheric ciodels to the si-nula-
tion of the Wisconsin ice-age climate has given encouraging
results. The most serious shortcomings of present climate mod-
els (aside from :he errors associated with inadequate resolu-
tion) are believed to occur as a result of the improper parame-
terization of the surface-boundary layer and of the unresolved
convective-scale motions. For successful application to the
simulation of paleoclimates, and especially those of the pre-
Pleistocene there is the additional need for au effective and
economical method of treating the widely differing response
rates of the atmosphere, ocean, ice sheets, and land surface.

One such method is a snapshot strategy, whereby interact-
ing components of the climate system are intermittently cou-
pled to provide the statistics of the forcing functions, boundary
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Climate Steps in Ocean History—
Lessons from the Pleistocene

WOLFGANG H. BERGER

Scripps Institution of Oceanography and Unioersitat Kiel

INTRODUCTION

There is evidence from the study of deep-sea sediments that the
climatic (and therefore geochemical and evolutionary) history
of the ocean is characterized by a series of transitions from one
state to another. The general impression of instability, which
arises from contemplating a history full of transitions, has been
captured in the phrase "commotion in the ocean" (Berggren
and Hollister, 1577). Prime examples (see Table 3.1) of major
transitions are the Cretaceous termination (Thierstein, Chap-
ter 8), the Eocene-Oligocene boundary event (Benson, 1975;
Kennett and Shackleton, 1976), the mid-Miocene oxygen iso-
tope shift (Savin, 1977, the 6 Ma (million years ago) carbon
isotope shift (Keigwin, 1979; Vincent et al., 1980), and the 3
Ma northern glaciation onset (Berggren, 1972; Shackleton and
Opdyke, 1977). Also there are many less spectacular events,
some of which apparently are of a recurring kind and belong to
cyclic or quasi-cyclic phenomena (see Fischer and Arthur,
1977; Haq et al., 1977; van Andel et al., 1977; Berger, 1979;
Arthur, 1979).

There are two fundamentally different ways to approach
the discussion of climate steps recorded in sediments. One is to

take each event as a unique occurrence that calls for a unique
explanation. For example, the 3 Ma northern glaciation event
might be viewed as a result of closing the Isthmus of Panama,
with the deflection of previously westward traveling Carib-
bean waters into the Gulf Stream resulting in increased mois-
ture supply in high latitudes, and hence increased snowfall.
Alternatively, the same event might be seen as an inevitable
consequence of a general cooling trend with strong positive
feedback setting in, from albedo increase, once a snow-cover
lasts for a certain part of the year. The first approach empha-
sizes a cause that is external to the climate-producing s)-stern,
the second focuses on positive feedback mechanisms within the
system. The second approach can be applied to an entire class
Of events, as well as to the amplification of cyclic signals within
the period in question. It need not, of course, exclude the
search for prime causes, both for the general trend onto which
the event is grafted and for the exact timing of the event.

This chapter summarizes some concepts in connection with
event analysis (Berger et al., 1977, 1981; Thierstein and Ber-
ger, 1978; Vincent et al., 1980). The basic proposition is to sep-
arate the external causes (e.g., irradiation changes, opening or
closing of basin connections) from the internal sources of insta-
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TABLE 3.1 Examples of Fast Climatic Transitions in
the Cenozoic

1. Terminations of the late Pleistocene (0.8 Ma)
Effect : Rapid deglaciations, warming of mid-latitudes, pCO2

change.
Refs. Emilianl, 1955. 1966, 1978. Broecker and van Dome,

1970; Dansgaard et al.. 1971: Shackleton ind Opdyke,
1973: Berger and Killingley, 1977; Berger et al.. 1977:
Booth et al.. 1978: Delmas et al., 1980.

2. 1-Ma Event
Effect : Onset of large climatic fluctuations after period of

quiescence.
Refs.	 Shackleton and Opdyke. 1976: van Donk, 1976; Vincent

and Berger, 1982.

3. 3-Ma Event
Effect : Onset of Pleistocene-type climatic fl:xtuations.
Refs.	 Berggren, ;972: Shaekletou and OpdyLt. 1977; Keigwin,

19-18, 1979.

4. Messinian Salinity Crisis (-5.5 Ma)
Effect Isolation r+; Mediterranean through regression, strong

cooling.
Refs.	 HsU et a1.,1973,1977; van Couveringet x/.,1976. Adams

et al.. 1977.

5. 6-Ma Carbon Shift	 9

Effect Isotope ratios of the ocean's carbon sl4ft to lighter values,
presumably owing to organic carbon input from regres-
sion and erosion. pCO2 change(?).

Refs.	 Bender and Keigwin, 1979; Keigw;n, 1979; Vincent et

al., 1980; Berger et al., 1981.

6. Mid-Miocene Oxygen Shift(?) (-15 Ma)
Effect : Isotope ratios of the oceans oxygen shift to heavier values,

presumably owing to Antarctic ice buildup.
Refs.	 Douglas and Savin, 1975; Savin et al., 1975; Shay'-leton

and Kennett, 1975; Savin, 1977.

7. Mid-Oligocene Oxygen Shift(?) (-30 Ma)
Effect First occurrence of rather heavy oxygen isotope values in

deep-sea benthic foraminifera, presumably owing to polar
bottom-water formation.

Refs.	 Savin 1977; Arthur, 1979.

8. Eocene Termination Event (-38 Ma)
Effect Cooling in high and low latitudes, expansion of polar

highs. Significant changes in deep-sea benthic foramini-
fera and of high-latitude planktonic foraminifera. Rapid
drop of the carbonate compensation depth.

Refs.	 van Andel and Moore, 1974; Benson, 1975; Kennett and
Shackleton, 1976; Savin, 1977; Burchardt, 1978.

bility. These sources of instability are of two kinds. The first
are regular amplification mechanisms, such as albedo feed-
back, whose strength is more or less proportional to the excur-
sion from the steady-state condition. The second are strong
interferences from "transient reservoirs" of geochemical dis-
equilibrium, which are rather unpredictable. An important
feature of the concept of transient reservoirs is that an ex-
change of "disequilibriurn energy" between transient reser-

voirs of different kinds can lead to oscillations of the type
observed in mechanical and electrical systems.

THE TASKS OF PALEOCLIMATOLOGY

The need for step analysis as a means to advance the science of
paleoclimatology must be framed within the entire scope of
this discipline. The task of paleoclimatology is to record and
explain the climatic trends and events that have occurred
throughout the Earth's history. In order to develop models for
uyuerues of climatic states, we must study periods of some
duration, with adequate sampling sets of states and their tran-
sitions. The Pleistocene, especially the late Pleistocene, which
includes the largest known climatic fluctuations, is mich a set.
One central task is to analyze the Pleistocene record in a way
that provides analogies for the understanding of more ancient
climates. In doing so, it is useful to focus on the systematic
aspects of climate (Kominz and Pisias, 1979; Imbrie and Im-
brie, 1980) rather than on the physical aspects of climate,
which tend to be poorly constrained for this time period.

The Pleistocene is itself part of a long-term climatic
trend—that of an overall cooling since the early Tertiary. It
a6o contains a trend within it—that of ever-increasing ampli-
tudes of climatic excursions (see e.g., Shackleton and Opdyke,
1976). Both the onset of northern glaciation and the trend
within the Pleistocene are reasonable to ascribe to an increase
in positive feedback within the system, the obvious candidate
being an increase in the role of snow cover in the heat budget of
the Earth's surface. Likewise, instability evidently grows with
growing ice caps. Rapid large transgressions become possible
through the storage of continental ice masses; such transgres-
sions can cause rapid changes in albedo (water is dark; land is
bright; see Table 3.2).

TABLE 3.2 A' to Values of Ocean and Land Surfaces",

Annual global average: 	 14

Ocean:
low latitudes: 4-7
mid-latitudes: 4-19
high latitudes: 6-50

Great lakes:
min. (summer): 6
max. (winter): 55

Land:
desert: 20.30
grasslands, coniferous, and deciduous forests: 15
wetlands: 10
tropical rain forests: 7
snow-covered land: 35-82

Antarctic Continental Ice Cap: 85
pack ice in water: 40-55

'Reflectivity in percent of incident light, during noon.
hSource: Compilation of Hummel and Beck, 1978.
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The huildup of continental ice causes overall regression and
may, itself, be a consequt-me of regression (Hamilton,
1968)—a prime example of positive feedback. Regression,
besides leading to increased albedo, may create other sources
of instability in addition to snow and ice, as we shall see.

The most striking feature of the Pleistocene record—the cli-
mate cycles driven by the Milankovitch mechanism—reveals
the activity of strong positive feedback (Kukla, 1975, Suarez
and Held, 1979). Parts of the pre-Pleistocene record show
cycles also, but generally of a much smaller amplitude. We
must assume that before the Ice Age the lack of strong albedo
feedback allowed negative feedback to hold sway in dampen-
ing climatic fluctuations. Negative feedback, of course, ulti-
mately provides the climatic stability that allowed life to gist
on Earth for billions of years. However, negative feedback typ-
ically has substantial time lags, which presumably are of the
same order as the leads and lags between various climatic in-
dices, as well as the climatic response times. In the Pleistocene
such lags are of the order of 5000-10,000 years (Moore ct al.,
1977; Imbrie and Imbrie, 1980). Thus, when strong positive
feedback exists, large climatic excursions can develop before
the system brakes itself.

To study the various ways in which sea -level fluctuations
produce (and interact with) trends, cycles, and tr. ents and the
rules of positive and negative feedback in amplifying and
dampening climatic input functions would appear to be the
most challenging tasks of paleoclimatologyy. We are still at the
beginning of meeting this challenge. Correlations of various
climatic, geochemical, and evolutionary signals with sea-level
fluctuations have been suggested (Fischer and Arthur, 1977),
but the linking mechanisms remain obscure. Quantitative
analysis of pre-Pleistocene climatic trends has been attempted
(Donn and Shaw, 1977) but without consideration of feed-
back. The most advanced studies are those modeling the cli-
matic conditions of the last glacial (Gates, 1976a, 1976b;
Manabe and Hahn, 1977) and those that extract frequencies
and phase shifts from Pleistocene deep-sea records (Hays et al.,
1976; Pisias, 1976, Moore et al., 1977). The modeling of cli-
matic conditions is not the same as the modeling of climatic
change. The extraction of frequencies is of prime importance
for finding the input functions, but it leaves open the question

45

of internal feedback. Thus, the most intriguing mystery of the
ice ages—how climate can change so East—remains unresolved.

Phase shifts between different climate-related signals are
potentially revealing as far as cause-and-effect chains, much as
one would expect from the analysis of t,me segments of rapid
change. However, (1) shifts may differ between various types
of climate excursions, so that the result of a bulk analysis ex-
tending over a long period may be misleading; and (2) shifts
between signals may be produced artificially through mixing
processes in the record as a result of changes in the concentra-
tion of the signal carriers (Hutson, 1980.

There can be little doubt that the various tasks of paleoch-
matology would be greatly fseilitated if me had a detailed
record of a number of climatic steps and some idea about the
proses associated with them. Before going any further,
however, we must ask whether suitable steps exist at all.

THE REALITY OF STEPS

The reality of rapid climatic change was first demonstrated by
Emiliani (1955) through oxygen isotope stratigraphy of long
continuous deep-sea records. These records provide the strong-
est support for the Milankoviteh mechanism of Pleistocene cli-
matic fluctuations (Figure 3.1). Geomagnetic dating of an iso-
tope stratigraphy in the western equatorial Pacific (Shackleton
and Opdyke, 1973) established the chronology that allowed
the correct identification of the periodicities involved (Hays et

al., 1976; Pisias, 1976). The isotope fluctuations, of course, are
not a direct representation of an irradiation curve but the
result of a convolution of radiation input with climatic feed-
back mechanisms involving ocean, atmosphere, snow cover,
ice cover, and vegetation. When studying the curves generated
by Emiliani (1955, 1966) and by Shackleton and Opdyke
(1973, 1976) we note a striking phenomenon, important espe-
cially for the survival of higher organisms. The fluctuations
never go beyond a certain maximum value on either side of the
range (see Figure 3.1). Obviously, there is a limit to warming:
radiation of heat into spare increases approximately as the
fourth power of the Earth's surface temperature (the Stefan-
Boltzmann law). The rapid rise of backradiation with increas-

AGE IN THOUSANDS OF YEARS

FIGURE 3.1 Composite b 180 curve of Emiliani (1978), showing sawtooth pattern and well-defined limits of E 1s0 maxima and minima. The rapid
change after most 6`0 maxima suggests attainment of a critical setting (interpreted as a buildup of sufficiently large transient reservoirs) and a
"runaway" effect once melting reaches some critical rate (interpreted as reservoir collapse).
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ing temperature constitutes efficient negative feedback. But
what negative feedback is preventing continued cooling? Why
does not the Earth cover itself with lee? Once ice spreads,
albedo increases. Thus, less and less of the incoming radiation
is retained for heating the Earth's surface—ice becomes the
stable phase over large--, and larger areas. Yet, the Earth does
not become white but remains blue and brown.

One type of negative feedback that has been invoked to pre-
vent total glaciation is the decrease of moisture transport that
accompanies a general lowering of temperatures (cold air can.
not  hold much water) and a covering up of the sea surface in
high latitudes with pack ice (Emiliani, 1978). Also, migration
of the polar front toward mid-latitudes prevents moist tropical
air from reaching the original centers of glacial growth. The
glaciers in high latitudes would "starve" under such condi-
tions. But would they disappear? And would glaciers not con-
tinue to grow in mid-latitudes?

The question of negative feedback, which prevents the
Earth from icing over, is open. One important factor, proba-
bly, is the removal of positive albedo feedback from falling sea
level. Once the sea level falls to the shelf edge, a further drop
does not result in much decrease of ocean surface; thus the
albedo stabilizes.

We now turn to the third important feature of the oxygen
isotope record. Glacial maxima are followed, almost inevita-
bly, by glacial minima, and the transitions are extremely
rapid. The phenomenon was emphasized iy Broecker and van
Donk (1970), who called the transitions "terminations" and
gave them numbers. They also coined the term "sawtooth"
pattern to characterize the alternations between rapid deglaci-
ations and more gradual (but fluctuating) buildup of ice.

The smoothing activity of bioturbation on the seafloor is
such that a change of the rapidity suggested by the deep-sea
record of Termination I or Termination II (11,000 and
127,000 yr ago, respectively) is extremely difficult to envisage.
Both an instantaneous flip-over from one climatic state to the
next (Peng et al., 1977) and an overshoot phenomenon (Berger
et al., 1977; Berger, 1978) have been suggested to account for
this difficulty. If bioturbation worked then as it does today,
almost any physically reasonable transition should be more
gentle than that observed.

One possibility i , ,hat v ^e are looking at a hiatus in sedimen-
tation. A gap in tine recording would juxtapose different stages
in history. If we entertain this notion of a gap, we are then
faced with the necessity of providing a short event, an impulse,
that produces nondeposition or erosion at the correct time.
Thus the question of rapid change within the system would
return, having merely been shifted from paleoclimatology to
geochemistry. It is true that cessation (or great reduction) of
bioturbation also would help; the problem might then be
shifted to deep-sea biology. However, such shifting of responsi-
bility does not come to grips with the central problem: that the
system is changing rapidly and that this has consequences for
the circulation of the ocean and atmosphere as well as for their
chemical composition, and hence for climate and evolution.

What iF the importance of the deglaciation event, other than
demonstrating the existence of rapid climatic change, or cli-

mate steps? Can we learn something about climate steps In
general, even tuouhh physical mechanisms may vary widely?

We may assume that a system in rapid transition cannot in
any way be thought of as being intermediate between the pre-
vious and the subsequent state. The best support for this propo-
sition again comes from the study of P lc,,s<ocerw deep-sea sedi-
ments, this time from a region where high sedimentation rates
allow a detailed look at Termination I, namely, the Calf of
Mexico (Kennett and Shackleton, 1975; Emiliani et al., 1975).
The oxygen isotope records of planktonic forarnirifera show a
marked excursion toward light values at the end of a rapid (but
apparently pulsating) rise from the glacial maximum (Figure
3.2). The curves, in fact, look mach like the standard ampli-
tude-versus-time response plots in the textbooks of systems
analysis, familiar to students of mechanical and electrical en-
gineering. In principle, such plots describe the response of a
system to a step input. The steepness of the transition from one
state to the next is a measure for the sensitivity of the system, as
is the amount of overshoot (Figure 3.3). Essentially we see here
the result of the competition between negative feedback,
which slows the transition, and positive feedback, which ac-
celerates it and builds up the overshoot. The overshoot is char-
acterized by being short-lived and by preceding another period
that mimics the original state, i.e., a kind of undershoot. To
produce this rebound, positive feedback is active in reverse.
More oscillations can then follow, depending on the strength
(or weakness) of the dampening processes in the system.

Let us, for the sake of argument, accept the proposed anal-
ogy between the oxygen isotope record of the Cuff of Mexico
and a two-phase step response (Figure 3.4). Have we thereby
done any more than introduce some terms from systems analy-
sis to the description of a set of phenomena, without a net in-
crease in knowledge or understanding?
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FIGURE 3 . 2 Oxygen isotope record of the last glaciation in the Gulf
of Mexico by Kennett and Shackleton ( 1975), as dated by correlation
with a similar ( 14 C-controlled) record of Emiliani et al. (1975).
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FIGURE 3.3 Sketch of three types of response to a dep input in a
two-dimensional system.

it has the structure of a pendulum swing, why is the period near
2000 yr? And which are the reservoirs of disequilibriurn that
pass the equivalent of kinetic and potential energy between
them? We cannot answer these questions at present. However,
we might usefully consider where to begin the search.

In the present case, naturally, the most obvious candidates
for physical processes providing positive feedback are those
having to do with the melting of ice. The melting takes heat,
and there is a limit to the rate at which heat can be transported
to the site of melting. Incidentally, if much of the heat comes in
the form of rain, the run , ff will be a _mixture of rain and melt-
water and its oxygen isotope composition will be somewher -
between that of rain and glacial ice. To get positive feedback,
we must ask that the melting, once started at some minimum
rate, enhance further melting. For example, increased local
absorption of radiation by exhumed debris on top of glacial ice
could ;relp. The effect would seem insufficient, however, be-
cause it can be removed quickly by snow cover. Continuing vig-
orous heat transfer from the tropics would appear necessary.

How can strong initial melting change the heat budget of the
entire system in favor of its continuation? Meltwater does	 f
mainly two things: it raises sea level, and it decreases the salin-
ity of the ocean. A sea -level rise decreases the albedo: as the
ocean surface expands, absorption increases and more of the 	 3
Sun's radiation is used to heat the Earth's surface. A rise in sea
level can also, presumably, destabilize those parts of the glacial
ice that rest on shelf and can be floated (j. T. Andrews, Univer-
sity of Colorado, personal communication, 1979). Conceiva-
bly such floating could favor the occurrence of ice surges of the
type envisaged by Wilson and others (Wilson, 1964, 1969; Hol-
lin, 1972; F John, 1974), which would accelerate the rise of sea
level. (In the ice-surge hypothesis, the focus is on the attendant
increase in albedo and cooling, however.)

On the contrary, I suggest that we have now changed the
mode of attack on the problem. Recall that the Gulf of Mexico
isotope anomalies were originally interpreted by their discov-
erers as indicating an unusual influx of meltwater from the dis-
integrating Laurentian Ice Sheet (Kennett and Shackleten,
1975; Emiliani et al., 1975). According to these authors the
low 190/ 160 ratio in the meltwater produced the anomaly,
after mixing with the seawater of the Gulf. Ensuing discussions
accepted the explanation (which appeared realm - )le) but
questioned Emiliani 's 14C date of 11 ,500 yr ago because it did
not agree with ev: 'erce on land, regarding the course and the
timing of meltwater flow. In fact, these discussions may have
missed the point. The meltwater influx could have been at a
maximum well before the isotope anomaly. The rapid change
in the isotope signal that precedes the anomaly is as much wit-
ness to the rapid introduction of meltwater as is the anomaly it-
self. We cannot dismiss the possibility that the difference in
b 180 between the upper waters of the Gulf and the global ocean
was just as great during this period, which corresponds to the
"ramp" of the signal, as during the anomaly itself. Thus, an ex-
clusive focus on the anomaly is not the right approach: the
ancmaly and the ramp belong together, just as the step-fune-
tion analogy would suggest. Evidently, the anomaly might be
expected at the end of the rapid change, whether or not the flux
of the Mississippi River increased at anomaly time. Thus, a
purely formal consideration—seeing the record as a step
response—changes the argument considerably.

THE SEARCH FOR POSITIVE FEEDBACK

The questions that arise within the step-function analogy are
quite general: What physical processes limit the rate of transi-
tion from glacial to postglacial values? Is the grad "mt of S 180
versus time steeper in the Gulf than outside of it s there an
overshoot phenomenon outside the Gulf also? If so, can we
identify positive feedback mechanisms that could produce it?
What is the nature of the "rebound" following the anomaly? If

DEPTH IN CORE

FIGURE 3.4 The Gulf of Mexico record (FIgure 3.2) interpreted as a
response of a two-dimensional system to a couplet of step inputs.
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Assimilation of the freshwater into the ocean takes time. The
time constant of mixing is nonnegligible, being of the order of
1000 yr in the presert ocean. The rate depends on two factors:
the strength of the mixing drive and the vertical stability of the
water column. Mixing is both wind- and density-driven and is
therefore closely tied to temperature gradient% and salinity
patterns. Stability depends on the density profile, and is like-
wise tied to temperature and salinity distributions. The rela-
tionships are such that an increase in the forces responsiE'e for
mixing, which are derived largely from the planetary tempera-
ture gradient, also leads to an increase in the opposing stabil-
ity—mixing rate is resistant to change. However, the introduc-
tion of meltwater can change this situation, as it is much
lighter than seawater and tends to float. A low-density surface
layer does not prevent mixing by current shear and eddies
through wind, but it can potentially interfere with deep- and
bottom-water production.

Iu theory, there is some range of the rate of introduction of
meltwater where there is essentially no effect on mixing. At the
upper „nd of this range there must be a critical point, where the
► ate of influx begins to exceed the ability of the ocean to assimi-
late the added freshwater at the given rate of mixing. At this
point the mixing rate must slow. The questions are, what is the
critical input rate, and was it ever reached during deglacia-
tion? The first question can be attacked by modeling; the sec-
ond must be read from the record, for example, through com-
parison of stable isotope stratigraphies of deep-sea benthic and
planktonic foraminifera.

Let us assume that the critical influx is indeed reached, and
mixing slows. At this point the system changes its mode of oper-
ating. Because mixing has now slowed, the value for the criti-
cal rate of influx will begin to fall. The system develops a strong
positive feedback by building up stable stratification, with a
halocline at the bottom of the wind-mixed layer in the broad
sense, say, between 500 and 1000 m. Furthermore, the ocean
will now "remember" this condition for ome time, in fact, for
about 1000 yr or so. The value for he critical rate of influx will
be lowered during this entire period, rising but slowly to its
original level.

The point of the discussion is this: if early in deglaciation
there is a strong pulse of meltwater influx, stable stratification
can be maintained through a series of lesser pulses later. There
is in fact evidence that sea level rose in pulses (Fairbridge,
1961; Morner, 1975), but the matter is still under discussion.

Meltwater influx, then, can conceivably set into motion a
strong nonlinear positive feedback -nechanism, which goes
beyond albedo decrease from ocean-area expansion and which
involves the development of a low-salinity layer of the type
suggested by Worthington (1968). But how can this potential
for feedback be translated into an energy budget favorable for
melting?

These questions call for some rigorous modeling; at present,
we can only guess what a low-salinity lid on the ocean would
do to the climate. Presumably, a lack of communication with
cold deep waters would allow low-latitude waters to heat up
considerably, enhancing the meridional temperature gradient
and hence the heat transport t-) higher latitudes. Also, the tem-
porary decoupling of three fourd s of the ocean mass from the

heat budget should increase climatic instability: the inertia of
the system is decreased. If true, this would favor delivery of
meltwater in pulses, thus maintaining Instability.

While seeking strong positive feedback, we discover--d a
source of instability that can, once activitated, develop feed-
back for instability itself. Within the unstable system, small
changes in input (e.g., from the Sun's radiation) can be trans-
lated into larger climatic fluctuations. We have here one way
to produce the rapid changes in climate that characterize the
transition from glacial to postglacial time.

Is the development of instability typical for fast climate
transitions? Are there nonglacial climate-changing mecha-
nisms analogous to the melting of ice? If yes, analogous in
which sense?

THE PHENOMENON OF RESERVOIR
COLLAPSE

Glacial ice may be seen as a transient reservoir of water, out-
side the main ocean basin, which, when reunited with the
of •3n, suddenly raises sea level with all the attendant effects on
climate through a decrease in albedo and an increase of supply
of moisture to the atmosphere. We can view the melting of ice
caps as a "reservoir collapse' that feeds on itself once destruc-
tion proceeds at a minimum rate. Glacial ice is a reservoir of
freshwater, hence the potential for additional complications.
Can we envisage other types of transient reservoirs? Perhaps
so. Several other possibilities are shown in Figure 3.5. The
most obvious transient reservoirs are adjunct ocean basins and
rarginal seas.

A reservoir of glacial ice is analogous to a reservoir of water
in an isolated basin. If the basin can run dry, as the Mediterra-
nean did at 5 Ma (Hsu et al., 1977), the analogy is almost per-
fect. We can produce, through alternating emptying and fill-
ing of such a basin, rapid transgressions and regressions. The
volume of the Mediterranean Sea, for example, would have
allowed almost instantaneous changes in sea level of near 10 m
in the Messinian, whereas that of the South Atlantic might
have allowed changes of about 50 m in the Aptian (Berger and
Winterer, 1974). If such changes occurred, we should see them
both in the deep-sea record and on the shelves. We also should
expect substantial evidence for climatic instability. On the one
hand, emptying a marginal sea can affect albedo over a large
area—including not only the basin itself but also the hinter-
land around it, which depends on moisture from the basin to
maintain its vegetation. On the other hand, rapid transgres-
rions and regressions have their own global effects on albedo
and moisture distribution.

The potential for the existence of isolated basins is quite
large since the breakup of Pangaea. Salt deposits a: ocean mar-
gins, e.g., around the Atlantic (Emery, 1977), suggest that
large isolated basins existed at various times in the Mesozoic
and in the late Paleozoic. If such basins did indeed exist, we
should see the evidence in the global correlation of fast sea-
level fluctuations during certain periods.

Isolated basins can provide separate transient reservoirs of
water, but they can also provide reservoirs of water of low or
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FIt:U13E 3.5 Diagrammatic representa-
tion of soures of instahilit%. External: Sun
and mantle procoses tl, 2). (Feedback from
ice gro%%th and decay on mantle prexcsses
cannot beexcluded, hossever.) Internal:
transient rtseroirs of Kwochernical energ y : 3
to 5, marginal sas H ith unusrall.N saline
staters or fresh%%aters; fi, amtine;rtal ice
masses; 7. adjunct ocean basins with salinity
de%iations; S. easily erodah r e shelf car-
bonates. carbon deposits, and phosphatic
sdimcnts; 9. "%coil" carbon accessible to fast
er ion: 10, man's activit% (industrial CO.,,
(+eforestation, accelerated erosion). The
transient reservoirs 3 to 7 Ioth influenc e and
r(slond to sea lcyel variation, the reservoirs
8 and 9 collapse during regression. Source Ill
mad eventuall y resV)nd to negative feed-
back from climatic change.

high saiinit . Injection of such waters. presumabl y occurring
repo atedly during periods of critical isolation, could have had
a profound influence oil history of evolution of climate and
life (Gartner and Kean%, 1978: Thierstcin and Berger, 1978:
Berger and Thierstcin. 1979). More general) , the existence of
semi-isolated reserv oirs of brackish or supersaline - w ater is a
:.ourec of instabilit y y%hose scale is tied to the size of the reser-
s oir, the degree of des iation of saliait% from the global aver-
age, and the potential flux exchange.

There are, even today, two large reservoirs that are almost
isolated and that could become much more so with a drop of
sea level of betN%een 100 and 200 m: the Mediterranean Sea and
the Arctic Ocean. The Mediterranean is anomaloush salt% and
plays an important role in the dctp circulation of the Atlantic
Ocean. The histor of the Mediterranean outflow max be
closely tied to that of North Atlantic bottom-water production
(Reid. 1979). Deep circulation in the Mediterranean appar-
enth reversed its direction in the earliewt Holocene becalm . of
an increased supple of freshwater (Kull^nb vrg. 1952; 11 illianrs
ct vl., 19'8). s%hich removed one source of lea %deep water in
the North Atlantic. The effects (if any) un the deep circulation
ha%e not been modeled: I sus})(- ,t they were substantial. The
Arctic Ocean has unusual]\- lox% salinities in its surface waters.
Its connection with the %\orld ocean is srme •,y hat tenuous: at
least one geologist suggests !hat it was severed entirely during
glaciation (tit. Vigdorchik, INSTAAR, personal communica-
tion, 1978). If, as expected, the connection between the Arctic
and Pacific Oceans yeas cut off cluring glacials, and that be-
twern the A rctic and Atlantic Oceans was gratly reduced, the
Arctic Ocean might ha%c collected brackish %% ate:- throughout.
Thus. when sea Iv\ el first rose, !ow-salinity water from the
.Arctic Ocean could ha%e helped to start off the deglaciation
feedback chain postulated earlier.

The development of transient-water reservoirs and hence of
a potential for strong climatic instability is not necessarily re-
stricted to the time since the breakup of Pangaea. In earlier
times back-arc basins might have provided transient reser%oirs
under favorable conditions. Again there is a recent analog: the
Pleistocene record of the Japan Sea contain- layers with brack-
ish- y%atcr diatoms, suggesting substantial isolation (Burckle
and Akiba, 1978).

Although the occurrence of transient-water rCSer yoirs is a
fact, the effect of such reservoirs on climate is virtuall y unstud-
ied. The reservoirs are part of the h\drological cycle. the%
build up energy within this c\ cle, which might be released all
at once, wits quasi-catastrophic consequences. Are there other
geochemical cy cles for %which this might also be true?

TRANSIENT CARBON RESERVOIRS

The carbon cycle is another obvious candidate for the preunce
of transient reservoirs. The phosphorus c ycle also is a likely
choice (Arthur and jenkyns, 1980), as is the sulfur c ycle (Hol-
ler, 1977). That the carbon cycle is intimatel y connected to cli-
matic change is obvious from an o •. erall parallelism of carbon
isotope fluctuations with oxygen isotope fluctuations in the
deep-sea record on various scales (Broecker, 1973: Berger,
19771); Fischer and Arthur, 1977; Shackleton, 1977).

Various mechanisms have been proposed through which the
liekage could be achieved. Long-term fluctuations in the ratio
of I3C: to I2C in carbonates were ascribed by Tappan (1968) to
variations in the accumulation rate of organic carbon. This
idea has since bccn elaborated oil se%eral guises. Rapid fluc-
tuations in 6 1 k. in the Plcistrn_ene were related h% Shackleton
(1977) to the buildup and destruction of tropical rain forests,



50

O

	

sJA 901 30V	 A
H00d3 n1

SWOlVip c

	

--	 P
sNViaagolova

s wvw.j

0

>^^d^	 snu^ud .d	 ir^i	 0 , I	 sn11a4 0	 t
snfn^d 

0 
R } snsO^1' - __ 	 0	 snlourvy 0:

0
12
O0

0
OD
00

Q N M	 O
A A A	 •

3N300IW 31b'^	 01W C]IA	 ^ u ``^	 E
o	

o TEE

Ouu6aiad S	 ryrxrad ' snu1111nuada/uy 0

3a00^

Hld3a

kiv	 y

>	 -.
v

V	 ^

	

E``	 Q

w J.	 cn
r z	 ^„mẑ
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which repre pmt a substantial part of the biosphere. We can ex-
tend this idea to include the carbon of extratropicai forests,
marshes and swamps, peat and "soil carbon" in shelf and
coastal deposits (all readily available for decay or erosion) in a
pool of "transient carbon"; short-term variations in the size of
this reservoir should have effects on the chemistry of the ocean
and on idle COQ content of the atmosphere (Figure 3 .5). Direct
evidence for changes in PCO 2, from glacial to postglacial time,
was recently reported from ice cores (Delmas et al., 1980).

There :-s little question that the size of the transient carbon
reservoir must have varied considerably during the Pleisto-
cene. Apparently, the last glacial maximum was dry, deserts
being widespread and the tropical rain forests being greatly
reduced (Sarnthein, 1978). In contrast, the early Holocene was
a wet period over large areas; the reversal of the deep circula-
tion in the Mediterranean is part of this phenomenon. During
the transition from the dry glacial to the wet Climatic Opti-
mum, the transient carbon reservoir was affected both by the
buildup of the biosphere (essentially forests) and the erosion of
soil carbon. The buildup extracts carbon from the ocean-atmo-
sphere system; the erosion delivers carbon to it. If these pro-
cesses fluctuate, with a phase shift near 180°, there may be a
remarkable potential for introducing climatic instabilit• via

variation of the CO 2 content of the atmosphere. That the car-
bon chemistry of the ocean underwent major changes during
deglaciation is clear from large vertical excursions of carbon-
ate preservation levels on the seafloor, during a short period
(Berger, 1977a). If stable stratification developed during de-
glaciation, the exchange of CO 2 between ocean and atmo-
sphere must have been severely affected (Worthington, 1968).

How do these observations and speculations bear on pre-
Pleistocene climates? Evidently, the waxing and wani.:b ^ f ice
caps is a sufficient but not a necessary condition for producing
fluctuations in the transient carbon reservoir. Any mechanism
producing fluctuations in sea -level and dry -wet cycles will do.

Of special interest is the possibility that the size of the tran-
sient carbon reservoir can be greatly increased if the deep
ocean provides temporary carbon storage through changes in
mixing time and oxygenation of the deep sea. Reactive organic
carbon can accumulate on a poorly oxygenated seafloor and
can be redelivered to the system on improvement of aeration.
Opportunities for instability and for rapid climatic change
might arise from the presence of such a marine transient car-
bon reservoir. For example, small radiation input cycles, lead-
ing to slight fluctuations in the oxygenation of various parts of
the ocean via pulsating production of deep and bottom waters,
could then translate into a pulsating supply of CO 2 from the
ocean to the atmosphere. The existence of oxygenation cycles
in Mesozoic and early Tertiary deep-sea sediments is of interest
in this connection (Dean et al., 1978).

OVERSHOOT AND REBOUND

Earlier, when discussing the nature of steps, we have seen that
a step input can produce an overshoot and a rebound toward
the original condition. In the case of deglaciation, the period
known as "Allerdd" apparently was an overshoot and the

"Younger Dryas" was a rebound. Having identified two com-
ponents of the climate system that can store 0isequilibrium-
the hydrosphere and the active carbon sphere--it is now in
principle possible to construct a two -dimensional osdllating
system. In such a system the disequilibrium is passed back and
forth from one compartment to the other; the rate of transfer
determines the periodicity of the oscillation.

In our deglaciation example, stable stratification (a "melt-
water lid") might lead to CO 2 buildup in the deep sea (Worth-
ington, 1968), which leads to CO 2 loss in the atmosphere and
hence cooling. Release of the deep -stored CO2 after mixing
could then increase the CO 2 content of the atmosphere and
produce warming. The CO Q-induced cooling and warming, of
course, would feed back into meltwater pulsing. An oscillation
period of 2000 to 3000 yr would seem reasonable, in view of a
1000-yr mixing time for the normal ocean. Incidentally, the
CO2 fluctuation hypothesis agrees well with the CO 2-concen-
tration record reported from Antarctic ice (Delmas et al.,1980^.

In a recent study of oxygen and carbon isotope variations in
the late Miocene focusing on the Magnetic Epoch-6 Carbon
Shift, Vincent et al. (1980) presented evidence for a step fol-
lowed by increased fluctuations in climatic signals (Figure
3.6). One is tempted to identity an overshoot and a rebownd in
the carbon isotope stratigraphy, following the step at 6.2 Ma.
The wavelength of such an oscillation would be several hun-
dred thousand years. However, it is difficult in this instance to
separate possible oscillations from a general increase in insta-
bility that was presumably introduced by the factor causing
the step. If regression and the isolation of the Mediterranean
was a crucial factor In producing the signal, this creation of a
transient reservoir would likewise be expected to increase cli-
matic instability. In any case, one would like to see a closer
spacing of samples, because the typical frequencies of climatic
fluctuations—whether they be osciLations or not—should
contain clues to the responsiveness of the transient reservoirs
involved. Unfortunately, the quality of the cores traditionally
recovered by the Glomar Challenger sets severe limits for
stratigraphic resolution. The new method of hydraulic piston
coring removes this obstacle and offers a better definition of
climatic fluctuations; this tool should be used to full advantage.

SUMMARY AND CONCLUSIONS

The deep-sea record provides a number of stratigraphic inter-
vals showing a rapid transition from one climatic -geochemical
state to another. These intervals provide cn opportunity to
study the dynamics of the ocean-atmosphere system on a scale
from 103 to 106 yr. Step-function analysis provides useful con-
cepts for thr study of such transitions, as can be readily demon-
strated using the last "termination' event in the Pleistocene
record. There is an intriguing possibility that a system in tran-
sition oscillates, because of the passing of geochemical "dis-
equilibrium energy" from one transient reservoir to another,
analogous to mechanical sistems (potential versus kinetic
energy) and electric circuits (magnetic versus electric fields).
In a glaciated world, the likely candidates for transient reser-
voirs are ice caps and temporary carbon pool, in forests and
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soils and on shallow seafloors. Geologic periods associated
with strong positive feedback in the system (variable snow-
cover) and with a large transient reservoir potential (ice caps,
serni-isolated basins, reactive terrestrial and marine soil car-
bon and biocarbon) are characterized by climatic instability.
The breakup of Pangaea and the subsequent dispersion of con-
tinents and creation of semi-isolated ocean hasiry trust have
produced eonsteilation- of instability at various stages in the
evolution of present-day geography. One type of evidence for
such constellations is in the salt deposits of continental
margins.

From an operational point of of^w, system analysis suggests
an approach that considers we following questions when
studying climate steps: (1) Climate step or hiatus? (2) Strongly
or weekly damped? (3) Overshoot and rebound present? (4)
External cause (astronomy, tectonics)? (5) Nature of internal
feedback? (6) Likelihood of transient reservoir collapse? (7)
Nature of disequilibrium oscillations? Even tentative answers
to such questions should lead to fruitful working hypotheses
regarding climatic change over geologic time spars. The con-
cept of interacting transient reservoirs suggests that climatic
systems are not strictly deterministic, that is, they are "almost-
Intransitive' (Lorenz, 1968) even over long periods of time.
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The Carbon Cyde Controls on
Atmospheric CO2 and Climate
in the Geologic Past
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MICHAEL A. ARTHUR
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INTRODUCTION

The chemical-biogenio- sediments deposited in marine settings
act ss a major buffer for geologically short-term and long-
term excursions in stinospheric and ocean chemistry, par-
ticularly those of the gases CO Q and OQ - 'rhe chemical and
stable isc topic composition of the chemi al-biogenic sedi-
ments also reflects to some extent the chemistry of the seawa ter
from which the sediments were precipitated. Therefore, the
marine sedimentary record can be studied to obtain a record
of the chemical history of seawater. This record can be com-
pared to changes in other phenomena such as sea level, posi-
tions of land masses, tectonic events, and particularly climate
(e.g., Fischer and Arthur, 1977; Berger, 1977, 1979; Berggren
and Hollister, 1977).

A common assumption in studies of geochemical cycles is
that the ocean reservoir maintains a relatively constant com-
position (chemical uniformity as opposed to a chemical ready
state with respect to equilibria) through time Although this is
a sometimes necessary and simplifying assumption, in th-
sence of data to the contrary, it is in reality not tor, satisfac-
tory. There is undoubtedly a complex interplay among , ,mo-

slr c composition, climate, continental weathering, and the
riverine flux of dissolved chemical species to the oceans. In
turn, these factors in."luenee or are it dueneed by changes in
rates and mechanisms of ocean circulation and by changes h.
biological and nonbiological extraction and storage of chem-
ical constituents in marine sediments. The chemical loops just
described are to various degrees interdependent. Major per-
turbatons in one flux into, or out of, the system, because of
climatic or tectonic forcing (including relative granges in sea
level), will spread to the others through a series of feedback
mechanisms. The marine sedimentary record—changes in
litholog. , chemistry, stable isotopic composition, and the bi-
otic constituents of pelagic sedimen ts—is a monitor of changes
in ocean chemistry, and through consideration of the feedback
mechanism one can deduce possible variations in global cli-
mate. The extent to which we can recognize these variations
and their causes or effects is dependent on the completeness of
the sedimentary and fossil record, on a stratigraphic frame-
work and absolu'e-time scale adequate for correlations and es-
timation of the leads and lags in the system, and on the geo-
chemieal tools that we have available to us.

The purpose of this chapter is to outline briefly the role of
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FIGURE 4.1 Main element of the global
carbon cycle (from Scholle and Arthur, 1980;
see Tables 4.2 and 4.3 for mass of carbon
fluxes between reservoirs and carbon
isotopic compositiOnS).

ocean chemistry, mainly through its participation in the car-
bon cycle (Figure 4.1) in buffering changes in pCO 2 and con-
sequent changes in climate. The discussion deals first with the
extent of possible excursions in atmospheric PCO2 and their
causes, the operation of the geologic carbon cycle, and the
feedback mechanism thatthat appear to help damp PCO2 fluctu-
ations (i.e., long- and short-term buffers); then briefly with
the record of Cenozoic paled-oceanography and climate and
the passible influence of pCO , changes; and finally with
geologically sudden events, such as the isolation and evapora-
tion of an ocean basin and their possible influence on global
ciimate.

CARBON DIOXIDE AND CLIMATE CHANGE

It has been difficult to detect any climatic effect of the in-
creased atmospheric CO 2 over the last several decades due to
burning of fossil fuels, largely because the predicted effects are
within the limits of natural climatic noise (e . g., see Madden
and Ramanathan, 1980). However, a CO 2-greenhouse effect
is expected, and various climatic models have been con-
structed to estimate the magnitude of climatic warming asso-
ciated with excursions in atmospheric PCO 2 (see Marland and
Rotty, 1979; NRC Climate Research Board, 1979, for recent
reviews). The commonly accepted range for the average global-
temperature rise associated with a doubling of atmo--pheric
PCO 2 is about 1.5-3.0°C, although estimates of 0.7-9.6°C
have been published. The major problem of determining the
potential magnitude of the effect by slim : modeling is that
feedback mechanisms, such as changes in cloudiness and asso-
ciated albedo changes, may be improperly modeled. Manabe
and Wetherald (1975, 1980), for example, used a sophisticated
three-dimensional general-circulation model, but in their
early model the degree of cloudiness was fixed, topography
was idealized, ^ri there was no seasonal variation imposed.
For doubling of atmospheric CO 2 they predicted a 2.9°C in-
crease in global-mean surface temperatures (greater at high
latitudes) and an increase in evaporation-precipitaticn.

These models would not apply well to the Cretaceous or ear-
ly Cenozoic Earth, when continental configurations were dif-

ferent, global-mean temperatures were much higher, and the
oceans were much warmer overall. All in all, the effects of in-
creased p COQ in the geologic past are difficult to estimate, but
for the sake of discussion we will adopt a change of several
degrees for a doubling of pCO2. This temperature change
may, of course, be grossly in error, as there is still difficulty in
discerning climatic change because of variations in atmo-
spheric CO Q versus other factors, such as changes in the lati-
tudinal distribution of continents and their effects on the distri-
bution of albedo, on patterns of surface- and deep-ocean cur-
rents, or on bosh. These problems are briefly dealt with below
after an examination of possible natural variations in atmo-
spheric COQ.

NATURAL SOURCES AND VARIABILITY
OF CO2

We also must consider natural snurces of CO 2 to the atmo-
sphere. Berner et al. (1981) have demonstrated glacial-inter-
glaciai pCO 2 changes on the basis of changes in the CO. gas
pressure in ice. The p CO 2 apparently was lower during the last
glacial. In this regard, Berger (Chapter 3) has discussed the
short-term (i.e. _ 10,000 yr) sudden expulsion of CO 2 that could
result from glacial-interglacial changes in the residence time of
deep water. Sudden or more rapid overturn of "old" deep
water that might occur during the transition from glacial to in-
terglacial periods would inject large amounts of CO 2 into the
atmosphere (10 14 to 1018 grams of carbon (g of Q. At-
mospheric CO 2 also can change as the result of changes in over-
all temperature and salinity (as well as volume) of seawater.
Cooling, a decrease in salinity, or both increase the solubility of
CO 2 in seawater and thereby reduce the pCO 2 of the at-
mosphere (Table 4. 1), at least on the short term. The glacial to
interglacial warming of surface water would have had nearly
twice the effect that the salinity decrease would have had, such
that the pCO 2 changes from this cause would be minor.
However, a change from warm, saline surface- and deep-ocean
water in the Eocene to colder, less saline water masses in the
Oligocene (Berger, 1977) may have resulted in a more imoor
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tant atmospheric CO Q decrease. Atmospheric CO 2 must also
have varied rauring glacial-interglacial cycles because of the
changes in terrestrial biomass and soil carbon (Shackleton,
1977). The increased oxidation of soil carbon or humus could
provide a large source of CO2 to the atmosphere. Broecker
(1981) recently suggested that burial of massive amounts of
organic carbon in shelf sediments during sea-level rise follow-
ing glacial retreat could also be a mechanism for rapid lower-
ing of pCO2 and removal of phosphate from the ocean. A
PCO2 increase would fol' ow because organic catbon burial
rate would then decrease. The buried organic carbon could be
oxidized during subsequent glacial lowering of sea level, in
such a way that phosphate and CO 2 are returned to the at-
n:osphcre. Models by Berger (Chapter 3), Shaddeton (1977),
and Broecker (1981) each are supported by variations in 613C

of pelagic microfossils. Currently, there is no avaiia6k
evidence to distinguish between the effects of the three models.
These types of short-term CO2 pulses are not restricted to the
Pleistocene, although they may be amplified at that time by the
large cyclic variation in climate. We see evidence of similar
possible exchanges of carbon dioxide and burial of organic mat-
ter reflected in 6 13C values of carbonate across 10 5-yr cycles in
the Cretaceous, for example (Figure 4.6). Could the intensity
and rapidity of change between glacial and interglacial cycles
be, in part, controlled or reinforced by these exchanges of CO2

(Berger, Chapter 3; Broecker, 1981)?
Oceanic fertility [the availability of phosphorous and

nitrogen (Figure 4.2)] also may have changed over time
periods of 1-10 million years (m.y.). Decreased fertility could
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drastically atazt the rate of burial of marine organic matter
and the ability of the ocean system to absorb "excess" at-
mospheric CO 2 in this way. Atmospheric CO 2 may have risen
during low-fertility episodes (e.g., Tappan, 1968; Berger,
1977). Conversely, times of apparent high fertility [such as
those during the deposition of large phosphate deposits (Ar-
thur and Jenkyns, 1981)] would likely result in decreased at-
mospheric pCO2 because of increased burial of organ;c car-
bon in marine sediments.

Another possible major source of changes in atmospheric
CO2 is volcanism. Vogt (1972, 1979) and Kennett and Thunell
(1975) have suggested a major periodicity in volcaninn during
the Cretaceous-Cenozoic. Could this ,periodicity result in fluc-
tuations of pCO2 and changes in global climate? At present, it
is estimated, and this is a difficult estimate to make, that
degassing of the Earth through volcanism emits 0.09 x 1015 g
of C/yr as CO 2 to the atmosphere (Holland, 1978). This
amount makes up a predicted deficit caused by operation of
the carbon cycle (see Table 4.2 and next section). A doubling
of the rate of CO2 degassing would double atmospheric CO2

in about 10,000 yr if the CO 2 is not compensated for by other
feedback mechanism. This flux is about 50 times less than the
rate of CO2 addition from the burning of fossil fuels over the
past few decades. Thus, over time periods of several million
years, increased volcanic discharge could be important to cli-
mate. However, the major question here is whether the cool-
ing effect of aerosols ejected into stratosphere during episodes
of explosive volcanism would offset the warming effect of in-
creased PCO 2 (e.g., Pollack et at., 1976; Pollack,1979).

TABLE 4.1 Estimated Flux Rate, Mass, and Isotopic Changes in the Ocean during
CO 2 Transfers°

Type of Flux

Rate and/or Amount of

Carbon Transferred
(Duration)b

o 613C Ocean
(Total Dissolved Carbon)b

Volcanic CO 2 addition 0.8-x 1014g of C/yr —1 960 (for —6 x 1018 g
(doubling of estimated (over 8 x 104 yr) of C addition)
steady-state degassing rate)

Oxidation of soil carbon 5.0 x 10 14 g of C/yr — 1 960 (for -1.5 x 1018
(or burning of fm fl fuels) (over 3 x 103 yr) g of C addition)

Net transfer of ocean TDC fo 3.0 x 10 14 g of C/yr + I %o (for 1.5 x 1018 g
marine organic carbon (e_,.r5 x 103 yr) of C depletion)
burial (< 4.3 % of ocean TDC;

or —60% of annual TDC
input by rivers)

Net transfer to and from —0 —0
carbonate reservoirs

'Values determined in order to equal a 1%0 change in ocean TDC over steady-state flux rates
(estimated from Tables 4.2 and 4.3).
bChanges in total C content of atmosphere as CO 2 induced bi changes in temperature and
salinity assuming constant surface seawater volume equal to pre vent and 300 x 10 _ 6 atm of
CO2:

OpCO2/AC (forcooling VQ _ —24 x 10 15 gof C (-4% ofpCO2)/°C;

ApCO2 /d salinity (for salinity decrease of I%o) - — 30 x 1015 g of C (— 5% of pCO2)/96
salinity.
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FIGURE 4.2 Linkage between the carbon and phosphorou s cycles
in the ocean. The availability of phosphorous as a nutrient limits the
amount of organic carbon and carbonate that can be produced and
buried in the oceans (after Froelich et al., 1981). The importance of
different ;►hasphorous (and organic carbon -carbonate) sinks may have
varied significantly in the past.

TABLE 4.2 Approximate Present-Day Sizes and Isotopic
Compositions of Carbon Reservoirs'

Mass of Carbon	 Average 613C
Reservoir	 in 10 1 ' g	 (960)

Ocean-dissolved carbon 350.0 0
(primarily HCO3)

Annual net marine carbonate 0.0014 +1.0
(biogenic CaCO3)

Carbonate sediment reservoir 610,000 +1.0
Annual net marine organic 0 .00073 -23

carbon (biogenic CH2O)
marine biomass 0.018 -23

Organic carbon sediment 130,000 -23
reservoir

Atmospheric CO2 6.0 -7
Land-plant biomass (C,,,z) 8.4 -26

soil "humus" 12.0 [10.5-30) -25
Stream flux (annual)

Dissolved inorganic carbon 0 .0047 -6.5

Dissolved organics 0.0032 -26
Particulate organics 0 .0007 -26

Volcanic gases (?) 0.0008 -7
(mantle carbon) (see Table 4.3)

'Modified from Scholle and Arthur, 1980.

LONG-TERM STATUS AND
FEEDBACK MECHANISMS IN
THE CYCLING OF CARBON

A number of researchers have suggested that the chemistry of
the Earth 's atmosphere and oceans has remained constant
within certain limits to account for the continuity of life and
the relatively narrow excursions in the composition of chemi-
cal sediments through geologic time (e .g., Hol'and, 1972,
1974, 1978; Carrels and Perry, 1974). To maintain this long-
term geochemical status there must be a variety of efficient
feedback mechanisms that buffer expected variations in geo-
chemical cycles due to changes in intensity of tectonisnr, in
continental area and mean altitude, and in donate. These
buffering mechanisms may be short term, long term, or both.
The operation of the carbon cycle is one of the most important
in this regard as it ultimately controls levels of oxygen and car-
bon dioxide in the atmosphere. The carbon cycle is responsive
to changes in climate and oceanography and is coupled to nu-
trients cycles. I: climate is influenced by varying levels of at-
mospheric COQ, for example, contras on atmospheric PCO2
levels are therefore important to understand. This under-
standing must include adequate knowledge of CO Q sources
and source strengths, the allowable excursions of p CO Q levels
.within the limitations impo-A on the operation of global car-
bon cycle by nutrient availability, net productivity and burial
of organic carbon. carbonate sedimientation and dissolution,
weathering rates and r^',ctions (Fig-7.s 4.1 and 4.2), and the
rates of CO2 excursions versus the kin.-L!c A COQ-consuming
processes (see Table 4.3).

We know, for example, that the increase in atmospheric CO2
levels from burning of fossil fuels and other activities of man
has not been immediately taker up [perhaps 48 percent of the
total CO2 released by burning ,,f fossil fuels has been removed
from the atmosphere by various mechanisms (Oeschger et al.,
1975)]; the CO2 is produced at a rate of about 5 x 10 15 to 6 x
10 15 g of C/yr (Rotty, 1977) and increases by about 4 percent
per year. Thus, the feedback mechanisms that must act to re-
store balance are not entirely efficient on the order of a few
tens of years. The major control mechanisms on time scales of
102 to 106 yr are probably weathering reactions, carbonate
dissolution in the oceans, and burial of organic carbon in sedi-
ments (through changes in net primary productivity or en-
hanced preservation in sediments). The efficiency of all of
these mechanisms is limited by one or more factors. We have
only a partial understanding of the carbon -cycle system. Parts
of the system can be isolated, but the whole is difficult to in-
tegrate. The next section gives an example of how we might
approach the CO 2 problem as a subsystem of the global car-
bon cycle. Short-term buffering mechanisms, such as uptake
as dissolved CO 2 in seawater and uptake in increased ter-
restrial biomass, will not be considered.

Weathering Reactions as a Feedback Mechanism

Weathering reactions, such as decomposition of silicates and
carbonates by acid soil, groundwaters, and surface runoff rich
in CO 2, may be a major long-term sink for atmosl;heric CO2.
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TABLE 4.3 Annual Gains and Losses of Atmospheric
Carbon (in units of 10 1 ' g/yr) Due to Weathering and
Sedimentation'

Gains Lasses

Weathering
Oxidation of elemental carbon 0.09 t 0.2

Dissolution of limestones and 1.6 t 0.2

dolomites
Decomposition of Ca and Mg silicates 1.9 t 0.2

Decomposition of Na and K silicates 0.8 t 0.2

Sedimentation
Deposition of elemental carbon 1.2 t 0.3

Deposition of carbonates 2.2 t 0.4
Deposition of Mg silicates 0.8 t 0.2
Deposition of Na and K silicates 0.8 t 0.2

Net changes
Due to carbon cycle 0.3 t 0.1
Due to carbonate cycle 0.5 t 0.3
Total net lors 0.8 t 0.4

'After Holland, 1978

An estimated 10 percent (0.43 x 10 15 g of C/},r) of the present
annual CO2 flux from the atmosphere is consumed in
weathering reactions (Holland, 1978). If atmospheric CO2
levels increased greatly, rainfall possibly would become more
acidic and the amount of CO 2 in soil horizons would increase,
thereby leading to higher rates of weathering. However, the
increased weathering would lead to a rise in alkalinity and
carbonate ion concentration of river water carried to the
ocean, which, depending on the concentration of total CO2
and carbonate ion in seawater, will precipitate and deposit
carbonates eventually. Carbonate deposition results in a net
flux of CO 2 back to the atmosphere. At present, the net deposi-
tion of carbonates results in an estimated gain of about 0.22 x
10 15 g of C/yr to the atmosphere and deposition of silicate
minerals results in a gain of about 0.16 x 10 15 g of C/yr, so
that there appears to be a net loss of CO 2 (about 0.05 x 1015 g
of C/yr) from the atmosphere owing to the cycle of weathering
reactions to silicate and carbonate reconstitution (see Table
4.3).

Weathering may be an important sink for CO 2 , but it must
operate on longer time scales (i.e., a million years) to control
atmospheric CO 2 levels, and it is dependent on such things as
continental area, rainfall, temperature, apd soil carbon and
moisture. However, there is opposition to this idea (E. Sund-
quist, U.S. Geological Survey, personal communication,
1980), and most weathering reactions may be dependent en-
tirely on the concentration of soil CO 2. If higher p COn results
in global warming, possibly in increased rainfall at some lati-
tudes, and in CO2 fertilization of higher plants, then this com-
bination of effects might ultimately result in larger amounts of
soil carbon and greater production of soil CO 2, which, in
turn, would promote higher rates of weathering. The controls
on soil-CO 2 concentrations and the concept of increasing
acidity of rainfall with increasing atmospheric CO 2 require
more study.

Organic Carbon Production and Burial

The biosphere also exerts a tremendous influence on atmo-
spheric COQ levels. All the atmospheric CO Q is probably cy-
cled through plants once in every 10 years or lesR. There is less
carbon locked up in the biosphere, including soil humus (a
total of more than 2000 x 10 15 g of C), than in CO Q dissolved
in oceans (Table 4.2) but more than in the atmosphere. The
net burial of organic carbon in sediments accounts for a lass of
CO2 from the atmosphere (and a gain in oxygen). Today, this
b..dal accounts for the net wRhdrawal of about 0.12 x 10 15 g
of C/yr of atmospheric CO 2 (:Tolland, 1978). This transfer of
CO2 more than offsets the estimated gain in CO 2 by oxidative
weathering of old organic matter of about 0.09 x 10 15 g of
C/yr (Holland, 1978). Short-term increases in the sae of the
marine or terrestrial biota and soil carbon could accommo-
date short-term increases in atmospheric CO 2 (e.g., Broecker
et al., 1979), whereas longer-term control would have to be
exerted by increasing the rate of organic carbon burial in sedi-
ments. The net carbon-burial increase could occur in peat-
lands, by an increase in forest-litter accumulation. in coal
swamps and lakes, or in marine settings-especially in estua-
rine environments and on continental slopes. The terrestrial
sinks, with the exception of coal (McLean, 1978a), would be
relatively short-term reservoirs because of their general sus-
ceptibility of subaerial exposure and oxidation. The marine-
sediment reservoir is the probable long-term stable sink for
organic matter. The major control in productivity of organic
matter is nutrient availability.

Changes in nutrient supply may lead, in part, to changes in
the burial rate of organic matter. The burial rate of organic
matter is also a function of oxygen availability and circulation
rates of deep-water masses. Burial of organic matter removes
at least part of the nutrients used in organic synthesis, and,
without sufficient available nutrients (mainly phosphorous
and nitrogen), the organic part of the carbon cycle cannot re-
spond to a CO 2 increase. A large part of the nutrient flux in the
oceans today u regenerated from organic-matter oxidation in
the water column and within sediments (see Figure 4.2). Bur-
ial of terrestrial-organic matter (land plants) is a more effi-
cient CO2-fixing mechanism in terms of nutrient usage; the
average C:N:P ratio is about 510:4.2:1 as opposed to 106:16:1
in unoxidized average marine-organic matter, although much
of the P and N may be regenerated before burial. Thus, times
of widespread coal deposition (e.g., the Carboniferous) would
have efficiently fixed much atmospheric CO2 into sediments.
Burial of terrestrial organic matter in marine sediments is also
important. Evidence suggests that, at present, relatively little
land-derived organic matter reaches the deep sea beyond the
shelf (e.g.. Hunt, 1970; Sackett, 1964; Sackett and Thompson,
1963; Sackett et al., 1965; Rogers and Koons, 1969), except in
the anoxic Black Sea, which is a large sink for terrigenious
organic carbon (e.g., Simoneit, 1977). However, this lack of
deposition of terrigenous organic carbon in marine environ-
ments may not be the norm because the rapid Holocene rise in
sea level has influenced trapping of terrigenous organic matter
in nearshore settings. There also may be difficulty in recog-
nizing some terrestrially derived organic matter in marine
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sediments after early diagnosis on the basis of 6 13C values
alone. Evidence from Deep Sea Drilling Project (DSDP) drill
sites suggests that during the Early Cretaceous much more ter-
rigenous organic carbon was preserved in deeper marine
sediments than at present.

There is some evidence, as yet inconclusive, that greater
ambient CO 2 concentrations may fertilize higher plants and
may either increase net primary productivity or decrease rates
of transpiration (see Strain, 1978, for review). This evidence
suggests that land plant productivity might increase with in-
creasing PCO 2, but, as Lemon (1977) pointed out, all data
bearing on this problem have come from controlled experi-
ments, and there is no available evidence that natural ecosys-
tems could respond in this way; the process is nutrient-limited.
I:owever, this speculation is intriguing, and the mechanism
may be of great importance.

In general, the operation of the organic portion of the car-
bon cycle is critical to controlling pCO 2. Nutrients must be
available to allow relatively unrestricted changes in biomass
and organic carbon burial in response to increased PCO2-
There is some evidence that nutrient levels in the sea, rates of
cycling of nutrient phosphate and nitrogen through ocean wa-
ters, or both may have varied significantly in the past (e.g.,
Piper and Codispoti, 1975; Arthur and Jenkins, 1981) and
that the circulation patterns, supply to surface waters by
upwelling, and productivity changed as well (e.g., van Andel
et al., 1975; Berger,1979). Thus, the evidence is not clear that
sufficient nutrients are available always to allow the biota to
buffer PCO2 increases. There is possibly a feedback :ink that
provides an increased nutrient flux to the oceans by increased
rates of weathering during PCO2 increase. However, this
mechanism involves a time lag, possibly on the order of several
million years, and just how weathering rates change with in-
creased atmospheric CO 2 is not yet clear. Times of increased
elastic sediment flux to the oceans, possibly from increased tec-
tonic activity and erosion of high-standing land masses, also
may result in increased net organic carbon burial because high
sedimentation rates enhance organic-matter preservation
(Muller and Suess, 1979).

Effectiveness of Carbonate Dissolution in CO2 Buffering

A final major mechanism of atmospheric CO 2 buffering, and
one that could be expected to operate over a time scale of
100,000 years or less (the residence time of carbon in the ocean
is about 10,000 years) is dissolution of carbonate minerals in
the deep sea. This mechanism has been discussed at length in
the literature (e.g., Broecker and Takahashi, 1978; Broecker
et al., 1979) and will not be dealt with in detail here. The
main area of carbonate dissolution is below the lysocline, a
level of increased undersaturation and increased rate of disso-
lution of calcite in deep-water masses. It is estimated that
there are today at least 3600 x 10 15 g of C as carbonate read-
ily available for dissolution to about 10-cm depth in deep-sea
sediments, with a probable addition of 1-2 x 10 15 g of C/yr
from annua. production. However, the efficiency of increased
oceanic dissolved CO 2 levels in dissolution of carbonate
depends on the rate-limiting process in dissolution (e.g.,
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burrow-stirring, breakdown of organic coatings, and satura-
tion of pore waters) and on the rate of overturn of oceanic
deep waters (currently with a residence time of about 1200
years) that controls the rate of delivery of dissolved COg from
the atmosphere to the depths for buffering by carbonate
dissolution.

Relatively soluble carbonate minerals such as aragonite and
high-Mg calcite deposited in shallow-water environments
might provide another mall a d short-term bluffer for in-
creased PCO2 (e.g., Broecker et al., 1979), but the surface
ocean is at present everywhere at least 1.7 times saturated
with respect to aragonite. According to Broecker et al. (1979)
the atmospheric CO 2 would have to increase at least 5.3 times
and 8.5 times that of today to cause undersaturation in ocean
surface waters for aragonite and calcite, respectively. There-
fore, dissolution of shallow-water carbonate sediments is not
likely to be too significant as a sink for CO 2 at present and was
relatively insignificant in the past unless major PCO 2 increases
were allowed. Also, if high-Mg calcite, aragonite, or both
were dissolved and reprecipitated as low-Mg calcite, then
there is no net CO 2 consumption.

Because dissolution of 1 mole of carbonate consumes 1 mole

Of CO2, only about 40,000 yr would be required to dissolve the
estimated available deep-water carbonate if the estimated
rate of CO2 degassing by volcanism were to double (e.g., an
increase of about 0.09 x 10 15 g of C/yr). However, an in-
crease in dissolution rate equal to about 10 percent of the car-
bonate produced in surface waters each year would also
balance the aforementioned CO 2 flux increase. Thus, all other
factors being equal, we might expect to see a decrease in the
net deep-sea carbonate-accumulation rate with an increase in
atmospheric CO2, as well as an apparent shallowing of the
carbonate saturatinn horizons [the lysocline and calcium car-
bonate compensation depth (CCD), e.g., Berger, (1977)).

Carbon Isotopes in Pelagic Carbonates as Constraints on
Carbon Cycling

Consideration of the possible past excursions of atmospheric
CO2 has been made by examining constraints on changes in
ocean chemistry imposed by the composition of marine
chemical sediments—mainly evaporites and carbonates—
through time and by examining changes in the carbon isotopic
composition (S 13C values) of limestones through time. Holland
(1972, 1974, 1978) has shown that during the Phanerozoic, sur-
face seawater has always been saturated or supersaturated with
respect to calcite and aragonite. The probability is that the con-
centration of Cat+ , SO4  -, and HCO3 - have never varied by
more than a factor of 2 to 3 in either direction from their pre-
sent values. Holland has shown that all of these factors con-
strain PCO2 variations only by about a factor of 10 3 to
104 —that is, that PCO2 has probably always remained be-
tween 10 1.5 and 1055 atm (currently 103.5 atm)

The b 13C values of marine limestones are presumed to reflect
the carbon isotopic composition of total dissolved carbon in the
ocean reservoir (e.g., Broecker, 1974). The average isotopic
composition of the reservoir generally represents the balance
between deposition of carbonates and organic carbon. The two
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have very different carbon isotopic compositions (average
organic carbon - - 23 %o and average carbonate - + 1 %o;

see Figure 4.1). Limestones are isotopically similar to total car-
bon in the oceanic reservoir. This model assumes an input of
dissolved carbon to the oceans of constant mass and isotopic
composition. This assumption is necessary because we have no
data to substantiate large variations, but in reality the riverine
flux may vary as a function of rates of weathering and the pro-
portion of limestone versus organic carbon weathered (or
oxidized).

Making the assumption of constant input, we can state the
following. Excursions to more positive d 13C values indicate
perhaps  that relatively more organic matter is b,:ng buried,
while burial of carbonate decreases or remains constant. More
negative isotopic values imply a shift to larger values in the
burial ratio of carbonate to organic carbon. J unge et al. (1975),
Veizer and Hoefs (1976), Carrels and Perry (1974), and Car-
rels et al. (1976) have suggested that b 13C values in limestones
through time have stayed relatively constant (about 0 t 2.5%o)
implying that there has been little change in the partitioning of
carbon between the organic and carbonate reservoirs during
the Phanerozoic. This relative constancy suggests an efficient
long-term control against major excursions in atmospheric and
ocean chemistry. However, these considerations use average
values from long time periods (i.e., 30 m.y. to 50 m.y.) and do
not have the resolution necessary to detect short-term perturba-
tions. For example, Scholle and Arthur (1980) have detected
large and rapid excursions of as much as 4 %o in d 13C in both
positive and negative directions of pelagic carbonates of
Cretaceous and early Cenozoic age. These excursions may oc-
cur in less than a million years and imply rapid changes in the
production and burial of organic matter and carbonate (see
also Bender and Keigwin, 1979; Vincent rt al., 1980).
Shackleton (1977) has demonstrated cyclic changes in S 13C of
less than 1 %o in benthic foraminifers over a few thousand years
during the Late Pleistocene. He attributed these variations to
transfer of carbon to and from the terrestrial biosphere to the
ocean-atmosphere during glacial-interglacial climatic changes
in the amount of about 10 i4 g of Ci; : (a total of 10 18 g of C in
10,000 years or so). Note that this amount is perhaps only a few
percent of the rate of addition of CO 2 to the atmosphere by
man's activities today. Tree-ring carbon-isotope data suggest
that a 1 to 1.5 %a decrease has resulted in the S 13C value of at-
mospheric CO 2 from burning of isotopically light organic
fuels.

DETECTING ATMOSPHERIC CO2
EXCURSIONS AND CLIMATE CHANGE
IN THE CENOZOIC

Is there any hope of detecting variations in atmospheric CO2

and establishing these as a cause of climate change in the
geologic past? The problem amounts to one having several
parts: (a) constructing realistic models that demonstrate the
significance of climate change related to PCO2 variations; (b)
designing more sophisticated models that incorporate all im-
portant factors in the carbon cycle in the land-ocean-atmo-

sphere system (as discussed earlier), and plugging in a variety
of possible variations in Inputs and outputs in order to provide
constraints on interpretation of past geologic data; and (c) col-
lection and integration of geologic and climatic data for com-
parison with (b) above. Part (a) has already been discussed
briefly in previous sections. Part (b) is a difficult enterprise,
but various attempts to model the system are in progress (e.g.,
Bolin et al., 1979; E. Sundquist, U.S. Geological Survey, per-
sonal communication, 1980).

Data for part (c) have been slowly accumulating, mainly
through paleontologic, lithologic, and geochemical analysis of
DSDP cores. Berger (1977) previously inferred atmospheric
COQ changes during the Cenozoic by examining the known
fluctuations in various parameters of the carbon system de-
rived from this data base. However, climate change seems de-
pendent on so many factors that we cannot definitely state
P -at a given climatic -vent is dependent on a single cause.
Many of the factors poa2u:y c .using climate changes during
the Cenozoic, for example, are coincident (see the other
chapters in this volume; Berger, 1977; Berggren and Hollister,
1977; Fischer and Arthur, 1977; Frakes,1979), and their rela-
tive effects must be carefully modeled.

Because of the variety of mechanisms that can induce cli-
mate cliange, a given warming in the geologic past is difficult
to attribute to a greenhouse effect resulting from increased at-
mospheric CO Q. Ha%ve-er, there are several signals that,
taken together along with evidence of climate warming,
might point to increased levels of CO 2 as a cause (e.g., Berger,
1977). These signals are the following: (1) evidence of in-
creased dissolution of carbonate in the deep sea and possible
decreases in the rate of accumulation in deep-sea sediments;
(2) changes in the S 13C values of total carbon in the oceanic
reservoir as reflected in analyses of pelagic-carbonate bulk
samples, or preferably both benthic and planktonic organisms,
through the time interval in question; (3) a change in the rate of
accumulation of organic matter in marine and/or nonmarine
sediments; and (4) negative evidence of a major change in
ocean circulation that might result in any of the preceding
signals.

The foll ,)wing discussion deals briefly with the Cenozoic cli-
matic and paleo-oceanographic record and some evidence of
possible PCO 2 excursions. This is a qualitative treatment only
and is intended to illustrate the type of approach necessary
and the difficulties in isolating atmospheric PCO 2 variations
as cause:• of climate change. References and discussion of cli-
mate cha ages based on oxygen isotope and paleontologic data
can be found in a number of papers in this volume (e.g., Chap-
ters 12, r3, 16, and 18). The paleo-oceanographic data b.se
comes largely from Figures 4.34.5, which are compiled fro.n
numerous sources (see also Berger, 1979; Arthur, 1979).

The climatic events near and following the Cretaceous-Ter-
tiary boundary may be evidence of an atmospheric CO 2 ex-
cursion at that time. The possibility was suggested by McLean
(1978b) in an elaborate explanation for the biotic extinctions
occurring at the boundary. He suggested that PCO 2 increased
because of a failure of marine photosynthetic organisms. This
pCO 2 increase resulted in a warming across the boundary
during the earliest Paleocene. This warming of a few degrees
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FIGURE 4 .3 Accumulation rates of or-
ganic carbon (M. A. Arthur, unpublished
data) and carbonate (after Worsley and	 so
Davies, 1981) in the deep sea during the
Cenozoic as compared with average 613C
values of bulk carbonate and global sea level.
The fluctuations reflect changing fertility
and possibly changes in atmospheric CO2.
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Celsius has been detected in oxygen isotopic and paleontologic
data. Hsu (1980) has also suggested a large increase in PCO2
at this time associated with an impact of an extraterrestrial
object.

The early Paleocene warming lasted 3 -5 m.y. The S 13C
values of carbonate were low (average + 1 %o) at this time, as
were 613C gradients from surface to deep water inferred from
the average difference between planktonic and benthic
foraminifers (Figures 4.3 and 4 . 4). The accumulation rates of
carbonate in the deep sea were also at a low point in the early
Paleocene, as were those of organic carbon. The CCD was
relatively high, especially at the boundary. The early
Paleocene (65-62 Ma) is therefore a possible candidate for a
possiblePCO 2 excursion that leads to climatic warming. A sud-
den injection of up to 90 x 10 18 g of CO 2 into the ocean-
atmosphere is uggested by the rapid negative 6 13C shift of
1.5 %o at the Cretaceous-Tertiary boundary, assuming that the
CO2 had a S 13C value equivalent to that of volcanic emana-
tions. The effects of this event lasted perhaps 3-5 m.y., suggest-
ing that feedback mechanisms to adjust to the PCO 2 excursion
were relatively efficient on a geologic scale. A slight cooling oc-
curred during die mid to early Late Paleocene. It is not clear,
however, what caused the amelioration of the possiblePCO 2 in-
crease at the Cretaceous -Tertiary boundary. Because deep-sea
organic carbon accumulation rates were fairly low and the ex-
tent of shallow shelf seas was apparently small, much of the pro-
posed PCO 2 increase might have been accomodated by dissolu-
tion of pelagic carbonate (e.g., Worsley, 1974).

A second major warming, not explained by other factors
such as continental positions and opening of ocean
. ,gateways," occurred in Late Paleocene -Early Eocene time.
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FIGURE 4 . 4 d 13C values of calcite of benthic foraminifers and 13C
gradients between surface and deep water through the Cenozoic (com-
piled from Kroopnick et al., 1977; Letolle et al., 1979; Boersma et al.,
1979).
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FIGURE 4.5 Accumulation rates of or-
ganic matter in the deep sea (M. A. Arthur,
unpublished data from DSDP Sites) and b 13C
values of pelagic carbonates (from Scholle
and Arthur, 1980). Note major change in
both parameters near Aptian-Albian, possi-
bly related to the evaporite episode in the

South Atlantic.

There is first an increase then a sudden decrease in bulk pe-
lagic carbonate 6 13C values amounting to over 2;60. The 6130
gradient was highest during the Late Paleocene and also
decreased greatly into the Early Eocene. The CCD remained
high, and dissolution gradients were also relatively high (van
Andel, 1975; van Andel et al., 1975). The accumulation rate of
carbonate in the deep sea was only slightly higher than that in
the early Paleocene. Organic carbon accumulation rates,
however, increased greatly in the Early Eocene. There was cer-
tainly a Late Paleocene-Early Oligocene increase in oceanic
fertility as evidenced by large phosphorite deposits and high ac-
cumulation rates of organic carbon both on the shelves and in
the deep sea (Arthur and Jenkyns, 1981). This combination of
evidence again seems to be a possible candidate for warming
because of an atmospheric CO 2 increase. It is intriguing that
Vogt (1979) has suggested a substantial peak in volcanicity that
occurred in the Late Paleocene keentered at about 56 Ma).
Could this volcanicity have been the cause of the climatic
warming and changes in paleo-oceanographic parareters?
The Early Eocene was also one of the warmest periods, as in-
terpreted from terrestrial floras (see, e.g., Chapter 16).

The aforementioned pCO 2 excursion and climatic optimum
possibly induced increased weathering rates on land,_
and this feed.lack loop brought increased dissolved Ca + -
bicarbonate, silicates, and phosphate to the oceans. The Mid-
dle Eocene is marked by cooling, possibly because of decreased
pCO 2, by a gradual increase in pelagic carbonate 6 13C values;
by widespread biogenic silica-rich sediments, by low organic-
carbon accumulation rates; and by the highest accumulation
rates of carbonate in the deep sea (even with a relatively high
CCD) r f any time in the Early Cenozoic. Again, about 5 m.y.
seems to be the response time of the carbon cycle to dampen the
effects of a possible p CO 2 rise.

Climatic cooling in the Oligocene generally has been ex-
plained by the increased isolation of the Antarctic and by the
development of the circum-polar current (see Chapter 13). The
cooling may also be due to low atmospheric CO 2, although

there is no good evidence for this. A drop in the deep-sea ac-
cumulation rate of organic carbon and carbonate accompanied
a deepening of the CCD, a decrease in carbonate-dissolution
rates, and low 6 13C values, which suggest low fertility
and a high ratio of preservation of carbonate to organic matter.
These relations suggest, but do not prove, a period of relatively
low-atmospheric COQ in latest Eocene through probably Late
Oligocene. In fact, deep-sea carbonate accumulation rates
reached a maximum in the Late Oligocene. However, part :F
this increase may have been due to greater supply of carbons
to the oceans during major sea-level regression (e.g., Worsley
and Davies, 1981).

However, an early to middle Miocene warming has not been
satisfactorily explained by other mechanisms. This warming
episode peaked at about 17-15 Ma and coincides with a second
major peak in volcanism shown by Vogt (1979). This peak also
coincided with a sharp rise in the CCD in nearly all ocean
basins, an apparent increase in dissolution rates (e.g., van
Andel et al., 1975), and a decrease in deep-sea carbonate ac-
cumulation rates, as well as an elevated 6 13C gradient and
more positive 6 13C values. Deep-sea accumulation rates of
organic carbon remained low, as in the Oligocene, but were
high around the continental margins and began to increase in
the-_sleep sea in the Late Mi(x)ene. Pelagic carbonate 613C
values also dropped sharply in the Late Middle Miocene, and
6 13C gradients were lower. These factors again suggest that at-
mospheric CO 2 increase could have been responsible for
climatic warming. By Late Miocene time, again on the order of
about 5-7 m.y. later, the system recovered and cooling began.
Both deep-sea organic carbon and carbonate accumulation
rates picked up at about 7 Ma.

These relationships are highly speculative but suggest
something about the role of p CO2 in clitnate change in the
geologic past. Contrary to this, however, the Plio-Pleistocene
peak in volcanism noted by Vogt (1979) and Kennett and
Thunell (1975) appears to have had the opposite effect—that
is, inducing cooling—or no effect at all.



64
	

MICHAEL A. ARTHUR

EVAPORITE DEPOSITION EVENTS
AND GLOBAL CLIMATE CHANGE

Changes in ocean cl.oml.cry can modulate or change climate
In other ways as well. Rapid and large -scale deposition of
evaporites in isolated small ocean basins may have a substan-
tial effect on ocean chemistry, and, in addition, may directly
or indirectly influence global climate through its effects on the
sulfur and carbon cycles. Carrels and Perry (1974) have
pointed out that precipitation of major evaporite bodies may
require large transfers in the sulfur and carbon reservoirs. Pre-
cipitation of calcium sulfate at higher than steady-state rates
in an evaporite basin requires tracsfer of Ca Q+ from the car-
bonate to the evaporite reservoir and results in a net gain of
CO2 to the atmosphere. The CO Q gain, in steady state, should
be compensated for by net gain in burial of organic carbon, by
increased dissolution of carbonates, or in both. However, in
the event that evaporite deposition is extremely rapid, these
balancing processes may not be able to work effectively in the
short teem to remove the CO2 excess. The CO 2 spike to the at-
mosphere may then lead to climate warming, depending on
the extent of the CO 2 anomaly.

Early Cretaceous Evaporites and a Global Warm Episode

An example of this type of "internal" control on global climate
may have occurred during the early Cretaceous when the north-
ern South Atlantic (Angola-Brazil Basin) became the site of
massive evaporite deposition as it was effectively isolated from
the rest of the world ocean at intermediate latitudes under
high evaporation rates. Arthur and Kelts (1979) have sug-
gested that the Angola-Brazil Basin was isolated for 2 m.y.,
and within that time period a basin 500 km wide by 2000 km
long was filled with between 2 and 3 km of evapr ,. -tes. Assum-
ing at least 30 percent CaSO 4 and 70 percent NaCl within the
evaporites, they suggest that nearly 1.4 x 1021 g of CaSO4
and 3 .0 x 1021 g of NaCI were deposited in the geologically
brief 2 m . y. period. Assuming modern rates of river input of
Na 1 , Cl - , Cat+ , and SO 42- , and an initial oceanic reser-
voir of those elements equal to that of today, this chemical ex-
traction meAns that oceanic salinity could have been decreased
by 4 to 5 %o (see also Hay, 1979) and that the oceanic sulfate

reservoir of sulfate and calcium would have been drawn down
significantly. A trend to much lighter 6 34S values during Ap-
tian time (e.g., Claypool et al., 1980) may be evidence for this
drawdown. The cycling of carbon would have been affected
as well. An abrupt CCD rise in Aptian time (Thierstein, 1979)
and a trend toward more positive o 13C in marine carbonates
(Figure 4.6) may have occurred because of an increase in the
rate of dissolution of carbonate resulting from a decrease in
the oceanic Cat+ concentrations and an increase in CO Q, and
because of an increase in the rate of burial of organic carbon.
The increased rate of burial of organic carbon may have re-
sulted from enhanced preservation under anoxic or near-
anoxic conditions. Stable stratification related to salinity con-
:rasts between surface and deep waters may have been one
mechanism for the development of poorly oxygenated deep
waters (Ryan and Cita, 1977; Roth, 1978; Thiersten and
Berger, 1978; Arthur and Natland, 1979); some of the most
saline deep water may have been derived from periodic spill-
age from the evaporatic northern South Atlantic and from
epicontinental and shelf seas in low latitudes. This mechanism
might essentially provide the feedback to rid the system of the
supposed CO Q excess by enhancing burial of marine organic
carbon. However, if the Aptian -Albian oceans were relatively
nutrient depleted as proposed by Roth (1978) and Arthur and
Kelts (1979), plankton productivity would be low, and this
would not b^ an effective way to draw down atmospheric
CO2. The burden of fixing this CO 2 might have fallen on the
terrestrial plants; in support of this theory it has been argued
that a significant proportion of organic carbon buried in
Aptian-Albian deep-sea sediments is of terrestrial derivation
(Tissot et al., 1980). This is probably a more slowly operating
feedback mechanism, thus pCO 2 concentrations may have
risen fairly rapidly and been only slowly lowered following
the Aptian evaporite episode. The Albian climatic optimum
(Sevin, 1977) may have resulted from this CO 2 excess. A
similar scenario could be envisioned for the Permian evaporite
episode.

The Afessinian Event" and Global Cooling

The preceding ideas are preliminary and are based on intui-
tive rather than rigorously systematic interpretations of the

CARBON ISOTOPES ACROSS OXIC/ANOXIC CYCLES

FIGURE 4.6 613C profiles across lami-
nated organic-rich shale/marl and limestone
cycles of Cretaceous age (A, after Weissert et
al., 1979; B and C, M. A. Arthur, unpub-
lished data).
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linkages between major geochemical eye'1% However, the dis-
cussion provides some insight as to how the ce.rbon cycle and
global climate may have responded to sudden ; perturbations of
internal forcing mechanisms such as tectonic isalat?un of ma-
jor ocean basins. But climatic warming may not be a necru ►ry
consequence of rapid and massive evaporite precipitation.
The Messinian (latest Miocene) event may provide an illustra-
tion of the opposite effect, that Is, climatic deterioration,
because of the salinity crisis brought on by the isolation of the
Mediterranean Tethys and the deposition of as much as 1.5 x
108 km3 of evaporites within about 1 m.y. This amount is
about three quarters of that deposited in the Aptian northern
South Atlantic. Ryan (1973) has suggested that tb; overall
change in ocean salinity may have led to the increased produc-
tion of sea ice in high southern latitudes that precipitated a
sudden latest Miocene cooling rather than a warming by a
COQ excursion. In fact, the high rate of burial of organic mat-
ter in deep-sea sediments just prior to and associated with the
Messinian event may hav led to a net atmospheric-COQ
drawdown. This drawdown may also have contributed to the
latest Miocene cooling. However, there is still some doubt as to
whether the evaporite deposition preceded the cooling or
followed a pronounced regression related to increasxl gh.._'4-
tion on Antarctica (see Wright and Cita, 1979). Clearly, sim-
ilar events may have different climatic consequences, depend-
ing perhaps on the global climate configuration at the time.
The latitudinal distribution of continents during the Early
Cretaceous contrasts greatly with that of the Late Miocene, a
time when a greater proportion of the land mass was con y an-
trated in higher latitudes. The position of Antarctica over the
South Polar region is probably critical in the difference in
global climate between the Early Cretaceous and the Late
Miocene. Also, the Miocene oceans seem to have been much
more fertile and possibly circulated more rapidly than the
Early Cretaceous oceans. This apparent increase in nutrient
availability may have allowed more rapid depletion of any
pCOQ increase by burial of marine organic matter in the
Miocene oceans.

be titrated by dissolution of carbonate in deeper water. In-
creased rates of burial of organ',: carbon of either terrestrial or
marine origin in marine sediment also facilitate removal of ex.
,to COQ. The ability of the ocean-chemical system to main-
tain steady-state atmospheric CO 2 levels in this way, how-
ever, is largely dependent on overall nutrient availability and
on rates of replenishment and levels of oxygenation of deep
water, among other things. These factors bear a complicated
and varying relation to climate as well.

Changes in ocean chemistry also may trigger climatic varia-
tion. For example, rapid and massive precipitation of evapo-
rites in isolated basins involves major chemical transfers
affecting the carbon cycle and perhaps leading to increased
levels of atmospheric CO2. However, the relative influence of
such events and the direction of resultant climatic changes ap-
pear to depend on the prevailing climatic regime at the time.

More definite reconstructions of the relationship between
changes in atmospheric COQ, ocean chemistry, and climate
will depend on collecting and analyzing large amounts of data
on accumulation rates of organic matter and carbonate in
marine sediments through time, on the bulk chemistry of sedi-
ment, and on the carbon isotopic composition of organic mat-
ter and carbonate. Time series of such data, in conjunction
with those of isotopic paleotemperatures and faunal studies,
will aid in examining the interrelationships of climate and
ocean chemistry and will allow better estimi Lion of lee"- and
lags in the system. These data must be integrated into sophisti-
cated computerized models relating changes in climate to
those in oceanic and atmospheric chemistry. But in order to
evaluate the role of atmospheric CO Q changes in changing
global climate, we must also be able to evaluate critically the
climatic (and ocean chemical) effects of changing sea levels,
continents! distribution, tectonic and volcanic activity, and
varying ocean gateways. At present, the number of degrees of
freedom allow only a speeuiative and qualitative approach to
the relationship between climate and atmospheric CC-; , in the
geologic past.

CONCLUSIONS

At present, separation of cause from effect is difficult when
examining possible changes in ocean chemistry and their rela-
tions to climate during the last 120 m.y., as is attributing any
given climate change in the past to changes in atmospheric
PCOQ. The chemistry of the ocean plays a dominantly passive
role in modulating climate largely through its thermal inertia
and its part in the carbon cycle. Conversely, ocean chemistry
and circulation can certainly change in response to climatic
events. Abrupt changes in the depth distribution and accumu-
lation rate of organic carbon and carbonate in the ocean
basins, and in the carbon isotopic composition of pelagic-cal-
careous microfossils indicate major changes in ocean-water
mass structure, rates of oceanic overturn, atmospheric COQ
flux, and fertility. These changes within the ocean system in
turn appear related to those in global climate.

Excess atmospheric CO Q from volcanic or other sources may
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INTRODUCTION

Significant climatic changes have taken place on the Earth
over a very broad *ange of time scales ranging from decades to
billions of years [Figures 5.1(a) and 5.1(b)). There is probably
not a single cause for these changes but rather a number,
which, however, are individually effective over limited time
domains (Pollack, 1979). Here, we will be concerned with
solar, atmospheric, and astronomical factors that may have
played a role in some of the climatic variability that character-
ises pre-Pleistocene times.

The sections of this paper are organized by the climatic fac-
tors of interest. In each case, we define the manner in which
the factor may have influenced past climates, provide an
estimate for the characteristic time scales over which the fac-
tor is thought to vary, and give a summary of some of the re-
search that has, been done in relating this factor to climatic
change, with an assessment  of its likely importance. Space-
craft missions and ground-based observations have provided
evidence that climatic changes have occurred on other objects-
in the solar system. For example, liquid water may have once
flowed across the now deserdike surface of Mars. Therefore,

where relevant, we also consider the possible influence of the
above factors for the climate and its variability on other solar-
syston objects.

SOLAR VARIABILITY

From ah:rost the beginning of the solar system, 4.6 billion
years (b.y.) ago, the Sums luminosity has been sb"y in-
creasing with time, according to almort all aod:66- of the Sun's
evolut.an. Recent calculations suggest that the fractional in-
crease in the Sun's output over the entire period is abort 25 to
30 percent (Newman and Rood, 1977; R. Strothers as qn AW
in Canuto and Hsieh, 1978). A representative calculation of
the long-term change in the Suns output is given in Figure
5.1.

If no other factor varied, the lower solar oatpnt in the past
would imply that the temperature of the Earth was progres-
sively lower as we proceed further back in tine. In fad, quan-
titative asseuments of the amount of cooling give rise to a seri-
ous paradox, as first pointed out by Sagan and Mullen (1972).
Global radiation models, in which the CO Q content and

68
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relative-hurudity profile of the atmosphere are held constant
with time, indicate that the Earth shjuld have been totallv
covered with ice from 4 .5 to 2.3 b .y. ago as a result of the
lower solar luminosity then. But mizrofossils and stromatolites
provide evidence that life has existed on the Earth for the last
3.5 b.y., and the occurrence of sedimentary rocks the oldest
geologic provinces implies that there have been water oceans
on the Earth for the past 3.8 b.y. (W. Sehopf, University of
California, Los Angeles. and H. D. Holland, Iiarvard Uni-
versity, private comn .unication). Mowanae for some climatic
feedback processes, such as the ioe-albedo mechauism of
Btldyku (1969), only accentuates this paradox (e.g , Chil,
1976). Unfortunately, even the sign o. other key feedback
mechanisms, such as one involving the radiative properties of
water clouds, is unknown. Hence, the net r2-pone of the com-
plete climate system to a change in sola, luminosity cannot be
G lculatcd with precision, at present.

E%are discussing possible solutions to this problem in the
next section. it is important to assess how well the Suds evo lu-
tion can be p.edicted. It is almost universely agreed among as-

troalomers that fusion of hydrogen into helium in the daep in-
terior of the Sun is the ultimate source of the effigy it radiates
to space. Detailed descripdons of these nuclear ttansforma-
tions have been wo-ked out, with the so-called p -p chain being
the dominant sequence for the Sun. An observational test of
this theory is provided by attempts to detect neutrinos the, are
emitted at several steps of :he trshsfon.hation chain. Unfortu-
nately, while solar neutrinos ha. a apparently been detected
(Rowley et al., 1980), the flux c f them is about a factor of 3 or
4 smaller than that predicted b v conventional models of the
Sun (Newman a. i Rood, 1977). This problem is somewhat al-
leviated by the fact that the neutri, - - .udied come from a rel-
atively minor branch of the fusion cha.n. It has been suggested
recently that neutri nos may :have a small nonzero mass, in
which case they may partially transmute from one type of
neutrino to other types on the path from tht qun to the Ean th.
Consequently, fewer "standard" neutrinos may be detected.
Finally and most to the point, virtually all solar models, in-
cluding some very exotic ones that have been devised to resolve
the neiutrino problem, are characterized by long -term changes
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in solar output that are very similar to that of the standard
models. This degree of agreement is due to the luminosity vari-
ation's being fundamentally related to the change of the Sun's
mean molecular weight that aecompa.- tes the conversion of
hydrogen into helium. Hence, orate we accept that the fusion
of hydrogen into helium has been the source of the Sun's out-
put over almost its entire history, then it is difficult to avoid
the temporal variations of output shown in Figure 5.2.

There is, however, one additional factor that needs to be
considered before we accept the above long-term changes in
solar output. These changes occur over such long time scales
that the universe itself has varied significantly over them.
There is the possibility that such cosmological factors as the
universal gravitational constant, G, has varied as the universe
has expanded. Canuto and Hsieh (1078) have developed cos-
mologies of this type and have found that the temporal history
of the solar flux at the orbit of the Earth is quite different for
these models than for the more conventional ones. In one
model, in which G varies and matter is created, the Sun's
luminosity increases even more rapidly with time than for the
"standard" ca . In a second model in which G varies but no
matter is created, the Sun's luminosity decreases with time. In
this latter case, we may have just the opposite problem to the
one considered above: too high a temperature (greater than
373 K) for life to exist on the early Earth.

In summary, according to almost all models, the Sun's lumi-
nosity has varied by several tens of percent over the history of
the Earth. For cosmologies in which G does not vary, the
lower solar output of the Sun in the past needs some other
variation to prevent the Earth from being entirely covered
with ice over much of its lifetime, contrary to the geologic
record. Even cosmologies with varying C are characterized by
significant temporal changes in the Sun's output.

The evolution of the Sun's luminosity also presents a para-
dox for Mars, at least for constant-G cosmologies. Certain
types of channels that are present on the _, .hrface of that planet
appear to have been carved by running w ater in the past, al-
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FIGURE 5.2 Solar birainosity as a function of time. The luminosity
values have been norma'.ized by the current value. From Stothers as
quoted in Canuto and Hsieh (1978).

though they are now dry. While it is not necessary to invoke an
altered climate to explain the occurrence of certain classes of
fluvial channels, especially the large "outflow" channels, a
much warmer climate may be required by other classes, espe-
cially the smaller gullies, which are found ubiquitously on the
older terrains (Pollack, 1979). But since these trains were
formed several billion years ago, a colder and not a warmer
climate is expected, owing to the long-term changes in solar
output.

CHANGES IN ATMOSPHERIC COMPOSITION

The composition of the Earth's atmosphere is controlled by a
series of thermodynamic, biological, and geologic factors. For
example, the amount of water vapor in the atmosphere is buf-
fered by the much larger amount of water in the oceans, with
the partitioning between these two reservoirs being controlled
by de saturation vapor-pressure curve of water. Hence, the
amount in the atmosphere depends exponentially on the sur-
face temperature. Almost all the oxygen in the Earth's atmo-
sphere is the result of photosynthesis by living organisms,
d	 phytoplankto•h,, with its abundance being controlled

_hg t.me sealts (.-108 yr) by a balance between losses
a,urered during chemicat weathering of reduced surface mate-
rial and gains resulting from the burial of reduced carbon
compounds [see Figure 5.3(a)]. Much more carbon dioxide is
locked un in carbonate rocks than exists in the atmo -here,
with the latter being determined over long time scales (> 108
yr) by a balance between losses due to the chemical wea'her-
ing of silicate rocks and gains due to volcanic outgassing of ju-
venile CO 2 and COQ derived from the thermalizatiun of
buried carbonate rocks [cf., Figure 5.3(b)].

There are good reasons for believing that the atmospheric
composition has varied with time. First, very little oxygen was
presum.-bly present in the early Earth's atmosphere at epochs
prior tr the evolution of photosynthetic organisms: the re-
duced compounds contained in volcanic effluents probably
overwhelmed the oxygen produced from the photodissociation
of water vapor followed by the escape of hydrogen from the
top of the atmosphere (Kasting et al., 1979). Interpretations of
the geologic record suggest that little oxygen was present prior
to 2.1 x 109 yr ago, with the oxygen partial pressure subse-
quently rising more or lets monotonically from tha. point up
until a time close to the end of the Pre-Cambrian (-- 6 x 10 8 yr
ago), when a partial pressure close to the present value was
achieved (Windlev, 1977). The rise in oxygen was also accom-
par-d bya progressive buildup in the ozone content of the at-
mosphere (Kasting et al., 1979). Thus, during mie-h of the
Pre-Cambrian h lot more biologically damaging solar UV

-eached the surface than today, although organisms vary
con iderably in the doses they can to'erate. The rise of oxygen
may have set the stage for the in vasion of the continents by
plants about 4 x 10' yr ago both by leading tc increased
shielding of the surface from UV radiation and by providing
the basis for an energy efficient metabolism that permitted the
development of complex organisms (Kasting et al., 1979;
Pollack and Yung, 1980).
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FIGURE 5.3 Geochemic •al cycles of oxygen (a) and carbon (b). The
rectangular boxes show the amount of material stored it) major reser-
voirs: the numbers within circle L/ ;r) and along narrows in (b) indi-
cate the fluxes between reservoirs. From Walker (IS77).

The very early atmosphere of the Earth (— 3.8-4.6 x 109 yr
ago) may have been reducing in character in order for the
chemical steps that led to the origin of life to have occurred
(Miller and Orgel, 1974). While a number of years ago this
biological requirement was thought to imply a fully reducing
atmosphere consisting only of H2, NH3, CH 4 , and other
hydrogen-containing gases, it is now known that complex or-
ganic molecules can be biologically synthesized in mildly re-
ducing atmospheres. There is even a minority opinion that

such syntheses are possible in neutral atmospheres that inter-
act with catalytic clays (Baur, 1978). Crude estimates of the
early composition of the Earth's atmosphere can be obtained
from considerations of constraints placeii by thermodynamic
equilibrium on the composition of volcanic gases and by the
loos of certain gases through the top and hottom boundaries of
the atmosphere. These studies suggest that N 2 and CO2 were
the dominant N- and C-containing gases in the Earth's early
atmosphere, with minor amounts of Hs (-10-3) and CO also
bang present (Pollack and Yung, 1980).

Variations in the CO 2 content of the atmosphere can occur
owing to changes in the 'actors that control its geochemical cy-
cle. For example, &.e lithosphere may have been thinner and
the volcanic outgassing rate higher during the early history of
the Earth (Holland, 1978). As a result, the CO 2 content of the
atmosphere may have been higher then.

We now consider the way in which altered atmospheres
may have helped to counter the lower solar luminosity in the
past and hence have prevented the Earth from bang totally
covered with ice. In order for this to occur, there needs to be
an augmentation in the concentration of gases that are opti-
cally active in the thermal infrared region.. Such an augmenta-
tion results in an enhanced greenhouse effect. Water vapor is
not able by itself to fill this role because its abundance is deter-
mined by its saturation vapor curve, however it will roughly
double the warming caused by the increase in another gas: the
initial warming leads to more water vapor in the atmosphere
and thus an even stronger greenhouse effect.

Three types of altered atmospheres have been suggested to
counteract the lower solar luminosity in the past: ones con-
taining large amounts of hydrogen ( 1 bar) (Sagan and Mul-
len, 1972), trace amounts of ammonia (few to tens of parts per
million), and enhanced amounts of CO2 (up to a 1000-fold in-
crease) (Owen et al., 1979). Because hydrogen can readily
escape from the inp of the atmosphere, with the loss rate being
proportional to its mixing ratio, it seems unlikely that
hydrogen was a major component of the Earth's atmosphere
over any extended period, and hence the first of these altered
atmospheres has a serious problem (Pollack and Yung, 1980).
The trace amounts of ammonia cited above for the second
model are consistent with its large solubility in water. How-
ever, at the above concentration, photodissociation by solar-
UV radiation quickly will irreversibly convert NH 3 to N2. For
example, the total N2 content of the present atmosphere can be
generated from NH 3 photolysis in only 10' yr (Kuhn and
Atreya, 1979). Furthermore, much of the initial N-containing
gases may have been N2 rather than NH3 , as indicated above.
Conceivably, ways of shielding NH3 from sL lar-UV radiation
can be found (seee.g., Pollack and Yung, 1980). But clearly,
this second model faces serious difficulties.

The third model, the one involvi ►Ig en.-anced CO 2, appears
to be the m -)st attractive one at present. The factors that con-
trol the geochemical cycle of CO 2 are such that one can imag-
ine ways in which much more CO 2 was present in past atmo-
spheres of the Earth, e.g., an enhanced amount of volcanic
outgassing, as mentioned above. Furthermore, the geologic
record places only very loose constraints on the level of CO 2 in
the atmosphere over the last 3.8 x 10 1 yr (H. D. Hoiland,
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Harvard University, personal communication). Specifically,
the absence of alkali-containing carbonates implies that the
CO2 partial presst:re was less that about 0.1 bar during this in-
terval. Naturally, it still remains to he demonstrated that there
were orders of magnitude more CO 2 in the Earth's atmo-
sphere several billion years ago than today (see Figure 5.4,
which summarizes the results of Owen et al., 1979).

An increasers abundance of CO2 in the past atmospheres of
the Earth may have been due to the combination of the way
the Earth's interior has evolved with time and to feedback re-
lationships between surface temperature and the atmospheric
mixing ratio of CO 2. With regard to the former, we have al-
ready cited the passibility of the Earth's lithosphere being
thinner in the past. Such a possibility is indicated by modern
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FIGURE 5.4 One possible time history of the partial pressure of
CO2 and the resulting variation in the mean surface temperature of
the Earth. This figur, is based on the model proposed by Owen et al.
(1979) to resolve the solar-luminosity paradox.
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models of the temperature history of the Earth's interior
(Schubert et al., 1979). An extreme example of a feedback re-
lationship between surface temperature and the amount of at-
mospheric COQ is provided by considering a totally ice-cov-
ered Earth (Moroz and Mukhin, 1980). In this event, little
chemical weathering of silicate rocks would occur and essen-
tially no carbonate roots would be formed. Hence, the CO2
content of the atmosphere would steadily rise as volcanoes in-
jected new CO 2 into it. The surface temperature would in-
crease, because of the enhanced greenhouse effect, to the melt-
ing point of water. Walker et al. (in press) have suggested a
similar type of feedback process for an Earth dominated by
liquid water. They suggest that weathering rates depend
monotonically on both the par tial pressure of CO2 and tem-
perature. Hence, a lowering of surface temperature leads to a
higher partial pressure of CO2, in order to keep the geo-
chemical cycle in balance; in turn, the enhanced CO2 results
in a stronger greenhouse effect, which partially counteracts
the reduced temperature.

It is worth noting that changes in the CO2 content of the
Earth's atmosphere may not only have occurred secularly over
the entire history of the planet but may have also occurred
episodically in amounts that could have caused shorter-term
climatic fluctuations. If, hypothetically, the outgmsing rate of
CO2 was doubled and the weathering rate stayed the same,
the CO2 content of the atmosphere and ocean would double in
only about 4 x 105 yr (Walker et al., in press). The com-
parable response time for the CO 2 rock reservoir is about 3 x
108 yr. Thus, changes in the level of volcanism and/or the
characteristics of continents (total area, location, and topog-
raphy) may also have been accompanied by changes in the
amount of CO 2 in the atmosphere and thus the globally aver-
aged surface temperature. Changes in the CO 2 content of the
atmosphere of a factor of 2 or more are requited to produce
sizable changes in surface temperature. For example, dou-
bling the CO 2 content of the present atmosphere, as may oc-
cur over the next several decades or century because of man's
activities, would cause the surface temperature to increase on
the average by several degrees Celsius, with larger changes oc-
curring in the polar regions.

An enhanced amount of CO2 in past atmospheres of Mars
may be the means by which the surface temperature of that
planet was increased to the melting point of water, thus set-
ting the stage for the formation of certain types of fluvial chan-
nels on the older terrain (Pollack, 1979). Greenhouse calcula-
tions suggest that about 1 bar of CO 2 is required, i.e., an
amount that is a factor of 15 1) larger than the current atmo-
spheric content of CO 2 and an amount that is comparable
with the total quantity of CO2 outgassed over the history of
the planet (Pollack, 1979; Cess et al., 1980; Pollack and Yung,
1980). Such a large partitioning of CO 2 into the early atmo-
sphere of Mars is not implausible, since, in the absence of liq-
uid water, the weathering rates there may have been much
smaller than for the Earth. Indeed, the ultimate consequence
of the large buildup of CO Q—the occurrence of liquid
water—may have brought about the demise of the large atmo-
sphere through increased weathering. Because Mars is less
massive than the Earth by a factor of about 10, it-, lithosphere
may have thickened much more rapidly than the Earth's litho-

I
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sphere, and, as a result, little recycling of CO Q may have oc-
curred for Mars (Pollack and Yung, 1980).

OSCILLATIONS IN ORBITAL AND
AXIAL CHARACTERISTICS

As a result of gravitational perturbations by the other planets,
most notably Jupiter and Saturn, the obliquity of the Earth's
axis of rotation, i, and the eccentricity, e, of its orbit undergo
quasi-periodic variations. Also, the orientation of its axis
steadily precesses around the normal to its orbital plane
because of solar and lunar torques. The characteristic period
over which i varies is 41,000 yr, with i varying between about
22.0 and 24 .50 (its current value is 23. 40). The dominant
period for a is 413 ,000 yr, with tyre also being a number of
secondary periods clustered around 100 ,000 yr. a varies be-
tween 0 and 0.06, with its current value being 0 .017. The pre-
cession period is 25,000 yr (Imbrit and Imbrie, 1980).

The above astronomical variations result in seasonal aAJ
'atitudinal redistributions of solar energy, although oft- a`
minor change in the annually and globally averaged sc.lar
energy results (Pollack, 1979; Imbrie and Imbrie, 1980).x6-:
particular, the obliquity variations lead to a 10 percent peak-
to-peak change in the annually averaged solar insolation near
the poles, and ecce, city variations result in a 25 peroea(
peak-to-peak modulation in the summertime insolation in a
given hemisphere, with the two hemispheres being out of
phase. These modulations may be particularly important at
times when the continents in one hemisphere are marginally
able to have ice sheets as a result of their location and the mean
surface temperature.

The last several million years have been characterized by a
succession of alternating glacial and interglacial epochs. In-
deed, the last major ice age, the Wisconsin, ended only about
12,000 yr ago. Strong evidence that the above astronomical
variations ere in part responsible for these ice ages is given by
comparisons of the characteristic frequencies and phases
found in well-dated sea cores with those expected from the as-
tronomical theory (Hays et al., 1976). In particular, periods of
41,000, 23,000, and 19 ,000 yr characterize certain climate in-
dicators in the cores, which correspond quite closely to those
expected from the obliquity variations and the combined ec-
centricity-precession variations. However, there is still a good
deal of uncertainty as to whether the dominant period of the
cores, a 100 ,000-yr period, should be associated with the cor-
responding eccentricity period. According to linear theories of
the relationship between the astronomical variations and cli-
mate, only the combined eccentricity-precession variable is
relevant. Conceivably, the noniine: r response characteristics
of ice sheet growth and dc-ay permit the eccentricity alone to
affect climate, altha•gh details of the relationship need to be
worked out (Imbrie and Imbrie, 1980).

Regardless of the outcome of the above problem, the astro-
nomical variations are at most a necessary, but rot a suffi-
cient, cause of ice ages. Prior to several million years ago for a
time span of several hundred million years, no large continen-
tal glaciations in subpolar and mid-latitude regions occurred,
despite the occurrence of astronomical variations with about

the same amplitudes as those for the last several million years.
In all probability, the drift of the continents toward the poles
set the stage for the Pleistocene ice ages and presumably for
earlier ones as well (Pollack, 1979).

The amplitude of the astronomical variations in eccentric-
ity are set by the initial orbits of the planets in the early history
of the solar - ,,stem and is not expected to change in any signifi-
cant way subsequently (W. R. Ward, Jet Propulsion Labora-
tory, personal communication). However, the amplitudes of
the obliquity variations depend on the relationship between
the precession frequency, w p, and the characteristic frequen-
cies of the planetary perturbations, w i . When wp >> w i for all
i, the amplitudes of the obliquity variations are relatively
small and can be significantly augmented only if wp decreases
to a value comparable with w i. At present, the torque exerted
by the Moon on the Earth's equatorial bulge accounts for
about two thirds of its precession rate, with the rest due to the
Sun's torque. During past epochs when the Moon was closer to

—_ - the Earth, wp was presumably larger and hence the obliquity
ariations were somewhat smaller. A dramatic event may oc-

c r in the future when the moon moves somewnat further
f r hxh the E arth. wp will increase to a 50,000-yr period, becom-
ic ^ _, comparable with one of the w i. When that occurs (— few x
mO yr from now), the amplitude of the obliquity oscillations

=will increase by more than an order of magnitude and enor-
mous climatic changes will occur (W. R. Ward, Jet Propulsion

-^ Laboratory, personal communication).
It is highly unlikely that the mean obliquity has varied sig-

nificantly over the age of the Earth. In principle, such a
change could occur because of core-mantle coupling: the man-
tle has a bigger bulge and is more strongly affected by the
lunar and solar torques. Only very gradually through viscous
interactions does the mantle drag the core along. Such a coup-
ling would gradually decrease the mean obliquity with time.
However, the time constant for the coupling may well exceed
the age of the Earth.

Because its wp is comparable with some of the w i , the obliq-
uity variations for Mars have a peak-to-peak amplitude of
about 20°, i.e., almost an order of magnitude larger than that
for the Earth (Ward, 1974). Furthermore, its eccentricity
variations are about a factor of 2.5 larger than those for the
Earth. These much larger astronomical variations for Mars
may have played an important role in generating a quasi-peri-
odic sequence of sedimentary layers in its polar regions (Cutts,
19"3; Pollack, 1979). These layers are believed to consist of a
mixture of water ice and suspendable dust particles, with the
astronomical variations modulating both the deposition rate
and the ratio of the two constituents. For example, at times of
low obliquity, the atmospheric pren•ire may drop because of
absorption of CO 2 on surface dust grains (CO2 is the dominant
constituent of the Martian atmosphere). As a result, the fre-
quency of dust storms may decline sharply (Pollack, 1979).

COLLISIONS WITH APOLLO ASTEROIDS

Apollo asteroids are small, stray bodie; whose orbits cross the
orbital plane of the Earth. At present, come 30 such objects are
known, with diameters ranging from 0.2 to 8 km. V en al-
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The above result is of considerable interest because the ir-
idium anomaly occurs precisely at the point in the geologic
record where mass extinctions, including those of the dino-
saurs, occurred 65 million years ago. Thus, the extraterrestrial
event responsible for the iridium enrichment may have bt en
responsible for the extinction. A supernova origin for the en-
richment was ruled out because no observable amount of Pu 	 -
was detected and because the isotopic ratio, 191 Ir/ 193Ir, was
essentially identical to the terrestrial one. The enrichment was
attributed by Alvarez et al. (1980) to an impact of a 10-km
Apollo asteroid, whose iridium abundance was presumably
comparable with the solar-abundance value. The above size is
consisten , with both th-- total amount of iridium found and the
expected .requency of such cr4lisions.

Alvarez et al. (1980) offer the following scenario for the
manner in which an impact of a large Apollo objet , could have
resulted in the extinction at the Cretaceous -Tertiary boun-
dary: Some fraction of the ejecta was very fine dust, which
reached the stratosphere and remained there for 3 to 5 yr, by
analogy with the large enhancaaent of the stratospheric
aerosol population following the Krakatoa volcanic explosion.
So much dust was placed in the stratosphere by the Apollo im-
pact event that essentially no sunlight reached the s,rrface for
the next 3 to 5 yr. As a result, photosynthesis ceased for this
time period, causing whole food chains to collapse and leading
to the extinction of organisms dependent directly or indirectly
on living plants and plants, such as phytoplankton, that lacked
seeds or their equivalent. Unfortunately, the above scenario
rests on a misunderstanding of the enhancement of the
stratospheric aerosol population following the Krakatoa
event: the fine dust remained in the stratosphere for only a
month or two, with almost all of ' e subsegeeni r-^rtu:•bation
being due to the slow conversion of injected sulfur ,ases to
sulfuric acid aerosols (Lazrus et al., 1971; Pollack et al., 1'761.
Nevertheless, it is quite clear that study of the various ebects
that accompany the impact of a large Apollo object—
changes in atmospheric temperature and ozone abundance as
well as opacity—is a fruitful topic of research and that it may
have relevance to the extinction of the dinosaurs as well as
possibly other similar occurrences.

lowance is made for the large incompleteness of the telescopic
searches for them, it is estimated that there are approximately
750 Apollo asteroids whose diameters exceed 1 km (Wetherili,
1979).

It is inevitable that some of the Apollo asteroids will collide
with the Earth; because of orbital perturbations by the plan-
ets, the semimajor axes of their orbits and the normals to their
orbital planes process. As a result, every few thousand years
their orbits intersect that of the Earth. Almost all of the time,
the Apollo asteroid intersects the Earth 's orbit when the Earth
is not at the intersection point. But there is a well -defined,
nonzero probability for the Earth being at the intersection
point, in which case the asteroid collides with the Earth. The
average lifetime of a given  Apollo asteroid before such a colli-
sion occurs is about 2 x 10 8 yr (Wetherill,1979). Hence, colii-
sioiis with Apollo asteroids with diameters of I km or greater
happen about once every 2.5 x 10 5 yr (Wetherill, 1979) and
with ones having a diameter of at least 10 km about once every
108 yr. Because the current population of Apollo asteroids
represents one in which an equilibrium has been established
between losses through collisions with planets and ejection
from the solar system and gains from objects added from the
asteroid belt and old cometary nuclei, the above collision fre-
quencies hold throughout most of the Earth 's history. How-
ever, during the first 7 x 10 8 yr of the Earth's history, the
bombardment rate was probably orders of magnitude larger,
based on our knowledge of lunar chronology (Hartmann,

1972).
A collision on land with an Apol t- object results in the crea-

tion of a crater, whose diameter is about 20 times that of the
impacting object and whose initial depth at the center of the
crater is about one quarter the crater's diameter. The Apollo
object is almost totally volatized, and a mass equal to about
100 times that of the object is ejected from the crater. Some of
the ejecta is highly comminuted rock, and this material may
reach high altitudes and stay in the atmosphere for an ex-
tended time. Much water as well as pulverized rock may be in-
jected into the atmosphere if the impact occurs in an ocean.

While collision with an Apollo asteroid is clearly a cata-
strophic event in the immediate vicinity of the impact, the
more important issue is whether such collisions can perturb
the climate in a significant way on a global scale. Soma evi-
dence that collisions with the largest Apollo objects ( - 10 km)
had a profound impact on the global climate has been given by
Uvarez et al. (1980). In an effort to detect the pre vnee of ex-

traterrestrial material in the geologic record, they determined
the abundance of the element iridium in sedimentar y sections
thrt spanned the time period from the Upper Cretaceous through
the Lower Tertiary. This element was chosen because its
abundance in the Earth 's crust is orders of magnitude smaller
`ban its "solar abundance" value (presumably much of the
Earth 's iridium has been segregated to its deep intr: ior) and
because very small amounts of it can Ne accurately measured
with neutron activation techniques. Alvarez et al. (1980)
found very large enhancements of the concentration of irid-
ium in the acid insoluble clay fraction at Precisely the Creta-
ceous-Tertiary bour:dary (see also Chapter 8). An enhance-
meia factor of 30 and 160 characterized sections from Italy
and Denmark, respectively.

PASSAGE THROUGH DENSE
INTERSTELLAR CLOUDS

The density of 'he interstellar medium of gas and dust varies
considerably, with gas densities ranginc from about 1 atom or
molecule/cm 3 to about 108 atoms or molecules/em-3 . As a very
crude approximation, about 1 percent of the mass is parti-
tioned into solid grains, whose characteristic size is about 0.1
µm. During the course of its mation around the galactic cen-
ter, the solar system may pass through a spiral arm, in which
dense interstellar clouds are preferentially located and, in the
process. encounter one or several dense clouds. Hydrogen is
the most abundant element in the interstellar meditim, with it
being principally in the form of molecular hydrogen in the
dense clouds. Below, we briefly consider the possible climatic
consequences of accretion of molecular hydrogen by, alterna-
tively. the Sun and the Earth. It is to he noted that, even dur
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ing the passage through a region having a density of 106
H2 /cm3, the opacity of dust grains between the Earth and the
Sun is sufficiently small so as not to cause a noticeable reduc-
tion in the solar flux at the orbit of the Earth.

Hoyle and Lyttleton (1939) and McCrea (1970) have con-
sidered the effect on the Sun's luminosity of its accreting
molecular hydrogen during the solar systeri's passage through
a dense interstellar cloud. The Sun's luminosity increases at
such times because of the release of gravitational energyby the
accreted matter, witi, the amount of enhancement being pro-
portional to the rate of accretion and thus the densih , of the
cloud. For typical velocities of the Sun relative to the interstel-
lar medium (about 5-25 km/sec), McCrea (1975) finds that
cloud densities of about 105 to 107 H2/cm3 are required in
order to increase the Sun's luminosity by 1 to 100 percent.
Oddly enough, the increased luminosity is invoked as a means
of triggering an ice age, in accord with a theory of Sir George
Simpson. Whereas Simpson's theory is not currently widely
held, there is no doubt that ar i ncrease in the Suns luminosity
of 1 percent or more would iJe climatically significant. Mc-
Crea (1975) claims that the solar system passes through an in-
terstellar cloud whose density exceeds 105 H 2/cm3 at intervals
of about 108 yr. However, more recent considerations of the
properties of the interstellar medium by Talbo tt and Newman
(1977) indicate that the above interval may be significantly
longer, in which case accretion of interstellar matter by the
Sun may not have climatic relevance.

The statistical analysis of Talbot and Newman (1977) indi-
cates that the Earth passes through an interstellar cloud with a
density of 103 H2/cm3 about once every 3 x 108 yr. McKay
and Thomas (1978) have examined the possible chemical and
climatic consequences of the Earth accreting H 2 from such a
cloud. During such time, the duration of which is about 105
yr, the solar wind is confined to within the Earth's orbit and
the Earth accretes H2 at a globally average rate of about 7 x
109 H2/cm2/sec. This value may be compared with the present
rate of 108 H 2/cm2/sec at which H is escaping from the top of
the Earth's atmosphere. According to McKay and Thomas
(1978), the interstellar H 2 molecules are thermalized and dif-
fuse down to an altitude of 140 km, below which they are de-
stroyed by reactions with 0, leading to the formation of odd-
hydrogen compounds, including H, H2O, OH, and HO2.

There are several possible majo- effects of the above flux of
H 2 into the Earth's atmosphere and its subsequent chemical
conversions (McKay and Thomas, 1978). First, the iono-
spheric F-region may be largely destroyed owing to the great
effici mey of H 2 in affecting electron recombination. Second,
there may be a substantial depletion of ozone at altitudes
above 50 km owing to the great increase in the abundance of
odd-hydrogen species, which dominate the catalytic destruc-
tion of ozone there. Third, and most important, there may be
P large increase in the water-vapor mixing ratio near the meso-
pause (about 100 ppm), which may engender the appearance
of a dense, global cloud of water and ice in the upper meso-
sphere. At present, only a very thin ice cloud occurs near the
mesopause, and it is located. only in the polar regions. Accord-
ing to McKay and Thomas's calculations, the optical depth of
the enhanced mesospheric ice clouds reaches a value on the
order of 0.1, resulting directly in a decrease in the globally

averaged surface temperature of about 1°C. They clam that
such a cooling may trigger an ice age. However, as noted ear=-
lier, the position of the continents plays an important role in
setting the stage for ice ages. The probability of the Earth pass-
ing through -i dense interstellar cloud when the continents are
properly aliened is extremely small. Nevertheless, the above
cooling is still climatically si gnificant and merits further_
study. Finally, the above chemistry and its consequences ap-
ply to times when oxygen was present in substantial quantities
in the Earth's atmosphere and, thus, is not relevant prior to
about 2 x 109 yr ago.

SUPERNOVA EXPLOSIONS

Supernw-a explosions are cataclysmic events in the lives of
some stars whereby their outer envelopes are ejec-ed at high
velocities into space. During the first hundred da ys or so
following the explosion, the light output from the supernova
exceeds by many orders of magnitude that of the pre-explosion
star, and it spans a broad range of the electromagnetic spec-
trum. In addition, a large flux of cosmic rays accompanies the
expanding envelope or supernova remnant.

The climate of the Earth may be affected by a nearby super-
nova explosion, principally through its effects on the ozone
layer. Ruderman (1974) suggested that the terrestrial ozone
layer would be severely depleted by both the gamma rays gee-
erated during the early phases of the supernova event (approx-
imately first :00 days) and by the cosmic rays generated in the
envelop of the remnant, when they swept past the Earth.
However, Whitten et al. (1976) have pointed out some signifi-
cant revisions to Ruderman's proposal brought about by
newer astrophysical data and have carried out a more detailed
calculation of the possible ozone reduction. They suggest •hat
the amount of energy contained in the gamma-ray poru—, of
the supernova's spectrum is too small to affect the czone layer
appreciably and that the cosmic rays contained in the super-
nova envelope are chiefly due to the trapping of cosmic rays
from the interstellar medium. As a consequence of the latter,
the Earth is exposed to an enhanced level of cosmic rays over a
longer period of time (about 103-10; yr) than suggested by
Ruderman.

The amount of ozone in the atmosphere is reduced by the
cosmic rays because of their producing large quantities of ni
trogen oxides in the stratosphere, which act to destroy the
ozone catalytically. According to the calculations of Whitten
et al. (1976), ozone reductions of 20 and 50 prcent result from
enhan..,ements of the cosmic-ray flux at the Earth of factors of
10 2 to 103, respectively, which can be expected from super-
nova explosions situated 10 and 5 parsecs from the Earth. Such
reductions will increase the amount of potentially biologically
damaging solar-UV radiation reaching the Earth's surface and
will affect the atmospheric temperatures, a- indicated below.
;however, Whitten et al. (1976) estimate that the mean inter-
val between such nearby supernova explosions is about 2 x
1 09 and 2 x 10 10 yr for the 20 and 50 percent depletions,
respectively.

Hunt (1978) has calculated the effects of the reduction in
ozone on the atmospheric temperature structure. He finds that
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temperatures in the stratosphere are reduced by 5 and 11°C
and surface temperatures are reduced by 0.1 and 0.3°C, by
ozone reductions of 20 and 50 percent, respectively. He also
points out that the large temperature changes in the strato-
sphere may affect the troposphere through dynamical cou-
pling of these two regions.

CONCLUSIONS

Of the various factors discussed above, the ones that would ap-
pear to have most profoundly affected the Eartli s climate dur-
ing the pre-Pleistoc(ne periotfd><e changes in the solar output
due to long-term (about 10 9 yr), evolutionary effects, long-
term changes in the composition of the terrestrial atmosphere,
and impacts by large Apollo asteroids. The first of these fac-
tors tended to cause a progressive cooling with increasing time
into the past, which may have been counteracted by the sec-
ond factor. Large increases in the carbon dioxide content of
the early Earth appears to be the most promising means of en-
gendering the desired enhanced greenhouse effect. In addi-
tion, episodic variations in the carbon dioxide content of the
atmosphere appear to be possible due to variations in tectonic
processes, with shorter-term climatic oscillations accompany-
ing these changes. Collisions with 10-km-sized Apollo objects
about every 108 yr may have been the determining factor for
the m: s extinctions that characterize the geologic record, al-
though details of the mechanism for this relationship need to
be worked out and additional cores need to be studied.

The finding that climatic changes have occurred on other
solar system objects, particularly Mars, adds a new and im-
portant dimension t3 studies of long-term climatic ch;eng-s on
the Earth. Furthermore, some of the same climatic factors
that are importa, - -)r the Earth also appear to have been in-
volved in these extraterrestrial climate changes. -
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INTRODUCTION

For about two and a half billion years the Earth's surface
temperatures have been near the transition between water in
its three phases: ice, liquid, and vapor. During this long span
of time, ice has accumulated to form huge glaciers on the con-
tinents from time to time, separated by intervals when they
dwindled and disappeared (Figures 6.1). Here we examine
briefly the r.^,ologic documentation of the record of waxing
and wanfrg of continental glaciers and discuss hypotheses to
explain the ice ages.

NA'rURE OF THE GLACIAL, RECORD

Glaciers scour into hard rock and cut characteristic land-
forms such as U-shaped valleys, stoss and lee shapes, and
roches moutonnees. In addition, the surfaces of these land-
forms are scratched by stones frozen fast within the ice as the
g!acier inexorably scrapes across bedrock. Such landforms
along with faceted and striated stones, after the ice has long
melted, have been confidently identified beneath sedimen-

tary rock as old as 2200 million years (m.y.). They provide
convincing evidence of glaciation and have been identified in
association with strata of all the major ice ages on Earth
(Figure 6.1).

Such surfaces are at places overlain by unsorted mixtures of
blocks, stones, sand, and mud, which, when hardened into
rock, are known descriptively as diamictite (or mixtite). If
diamictite is closely associated with ice-sculptured landforms
and pavements, and especially if it also contains glacWly
faceted and striated stones, it is interpreted genetically as con-
solidated glacial moraine or till (tillite). In contrast, beds and
lenses of diamictite are formed where unsorted debris slides
downslope into a sedimentary basin from nearby sources and
is in no way a^miated with glaciers (Crowell, 1957; Dott,
1963). The interpretation of diamictite as tillite and the
recognition of its glacial origin involve the reconstruction of
paleogeography based primarily on the study of associate
stratal facies. Where d:d the ice lie with respect to outwash
plains, river systems, shorelines, and the sea? Observations
from widespread outcrops are interpreted to reveal th° geog-
raphy over a large region. They must come from beds that are
close time equivalents. Distinction is also needed between
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FIGURE 6 . 1 Occurrence in time of ancient ize ages plotted linearly, to two scales. O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous;
P, Perrdkn; Tr, Triassic; J, Jurassic; K, Cretaceous; T, Tertiary.

huge continental ice sheets, smaller ice caps, piedmont ice
sheets or aprons, and alpine glaciers confined to mountain
ranges.

Where glaciers reach the sea, icebergs calve and float
away, carrying within them clots of debris including large
boulders. This debris drops to the seafloor when the ice melts
and may accumulate in an environment where currents are
weak and where thin-bedded or laminated deposits are being
laid down. Ancient deposits of laminated shales with sporadic
large stones, or clots of unsorted debris, may therefore be
properly interpreted as the result of rafting. If these drop-

stones in turn are large and angular and are composed of
mixed rock types carried from great distances, and especially
if some of them are glacially faceted and straited, we can in-
fer that the rafts were thick icebergs from calving glaciers

rather than thin sheets of shore ice or sea ice. Root mats and
kelp holdfasts may also raft oversized stones and debris to en-
vironments of laminated deposition but are not so efficient as
ice. In the Precambrian, however, plants did not yet exist, so
ice rafting is confidently inferred.

Another sedimentary facies indicative of glaciation consists
of thick deposits of massive d'amictite containing widely dis-
persed stones. The stones may have been emplaced either by
rafting or by downslope mixing. If some of these stones are
glacially faceter: and straited, it is especially reassuring for
the glacial int ,,rpretation. Such deposits accumulated around
the margins of Antarctica in the Ross and Weddell Seas dur-
ing the late Cenozoic. Here glacial detritus is deposited in
water deepen:ng irregularly toward the deep sea and in part
bent ath ice shelves extending seaward from the eroding land

(Kurtz and Anderson, 1979). Similar facies are identified in
Late raleozoic strata in the Falkland Islands, in the southern
Cape Ranges of South Africa, in the Sentinel Range of Ant-
arctica, and in Precambrian strata of the western United
States (Crowell and Frakes, 1975; Blick, 1976).

Features preserved within ine sedimentary strata range
from those features clearly indicative of glaciation where ero-
sion and deposition occur directly')eneath glaciers in contrast
to features at great distance from the glaciers tl±emselves.
Near-glacier features such as eskers, kettle holes, englacial

and subglacial stream d-posits, and patterned ground formed
by seasonal freezing and thawing in terrains marginal to gla-
ciers, for example, are identified in some ancient rocks. Some
features, however, are difficult to interpret. Twisted and
folded sand lenses within massive diamictite may have
formed either by the bulldozing oi an advancing glacier or by
sliding down submarine slopes where nearby glaciers played
no part. Continuing research on the modern and Pleistocene
glacial and periglacial environments will help in characteriz-
ing ancient environments.

Studies of the Late Cenozoic Ice Age, both of the land rec-
ord of the advance and retreat of ice sheets and of the distri-
bution of ice-rafted debris in deep-sea cores, provide helpful
clues in interpreting the more ancient rock record. Ice-rafted
dropstones :wd debris have been recovered from the middle
latitudes of all oceans. The conclusion follows that currents
can carry icebergs great distances. Debris now dropped from
melting iceber s on the Grand Banks south of Newfoundland,
for example, have drifted in currents mainly from wef,
Greenland glaciers. The nearest land (N..vfoundland and
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Nova Scotia) is not the source because at present these regions
are free from ice caps. Ancient strata containing glacial drop•
stones demonstrate the existence of glaciers somewhere. If the
beds can be dated adequately, the timing of the glaciation
can be determined, but the ice source can be located with
confidence only when much is known about the paleogeogra-
phy and the patterns of ancient ocean currents. This con-
fidence will depend i p turn on confidence in our environmen-
tal interpretations from the strata, on our regional tectonic
reconstructions, and on our ability to correlate strata over
great distances so that we are dealing with relatively synchro-
nous shreds of data. As we go back farther and farther into
the past, strata containing the evidence have been eroded
away or covered up, or deformed and metamorphosed, so
that the older the beds the less able we are to deal with dire
synchroneity and the less confidence we have in our recon-
structed geography.

In examining the record of ancient ice ages, it may be diffi-
cult to distinguish between continental ice sheets, ice caps,
and mountain glaciers. Tectonic reconstructions may indi-
cate that plate convergence took place near the preserved
strata, and so we may infer with confidence that alpine gla-
ciers prevailed. Such a situation exists today along the coast of
Alaska, where glaciers in high mountains next to the sea
debouch debris onto a narrow coastal shelf and then se .ward
into deep sedimentation troughs. If, on the other hand, the
record lies at the margin of a shield area, and deposition took
place within a sedimentary prism marginal to it, an ice sheet
is more likely. This situation existed around the periphery of
the Scandinavian ice caps during the Pleistocene Epoch. Clast
types within the diamictites or dronstone faces may also be
helpful in such interpretations. Shields yield mature sedimen-
tary rocks from a variety of granitic, gneissic, migmatitic,
and similar sialic types; arcs rising inboard on continents
from a convergent plate boundary are likely to yield cale-
alkaline volcanic and granitic debris to make im,nature
sediments. The regional tectonic environment must therefore
be reconstructed carefully as the glacial record is evaluated.

In working out the timing of such paleogeographic recon-
structions, stratigraphic methods are first employed to find
the age of the beds that contain the glacial record. For
Phanerozoic beds, fossils are usefiil, but fossils within glacial
beds are rare at best and may have bee:, reworked from older
deposits. The strata that are indisputably glacial are usually
terrestrial and only locally contain marine fossils, which are
most helpful for worldwide correlation. The strata lying
above pavements scoured by glaciers are probably those laid
down as lodgment till as the glaciers dwindled and retreated
and as the sediments encroached landward across previously
glaciated terrain. Their a,,e will therefore document the end-
ing of the glaciation raiser than its maximum or its begin-
ning. As an ice cap gnaws into a widespread ice sheet, the
sediments brought to its margin are quickly worked over by
outwash streams before reaching the sea. Sediments laid
down at the same time, but at a distance within a basin
where the seaimentary record is more complete, will contain
little if hny i, ,print of 'he glaciation. Stones and sand grains
have b vn worn by river, beach, and marine processes so that

no vestige of the glacial history may remain. Only when an
ice sheet has grown so that tongues of ice reach the sea will
icebergs calve to drift away in currents, to leave on melting a
record within a distant sedimentary section. Sedimentary sec-
tions peripheral to glacial centers therefore need special
scrutiny. In fact, since the direct evidence of continental
glaciation is sparse at best, we need to employ indirect obser-
vations such as results from changes in sea level and attempt
to interweave arguments from many sources, including
paleomagnetism, as we reconstruct the geography during an-
cient ice ages (Crowell, 1978).

ICE AGES THROUGH TIME

Ice ages on Earth are firsi documented about 2300 m.y. ago
(Ma), followed by an immensely long interval of about 1300
m.y., when, so iar as we now know, none took place (Figure
6.1). Several glaciations oopurred in the Late Precambrian
and several during Paleozoic time until the Late Permian
about 240 Ma. Continental if -e sheets then disappeared and
only began to wax again beginning about 25 Ma. We are still
living during an ice age, but during one of th- mild in?ergla-
cial fluctuations within it. Continental glaciers have there-
fore come and gone on the Earth (Hambrey and Harland,
1981).

An early widespread glaciation between 2500 and 2100 Ma
is documented in what is now southern Ontario, and the ice
sheet may have reached as far as southern Wyoming (Young,
1970). In Canada, the :Iuronian glacial sequence includes
several tillite horizons and drolMone facies and locally
overlies a striated pavement. In South Africa a similar glacia-
tion may also be recorded (Visser, 1971), but investigations
have not gone far enough to demarcate paleogeography, and
the dating is uncertain—somewhere between 2720 and 2200
Ma. Possible tillites are also reported from western Australia
(Trendall, 1976). At present we can be reasonably sure that
glaciation affected North America and perhaps other distant
regions between 2700 and 2100 Ma but probably not continu-
ously for this entire time, a span of 600 m.y., which is as long
as all of Phanerozoic time. There may have been several gla-
ciations during this long interval, and outstanding questions
remain, concerning not only the nature, extent, and timing of
these most ancient of recorded ice ages but also why there is
no record of continental glaciation during the ensuing billion
years.

In the late Precambrian, continental glaciation flourished
intermittently from about 950 Ma to about 560 Ma (the be-
ginning of the Paleozoic) Harland and Herod, 1975;
Williams, 1975). During this interval of about 400 m.y., ice
sheets lay upon all the continents (with the possible exception
of Antarctica) and at places waxed and waned more than
once. Unfortunately, dating through either fossils or isotopic
methods is uncertain so that we do not know whether distant
strata are of the same age. Data now in hand, however, sug-
gest thr,^e glaciation peaks: one about 940 Ma, another near
770 Ma, and a third near 615 Ma (Williams, 1975). Two of
the three glacial culminations are recorded within the same

f



by 3 Ma sea-level glaciation is recorded in Iceland and within
cores recovered from the floor of the Labrador Sea. The pat-
tern of ice sheets around the Arctic and reaching southward, 	 i
so characteristic of the Pleistocene Period, had already 	 }
developed.	 1 3
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strata) sequence in regions around the present North Atlantic;
In central and southwestern Africa; and in Brazil, tiestern
North America, and Australia.

Near the end of the Ordovician Period, and lasting into the
Silurian, continental glaciation left an Incontrovertible im-
print on Gondwana, especially in northern Africa (Beuf et

al., 1971). The record extends . in scattered localities from
northern Europe to South Africa and from the Saharan re-
gion to Bolivia and Peru (Harland, 1972; Frakes, 1979;
Crowell et al., 1980). This refrigeration was introduced by
cold-water faunas of Early Ordovician age in northern
Europe, culminated during the latest Ordovician (Ashgtllian)
in Saharan regions, and then reached into Andean South
America during the Early Silurian (Wenlockian and part of
Ludlovian). This ice age is therefore recorded over a time
span of about 50 m . y. between 400 and 450 Ma. In addition,
pct bable glacial sediments of mid -Devonian age (about 365
Ma) are reported from the Amazon Basin (Caputo et al.,
1972).

The Late Paleozoic Ice Age, recorded on all Gondwana
continents, lasted for about 90 m . y., from 330 to 240 Ma
(Crowell and Fakes, 1970, 1975; Crowell, 1978). It began in
South America, culminated over much of Gondwana, and
ended in Australia. On each continent the glacial record is
preserved around the margins of deeply eroded sialic shields
and within local basins. In Austra l ia, six or more lee centers
are suggested, but palec,ntologieal control does not allow de-
termining whether they vere all flourishing at the same time
or at somewhat different times. In Antarctica, glaciers pri-
marily lay adjacent to the now Transantarctic Mountains and
also just south of the Sentinel Range. In Africa, several ice
lobes reached into South Africa and Namibia from the in-
terior, and farther north ice extended into the Congo Basin
from the east and also occupied the Acinity of Gabon. On the
east, lobes extended into southern Madagascar. In South
America, ice tongues from Africa reached into Brazil and
Uruguay and left a convincing and detailed record in the
Parana Basin. Centers also accumulated over Paraguay and
adjacent Bolivia, the Pampean Ranges, at several places in
Argentina, and is the Falkland Island:,. In Asia, ice caps bor-
dered several of the basins in northeastern and central India
and along a belt marginal on the south to the present Hima-
layan Ranges and were sited as far northwest as central Paki-
stan. In the Verkoyansk region of northeastern Siberia, mid-
Permian beds may also record refrigeration. Although the
record of the Late Paleozoic gl a ciation is widespread it is
likely that ice caps came and went during the long span of 90
m.y. inasmuch as sea level was not drastically lowered, as
would have been the case with one huge ice cap. Moreover,
cyclic sedimentation (cyclothems) oa distant continents, as in
North America and Europe, suggest that slight fluctuations in
sea level were caused both by the waxing and waning of ice
caps and by the replacement by new ice centers as old ones
melted away.

The Late Cenozoic lee Age began slowly and locally 4n the
Paleogene with the growth of the Antarctic Ice Cap, and by
early-MIocene time, about 22 Ma, worldwide refrigeration
had set in (Frs.kes, 1979, p. 223). Cooling continued, so that

CAUSES OF GLACIATION

Explanations for ice ages fall into two groups: those based or
extraterrestrial influences and those resulting from changes
on Earth itself (Crowell and Frakes, 1970). Variations in
solar radiation conceivably could cause glaciations, but as yet
there is no evidence that fluctuations in solar heat output
have been greater than a few percent aerzykiewiez and Ser-
kowski, 1968). Heat arriving at the Earth might also be re-
duced if the Earth were to pass through a dust cloud, but
there is no evidence for this either. Although we do not yet
understand the extent of normal variations in the Sun's heat
flux, we must at present look to changes on Earth for the
basic causes of ancient ice ages.

Variations in the geometry and mechanics of the Earth-
Sun system are now well estabiished (Broecker, 1965; Imbrie
and Imbrie, 1980). The precession of the equinores with a
period of about 21,000 yr, changes in the obliquity if the
ecliptic over 40,000 yr, and variations in the eccentricity of
the orbit over about 96,000 yr introduce climatic var-ations
that are detected in the Late Ceno..c•ic record and largely ac-
count for the glacial and interglacial stages. Such orbital in-
fl-iences ca the amount and pattern of distribution of heat
received by the Earth have certainly operated back into the
readable geologic past. They are considered Isere as part of
the noise superimposed upon changes taking place cn the
Earth itself. Whether there are significant longer cycles seems
doubtful at present. The record of ancient ice ages as plotted
in Figure 6.1 apparently is too irregular to c• in effects of
some cosmic cycle.

The changing arrangement of continents has long been ad-
vocated as influential in bringing about climatic change in-
cluding glaciation and with the evolution of the concepts of
plate tectonics has received new attention (Crowell and
Frakes, 1970). With continents in polar or subpolar sires, and
otherwise appropriately located so that uplands acrete snow
from year to year to build up an ice cap, glaciation ensues.
Studies in paleomagnetism show that during the Paleozoic,
for example, cantinents with a record of glaciation also occu-
pied a high-L atitude position (McElhinnv, 1973). As the
united supercontinent of Gone ina drifted across the south
poles, glacial centers roughly followed the migrating poles.
Despiie incompleteness of paleomagnetic data and contro-
versy concerning interpretation, recently published apparent
wander paths (Figure 6.2) cross glacial sit es in chronological
order throughout the Paleozoic Era (Morel and Irving, 1978).
For glaciations during the Paleozoic and Late Cenozoic, the
polar hypothesis is supportable.

Between Late Permian and Late Paleogene times, how-
ever, there is no record of continental glaciation, even though
Antarctica occupied a position at or near the soutf. pole. Dur-
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FIGURE 6.2 Apparent polar wander path for Gondwana for the
Paleozoic Era. Redrawn and simplified from Morel and Irving (1978,
Figure 1). Glacial strata, with ages Lppropriate to the apparent polar
wander path, are shown with black triang! ,x. Data on occurrence of
glacial strata from many sources.. X. alternative path. The close
association of the glacial beds to the south polar position, for the dif-
ferent geologic periods (as indicated by the letters as in Figure 6.1),
supports the concept that continental ice sheets developed when their
sites were in near -polar posif'ons.

fng most of this long ic'. .crval the north pole lay within ar,
Arctic Ocean or nearby and in a position not too different
from that of today (Smith and Brider-, 1977). Other factors
therefore must have played a role in accounting for th ., lack
of glaciation. Among thzse are sea-level changes. With
marked raising of sea level so that rntinents are widely
flooded, the albedo of the Earth is reduced, with the result
that the Earth IF warmed. Perhaps this is related to a speeding
up of seafloor spreading (Pitman, 1978). In addition, during
the Mesozoic Era, continents were arranged differently from
that before and after so that the oceanic circulation followed
different paths in loth low latitudes and high latitudes. These
changing continental arrangements in turn affected the heat
exchange between the equatorial regions and the polar re-
gions. Wita warm water in high iatitudes, evaporation is fa-
cilitated so that snow on nearby continental sites is enhanced
(Crowell and Fakes, 1970). When the continents are ar-
ranged so that th? latitudinal flow is reduced and longitudi-
nal flow enhanced, a differ^nt pat' ern of heat exchange be-
tween equatorial and polar regions follows.

The air-ocean system that controls climate on land is com-
plex a.nd beset with feedbacks. Many interrelated facwrs in-
terweave to amount for climate, and as these factors strange,
so does the climate. For example, the Earth's albedo wall rise

when clouds are plentiful, but the average temperature at the
surface may increase because of trapped infrared radiation.
Albcdo will ire when Wand sees are fret and when
the ground is snow covered in the middle latitudes.

Back in time for the last half billion years the air-ooean-
continent system apparently operated dynamically as It does
today, although we still do not understarxi the complex hAer-
weaving of the mary forcing fags. Bads that far the record
of 0.1mate and life on Earth, including glaciation, ceu be ex-
plained in terms of processes operating today, in Orly
same balance, but with still ill-defined variability. In the late
Precambrian, however. a body of evidence front
netism suggests that continental glaciation occurred at low
latitudes (Tarling, 1974; McWilliams and McElhinny, 19W),
for which as ye no satisfactory explanation has comb forth.
In fact, an important reason for studying the climatic history
during the long interval of recorded Earth history 's to docu-
ment the extreme ranges in flucuations of the air-ocean-
continent system. Documentation of this record will then
provide mankind with better understanding of die causes of
variations, including thou to be expected in rib future. Such
investigations will aid tigniLuintly in arriving at a setisfao-
tory theory to explain climate and especially climate change.
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INTRODUCTION

Studies of climate frequently involve identifying a plausible
forcing mechanism (e.g., solar fluctuations), hypothesizing
the response, and attempting to verify the hypothesis with
data. This is difficult because the mechanisms are many and
frequently small in amplitude, the response complex, and the
data meager. For changes in oceanic mixing on the geologic
time scale, a significant forcing function has been the change
in area, location, and configuration of marginal seas due to
plate-tectonic motions and eustatic sea level fluctuations. The
hypothesized response is that these changes influence the for-
mation of oceanic deep water and cause the thermohaline cir-
culation of the ocean to differ substantially from one age to
another. We suggest that during much of the geologic past (es-
pecially in the late Cretaceous) bottom water was produced
by the sinking of warm, salty water formed by evaporation in
low-latitude marginal seas rather than by the sinking of cold
water formed in polar and subpc'ar marginal seas. The possi-

bility of the formation of warm saline bottom water (WSBW)
and its role in climate was first suggested, to ot- knowledge,
by Chamberlin in 1906.

We begin by discussing thermohaline circulation and the
formation of oceanic deep water and suggest that marginal
seas play a dominant role in deep water formation as well as in
determining the characteristics of deep water. In the next two
sections we present a simple model that provides a conceptual
framework for evaluating the potency of marginal seas as
deep-water sources and for understanding the formation of
WSBW. The substantial geologic evidence for the occurrence
of WSBW is the topic of the fourth section. We then show that
paleogeography indicates that the configuration of marginal
seas was favorable for the formation of WSBW at those times
in the past when there is evidence in the geologic record (pre-
sented in fourth section) for the occurrence of WSBW. Fi-
nally, we present discussions of the consequences of WSBW on
oceanic and atmospheric chemistry and on the climatic conse-
quences of WSBW.
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THERMOHALINE CIRCULATION AND
DEEP-WATER FORMATION

Thermohaline circulation is generally taken to be that circula-
tion driven by density differences imposed at the ocean surface
by interaction with the atmosphere. The bulk of the present
ocean is filled with water from only a few source regions of re-
stricted surface areas (e.g.. the Norwegian Sea, the Weddell
Sea, the Mediterranean Sea, and the Red Sea-Persian Culf).
This is verified by the fact that these deep waters essentially re-
tain characteristics of their source regions. Simple box models
using both radiocarbon and stable tracers (see Broecker et al.,
1960; and Bolin and Stommel, 1961) yield estimates of the res-
idence time of the deep water of about 1000 yr. If the ocean is
assumed to be in a quasi-steady state (i.e., changes, if an y, oc-
cur on time scales much greater than 1000 yr), the sinking of
deep water in a few small regions must be compensated for by
rather slow upx-elfing in the bulk of the ocean. If this upwell-
ing were uniformly distributed (which it almost certainly is
not) the upwelling velocity, based on the 1000-yr residence
time, would be on the order of a few meters per year. In the
present-day ocean the upwelling of dense, cold, sleep water
must be compensated for by a downward diffusive flux of neg-
ative buoyancy (heat in the present-day ocean) if the ocean is
in a steady state.

Because of the small spatiel scales and temporal variability
of convective processes such as deep-water formation, there
are few direct observations of deep-water formation. Further-
more, the small magnitude of the upwelling velocity precludes
its direct observation. Finally, the details of oceanic diffusive
processes are poorly known; therefore, most knowledge of
thermohaline circulation and deep-water formation is based
on indirect observation (e.g., the radiocarbon models men-
tioned above) and theoretical considerations. Because of these
problems, knowledge of present-day thermohaline circulation
is rudimentary compared with knowledge of the wind-driven
circulation.

Rossby (1965) suggested that because the con vective buoy-
ancy transfer processes are so much more efficient than the dif-
fiuive processes, convective deep-water formation must be
confined to small regions in order to maintain steady-state
conditions. Observations indicate (see Gordon, 1975) that
most deep water is formed in marginal seas or over continental
shelves. Apparently, the trapping of water allows it to un-
dergo intensive interaction with the atmosphere and thereby
create a substantial buoyancy deficit. This suggests that acci-
dents of geography may determine the sites of deep-water for-
mation.

A SIMPLE PLUME MODEL

Models of thermohaline circulation have tended to treat the
formation of deep water as a tacit assumption or as a response
to global-scale forcing. In light of the apparent importance of
marginal seas to deep-water formation, one of us (Peterson,
1979) has formulated a simple steady-state thermohaline con-

vection model driven by -imposed buoyancy sources. Because
so little is k •hown about thermohaline circulation, a simple
horizontally averaged model exploring how buoyancy sources
determine the stratification and vertical circulation seemed
appropriate. The essential assumption of the model is that
dense water sources have a sufficient buoyancy deficit to drive
turbulent plumes that entrain water from the ocean's interior,
thus increasing the plumes volume transport and decreasing
their density as they penetrate. The present-day Mediterra-
nean outflows lend credence to the entrainment assumption.
The density of the outflow at thr Straits of Gibraltar is greater
than any density in the Atla%ac Ocean (Wfzst, 1961), but the
Mediterranean outflow terminates at about 1200 m and
spreads throughout virtually the entire North Atlantic as an
intermediate salinity maximum. If the Mediterranean water
were not diluted by entrainment it would sink to the bottom of
the Atlantic Ocean.

The model is an extension of the pioneering work of Baines
and Turner (1969) and can be envisioned as the filling of a
large box from one or more steady buoyancy sources. The
buoyancy sources drive turbulent plumes that interact with a
laterally well-mixed interior by turbulent entrainment of non-
turbulent interior fluid into the plume. The interior equation
is a simple vertical balance of advection and diffusion of buoy-
ancy. This interior balance is the same one much used by some
geochemists (e.g., Craig, 1969), with the important exception
that the vertical velocity is determined by the source strength
and the plume dynamics.

The buoyancy- flux is the product of the volume flux and the
density difference between the plume and the interior. A
buoyancy source is characterized by its initial buoyancy flux
(Fo), defined as follows:

(Pe—p)ro=g	
Q

PO

where Q is the volume flux, g is the acceleration due to gravity,
p is the plume density , pr is the environmental density, and PO

is a reference density (a constant).
In the case of multiple plumes it is the one with the greater

initial buoyancy flux not the one with the greater initial den-
sity that penetrates to the bottom and controls the stratifica-
tion. The buoyancy fluxes of plumes with lesser Fo vanish at
intermediate levels, causing them to cease sinking and spread
out horizontally. The model was extended to include sloping
side walls and wall drag; these additions modify the details of
plume termination but do not affect the qualitative results of
the model.

Experiments with a two-plume model revealed some inter-
esting behavior when the same total buoyancy flux was dis-
tributed differentl y between the two plumev. When the initial
source strengths were between 10 and 90 percent apart, the
pyenocline depth and depth of termination of the weaker
plume were nearly the same. If the initial source strengths
were nearly the same, a small perturbation could result in a
dramatic change in the stratification and characteristics of the
bottom water. We suggest below that this t ype of behavior
may he reflected in the isotope record. Furthermore, it may

-1



Ocean Circulation, Plate Tectonics, and Climate	 85

well be that this type of flip-flop behavior has ramifications
for climate stability (see last section).

FORMATION OF WARM SALINE
BOTTOM WATER

Evidence from the measurement of oxygen isotopes in the tests
of benthic foraminifera indicates that in the past deep water
has been as warm as 15 10 (see neat section). Peterson's (1979;
preceding section) mockl provides a conceptual framework
for evaluating the relative potential of various marginal seas
for the production of deep water. We suggest that at some
time in the past, the strongest initial buoyancy flux, and there-
fore &.e bottom water, originated from a marginal basin sub-
ject to high evaporaticn rates and where the density deficit
was caused by high salinity rather than low temperature. It is
as if the present-day Mediterranean Sea berme much larger
or the evaporation rate increased such that its buoyancy flux
became greater than that from any of the polar sources. Ac-
cording to our preliminary estimates, the present-day polar
deep-water sources have about four times the initial buoyancy
flux of the present-day Mediterranean. It is interesting to note
that within the Mediterranean itself, the saltiest summer water
is not sufficiently dense to sink; but winter cooling increases
the density still more, and the resulting deep water has a tem-
perature near 13°C, 10° cooler than typical summer surface
temperatures (Lacombe and Tchernia, 1972).

Weyl (1968) noted that cold deep-water formation would
be inhibited by a slight lowering of surface salinity. Freshen-
ing of the surface layer in the regions of cold deep-water for-
mation would cause bottom-water temperatures to increase
by drastically reducing the buoyancy flux from polar sources.
Weyl (1968) suggested perturbations in the water-vapor trans-
port between the Atlantic and Pacific Oceans as a mechanism
:or lowering the surface salinit y. It has been shown by Lazier
(1973) that in the middle 1960's a decrease in the salinity of the
outflow from the Arctic Ocean caused a freshening of the sur-
face layer of the Labrador Sea, which in turn caused about a
five year hiatus in the usual wintertime deep convection.

Another mechanism for freshening the surface layers may be
removal of salt in basins where evaporites are being precipi-
tated.

ISOTOPIC EVIDENCE FOR THE
OCCURRENCE OF WARM SALINE BOTTOM
WATER

Measurement of oxygen isotopes on the tests of benthic forami-
nifera from deep sea cores (see Chapter 18) indicates that the
temperatur, of bottom water has decreased from approxi-
mately 15°C at the end of the Cretaceous to 3°C at present
(see Figure 7.1). Superimposed on the generally decreasing
isotopic temperature trend is a series of step changes. The
abruptness of these changes may be due to hiatuses in sedimen-
tation, or they may reflect a series of shorter time-scale transi-
tions in bottom-water temperature. If these stepwise changes

are eventually confirmed, Peterson's competing plume model
sugg--us an explanation. Deep water is produced by multiple
sources, Eryth warm and cold. The temperature and other
characteristics of the bottom water are determined by the
deep-water source area that produces the largest buoyancy
flux. These source strengths have varied through time as a con-
sequence of changes in areas, location, and configurations of
marginal seas owing to plate motions and eustatic sea-level
changes. In Cretaceous times, warm water sources were dom-
inant over cold-water sources, whereas today cold bottom wa-
ter is produced at high latitudes. This change required at least
one transition from a regime dominated by W.RBW to one
dominated by cold polar bottom water. Because the plume
termination depths are sensitive to small differences in source
strengths, several transitions from one regime to the other
might be expected as a result of variations in buoyancy fluxes
from competing deep water sources during the time when the
source strengths were nearly the same.

PALEOGEOGRAPHY OF EPICONTINENTAL
SEAS

A ample box model of an evaporative basin she, vs that the
buoyancy flux depends only on the evaporative flux (i.e., area
of basin times evaporation rate) (Peterson e.' al., 1981; Brass et
al., 1982) until the onset of halite precipitation, when the
buoyancy flux begins to decrease because of salt removal. An
evaporative basin insufficiently concentrated to deposit salt is
the most effective source of WSBW.

Epicontinental seas as sources of WSBW provide the link by
which the solid Earth forces oceanic and atmospheric circula-
tion. Eustatic sea-level fluctuations can be caused by varia-
tions in the global seafloor spreading rate (Hays and Pitman,
1973). The area of continent flooded by a g?ven increase in sea
level is a fu action of the global hypsography at that time. The
size, and hence drainage efficiency, of the continents directly
controls the shape of the hypsographic curve (Harrison et al.,
1981; Hay et al., 1981). Thus, times of increased seafloor
spreading and continental breakup generate large areas of epi-
continental sea_ both by raising sea level and by lowering the
elevation of the continents.

Epicontinental seas producing WSBW must be located
within the zone of net evaporation (10-40° N and S) associated
with the descending branches of the atmospheric Hadley cell
circulation. The distribution of Mesozoic and Cenozoic evapo-
rite deposits strongly suggests that this zone has remained sta-
tionary during the last 120 million years (m.y.). Figure 7.2
shows the areas of flooded continents and marginal seas in 10°
latitude intervals over the last 100 m.y., as measured from the
paleogeographic maps of Barron et al. (1981). The most dra-
matic change during this time interval has been the decrease in
area of shallow seas in th3 high evaporation belt (10-40°).

Because area is one of the important factors determining the
buoyancy flux from evaporative basins, the decrease in the
area of evaporative marginal seas over the last 100 m.y.
strongly suggests that the rate of production of WSBW has de-
clined over the same time. The shape of the curve of marginal

it
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FIGURE 7 . 1 Oxygen isotope paleotemocratures from Savin ( 1977), copyright Annual Reviews, Inc.

sea area versus time is similar in shape to the oxygen isotop^c
temperature record curve from benthic foraminifera. The de-
crease in area of evaporative marginal seas and the decrease in
the temperature of bottom water during the Cenozoic suggests
a transition in the mode of deep-water formation in which
cooling at high latitudes has played an increasingly important
role.

Changes in the latitudinal distribution of epicontinental seas
due to the motions of the lithospheric plates also occur. This
movement may transport flooded regions into or out of the nek
evaporation belt. These movements appear to have had little
effect on the areas producing WSBW in the Mesozoic and Cen-
ozoic but may have been more important in earlier times.

CONSEQUENCES OF WARM SALINE
BOTTOM WATER FOR OCEANIC AND
ATMOSPHERIC CHEMISTRY

Our hypothesis, that plate motions and sea-level changes pro-
vide the mechanisms responsible for variations in the produc-
tion of deep water, has many consequences for the chemistry of
the ocean and atmosphere. The- chemical state of the ocean at
times when WSBW was dominant would have been very dif-
ferent from that which exists at present, and evidence of these
differences should be present in the chemistry and isotopic
composition of marine sediments. The solubilities of many
gases are strongly dependent on temperature and salinity, and
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the increased temperature of WSBW at its source (about 150C
versus — 20C for present-day cold bottom water), where it is in
contact with the atmosphere, reduces the concentration of dis-
solred gases such as molecular oxygen and carbon dioxide in
water subsequently transported to the deep sea. As a conse-
quence, WSBW variations should leave a signature in the ac-
cumulation rates of organic carbon and carbonate in the deep
sea.

The distribution of both oxygen and carbon dioxide within
the ocean is the result of the formation and destruction of
organic matter, exchange with the atmosphere, and physical
transport processes. As a result of respiration by animals and
bacteria, oxygen is depleted in most subsurface ocean waters.
The longer a water mass is isolated from the atmosphere the
lower its oxygen content becomes. This fact has enabled ocean-
ographers to use 02 as a circulation tracer.

Anoxic conditions develop in deep water when the consump-
tion of oxygen by organisms exceeds the rate of oxygen supply.
%Vhen anoxic conditions exist, organic carbon accumulates at a
higher rate. Deep-sea anoxic events have been observed in the
geologic record by many authors (e.g., Degens and Stoffers,
1974; Thierstein and Berger, 1978). Many mechanisms have
been proposed to explain these events, including stagnation
resulting from a layer of fresh or brackish surface water or ex-
pansion of the oxygen-minimum layer by inhibited oceanic cir-
ctdation. These events may also be explained within the con-
text of our model as resulting from a decrease in ventilation of

87

the deep ocean because of reduced oxygen solubility in the
source regions without req tiring any change in circulation
rate. The oxygen content of WSBW may have been similar to
the oxygen content of the Mediterranean deep water, which
south of France and in the Adriatic contains about 220 µmoles
per kilogram of 0 2 (Miller et al., 1970). In contrast, North
Atlantic deep water near its source contains 310 µmoles of 02
per kilogram (Bainbridge, 1980). The Mediterranean escapes
anoxic conditions owing to the short residence time of its deep
waters (100 yr, Lacombe and Tchernia, 1972) and its low
nutrient content (Miller et al., 1970), which restricts biological
productivity.

The CO2 system is of interest because changes in atmos-
pheric CO2 may affect climate by altering the Earth's thermal
balance. Dissolved inorganic carbon is presentiin seawater in
the form of bicarbonate and carbonate ions in addition to the
dissolved gas. The ocean is a much larger reservoir of CO 2 than
is the atmosphere and ultimately determines the atmospheric
CO2 content.

Significant variations in rates of accumulation of carbonates
and organic carbon in the ocean bears suggest corresponding
variations in atmospheric CO2 in the past. The decrease in solu-
bility of CO2 with increasing temperature suggests that WSBW
production leads to an increase in atmospheric CO 2. Thus, at
times in the geologic past when WSBW production was large,
atmospheric CO2 levels may have been larger than at present
and may have played a major role in forcing climate.
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CLIMATIC CONSEQUENCES
OF WARM SALINE BOTTOM WATER

The terrestrial record shows that the late Cretaceous climate
was more equable (i.e., had a lesser meridional gradient) with
much milder conditions at high latitudes than at present, as
evidenced by the occurrence of tropical and temperate faunas
and floras in higher latitudes than at present (Barron, 1980).
We believe that the change to the present climate may be a con-
sequence of the decrease in WSBW production, which is, in
turn, a consequence of tectonic and eustatic activity. Two
mechanisms may explain the effects of WSBW production on
climate: (1) modification of heat transport via both the at-
mosphere and ocean and (2) changes in the transparency c r the
atmosphere to incoming solar and outgoing infrared rad° ition
due to increases in the atmospheric water vapor and CO2.

Incoming solar radiation is more intense in low than in high
latitudes. The outgoing reradiation is also more intense in low
latitudes; however, the difference is much less, and there is a
net heating in low latitudes. This heating imbalance requires a
poleward transport of heat across latitude to maintain the en-
tire Earth's mean temperature distribution in steady state.
This transport is accomplished by sensible heat transport in the
atmosphere and ocean and by latent heat transport in the form
of water vapor in the atmosphere. The poleward transport of
sensible heat in the atmosphere for the same circulation inten-
sity would be curtailed by an equable climate because of the re-
duced meridional temperature gradient. Lorenz (1967) noted
that in the present-day atmosphere most of the mid-latitude
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poleward transport of both heat and moisture is accomplished
by eddy transports. These eddies are the mid-latitude storm
system; that are driven primarily by baroclinic instability,
which represents the conversion of available potential energy
into kinetic energy. There would be less available potential en-
ergy in an equable climate, and, therefore, this mechanism
should be less effective. Manabe and Wetherald (1980) sug-
gested that large-scale monsoonal circulations might acco-nplish
the mid-latitude transport of moisture. Our model re-q-i es an
increase in net evaporation from low latitude marginal seas to
produce WSBW and implies a freshening of surface water at
high latitudes to inhibit the sinking of cold water. The link be-
tween these two phenomena is higher poleward transport of
water vapor in the atmosphere with Ps equivalent latent heat.
Manabe and Wetherald studied the climatic structure in a
model atmosphere forced by an increase in CO2 content and
found a striking increase in latent heat transport. One of the
causes for the reduced thermal gradient was the poleward
retreat of highly reflective snow cover. "Another important rea-
son for the general reduction of the meridional temperature gra-
dient is the large increase in the poleward transport of latent heat
due to the general warming of the model atmosphere" (Manabe
and Wetherald, 1980, p. 102). They concluded that the in-
creased poleward latent beat transport may account in part for
the equable Mesozoic climate (Manabe and Wetherald,1980, p.
117). We suggest that the forcing mechanism for an increase in
CO2 abundance may be changes in the area of marginal seas in
the high net evaporation regions and the production of WSBW.

It is difficult to assess the importance of oceanic sensible heat
transport when the ocean is filled with WSBW. The present-
day oceanic heat transport is not well known and is usually
measured indirectly as a residual required to complete a heat
balance (e.g., Vonder Haar and Oort, 1973). Bryan (1962)
suggested that the vertical thermohaline circulation is more
important in the oceanic heat budget than is the wind-driven
horizontal circulation. Thus, WSBW formed in low latitudes
might well accomplish some of the required poleward heat
transport.

We have emphasized steady-state situations based on the no-
tion that climate tends to reside in one of many possible quasi-
steady states until it is perturbed into another quasi-steady state
by some event. It is important to understand the stead,,-state
WSBW system before studying the transitions between WSBW
and cold bottom water. However, it is clear that the transitions
would be accompanied by substantial perturbations in the heat
budgets and would have dramatic consequences for oceanic
and atmospheric chemistry. An understanding of how these
transitions occur will be a valuable contribution to under-
standing how climate evolves.

From these discussions it is evident that the oces,n of the
geologic past may have had substantially different thermoha-
line circulation and bottom water characteristics. It has been
suggested (e.g., Weyl, 1968) that the modern ocean provides a
stabilizing influence on climate because of the difference in
characteristic time scales of the ocean and the atmosphere
(about 1000 yr ver. s a few months). It is also reasonable to
suggest that a substantial change in the characteristics of the
ocean should have substantial effect on the climate.
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The Terminal Cretaceous Extinction
Event and Climatic Stability
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8

WHY THE LATEST CRETACEOUS?

The most outstanding feature of late Phanerozoic climatic
evolution is the gradual cooling of the world's high-latitude
areas. This cooling trend started about 60 million years ago
(Ma) and has been particularly well documented in changes of
the oxygen isotopic composition of fossil carbonate shells
(Savin,1977). The time just prior to the onset of Cenozoic cool-
ing may therefore be considered as the climatic state farthest
removed from the present or Pleistocene one and thus may rep-
resent the youngest non-Pleistocene climatic end-member. A
second major source of interest in the late Cretaceous derives
from the fact that it preceded one of the most severe evolu-
tionary breaks recorded in the Phanerozoic history of life
(Russell, 1979). Because climate today is the most important
single factor determining the abundance and distribution of
living organisms, paleontologists have long been including
climatic feedback mechanisms in their proposals on possible
causes for the terminal Cretaceous mass-extinctions.

THE CRETACEOUS-TERTIARY
BOUNDARY EVENT

Until quite recently, the terminal Cretaceous extinctions were
a subject that was discussed almost exclusively by paleon-
tologists. The main topic of interest was the disappearance of
several major groups of organisms that had dominated Meso-
zoic fossil assemblages, such as the dinosaurs, most of the
cephalopods, the rudists, and the inoceramids (e.g., Schinde-
wolf, 1954), as well as the marked reduction in the diversity
observed in virtually all fossil communities between the
Cretaceous and the Paleocene (e.g., Newell, 1962). The
discovery that a rapid evolutionary turnover was also recorded
in oceanic plankton communities (Luterbacher and Premoli
Silva, 1964; Bramlette, 1965) appeared to confirm the ; ostu-
lated global extent of the extinction event and led to a rapid di-
versification of ideas on possible causes. which included geo-
chemical as well as climatic feedback mechanisms- (Bramlette.
1965; Tappan, 1968; Worsley, 1971; Gartner and Keany,
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FIGURES.] Replacement of the late Cre-
taceous by early Tertiary calcareous nanno-
fossils within 70 ern of sediment thickness at
DSDP Site 384, western North Atlantic (after
Thierstein and Okada, 1979).
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1978, Thierstein and Berger, 1978; Gartner and McGuirk,
1979; Alvarez et it., 1980).

Which processes are involved in these models? How compat-
ible are the proposals with the available evidence? What are
some of the crucial gaps in our knowledge?

EVOLUTION AND CHRONOLOGY

There are several questions of major concern: Are the mass-
extinctions real? Are they synchronous? How rapidly did they
occur? Were they selective?

The reality and suddenness of the mass-extinction has been
established beyond doubt for the planktonic foraminife: a and
for the calcareous phytopiankton by high-resolution steatig-
raphy (Figure 8.1) and by the verification of continuous sedi-
mentation provided by paleomagnetic dating (e.g., Kent,
1977). A number of apparently complete sedimentary sections
have been identified b y these methods and have led to an esti-
mation of the time of evolutionary turnover of less than a few
thousand years (Thierstein, in press).

Deep-water benthic foraminifera show no evolutionary
change across the Cretaceous-Tertiary boundary (Beckmann,
1960). However, it appears to be real wherever it could be well
documented (e.g., Birkelund, 1979; Hakansson and Thomsen,
1979). Gradual evolutionary changes, mainly expressed as
declining diversities through the latest Cretaceous, have been
related to a gradual deterioration of unspecified nature in
neritic environments (Kauffman, 1979), which could be re-
lated to local or global sea-level changes. Such changes may be

91
real, but their relationship to the extinction event, if any, is
obscure.

Claims of a gradual late Cretaceous evolutionary decline of
the terrestrial large vertebrate communities In North America
have been shown to be unsubstantiated when sample sizes are
taken into account (Russell, 1979). Recent attempts to cor-
relate the youngest fossilized dinosaur remains with the paleo-
magnetic stratigraphy have either been marred with con-
troversies over local correlation (Butler et al., 1977; Alvarez
and Vann, 1 979)  or were based on rocks with only marginally
preserved remanent magnetization (Lerbekmo et al., 1979;
Danis et al., in press). There is evidence for time transgressive-
ness of the dinosaur extinctions relative to the rapidly diversify-
ipg mammalian faunas, with some late reptilian survivors
reported from the Paleocene of southern China (R. A. Sloan,
U. of Miami, personal communication, 1979). Whether the
evolution of mammals or the extinction of the dinoNurs are
time transgressive and predate or postdate the plankton extinc-
tions is obviously one of the more important issues, which will
eventually have to be resolved by magnetic stratigraphy.

The severity of the change in the terrestrial vegetation is also
controversial (Krassilov, 1978). Some of the best-documented
data, howevo-r, appear to indicate at least a moderate change,
representing climatic cooling and an increase in seasonality
(Russell, 1979).

There is growing evidence that the extinctions were selec-
tive. A geologically instantaneous extinction of virtually the
entire late Cretaceous oceanic calcareous phytoplankton has
been well documented (Figure 8.1); this was followed by
blooms of neritic taxa such as Braarudosphaera and the dino-
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FIGURE 8.2 Terminal Cretaceous reduction in generic diversity of
major f miil groups in different environments (after Russell, 19 79).

flagellate cyst Thoracosphaera. The Maastrichtian-Paleocene
reduction in the number of genera in different environments
was clearly most severe in the oceanic realm and was less
significant in terrestrial and particularly lacustrine environ-
ments (Figure 8.2). A reduction in generic diversity, however,
must be considered a rather poor indicator of evolutionary
change, as it may include taxonomic and sampling bias and
possibly conceal a much larger evolutionary change at the spe-
cific level. For example, the ratio of Maastrichtian to Paleo-
cene calcareous nannoplankton genera in the well-preserved
sequence at Deep Sea Drilling Project (DSDP) Site 384 (Okada
and Thierstein, 1979) is 30: 24, a reduction of only 20 percvrit,
although the assemblages are composed of entirely different
species. More detailed data on the changes at the specific level
for most groups of organisms are clearly required.

essence was the first mechanism proposed that Involved
changes in the geochemical cycling of elements. Subsequently,
Tappan (1968) pointed out that such a lowering-of oceanic pro-
ductivity may have resulted in additional environmental stress
by significantly altering the oxygen-carbon dioxide balatuw in
oceans and atmosphere. After the first four Iegs of the DSDP
had failed to recover core representing a continuous Creta-
ceous-Tertiary transition, Worsley (1971) elaborated on these
ideas and proposed that a late Cretaceous progressive shallow-
ing of the carbonate compensation depth (CCD) into the
photic zone might have affected t t %Icareous plankton
directly. It has since been shown & at carbonate deposition in
at least some deep ocean basins was continuous across the Cre-
taceous-Tertiary boundary and tha t preservation of carbonate
microfossils even improves between late Maastrichtian and
earliest Danian (Thierstein, in press,).

CLAY MINERALOGY

There are few data available on mineralogical changes in the
carbonates and deep-sea clays acres the Cretaceous-Tertiary
boundary. Christensen et al. (1973) reported that increases in
detrital quartz, silt, and trace-element concentrations in the
boundary clay (Fiskeler) in Denmark were correlated with a
decrease in carbonate contents, suggesting deposition of lo-
caily derived detritus in a starved, anoxic basin. Chamley and
Robert (1979) in a study of DSDP sites in the Atlantic Ocean
found that the stratigraphically and geographically variable
supply of dominantly primary detrital clays through the late
Cretaceous was suddenly terminated in the Paleocene. The
trend, they concluded, was inconsistent with a latest Creta-
ceous cooling, which had been proposed based on oxygen
isotopic data.

TECTONICS AND SEA LEVEL

There is widespread evidence for sea-level changes close to the
Cretaceous-Tertiary boundary. Howeve-. little agreement ap-
pears to exist on their timing and direction in various parts of
the world (Russell, 1979). Changing water depths certainly
would exert a strong control on the local stratigraphic succes-
sion of fossil assemblages in shallow-water environments
(Kauffman, 1979). The rates of pre-Pleistocene ecstatic sea-
level changes, estimated by Pitman (1978) to be less than 1 cm
per 1000 yr (excluding buildu, and melting of continental ice)
are considered too slow to be solely responsible for the quite
sudden extinction events; such sea-level changes may have
been instrumental, however, in triggering positive climatic
feedback mechanisms or the isolation of ocean basins and their
reconnection with the world oceans.

HISTORY OF CARBONATE DEPOSITION

Bramlette's (1965) proposal of nutrient starvation in oceanic
surface waters due to low erosion rates caused by tectonic qui-

TRACE-ELEMENT GEOCHEMIST:tY

The recent discovery of a strong increase in the concentration
of iridium in the Cretaceous-Tertiary boundary clays (Alvarez
et al., 1980; Canapathy,198C, Smit and Hertogen,1980) lends
strong support to Urey's (1973) proposal of a meteorite impact
as cause for the observe ' nass-extin ;ions. Noble element con-
centrations in differentiated crustal material are much lower
than in undihferentiated extraterrestrial materials: measured
iridium concentrations in Holocene deep-sea sediments aver-
age 0.3 part per billion (ppb); in manganese nodules, owing to
low bulk accumulation rates, they average 8.5 ppb; and in iron
meteorites they go up to 500 ppb (Crocket et al., 1973).

Alvarez et al. (1980) explained the observed increase in
iridium in the noncarhonate fraction from an average of 0.3
ppb In the uppermost Cretaceous limestones at Gubbio (Italy)
to a maximum of 8.4 ppb in the boundary clay as a conse-
quence of an asteroid impact. With isotopic data they ruled out
the possibility of a supernova or other galactic cause for the ex-
Unction event (Russell, 1979; Napier and Clube, 1979) and
argued convincingly for a solar-system source of their impact-
iuX object. The mass-extinction in their scenario would be
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caged by a thick veil of dust thrown up into the stratosphere
by the impact, which then, through shieldhtg of sunlight for a
few years, would inhibit photosynthesis. There are several as-
pects of this proposal, however, that appear to require further
analysis and scrutiny (see also Chapter 5). Light attenuation,
for instance, would have to exceed 99 percent for months to
prohibit survival of calcareous phytoplankton (Blankley,
1971). To achieve this attenuation, mass concentrations of
about ' 10 µg m - 3 over a stratospheric dust layer of 10-km
thickness would have to be maintained (Cadle and Grams,
1975), assuming average grain-size distributions similar to
those observed in the stratosphere during recent large volcanic
explosions (e.g., Mossop, 1984). Additional uncertainties re-
volve around the possibility of noble-cement enrichment pro.
c s within the global g eochemical cycle, such as in the
biospisem, in soils, or in hard grounds.

Excessive heat production during a meteorite impact and
cyanide poisoning from a cometary collision have also been
proposed recently (Emiliani, 1980; Hsi, 1980).

Future studies of other botuhdar.1 sections, of the geoehemi-
eal cycle of noble elements, and of rocks associated with known
meteorite impacts may well yield conclusive evidence for the
proposed model.

STABLE ISOTOPES

Some of the most important information known about cli-
mates in the late Mesozoic is derived from comparatively few
studies on the oxygen isotopic composition of fossil carbonate
shells. These studies were concentrated on an evaluation of
major stratigraphic trends and paleolatitudinal gradients
(l:rakes, 1979). Recent results show that oxygen isotopic gra-
dients preserved in late Cretaceous microfossils were very
weak, both vertically and latitudinally, when compared with
those of the Holocene (Table 8.1). The deepest benthic forami-

TABLE 8.1 Oxygen Isotopic Temperature Gradients
Preserved in Holocene and Latest Cretaceous
Carbonate: Mierofossils

Latest
Holocene	 Cretaceous

Planktonic forams (vertical, 0-200 m)	 9°C°	 5-Ch

Planktonic/benthic forams (vertical,	 21 °C' 	 5ocd
0-2500 m)

Nannofoulls (0-5.5° paleolatitude)	 25°C'	 13-Ch

°From Berger rt al. (1978).
hFrom unpublished data by author.
"Front Vincent rt al. (in press).
`rFrom Savin (1977).
"From Goodne y rt at. (1980).

nifera measurements avai l able for the Cretaceous, however,
are from a paleodepth of only 2.5 km. Truly abyssal watexs,
representative of polar winter temperatures. may well have
been considera-My colder than the 7 to IVC measured at in-
termediate depths. The possibility of lowered temperature
gradients suggests a less-vigorous deep-water circulation than
observed today, which may well have led to an amplification
of salinity gradients in surface waters. The present-day r A ge
of average annual salinity anomalies from the.-expected latitu-
dinal values is I I %a between the eastern Mediterranean, a sig-
nificant deep-water contributor, and the Panama Basin,
which is unaffected by river runoff (Dietrich d at., 1975). This
difference is equivalent to a range in the oxygen bsutople com-
position of about 6.5 %o (Craig and Gordon, 19655. Because
oceanic circulation in the Cretaceous was probably less intense
than today's, regional variation can be expected in the isotopic
composition of ocearde surface waters, as evaporation and pre-
cipitation were at least as large as at present. In particular, the
latitudinal surface salinity gradients may have been con-
siderably larger than today's. These gradients cottld have been
maintained by increased moisture transport from low to high
latitudes, which at the same time would have provided an effi-
cient heat-transport mechanism. Recent sensitivity studies of
global climate models suggest an increase in latitudinal mois-
ture transport witl'• increasing atmospheric CO 2 content
(Manabe and Stouffer, 1980). Higher atmospheric CO 2 con-
tents may have been caused by the lowered soiubility of gases
in warmer ocean waters (Plans, 1972).

The possibility of considerable latitudinal salinity fractiona-
tion of oceannL; surface waters in the late Cretaceous is a basic
premise of the brackish-water injection model (Gartner and
Keany, 1978). Preliminary oxygen isotope data from the coc-
colith fraction at DSDP Site 356 (South Atlantic) appear to
support a sudden freshening of oceanic surface waters at the
Cretaceous-Tertiary boLndat . 'Thierstein and Berger, 1978).
The oxygen isotopic shift, however, could not be confirmed at
other sites or in other fossil groups. In addition, the original
biostratigraphic evidence used by Gartner and Keany (1978)
has been reinterpreted as a submarine slump, further weaken-
ing the brackish-water injection hypothesis (Thierstein, in
press).

Recent studies on the carbon isotopic variability of the dis-
solved carbon dioxide in ocean water as well as in Recent and
Neogene carbonate shells indicate that carbon isotopes may be
used to trace fertility patterns (Goodney et al., 1980) as well as
major changes is the partitioning and cycling of carbon be-
tween the main carbon reservoirs. Changing flux rates be-
tween the reservoirs leave their traces in the carbonate
skeletons of the transport vehicles. Such major changes have
been documented in the middle Cretaceous (anoxic events),
the Cretaceous-Tertiary boundary (collapse of the oceanic
plankton community), and the late Miocene (beginning of
Messinian salinity crisis) (Thierstein and Berger, 1978; Scholle
and Arthur, 1980f Vincent et al., 1980).

A virtually unexplored field of great paleoclfmatic potential
is the study of seasonal variability preserved in the stable
isotopic composition of carbonate shells of macroinverte-
brates.



TH E ENIGMA OF THE WARM AND STABLE
CLIMATES IN THE LATE CRETACEOUS

The Coermwic cooling trend in high latitudes was not gradual
but pry in spirts rni relapses as documented in the
4leobotanical and-oxygen isotopic evidence (Figu re 8 .3). The

high.latitude cooling trend is generally thought
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What were the conditions that made the late Cretaceous di- 	 6 	 _ 41mates so stable? Was it climatic stability :n itself, which, when	 t „	 ^.-.,	 y1

disrupted, helped to produce the; unpivoedented biotic extine-	 19	 -too	 As
tions? The enigma of the prop	 of the late Cretaceous
climatic system may be just as important as that of the distur-
bance that led to the extinctions.. How different were late 	 FIGURE 8.4 Schematic reprwaw 	 of verticC	 at-
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From a late Phanerozoic viewpoint, today s oceans aredw- precipitation pattern, and surface salinities for the northern	 -
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by their pronounced temperature stratification into a thin,
warm surface layer and a large cold deep layer, and by
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FIGURE 8.3 Isotopic pr l•+otempersture data for latest Cretacwta
and Cenozoic planktoofc arvl benthic foraminifera, illustrating the
post-Cretaceous irregular cr jling trend in high latituci a (after Savin.
1977).

port is limited to saw latitude surface wate rs (FIgure 8.4). A
major portion of the poleward Meet tramport occurs as Ile
beat in the atmosphere through the upper part of the sub-
tropical Hadley cells and across the polar from. The latent heat
transport (twat stored during evaporation and released during
precipitation) is closely tied tc the atmospheric circuiation pat-
terns and is strongly mirrored in the average latitudina s u•face
salinities in tropical and subtropical areas (Figure 8.4).

In the late Cretamous, on the other harul, the overall -
climatic circulation patterns must have been considerably dif.
ferent for the following reasons. Lower surface albedo, on a
global scale, because of higher sea level and the absence of IcF,
in high latitude, must have resulted in a more orient global
heat absorption. If there was indeed no significant temivra-
ture decrease be] _w 2500-m water depth or in polar lat e ' •'-s,
the density of oceanic waters would have been determined to a
much larger degree by salinity, rather than temperature, sug-
gesting the possibility of a deep-water circulation reversal and
thus an , wreaw of the oceanic sensible beat transport into high
latitudes. }sigh-latitude upwelling of saline, but relatively
warm water, should have been countered efficient !y, how-
ever, by negative feedback through latent and sensible heat
l)a and increase in salinity. Could the resulting deadly in-
crease: hame been balanced by dilution with predliltatiou and
runoff surplus? A significantlylonger residence time in thv,
deep-water reservoir compared to today appears unlikely, as
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INTRODUCTION

The marine stratigruphic record reveals cyclic changes of vari-
ous sorts, including periodic interruptions of deposition,
change in the sedimentary constituents supplied, change in
faunas and floras, and change in the nature of the depositional
environment. Many of these changes are too general in charac-
ter and in distribution to be attributed to local causes: they
seem to reflect global changes in cli►..ate and their effects on
the marine system.

These phenomena are discu.-sel here in sequence of increas-
ing period. Bedding phenomena visible at the outcrop level ap-
pear to correspond to climatic changes induced by the Earth's
orbital perturbations—in the 20,000-500,000-yr range—
the same forces that drove the glacial advances and retreats of
the Pleistocene. Broader phenomena that must generally be
synthesized from regional or global data suggest a possible
climatic cycle in the 30-36 million years (m.y.) realm. This in
turn appears to ride on an extremely I-mg cycle (not necessarily
of fixed period) that brought on alternation of "icehouse" and
..greenhouse" climates: in the last 700 m.y., the Earth seems to
have completed two and started on a third of these cycles.

CHANGES IN THE 20,000-500,000 -YEAR
(MILANKOVITCH) RANGE

21,000- and 43,000-Year Cycles

Sediments when viewed at the level of a roadcut or hillside are
characterized by stratification. This is generally attributed to
random fluctuations in the supply of sediment to, and removal
of sediment from, a given depositional site. Such processes
might be expacted to produce a fairly random aggregation of
thicker and thinner strata, yet many sedimentary -formations"
show rather striking uniformity, of bedding thickness. This is
particularly true of many limestones, in which thicker beds of
biogenieally formed carbonate alternate with thin interbeds of
shale, recording a simple oscillation cycle, as recognized by
Gilbert (1895, 1900), Schww arzaeher (1975), Fischer (1980,
1981), and others.

Gilbert (1895) attributed rhythmic bedding in the Creta-
ceous of Colorado to climatic influence of the axial precession
having a period of about 21,000 yr. These variations in insola-
tion were first worked out quantitatively by Milankovitch
(1941) and have been revised by Berger (1980).
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The timing of such rhythms may be approached in two dif-
ferent ways, from "below" or from "above." In varved
sequences, in which beds are composed of presumed annual
laminations, the duration of a bed in years should equal the
number of varves within it. The alternative is to take a radio-
metrically weWdated interval, such as a stage or an epoch, and
to divide its length by the number ofbeds found within it.

The first of these methods was applied to the Green River Oil
Shale (Eocene) by Bradley (1929). Bradley did rat actually
count the varves in a bed—he determined the mean thickness
of varves from thin sections and the mean thickness of beds
from measurements on outcrop and found the ratio to be
21,000:1. Whereas this work needs independent verification,
it seems to have confirmed Gilbert's hypothesis in principle.

The second method has been applied to Cretaceous pelagic
and hemipelagic limestones by Arthur (1979a) and by Fischer
(1980, 1981). Various problems arise with this approach. One
is that few rhythmic bedding sequences and continuous expo-
sures span the length of a stage, so that is becomes necessary in
rrast sequences to extrapolate. Another is that in rival time
scales—Obradovich and Cobban (1975) versus Van Hinte
(1976)—some stages differ by a factor of 3, so that it becomes
necessary to average the results from several stages. A series of
11 Cretaceous sequences from Colorado, France, and Italy
(Fischer 1980, 1981) yielded raw averages ranging from
10,000 to 87,000 yr per bed. The eight shorter ones yielded a
mean of 17,125 on the Obradovich-Cobban scale and 26,375
on the Van Hinte scale, for a combined mean of 21,750. Of the
remaining three, one is poorly dated and the other two seem to
lie in the vicinity of 50,000 yr and might be related to the
43,000-yr cycle in obliquity (Milankovitch, 1941; Berger,
1980).

Thus the existence of the 21.000-vr rhythm—and therewith
of a precessional influence on Cretaceous sedimentary regimes—
appears to be moderately well established. The case for a sedi-
mentary record of the cwde in tilt, on the other hE nd, is not
strong except in the deep-sea record (Arthur, 1979b).

100,000-Year Cycle

Simple bedding rhythms of the type discussed above teal w oc-
cur in sets, and while there is considerable variation in the
number per set, statUt;.--al averages out of any one sequence
usually yield a mean number of about five (Schwarzacher,
1975). This ratio holds for the Precambrian-Cambrian bound-
ary b ps in Morocco (Monninger, 1979): for Carboniferous
limest ►nes in Ireland, Triassic limestones in the Alps, Triassic
lake dej ►sits in New jersey, and Jurassic limestones in southern
Germany :Zehwarzacher, 1975): and for five of the eight Cre-
taceous seqm races studied (Fischer, 1980, 1981). If the Creta-
ceous sequence.- cited above are of precessional origin, then the
"Schwarzacher bui. °,-s," which they compose, would seem to
have a timing of about :30,000 yr. Furthermore, by analogy,
it appears reasonable to interpret this bedding pattern, charac-
teristic of various parts of the Phanerozoic, as a record of
precessional cycles grouped into 100,000-yr sets.

ALFRED G. FISCHER

This 100,000-yr rhythm is the strongest of the glacial
rhythm signals in the Pleistocene marine record (Hays et al.,
1976), and is attributed there to the orbital quasi-rhythm in ec-
centricity (Milankovitch, 1541; Berger, 1980). It is extremely
tempting to consider the Schwarzacher bundles as the product
of the precession coupled with 90centricity. Indeed, the preces-
sion can influence climate onl y by way of orbital eccentricity,
so that a bundling of precessional beds into larger sets is virtu-
ally demanded by theory.

Cycles at the 500,000-Year Level

An example of long rhythms in stratal sequences is provided by
the Permo-Carboniferous megacycles of Kansas (Moore et al.,
1951. Heckel, 1977), in which terrigencus deposits at base and
top separate a marina sequence characterized by a percutiarly
patterned alternation of shales and limestones. Some 25 of
these megacycles characterize the 10 m.y. of Missourian-Vir-
gilian time, a mean duration of 400,000 yr.

In various otte=r sequences, such as the Precambrian-Cam-
brian boundary beds in Morocco (Monninger, 1979), the
Triassic lake deposits of New Jersey (Van Houten, 1964), and
the Cretaceous and Eocene in central Italy, Schwarzacher
bundles are in turn grouped into sets of four to sit, representing
about 0.5 m.y. each.

This cycle too appears to have a match in orbital perturba-
tions, namely in a longer cycle of eccentricity, which emerges
from Berger's (1980) calculations. This cycle has recently been
recognized in the Pleistocene record by Briskin and Berggren
(1975).

Multiple Path ,cays of i:zpression

Whereas the sediments in which there b:-?ding tatterns have
been found are mainly limestone sequences, they i i6nde dif-
ferent depositional regimes, in which rhythmicity is induced
by different factors. In the alpine Triassic, for example, the
cause is a variation in sea level, leading to repeated emergence
and submergence of carbonate banks (Fischer, 1964). In the
late Cretaceous of central Italy, the setting is one of deep water
throughout, and the rhythms reflect a change from carbonate
deposition to clay deposition—either because the carbonate
supply was reduced or because of carbonate dissolution on the
seafloor (Arthur and Fischer, 1977). In the Cretaceous of Kan-
sas, and in the Mid-Cretaceous (Aptian-Albian) of Italy and of
the present ocean floor, some of the rhythmicity was produced
by changes in oxygen content of bottom waters: the deposi-
tional sites oscillated between aerobic and anaerobic condi-
tions (Arthur and Fischer, 1977. Arthur, 1979b; Fischer,
1980). In the Triassic lake deposits of the Newark rift (Van
Houten, 1964), the rhythmicity re.,alted from changes in lake
level and in the chemistry of the lake. The only common de-
nominator for all of these changes is climate—climatic fluctua-
tion so severe as to change sea level (presumably by growth of
glaciers), the chemistry and behavior r f we o:eans, and the sa-
linity of lakes.
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Conclusions and Problems Regarding Cyclicity
at the Milankovitch Level

The data summarized above have led me to conclude that cli-
matic oscillations driven by the Earth's orbital perturbations
have not been limited to the Pleistocene but have affected the
Earth's climates through Phanerozoic time—the last 600 m.y.
We have barely begun to recognize their record in the sedi-
ments and are far from having adequate descriptions, let alone
understanding. There are suggestions that the nature of this
record has changed with time. In the Late Pleistocene record,
for example, the eccentricity signal is strongest, the obliquity
signal next, and the precessional signal weakest. In the Late
Carbonif^rous cvclotherns of Kansas—another glacial time-
eccentnciry cycles—in particular, the 400,000-yr cycle—seem
again to dominate the picture. At nonglacial times the preces-
sional signal seems the strongest. Are there definite time
changes in the kinds of rhythins—signals of changes in orbital
character or of changes in the Earth's response to constant sig-
nals? Is there a solar factor in adation? We do not know the
answers. What the record tells us is that different parts of the
Earth recorded the climatic changes i n different ways, and this
in turn should serve to develop some understanding of the func-
tioning of the Earth. Puzzling, fc; example, are the sharp sea-
level changes suggested by the record for times generally
thought to have been free of polar ice. Was there perhaps
mountain glaciation on scales far beyond that of today? Such
questions call for further studies.

CHANGES AT THE 30-MILLION-YEAR
AND 300-MILLION-YEAR LEVELS

30-Million-Year Cycle

While historical geologists since Lyell have given lip service to
the principle of uniformitarianism, in which the Earth is viewed
as having developed in a gradual and steady manner, a major-
ity of stratigraphers and tectouicists, going back to Cuvier and
d'Orbigny, including Chamberlin, Crabau, and Umbgrove,
have been impressed with the segmentation of geologic history
into episodes. Some of these changes appear to be rhythmic,
and one of the rhythms represented lie:: at the 30.36-m.y. level.

Dorman (1968) suggested a 30-m.y. cycle in global tempera-
tures, based on oxygen isotope analyses of Cenozoic mollusks.
Damon (1971) analyzed the record of marine transgressions
and regressions from the continents and concluded that Pha-
nerozoic sea level rose and fell with a periodicity of 36 t 11
m.y. and that this bo-e some correspondence to periodicities in
global mountain building and in regional plutonism.

Fischer and Arthur (1977) suggested that the Mesozoic-
Cenozoic part of Earth history is logically subdivided not into
four periods as currently practiced but into seven, with a mean
duration of 32 m.y., corresponding essentially to Grabau's
(1940) seven pulses: the Triassic, Liassic, "Jurassic," Coman-
chean, Gulfian or "Cretaceous," Paleogene, and Neogene.

Each of these corresponds to an expansion of organic diversity
in the pelagic marine realm (development of polytaxy) fol-
lowed by a decline to an "oligotaxic" state. This pattern ap-
pear, in global counts of coexisting gen era and species a-, well as
in th.! structure of marine communities, in which the polytaxic
state 's characterized by the development of superpredators,
while ;he crash leading to oligotaxy is accompanied by the
spread i f opportunistic generalists (Figure 9.1). Fischer and
Arthur tentatively recognized some reflections of this cycle in
marine temperature regimes (Figure 9.2), in the oxygenation
of the oceans, in carbon isotope ratios, in the ups and downs of
the calcite compensation depth, in the development of subma-
rine unconformities, and in other factors.

Their overall conclusion was that oceanic structure and
behavior have changed on a time scale of about 32 m.y., re-
sponding to some change in general climate: in polytaxic epi-
sodes the high latitudes were warmer and the temperature of
the ocean mass as a whole was higher than during oligotaxy.
However, these fluctuations ride on a much longer oscillation,
which will be discussed below. During the last 100 m.y. the
Earth has passed through three polytaxic episodes—that of the
Late Cretaceous, that of the Eocene, and that of the Miocene—
delimited by three cligotaxic ones—the Maastrichtian-Danian
boundary crisis, the Oligocene crash, and the current decline.
During this time we have experienced the "climatic deteriora-
tion' long recognized by the terrestrial paleobotanists (Dorf,
1970). Each episode of polytaxy has been merely a step back
"up° in what has been a general -downward- trend toward
colder high latitudes and colder ocean masses—a trend that
finally culminated in the glacial episode in which we find
ourselves now.

The history of pelagic diversity in the Paleozoic offers some
support for the existence of the 30-m.y. cycle through the Palc-
ozoic, but the precision of Paleozoic data remains marginal.
For that matter, the existence of this cycle in the Mesozoic-
Cenozoic is still a matter of debate: Hallam (Chapter 17), for
example, finds no convincing evidence for the postulated Mid-
Jurassic break, and some of the polytoxic episodes recognized
by Fischer and Arthur are split by minor reduction, in faunal
diversity.

The general causes for the postulated 30-m.y. cycle remain
uncertain. The pattern suggests that it was a minor modula-
tion of the long (300-m.y.) greenhouse-icehouse cycle discussed
below. I am therefore inclined to think that it, too, was engen-
dered by changes (lesser ones) in atmospheric carbon dioxide
pressure and to :t it, too, expresses imbalances between the
rates at which carbon dioxide is added to the outer Earth by
volcanism and withdrawn from it by weathering and sedimen-
tation (see discussion below). Indeed, just as the long-range cy-
cle is here attributed to first-order changes in volcanism and in
sea level, so the 30-m. y . cycle seems to match shorter fluctua-
tions in these factors (Damon, 1971).

300-Million-Year Level

In the last 700 m.y. the Earth has undergone thrc' C major epi-
sodes of glaciation, during which ice caps not only covered one
or both of the polar regions but extended at times more than
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FIGURE 9 . 1 Pelagic diversity. superpredators, and blooms of op-
portunists over last 220 m.y. On left, changes in global diversity.
Genera of ammonities (A) and species of planktic (globigerinacean)
foraminifera (G), plotted logarithmically. Episodes of increasing
diversity are separated by biotic crises of varying magnitude. Crises of
moderate and high intensity recur at intervals of approximately 32
m.y. (shaded bands. defining se- ,en cyclic episodes or pulses of diversi-
fication: polytaxy). These essentially coincide with transgressive pulses
of Crabau (right). Each polytaxic pulse brought superpredators ex-
ceeding 10 m in length, a role that has been successively filled by ich-
thyosaurs, p!,osaurs, mosasaurs, whales, and sharks, as shown in mid-
dle. Superpredators are known only from stages opposite the names.
Mid-Triassic ichthyosaurs: Cymbospondylus and Shastasaurus; Toar-
cian ichthyosaur. Stenopterygius; Oxfordian pliosaur: Stretosaurus;
Albian pliosaur: Kronosaurus; Campanian -Maastrichtian mosasaurs:
Hainosaurus and others; Eocene whale: Basilosaurus; Mio-Piiocene
shark: Ca.charodon megalodon. Biotic crises are accompanied by
local mass-occurrences of single pelagic species, rare in normal hiotas.
These are interpreted as blooms of opportunists and have been plotted
in black circles. B, Braarudosphaera, a coc olithophorid; P, Pitho-
nella, a prohlematicum; E. Fthmodiscus rex, a giant diatom. From
Fischer and Arthur (1977).

and short duration, was associated with the end of the Ordovi-
cian, about 435 Ma.

In between, the world seems to have lacked polar ice caps.
The Paleogene of the Arctic region, for example, contains a
warm temperate to subtropics! forest assemblage including
large trees, remains of amphibians, a wide range of reptiles,
and, among the mammals, horses and moi-i: eys (Koch, 1963;
West and Dawson, 1978). Also, the marine molluscan fauna of
western Greenland is distinctly subtropical (Kollmann,1979).

This paleobotanical evidence for a once very different world
is corroborated by the marine record: The present ocean's
warm waters are confined to a thin surPicial layer in the lower
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halfway to the equator ( .see Chapter 6 for summary and litera- 	 FIGURE 9 .2 Paleotemperatures derived from oxygen isotope ratios

lure). The L' mes of these first order glaciations (Figure 9.3) are 	
in calcitic fossil skeletons, assuming constant oxygen isotope ratios in
seawater. 1, belemnites. northwestern Europe, uncorrected lat. 45-

Late Precambrian f about 750 -650 m . v. ago (Ma)), Late Car-	 55e; 2, planktonic foraminifera. South Atlantic, uncorrected lat.
boniferous-early Permian (340-2.55 Ma), and Pleistocene- 	 30-32e; 3, planktonic foraminifera, South Pacific, uncorrected lat.
Recent, having commenced about 2 Ma and stretching on into	 47.52'; 4, planktonic foraminifera, tropical Pacific, uncorrected
the unknown future. Another glacial episode, of lesser vigor 	 lat. 7-19°. From Fischer and Arthur ( 1977).
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FIGURE 9.3 Relation of inferred climates to secular patterns in vol-
canism, sea level, and organic diversity. Valcanian: emplacement of
plutons in North America, after Engel and Engel (1964). Sea level: A,
first-order eustatic curare of Vail et al. (1977); B, compromise between
North American and Russian records, constructed from Hallam
(1977); the scale at left refers to this curve. Biotic record: N, Stc4di et
al.'s (1969) curve of disappearance of animal fam^ies; C, net gain-
and-loss curve of Cutbiil and Funnel (1967), overlap shaded. Inferred
climatic states from Fischer (1981); minor osciilatioru (which may
bring about growth of ice sheets, shaded) after Fischer and Arthur
(1977). Diagram modified from Fischer ( 1981).

and middle latitudes. Bottom waters are close to the freezing
point throughout the oceans, and the mean temperature of the
oceanic water masses lies at about 3°C. While we do not have
reliable measurements of paleotemperatures —oceanic or
otherwise—for the ice ages of the Paleozoic and Precambrian,
it seems likely that their oceans had a temperature and struc-
ture rather similar to that of today.

In contrast, studies of oxygen isotopes from Cretaceous
oceanic deposits (e.g., Douglas and Savin, 1975) show that the
temperatures of the bulk of the Cretaceous ocean masses lay in
the vicinity of 15°C, i.e., that the mean temperature of the
oceans averaged some 10° above that of the present ones. This
suggests that bottom waters were not formed as today, by
chilled polar surface waters mixed with a strong dash of melt-
water from the polar ice caps. Several alternatives appear pos-
sible. Either lightly cooled surface waters descended in the
high latitudes, to form a bottom water of simple origin, or, al-
ternatively, bottom waters generated in the paraequatorial
dry belts (horse latitudes) to form a deep warm layer, as yet not
sampled. A likely compromise is that bottom waters arose from
a mixture of both of these processes.

In short, it appears that the Cretaceous and Paleogene
periods had a markedly different climate and ocean: tropical
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temperatures were much as they are today, while the tempera-
ture gradients toward the poles (and, In the ocean, toward the
bottom) were very much lower. This implies a more uniform
distribution of energy received from the Sun. The mostappeal-
ing mechanists for this is that of a climatic "greenhouse"
(Budyko, 1977; Manabe and Wetherald, 1975), in which an
enrichment of atmospheric carbon dioxide inhibits radiation
losses of energy into space. Temperatures in the tropi cal was
would not rise appreciably, because of increased evaporation,
but the water content of the atmosphere would increase, and
the transport of heat to the higher latitudes would occur largely
as latent heat of evaporation, released in the high latitudes by
heavy rainfall.

Fischerer (1981) has contrasted these climatic states of the
Earth as the "icehouse state" and the "greenhouse state" (Fig-
ure 9 .3). I view the history of the last 700 m.y. as a passage
through two great icehouse -greenhouse cycles and into the
beginning of a third. Associated phenomena include first-
order changes in sea level, mean ocean temperatures, and
oceanic aeration, possibly linked to changes in volcanicity and
plate motions, as explained below. The transitions from one
state to the other appear to be punctuated by the four major
biotic crises. A special explanation, in this scheme, has to be in-
vented for the glaciation and biotic crisis at the end of Ordovi-
cian time.

Associated Phenomena

Volcanism Long-term secular variations in global volcanism
are not easily apprehended. Of the various volcanic processes,
those associated with the generation of the oceanic lithosphere
rank largest, but their pre-Jurassic record is lost by the recycl-
ing of the oceanic crust back into the mantle. On the eonti-
nents, the great andesitic volcanic piles formed at convergent
plate boundaries are largely lost to erosion. The best record of
long-term volcanism is probably that of the granitic plutons
that form the su'Sstrurtum of these belts (Fischer, 1981).

If we may take the emplacement of such plutons as indica-
tive of volcanic activity in general, and if North America is rep-
resentative, then a plot of the rate of "granite" emplacement in
North America, through geologic time, should serve as an in-
dex to worldwide volcanicity. Such a plot, by Engel and Engel
(1964) is shown at the bottom of Figure 9.3. It is essentially
bimodal, showing one broad (and bifid) peak that matches the
inferred greenhouse state of the Ordovician -Devonian and
another, sharper peak that matches the Mesozoic greenhouse
interval.

Sea-Level Change The eustatic curves by Vail et al. (1977)
show the fluctuations of sea level relative to the continents.
While this demonstrates a lively history of sea -level oscilla-
tions, its most generalized version —Vail's first-order curve or
Hallam 's (1977) curve (here modified by Fischer)—coincide
with the inferred succession of icehouse and greenhouse states:
the three major glaciations occur within the three lows of the
curve, while the greenhouse states correspond to the highs.
While glaciation itself drives sea level through oscillations
because of withdrawal of water from the hydrosphere into ice
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caps, the longer persistence of these first-order lows shows
them to have been a condition for the growth of ice sheets. The
latter merely contributed feedback. For the reasons why high
sea levels should coincide with greenhouse states, see below.

Oceanic Aeration The ocean of our day is moderately well
oxygenated throughout, so that animal life, dependent on
aerobic respiration, Is possible on almost all bottoms and
throughout almost all of the water mass. Exceptions are en-
countered only in localized areas such -as the Black Sea, the
Cariaco Trench, and the Santa Barbara Basin and, seasonally,
in certain tropical belts of upwelling. Because of this, bottom
sediments are almost everywhere stripped of organic matter by
scavengers and bacteria and are plowed and mixed in the pro-
cess (Fischer and Arthur, 1977). Accumulation of petroleum
source beds is at a minimum.

In contrast, during much of the past, black, organic-rich,
finely laminated sediment was widely deposited on marine
bottoms deprived of free oxygen. In my experience, wide-
spread anaerobism of this sort peaked in the Ordovician to
Devonian interval and again in the Jurassic and Cretaceous
(Fischer and Arthur, 1977; Jenkyns, 1980). These times cor-
respond to the greenhouse states. Berry and Wilde's (1979)
alternative explanation, that the Paleozoic black shales are
holdovers from the poorly oxygenated atmosphere of the Pre-
cambrian, fails to explain the earlier (Lower Cambrian)
spread of highly oxygenated (red) fossiliferous marine sedi-
ments, as well as the recurrence of anoxia in the Mesozoic.
Within these episodes, there was a waxing and waning of an-
oxia, on what Fischer and Arthur (1977) interpreted as a
30-m.y. cycle, as well as on the yet smaller scales of the
Milankovitch cycles.

The causes for these variations in oceanic aeration are not
resolved. We may think of the ocean in analogy to an organism
that digests food: In anaerobic periods, the sea has indigestion.
This may be brought on in one of two ways: either by a surfeit
of organic matter supplied to it, which overwhelms its diges-
tive capacity, or by a breakdown in the digestive system itself.

Fischer and Arthur (1977) ascribed mainly to the latter
cause and linked aeration to the cooling of oceans, which (a)
permits a given volume of water to absorb more oxygen while
in contact with the atmosphere and (b) favors a vigorous
marine circulation, shortening the residence time of water in
the depths, between times of recharge at the surface. This ex-
planation thus offers indirect evidence for a warming of seas
between times of massive glaciation. On the other hand, the
greenhouse state is likely to have increased organic production
on the lands, owing to more plant growth in high latitudes, to
more widespread rainfall, and to the greater availability of
carbon dioxide. It seems likely that during greenhouse states
the suppl i of organic matter from the lands to the oceans may
have been greater than it is today. I have therefore come to
' ,vliev,: that both factors worked together to promote oceanic
anaernbism.

Punctuation by Biotic Crises

Two curves at the top of Figure 9.3 illustrate changes in faunal
diversity revealed by the fossil record. N is Stelih et al.'s (1969)

compilation of the disappearance of animal families; C is Cut-
bill and Funnel's (1967) analysis, depicting net gain and loss in
Invertebrate diversity. Six times of large-scale disappearance
of taxa—first-order hwhe crises, numbered 1-6 —stanl ouin
both curves. Of these, numbers 1, 3, and 5 coincide rather well
with the boundaries between the climatic states suggested in
the middle of the diagram. Number 2 coincides with the brief
plunge into glaciation that occurred in the middle of the Early
Paleozoic greenhouse. In a previous paper (Fischer, 1981) I
sought to relate crises 4 and 6 to the climatic transitions as well,
but this does not appear feasible. Both occur too soon, 4 before
the breakup of Pangea, 6 before the greenhouse came to an
end, as evidenced by the warm nature of the Arctic in Paleo-
gene times (see above). Also, there is now strong evidence for
an extraterrestrial origin of crisis 6 (Alvarez et al., 1980). The
transition to the Late Cenozoic icehouse state is marked, in-
stead, by the Late Eocene-Oligocene biotic crisis, which does
not show on Stehli et al.'s curve, is a second-order crisis in Cut-
bill's and Funnell's compilation, and was strongly developed in
the marine realm (Fischer and Arthur, 1977).

Possible Causes

Elsewhere (Fischer, 1981), I have suggested that the fluctua-
tions in atmospheric carbon dioxide content result from fluc-
tuations in the rate of supply (from volcanism) and in the rate
of withdrawal (by the linked processes of weathering and ;.di-
mentation) (Budyko,1977; Holland, 1978). Both are linked to
a major cyclic process—mantle convection. The hypothesis
can only be outlined here.

While there is much uncertainty about the manner in which
the lithospheric plates are driven, thermal convection of the
mantle is generally taken to be the ultimate cause (e.g., Mor-
gan, 1972). There is no reason to suppose that this process runs
at a constant rate, and Fischer (1981) has proposed that the his-
torical pattern in which episodes of continental dispersion and
episodes of continental aggregation succeed each other results
from a cyclicity in mantle convection in the following manner.

In one phase, the mantle is in a quiescent state, having few
and slowly turning cells, which tend to sweep the continental
masses together into one pan;ea. As a result of few cells, the
total length of midoceanic ridge is relatively short; because of
slow convection and slow spreading rates, the ridge is relatively
narrow. It follows (Russell, 1968; Hays and Pitman, 1973) that
the displacement of waters from the ocean basins by the ridge is
small and that the continents stand high and dry. Contribu-
tions of carbon dioxide from the interior to the ocean-atmo-
sphere system are at a low, because both basaltic volcanism in
rift zones (which brings carbon dioxide from the mantle) and
andesitic volcanism from subduction zones (which recycle
lithospheric carbon back to the atmosphere) are minimal. At
the same time, the large area of the lands implies that uptake of
carbon dioxide by weathering is at a maximum. As a result, a
high atmospheric content of carbon dioxide, inherited from a
former state, cannot be maintained. Carbon dioxide pressure
will drop until the rate of weathering slows and the rate of car-
bon dioxide withdrawal approaches the rate of volcanic addi-
tion. This low balance results in the development of the ice-
house state. In this, the growth of a glacial armor over the lands
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further reduces weathering, providing a negative feedback
that may help to explain why the Earth has never turned into a
complete iceball.

Mantle convection increases, by development of more cells
and of more vigorous convection. New rifts develop, and old
ones spread more rapidly. As marine ridges grow in length as
well as in width, and as continents spread out by rifting, sea-
water is displaced, flooding the continents. The increased vol-
canism in rift belts and in belts of plate convergence raises the
output of carbon dioxide to the atmosphere-hydrosphere sys-
tem. At the same time, flooding of the continents cuts carbon
dioxide losses to thelithosi5here by weathering. The net result
is that atmospheric CO 2 pressure must rise, until the weather-
ing rates, increased thereby, once again withdraw carbon
dioxide at rates matching the volcanic addition. This high bal-
ance results in the greenhouse state.

The late Ordovician ice age, coming in the middle of a
greenhouse episode, at a time of sea-level highs, and associated
with a major biotic crisis, seems altogether exceptional and
asks for special explanation. One possibility that Comes to mind
is that of a greenhouse that overshot, producing a cloud cover
so dense as to reflect enough of the solar radiati,^n to cool the
Earth. The alternative is to find a geologicali; transient sink
for carbon dioxide.

Conclusions and Problems

Global climates have alternated between states susceptible to
widespread glaciation (icehouse states) and greenhouse condi-
tions. Two such cycles have been completed in the 800 m.y. of
Phanerozoic time. The reasors for them are not firmly estab-
lished. While several authors (cf., Pearson, 1978) have sug-
gested a tie to changes in insulation, related to the cycle, of
galactic rotation, an apparent correlation with sea-level
changes and volcanicity suggests an internal cause. This is here
sought in hypothetical cycles of mantle convection, which
drive sea levels and atmospheric carbon dioxide content by in-
dependent pathways linked by a feedback mechanism (weath-
ering). Whereas the Phanerozoic record suggests a length of
about 300 m.y. per cycle, a rigorous periodicity throughout
Earth history is not implied, inasmuch as mantle behavior
must change in a cooling Earth. Nevertheless, it seems likely
that we are in the early part of an icehouse state.

Riding on this long cycle are a family of smaller climatic
fluctuations, of which one seems to have a periodicity of per-
haps slightly more than 30 m.y. In this one, too, the climatic ef-
fect may depend on changes in carbon dioxide, but the mecha-
nisms remain obscure.

CONCLUSIONS

In summary, I suggest that the stratigraphic record holds evi-
dence of a wide range of global changes in climatic state.
Largest among these a. re the 150-m.y.(?) alternations between
the major greenhouse and icehouse states. We know only the
latter, and the traditional attempts to reconstruct the Mesozoic
or the mid-Paleozoic world along strictly actualistic lines are
grossly inadequate.
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Upon this great cycle rides a smaller one, having a period
somewhere around 30 m y. to 36 m.y., which mimics the large
one on a smaller sexle and which is recorded in its effects on
life. The oligotaxic times that happen to coincide with the
turnover in the large cycle, from its greenhouse phase to its ice-
house phase and vice ^ ,ersa, are particularly pronounced as
some of the world's great biotic crises.

Smaller pre-Pleistocene climatic oscillations are seen at the
500,000-yr level, at the 100,000-yr level, at the 50,000-yr
level, and at the 20,000-yr level, in round numbers. These ap-
pear to match similar periods in ice flux within the Pleistocene,
which have been attributed to climatic effects of the Earth's or-
bital perturbations. These rhythmic events are recorded in a
wide variety of sedimentary settings and record a multitude of
pathways by means of which climatic change became expressed
in sediments. We have only begun to recognize them and are
far from any understanding of them.

In the normal course of development, we could expect to
slide more deeply into the icehouse state for some millions of
years to come, with continued gradual loss of species. The
burning of fossil fuels may instead provide a brief brush with
the greenhouse state within a generation. That would be a
brief passage only, limited by the amounts of fossil fuels avail-
able. The effectq on climate, I must leave to others more quali-
fied. However, I believe that a full greenhouse of the kinds that
existed in the mid-Paleozoic and Mesozoic would require the
complete melting of the ice caps and the warming of the oceans
as a whole. That would produce a major biotic crisis of the sort
that brought about the partial or complete collapse of some of
the world's organic communities in Devonian, Triassic, and
Oligocene time. That event seems unlikely to occur for another
70 m.y., but even a brief brush with greenhouse conditions
may upset the accustomed structure and behavior of atmo-
sphere and oceans. It might thus have marked effects on the
biosphere and on human life and history.
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Climatic Significance of Lake
and Evaporite Deposits
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INTRODUCTION

Lake deposits and evaporites are sensitive indicators of local
climatic conditions and changes in climate—lakes because
they are ephemeral and owe their existence to a delicate bal-
ance between hydrology, sedimentation, and tectonics and
evaporates because they represent extreme stages of desicca-
tion. The very aspects that make these deposits valuable for our
purposes are also responsible for some of the difficulties en-
countered in extracting climatic inferences. Few lake deposits
are large enough to have attracted the general attention of ge-
ologists, notable exceptions being Devotusn Lake Orcadie
(Old Red Sandstone), Triassic Lake Lockatong, and Eocene
Lakes Cosiute and Uinta (Green River Formation). The lacus-
trine record in the geologic column has y-t to be tapped, al-
though a fine summary of paleolimnology in North America
has been provided (Bradley, 1963).

Evaporite deposits, especially of marine derivation, have
been studied extensively, if not exhaustively, in part because of
their economic significance (see recent summaries by Dean
and Schreiber, 1978, Holser, 1979). Evaporite minerals re-
spond readily to postdepositional changes. Because deposi-

tional and postdepositional processes form a continuum, min-
eral textures and sedimentary structures must be interpreted
with great care.

LAKE DEPOSITS

The study of ancient lake deposits has been helped immeasur-
ably by limnologists, sedimentologists, and geochemists, who
make observations on active lakes, and by geologists, who have
concerned themselves with Pleistocene lakes and their Holo-
cene residues. PaleoclimatIc information may be contained in
the nature of the basin itself as well as in the material that filled
it. Every lake deposit is testimony to at least two important en-
vironmental changes, one initiating lacustrine deposition and
the other terminating it. Climatic factors may be involved in
either or both events. For instance, glacial lakes often form
during a warming trend, and they can be recognized from the
shape of the basins and the fact that many are dammed by
moraines. Tectonic events unrelated to overall climatic change
may lead to steepened hydraulic gradients and increased pre-
cipitation in the watershed and hence earlier filling of the
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basin. Choking with sediment probably is the most common
death of lakes, but lakes can also dry up. In that case, a clear
record is usually left in the sediment in the form of an evapo-
ritic terminal stage.

Reliable reconstruction of depositional environments of lake
sediments, a prermiulsite for extracting climatic inferences,
depends on a whole array of geologic, geochemical, and geo-
physical tools. Most of our experiences have been gained from
Holocene-Pleistocene settings (see e.g., ClIK:rt, 1890; Hansen,
1961; Jones, 1965. Neev and Emery, 1967; Anderson and Kirk-
land, 1969, Brunskill, 1969; l.udlam, 1969; Irion, 1970, 1973;
Muller et al., 1972; Degens el al., 1973; Eardley et al., 1973;
Dean and Gorham, 1976; Eugster and Hardie, 1976, 1978;
Friedman et al., 1976; Hardie et al., 1978; Jones and Bowser,
1978; Kelts and HSU,1978; Lerman,1978; Matter and Tucker,
1978, Muller and Wagner, 1978; Smith, 1978, 1979; Stoessel
and Hay, 1978; Stoffers and Heeky, 1978, Cerling, 1979;
Yuretich, 1979; Bradbury and Whiteside, 1980; Eugster,
1980; McKenzie et al., 1981; Sims et al., 1981; Spencer et al.,
1981a, 19816; Smith et al., in press). Once the stratigraphic
time lines have been established for a particular basin, using
traditional approaches as well as radiogenic dating, tephro-
chrotmlogy, paleomagnetics, amino acid racemization, and
other methods, facies maps are constructed information on
sedime+t type, sedimentary structures, mineralogy, isotopic

ANNUAL TEMPERATURE (°F)

FIGURF 10.1 Gorrelation between annual precipitation. net evap.
aeration (evaporation from lake surface-precipitation on lake surface).
and njean annual tern1wrature for closed-basin lakes. From LanRbein
(1%. I).

compositions, biota (such as ostrarx>des, diatoms, algae, mol-
luscs, and fish), and pomwater chemistry are combined In a
details reconstruction of the depositional environments and
their evolution in space and time. Connparbons with adjacent
basins may then make it possible to separate local changes due
to hydrology or tectonics from regional climatic trends.

Such studies are difficult at best and are most likely to sc-
ceed in Holocene-Pleistocene basins, where one moment In
time can be studied directly. For older deposits that often ex-
ists doubt whether they are in fad lacustrine or cwt. Such
deposits can usually be Identified as such from lithologies, sedi-
mentary structures, and fossil content. Asoclated rock units
formed immediately preceding or contemporaneously with
lake deposits may also be good indicators. For Instsum, the
Green River Formation is defined as a lets of lacustrine
deposits following and interbedded with the unquestionably
continental and largely fluviatile Wasatch formation. Among
evaporites, lacustrine deposits can most readily be Identified if
their chemistry was alkaline, an evolutionary path not acoaei-
ble to seawater derivatives (Hardie and Eugdm,1970).

The mere existence of lakes in a particular locality contains
little climatic information, because lakes can exist from arctic
to tropical environments. Futhermore, many lakes are formed
by nonclimatic events, including tectonic graben lakes, oxbow
lakes (channel migration), volcanic lake, and landslide lakes.
Most useful will be glacial lakes and evapodde lakes. We will
focus on the latter; glacial deposits are treated elsewhere
(Chapter 6). Geologic and geoche nical work on saline lakes
has been summarized recently (Eugster and Hardie, 197R;
Hardie et al., 1978; Eupter, 1980).

SALINE LAKES

Saline lakes form in hydrologically dosed basins under eonndl-
tions whore evaporation exceeds inflow. They respond to cli-
matic changes, and hence their deposits contain excellent rec-
ords of such changes. Most published studies have dealt with
Pleistocene-Holocene examples such as Searles Lake (Smith,
1979), Lake Bonneville-Great Salt Lake (Eardley et al., 1973),
or Lake Lisan-Dead Sea (Begin e: al., 1974).

A classic study of climatic parameters that define closed-
basin lakes was presented by Langbein (1961). Figure 10.1
shows the interrelations between temperature, precipit.tion,
and net evaporation. In response to changes in the inflow-
evaporation balance, closed lakes go through cycles with
respect to lake level, areal c ::.,at, volume, and salinity; such
cycles are reflected in their deposits in a variety of ways. Trans-
gressive-regressive events may be recognized by sedimentary
structures and changes in lithologies. Good examples axe site
depositional cycles clewribed by Eugster and Hardie (1975)
from the Wilkins Peak Member of the Green River formation.
Transgression is indicated by flat-pebble coroo crates that
are usually followed by oil shales, indicating a higher lake
stand. Oil shales gradually give way to mud flat facies rocks in
response to falling lake levels. Extreme regression is indicated
by evaporite accumulation. In reading this record we must be
conscious of the many wayc in which the inflow-evaporation
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balance can be effected: tectonic changes, hydrology, and cli-
mate all playing their part.

In fresh lakes, the mineralogy of the sediments h usually in-
herited f-om the bcdrock lithologias of the watershed (Jones
and Bowser, 1978). In cowimt. progressive desiccation of a
dosed basin brings with it profound eh.r-ges In the chemistry
of the waters and hence also the chemical sediments (Eugster
and Jones, 1979). Some of these changes may be useful as indi-
cators of the onset of and conditions even when evaporate dep-
osition never took place. Perhaps the most useful minerals are
the alkaline earth carbonates calcite, aragonite, and dolomite.
In genera., because CaCO 3 precipitation Is related to evapora-
tive eoncentratli m, increasing salinity increases die Mg/Ca
ratio of the water. In response, the principal carbonate precip-
itate may change from low-Mg caldte to high-Mg calcite and
eventually aragonite. Good examples have been described by
MWIer from a variety of Holocene and Pleistacene lakes (for
example, i.:u2 "We!.-n.  Mohler and Wagner,1978). Great Salt
Lake, Utah, rear the Holocene-Pleistocene boundary experi-
enced a drop of 100 in leas than 2000 yr, a drop recorded in
the. carbonate mineralogy as well as in the oxygen isotopes of
the carbonates (McKenzie et al., 1981; Spencer et at., 1981a,
1981b).

An excellent record of and conditions may also be left in the
authigernic mineral assemblages, because sud, mimals form
by reactior of intestitial brine with vdcanogenkc or chemical
sediments. Best known are the zeolite sequences of alkaline
lake deposits (Surdam and Sheppard, 1978). Increasing salinity
is reflected in the sequence sawtite-zeolite-anadine-K-feld-
spar, with the dominant zeolites being phillipsite, clinoptilo-
lite, erionite, and chabazite. Such sequences may be displayed
laterally or vertically. Because high-pH trines are necessary,
zeolites do not form in CI or 90 4-domincted bases. Saline,
alkaline conditions are also indicated by the presence of
Magadi-type derts, that is, derts that have formed from a
sodium silicate precursor, such as magadiite.

The climatic information to be extracted from saline lake
deposits must be calibrated In comparison with active salt
lakes. Considering such diverse settings as Great Salt Lake
(Utah), Death Valley (California), D y ad Sea (Asia), Lake
Chad (Africa), Lake Uvuni (Bolivia), Lake Vanda (Antarc-
tica), Tso-Kar Lake (Lhadalr,, it becomes dear that saline
lakes do not give independent information on lati t ode, temper-
ature, precipitation, and other climatic parameters, but they
do tell us that in theme localities evaporation exceeds inflow.
Evaporation is experienced at the lake level, but inflow is a
complex product of hydrologic processes in the entire water-
shed. Mean parameters, such as mean annual humidity, are
not safe guides, because a rainy season can be compensated for
by an interne dry period. Also, we realize that salt lakes &I not
occur in the most extreme Zeserts for lack of inflow. Ideal set-
tings are down-faulted valley flows in the rain shadow of
mountains that act as snow catch.

Thert is no doubt that the most valuable climatic informa-
tion contained in lake deposits relates to short-term temporal
changes and to local differences between adjacent basins. This
is most dearly documented In the Eocene Creen River deposits
of Utah. Colorado, and Wyoming.

THE GREEN RIVER FORMATION

Paleolimnology, paleoelimatology, and the Green River for-
mation arc Inextricably linked, as dmnonstrated through the
work of Bradley (1929, 1931, 1948, 1963), who combined a
wealth of information to deduce the climate of the region at the
time of deposition. Bradley was :orced to oversimplify and
generalize in deducing a Green River climate. Paleotopo-
graphic arguments fixed the basin floors at 1000 ft. Using the
pine-spree distribution of the Southern Appalachians, nO'sa-
tain crests were fixed at a minimum el evation of WW-S1100 ft.
Several lines of evidence yielded nean annual temperahAres of
67°F. From Langbein's (1961) formulas, Bradley calculated
an annual precipitation of 34 in. at the lake level for a just-full
stage and an average of 38 in. for the whole watershed. During
times of overflow, precipitation must have been higher. Dur-
ing evaporate deposition (Wilkins Peak time), mear annual
precipitation was estimated at 24 in. The large and varied
flora, which contained cypress and palm trees (see, for exam-
ple, Brown, 1934, MaeGinitle, 1989), persuadW Bradley to
call the overall dimate warm-temperate like that of the pres-
ent Gulf Coast states.

Recent work on the Green River formation has led to wine-
what different conclusions (Eugster and Hardie, 1973, 1978;
Surdam and Stanley, 1979, 1980). We have focused more on
the differences between basins, on the temporal changer, and
on the complexity of the environments. In modifying Bradley's
conclusions, we have relied heavily on sedinnentologieal
arguments and on our experience with active continental
evaporites.

The Eocene Green River formation was deposited in at least
three basins, which were occupied by Lakes Uinta and Godute
and Fossil Lake (see Figure 10.2). The Uinta and Green River
(Gosiute) Basins, separated by the Uinta Mountains, wire very
large, with wide, flat floors. Their principal sediments are oil
shales, which are rocks rich in carbonates and kerogen.
Although stir clear that Lake Gosiute at times drained into the
Uinta Basin (Bradley, 1963; Surdam and Stanley. 1 979. 1980),
wt 'L-Plieve that there is good sedimenntological evidence that
both t,adns were hydrologically closed throughout most i.`
their lives. Shallow, oil-shale producing lakes were surrounndeu
by playa fringes, where carbonate mud was produced, modi-
fied, transported, and redepwited (see Smoot, 1978). Lake Ir-.

els fluctuates extensively, and waters varied from brackish to
saline. The basins south of the Uinta Mountains contained
lakes for a much longer time (at least 12 million years) than did
the Green River Basin (a t least 5 million years). In fact, Lake
Gosiute not only was of shorter duration, but during part of its
life it was more ephemeral in nature. At least 25 separate epi-
sodes have been recorded during Wilkins Peak time, where the
lake essentially dried up and became a salt pan. Salt deposition
aloe occurred in Lake Uinta to the south, but less frequently
and on a more localized scale. During much of its existence,
Lake Uinta was a permanent lake with oil shale one of its prin-
cipal deposits. Although the stratigraphic correlations and age
dates are still in doubt (O'Neill et al.. 1981). it seems dear from
the summary of Wolfbauer (1971) that evaporites fregtentlti
were dcliosited in the north while oil shales formed in the

i
J

J



10$
	

HANS P. EUGSTER

'	 Wyoming
IDAH41

tFeaetl	 Green*-
bealri River baaln .•

!	 rem
l	 fiver	 ashek

',gain

3ait Lake'—	 t•City	 tatupitIt	 +. +
+ 1lin	Verna

Meeker
Uinta basin .	 e

Piiceance

.'..
reek

in

Utah	 1 Grand .

U	 km
0	 1 0	 200

FIGURE 10 .2 Sedimentary deposits of Eoc .ase Lakes Uinta (Uinta
and Ploeansoe Creek Badrffi) and Gosiute (Green Rim and Wassakie
Basins) and Fossil Lake (Fossil Basin). 1, Creen River Formations: 2,
betided salts, 3. basement. From Eugster and Hardie ( 1979).

south. Such local differences in the evaporation-inflow bal-
ance are not surprising and may be due to a number of factors.
However, O Neill et al. (1981) conclude that the "high stands
of Lakes Gosiute and Uinta were essentially synchronous and
therefore were likely controlled by climatic rather than tec-

tonic factors." Surdam and Stanley ( 1980), in a comparison of
the drainage basins and sedimentation histories of the two
basins, take the opposite position: "Basin filling and enlarge-
ment of the drainage system were probably a consequence of
tectonic activity and stability of th:- hasins and adjacent up.
lifts, although climatic conditions that increased sediment
yield and runoff in the hydrographic basins also could have
hastened their filling. However. it is difficult to explain pat-
terns of evaporite ir!nerrls, oil shale, mudstone, and sandstone
formed in Lakes Gosiute and Uinta if climate was the domi-
nant factor."

While Lakes Gosiute and Uinta went through their evolu-
tionary changes, the much smaller Fossil Lake to the west (Fig-
ure 10.2) was caught between the ridges of the Thrust Belt. Fed
perhaps by a precursor of the Snake River, this laae was more
like a tub, narrow, long, and probably deeper (most of the
time). Its sedinents are the claosic verve limestones often taken
as prototype Green River rocks, which contain the famous, ex-
quisitely preserved fish fossils. We now know that these rocks
owe their exi-ee•roe to special circumstarncea that have to do as
much with hydrology and sedimentation as with climate. No
sizable accumulations of evaporites or oil shales occurred,
probably because the lake was deeper and sediment -choked.

Yet there t• a clan* record of several perms of desiccation
 

of
near desiccation, with try or bwdm growing on &a bad of the
lake.

This brief summary of three contrwting Z male•
it obvious how diafIcWt it Is to speak of a Green Rhar ate.
Nevertheless, I doh not agree that the preen Gulf GMA cli-
mate provides a valid analog. The oval condittivan wore-
much drier, and t believe that the siviflmme of do luhtrv!#-
cal flora has beer overesnphasized. The aature of the sell-_
ments indleatm a dry, amotu al edimate witih	 --
exceeding inflow most of the titre. Bradley was awa€evif t he
evidence Indicating such an environment; in spes1 vi
dm pollens (Bradley, IM, pp. tom) he	 that -If Its 1
erg forebears lived in the same parchW envinw meht #s the
Ephokis of the Rocky Mountain region of today, ft Is odd
it should show up in the sediments of the e4,,1txt stage (t-mu*
of Gosiute Lake. It also oaairs, as would be expected, in the
deposits of the later saline stage. The presence of Epp pol-
len agrees with an observation by R. W. Brown (11 , pp.
280-281) that certain thick, roracwu <s leaves in the Gram
Rive flora indicate hot, dry, suthmer_^ like dxw of southern
California."

Soutn California probably provides a much b
etter

climatic comparison. Though nonce are very large, the region

contains many hydrologically owned basing, with waters
ing from braoddsn to very sallne. Palm bm grow wheaem
there is enough water.

MARINE EVAPORITES

Marine evaporites have trs,ntk:: __ 'v been useful climatic indi-
cators because of their bulk and o bA io us ryclicity. Although
they occur throughout the Xec4ogic cx,lumn from the Premm-
brian onwrrd, there are definite centers of ev porite deposi-
tions in time and spare (see Kozery et al., ION), for example,
during the Devonian in North America, the Permian .•nd the
Triassic in Europe, and the Jurassic In North Ali and 111110-
cese In Europe. As has been pointed out offs, no largmeale
evaporite are forming at present anywhere on Earth. There
seems to be no lack of evaporitic environments, but the neces-
sary depositional conditions do not coincide. Again, the pres-
ence of evaporites is due as much to tectonic as climatic factors.

Onset of evaporitic conditions can often be recognized from
underlying and laterally contiguous sediments. Bioge nic lime-
stones and reef deposits are common precur, .ms, indicating
that tropical to subtropical climates prevailed. Other orga-
nists-rich sediments such as oil ssa!es record the !nereasing
preservation, if not productivity, of organic matter in pene-
saline environments. Laterally asodated with evaporite dep-
ositlun, corstinehtal sediments such as red bc* arkoses, and
conglomerates may accumulate in down -faulted basins.

Although there must be a much better correlation between
marine evaporites and latitude than there is between oon ine n-
tal evaporites and latitude. there is no intrinsic reason why
marine evaporates could not form at high latitudes, except for
the fact that evaporation rates are so much lower. It should be
possible to recognize such dsirasits by the provawe of mirabi-
lite. NagSO 4 - 1OHgO, a typical precipitate `ormed by chilling
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of brines having the composition of cotrce ntrated seawater
such as those of the Great Salt Lake of Utah.

For the present discussion it is useful to separate marine
evaporites into three groups: (1) those dominated by &ypsum
and anhydrite, (2) those dominated by halite, and (3^ potash-
bearing deposits. By far the largest number of fossil deposits
belong to the gypsum-anhydrite group, and these deposits are
best understood because there are good Holocene analogs.
Sabkha settings such as those of the Persian Gulf (Purser, 1973)
are usually invoked for these deposits, which often consist of
CaMg carbonate-gypsum laminites. Typical examples and cri-
teria for recognizing them have been described from the Mio-
cene of Sicily (Hardie and Eugster, 1971), and a depositional
model has been suggested by Eugster and Hardie (1978). To
produce such deposits, seawater has to be concentrated at least
three but not more than tar times. As pointed out by Kirmnaa
(1876), the average humidity must vary from 98 to 76 percent.
Transgressive-regressive cycles are common a' stage, in
response to the interplay between climatic and tectonic fi.,oes.
Excelle t examples have been described irom the Penman of
north -n Italy (Bosellini and Hardie. 1973) and the Permian of
Texas and New Mexico (Anderson et al., 1972). Subsidence is
essential for continued deposition in shallow basins like those
envisaged for group l evaporites, but each step down may lead
to transgression across the bar that protects the basin from the
open sea. Similarly, subsidence must be slow enough so that
sedimentation is able to keep race and the ba in never becomes
deep-

In contrast, there is increasing evidence that the thick halite-
dominated accumulation (group 2) so characteristic of the
saline giants (Hsu, 1972) probably formed in deep basins (see
Gill, 1977; Hardie et al., 1978; Briggs et al., 1980; Harvie et
al., 1980). Brine bodies several hundreds of meters deep may
accumddate as a consequence of increased subsidence coupled
with more intense evaporation. Such a body, though of differ-
ent composition, eai,-ts now in the Dead Sea. An appropriate
hydrologic model to account for the sequence of progressively
evaporated mineral assemblages has been proposed by Hervie
et al. (1980). Evaporation for halite sequences to form must. be
from 10- to 20-fold seawrter concentration. This ma y or way
not signal increasing aridity, depending on wbeLher or not a
hydrologic system for preconcentration is available.

Most marine evaporites stop at the halite stage, and the final
concentration products (group 3 evaporites) are either not
formed or not preserved. These products are the K-Mg salts, so
important for economic reasons and also as climatic indica-
tors. Minerals such as polyhelite [K2MgCa2(SO4)4.2H2O],
°psomite (MgSO 4 7H2O), carnallite (90 3KM . 6H 2O), and
kieserite (M9SO 4 • I- 20) require such extreme desiccation that
it is difficult to envisage an appropriate near-marine climatic
setting. This has been pointed out by Kinsman (1976), who at-
f^tnpted to correlate mean annu9i humidity with stage and in-
tensity of evaporation. The activit y of H2O, aH2O, of a brine
is a direct measure of th.- humidity of the air in equilibrium
with such a brine, as

where P HtO is the water-vapor prebsrre and RH is the relative
humidity in percent. Calculated aHgO values for seawater

ncentrates and minerals with which they are in equilibrium
are shown in Figure 10.3 (see Eugster et al., 1980). Potash
dep sits do not form until aH 2O falls below 0.7, the Mg srd-
fates epsomite and kieserite require values below 0.6, and car-
nallite0.45, that is, an average humidity of less than 45 percent
is required for carnaliite to accumulate, a condition difficult to
imagine in a marine setting.

nor the deposition of group 3 evaporites we favor a deposi-
tional model, termed the playa model. To reach this stage, the
deep brine basin filled up with evaporites; that is, subsidence
did not keep pace with sedimentation. In the resulting flat,
broad basin, now under the infiuerm of extreme aridity, frac-
tional dissolution and recycling of the most soluble salts will
occur, as observed in continental playas (Eugster and Jones,
1979). In consequence, the most soluble minerals will accumu-
late in the hydrographic caster as a bedded deposit. These
minerals are quite hygroscopic, and they can be prese rved only

log	 MH2O	
(

FIGURE 10.3 Activity of H 2O, oH 2O, of seawater concentrates.
Evaporation begins with 55.5 moles of Beau ater (SW) and proceeds to
the right. First appearances of precipitates are noted. G, g ypsum: A,
anhydrte; H, halite: G1, glauberite; Po. polyhalite, Ep, cpsomite;
Car, earnallite. From Eugster rt al. (1980).
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by extreme conditions of aridity. The appropriate situation
can perhaps be created by combining the hydrologic setting of
the Persian Gulf with the climate of the coast of Chile.

There is one final group of evaporites, often considered to be
of marine parentage, that require still further evaporation.
These are the deposits that contain tachyhydrite (Ca-A490 4

-6Ha0) (.ve, for example, Wardlaw. '372; Szatmari et al„
1979). However, as pointed out by Hardie (1979), such depos-
its may in fad not be directly related to seawater. Ne •verthe-
lesc, where they did form and were p-evrri ed, climatic condi-
tions must have been unimaginably severe.

CONCLUSIONS

Lake deposits are sensitive indicators of paleodimatic changes.
Particularly useful are glacial and saline lakes. The latter are
not related to latitude and form when evaporation exceeds in-
flow, recording a complex balance between climate, hydrol-
ogy, and tectonics. Changes in depositional conditions are in-
dicated by lithologies, sedimentary structures, and rr-ineralogy
and often result in transgressive-regressive cycles. Local differ-
ences may override general climatic conditions. This is illus-
trated by a reinterpretation of the Eocene Green River cli-
mate-a climate exemplified by southeastern California is
preferred to that of the Gulf Coast states.

Climatic interpretation of marine evaporites depends on the
special hydrologic requirements. Three stages are distin-
quished, with each stake dominated in turn by Cr sulfates,
halite, and K-Mg salts. The bulk of marine evaporites belong
to stage 1. A sabkha setting is a good depositional model. Sea-
water can be concentrated up to tenfold before halite precipi-
tates. Thick halite deposits may accumulate in a deep stratified
basin such as that suggested by Harvie et al. (1980). For the
final stage, we prefer the playa model, which requires relative
humidities of less than 6045 percent. Final prod"_ are hy-
groscopic, and it is not easy to reconcile `heir requirements for
extreme aridity with a marine setting.

This brief summary should make it clear how difficult it is to
derive unequivocal information about paleoclimates from sed-
imentary deposits, because of the delicate interplay between
climatic, tectonic, and hydrologic forces. In order to arrive at
valid climatic conclusions, all the evidence must be reviewed,
including paleontologic and sedimentologic aspects. We must
calibrate and sharpen our tools on the sediments of currently
active !akes and evaporitic environments.
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METHOD
INTRODUCTION

The essence of this paper is a consideration of how ancient soils
may reflect lung-term changes in climate and in the composi-
tion of the atmosphere. Detailed field studies and labora-
tory analyses of ancient nonmarine deposits commonly reveal
remnants of fossil soils. These paleosols, together with trans-
ported clay- and iron-rich sediments derived directly from
then, provide clues for reconstructing ancient climates, be-
cause t%ey were formed under a limited range of temperature
and humidity.

Basic inquiries that direct such an investigation focus on (1)
the relation of climate M a global temperature gradient and (2)
patterns of precipitation controlled by the distribution of land-
masses and their mountain belts, as well as by (3) the global dis-
tribution of drifting continents and (4) the modifying effect of
tiu, stand of global sea level and flooding of the continents.
Paleosols amplify other geologic information about trends in
climate change through Earth history and about those condi-
tions. that produced widespread coal swamps and continental
glaciation. The data also reflect the role of major regressions of
the seas and impose critical constraints on speculation about
Precambrian climate and atmosphere.

Procedure

The discipline of paleopedology (Yaalon, 1971) is founded en
the well-documented proposition that widespread soils in the
geologic past, as in the present (White, 1979), reflect atmos-
pheric temperature and humidity, the former varying mostly
with latitude, the latter asymmetrically east to west. These, in
turn, are conditioned and augmented by effects of local relief
and biota, of stability of the landmass (time factor), and of the
distribution of land and sea.

Analysis of an ancient weathered profile necessary to estab-
lish its particular pedologic character (Table 11.1) requires
data concerning the petrography of the parent rock, min-
eralogic and chemical c, • mposition of the profile, and possible
diagenetie alteration. Such a study deals with those down-
ward-mobilizing processes that oxidize plant debris, lower
soil-water pH, dissolve minerals and remove soluble cations,
produce new clay minerals (Singer, 1980), and conoentrate in-
soluble ferric and aluminum oxides in the upper horizon of the
soil profile. Current procedures and modes of interpretation
involved in paleosol analyses are well illustrated in studies by
McPherson (1979) and Retallack (1976. 1977).
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TABLE 11.1 Criteria Diagnostic of Pe dogenic Profiles

• Relative thin (0.5-3 m). but extensive, tabular
• Transitional lower boundary, sharp upper boundary
• Rooted, burrowed to hioturbated
• Wavy to disturbed bedding, or obliterated
• Vein network
• Patterned shrinkage-swelling features (gilgai)
• Clap eating (cutans) on grains and fragments
• Color mottling (gh«-)ing)—gray-blue, violet, red-brown colors in-

dependent of stratiftatim
• Calcareous nodules to calcrete—translocation of calcium carbonate
• Fe203 crusts—ferrierete
• Slog cruata—silcrete: corroded quartz grains
• Concentration of A1g0 3 and Fe2 03 in upper horizon and mobiliza-

tion of Fe oxides
• Clay minerals modified toward low-silica kaolin
• Depletion of cations, except in caterete concentration

Paleosols comprise those profiles of weathering developed
on rocks or sediments that were exposed long rough to be
modified by soil-forming processes. For the present review, po-
tentially meaningful ones are limited largely to lateritic prod-
ucts of hot and humid weathering (Thomas, 1974) composed
essentially of ferric and &luminous oxides (sequioxfdes) and
high-aluminum kaolinite day and to calcretes produced by less
intense dry-climate weathering and composed of ferric oxides,
clay minerals, and calcium carbonate. Today laterite and cal-
el predominate on relatively stable landmasses within the
intertropical climate zone (Figure 11.1; Van Houten, 1961,
1973). Here the temperature is less important than differences
in amount and seasonal distribution of rainfall in determining
the kind of soil produced.

Laterite

Lateritic soils or latosols (Millot, 1970; Paton and Williams,
1972), both aluminous bauxite and ferruginous laterite, form
tinder conditions of prolonged stability and intense weather-
ing, accompanied by essentially no erosion or aggradation.
They are favored by relatively uniform maritime conditi-ns on
windward sides of continent: within the humid intertropical,
or tropical forest, zone. Sequioxides and kaolinitic products of
laterization can be transported to local depressions, as in a
karst terrane, or to depositional basins where distinctive alu-
minum-rich claystones and oolitic ironstone may accumulate
(Millot, 1970).

Calrrete

Carbonate-enriched calcrete (caliche) and calcareous red-
earth soils reflect warm, seasonally dry climate and commonly
develop on drier leeward sides of continents. In as much as cal-
crete requires less-intense weathering than laterite, it can form
in periods of thousands of years. Fstimate s suggest that calcrete
profiles develop at rates of 10-50 mm/10 3 yr with a maximum
of about 1000 mm/10 3 yr. In the geologic record calcretes are
commonly associated with reddish-brown detrital deposits
containing more silica-rich clay minerals such as illite, mont-

morillonite, and chlorite. Used prudently time redbeds (Mir-
1ot,1970) cau provide suggestive evidence of warm, dry climate.

LIMITATIONS

Ancient soils as dues to ancient climate have limitations. Even
though lated and calcretes commonly developed on uplands
and well-drained nonmarine deposits In the past, terranes of
th' sort constitute only a minor part of the geologic record.
Moreover, to provide useful information, ancient soils, wher-
ever they formed, must have been buried relatively rapidly to
prevent subsequent chemical modification or loan by erosion.
Conversely, soils could develop on nownarine deposits only
where accetmulation was interrupted or was slow enough to
permit development of a distinctive profile. Yet, commonly in
such a situation pedoiogical processes were arrested before
completion, or the upper diagnostic part of the profile was
eroded. In addition, manv ancient soils cannot be dated accu-
rately as to time of origin, and after burial some were altered
by diagenetic effects that obscure primary climatic indicators.
The use of Recent laterite and calerete as a model is limited,
particularly because modern soils have developed during a
time of considerable tectonic activity, a low stand of sea level,
and assembled continental blocks (Figure 11.1). These factors
reduce the global extent of maritime conditions and cratonic
stability that favored the formation of laterite in the past.

GEOLOGIC RECORD

Phanerozoic Time

The available data plotted on currently reasonable paleoconti-
nental drift reconstructions (Smith and Briden, 1977; Scotese
et al., 1979) and transferred to a time-latitude chart (Figure
11.1) provide a basis for evaluating paleodimatic information
supplied by ancient laterite and calcrete. The record of their
temporal and geographic distribution reflects only large-scale
motion and change in the atmosphere, hydrosphere, and litho-
sphere. During the Phanerozoic interplay of global climate
zones, latitudinal position of wandering continents, and the
longitudinal extent of orogenic belts, and of assembled cra-
tonic blocks, the role of global climate change probably was
minimal.

As today, laterites in the past lay mostly within the inter-
tropical zones in east-east locations (Valeton,1972. Bardossy,
1973). They were widespread during siderolithic periods (Xfil-
lot, 1970) when extensive, relatively stable areas of the conti-
nents were subjected to prolonged weathering in hot and
humid climate, producing ferric oxides, kaolinitic day, beds of
lignite and coal, and quartz-rich sand. Commonly, develop-
ment of laterite was accompanied by the nearby accumulation
of transported bauxite or kaolinite and oolitic ironstones.

A general northward drift of most of the major latxlma tim
during Phanerozoic time (Figure 11.1) produced a northward
shift of the broad belt of laterite on Laurasian continr:hts and

It
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FIGURE 11 . 1 Time-latitude chart of distribution of Phanerozoic laterite (bars) and calerete (dots) on cratonic blocks of Laurasia (left diagonal
pattern) and Gondwana (right diagonal pattern). Eustatic sea-level curve after Vad et al. ( 1977). Lower part of chart diagrams trends of assemblage
and dispersal of blocks of Laurasia and Gondwana and of opening and dosing of ocean basins. Based on poleocontinenta) reconstructions by Scotese
et al. ( 1979) and Smith and Briden ( 1977). G, continental glaciation; N, northern; C, central; and S. south Atlantic.

led to low-latitude development on northern blocks of Gond-	 The limited resolution of the laterite data is illustrated by
wana in Mesozoic and Cenozoic time. This trend was modified	 the fact that a reconstructed 10° northward drift of Africa and
by a late Mesozoic-Cenozoic southward expansion of the	 Australia beWeen Eocene and Miocene time is not reflected in
laterite be;t when Australia broke away from Antarctica. In 	 the known distribution pattern of laterite. Early Permian to
middle and late Paleozoic time favorable lateritic conditions 	 Cenozoic laterite in southern latitudes higher than 30 0 S are
were widespread on dispersed Laurasian blocks in middle and 	 known only in southeastern Australia (Figures 11.1-11 . 3). The
high latitudes but occurred on assembled Laurasian blocks	 Permian and Triassic paleosols have been interpreted to be
only in low latitudes. Similarly, in Mesozoic and early 	 products of humid tropical to subtropical intervals within and
Cenozoic time laterites developed in high northern latitudes 	 followike the extensive Gondwana glaciation (Loughnan et
toward leeward coasts (Figure 11 . 2) when the open Atlantic,	 al., 1974; Loughnan, 1975). Development of oolitic ironstone
Tethys, and Caribbean permitted latitudinal oceanic circula- 	 in Australia in latt °ermian and early Jurassic time also sug-
tion among continental fragments.	 gests periods of warm, moist climate. Nevertheless, Retallack
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FIGURE 11.2 Cretaceous distribution of
laterite (shaded) on landmames and estimated
major oceanic surface currents. Adapted
from Smith and Briden (1977).

FIGURE 11.3 Late Permian and Early
Triassic distribution of laterite (L) and cal-
crete (C) on landmasses and estimated major
oceanic surface currents. N. untains shaded.
Adapted from Scotese et at. 19,9) and Smith
and Briden (1977).

(1977) claims that the early Triassic profiles are podzols and
that "the climate in southeastern Australia seems to have re-
mained cool temperate from the later Permian to the later
Triassic." Late Paleozoic and early Mesozoic laterite in high
northern latitudes accumulated in Russia and northern Asia-
Siberia when they, were the principal landmasses in the far
north (Figures 11.1 and 11.3). According to Strakhov (1969, p.
214, Figure 94), these paleosols developed in moist, tropical io
subtropical climate.

Almost all of the ancient calcretes recorded formed on inter-
mittently aggraded redbeds in unstable (mobile) belts, com-
monly within the intertropical zone and on the leeward side of
a landmass. All but one lay between latitudes 45° N and 45° S,
and most of these are preserved on Laurasian continental
blocks. During late Permian and Triassic time, longitudinal
assemblage of Laurasia and Gondwana prevented latitudinal
oceanic circulation and led to a preponderance of calcrete over
laterite in the intertropical zone of North America and Europe
(Figures 11.1 and 11.3). This reconstructed low-latitude belt
of dryness was rapidly succeeded by relatively humid Early
Jurassic climate and the wid. ­id development of laterite
and oolitic ironstone in Eurasia and northeastern Gondwana.

Precambrian

A Proterozoic record of laterite and oolitic ironstone, calcrete,
and nonmarine redbeds (Chandler, 1980) and aluminous
sandstone (Young, 1973) on the Canadian Shield is augmented
by redbeds as old as 2000 million years (Ma) in southern Africa
(Button and Tyler. 1979) and 2380 Ma in India (Windley,
1977). These data imply an oxygen-deficient atmosphere since
about 2300 Ma, and a warm, humid to semiarid climate when
the ferric oxide-bearing sediments accumulated. Detailed
analysis of this record is complicated by the fact that Canada
apparently drifted widely into high and low latitudes during
Proterozoic time (Ir ving, 1979). Nevertheless, both the exten-
sive iron formations and various redbeds that accumulated be-
tween 2300 and 1800 Ma lay in relatively low paleolatitudes
(Donaldson et al., 1973).

Accumulation of Proterozoic products of oxidative weather-
ing overlapped the widespread blooming of cherry and
banded-iron formations by as much as 500 m.y. (Figure 11.4).
A specific association of the two, about 2000 Ma, comprises a
redbed with weathered andesite pebbles that lies below the
Labrador eherty iron formation (Dimroth, 1976). Clearly,
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references to an oxygen-deficient atmosphere after 2000-2300
Ma (Button and Tyler, 1979; Chapter 5) are speculations that
ignore the facts of the geologic record. In contrast, a marked
abundance of CO2 in the atmosphere and hydrosphere during
this interval (Strakhov,1969) may have been an important fac-
tor in the genesis of the unique Proterozoic iron formations.

Evidence of chemical weathering older than 2300 Ma in
Canada (2200 Ma in southern Africa; Button, 1979; Button
and Tyler, 1979) includes metamorphosed aluminum-rich
weathering crusts as old as 3500 Ma (Serdyuchenko, 1968).
Commonly, iron has been leached from the-- profiles, indicat-
ing at least local reducing conditions. The evidence does sug-
gest an atmosphere with a limited supply of oxygen (Pienaar,
1963). Nevertheless, one of the gray paleosols is virtually iden-
tical to some modern soils formed in temperate, humid climate
(Gay and Grandstaff,1979). Others may be products of oxida-
tive weathering that were altered diagenetically by reducing
paleogroundwater. In lieu of substantial evidence, gray pro-
files alone afford no compelling indication that the early Pro-
terozoic atmosphere was significantly different from that of
later time.

CONCLUSIONS

Pedologic effects of ancient climate are more boldly stamped
on nonmarine sedimentary rocks than generally acknowl-
edged. Recent detailed studies, such as those by Allen (1974),

McPherson (1979), and Retallack (1976, 1977), reveal the
amount of useful information that can be gleaned. With cam
ful work the amount of available data should be Increased sig-
nificantly.

There is steed for a wider understanding of the criteria for
Identifying ancient soils (Table 11.1), and for better-trained
students who can use the techniques of modern soil science in
detailed analyses of mmmmarine deposits. Problems Involved in
this practice include identifying a soil type from a partially
eroded pro le or recognizing ferruginous and kaolinitic pro-
files produced by processes other than laterization and dis-
tinguishing between the eetect of intense warm-climate weath-
ering and of prolonged weathering under more moderate con-
ditions and regional stability.

Generally, the available record of paleosols is more directly
related to episodes of widespread nonmarine sedimentation
than it is to a global control of climate. This situation, in turn,
was closely controlled by tectonic development of appropriate
basins. In addition, development and distribution of laterite
aril calerete reviewed here imply that the paleolatitudinal
position and interrelation of landmasses, and the latitudinal
and longitudinal oceanic circulation through open gateways
(Chapter 12) during Phanerozoic history of drifting conti-
nents, were the principal forcing factors in long-range climate
change. These conditions were augmented by effects of the
stand of global sea level and extent of flooding of the conti-
nents, as well as by the development of continental glaciation
or of ice-free polar regions. In contrast, ancient soils contribute
little to an understanding of short-term climate-controlled
processes or periodicities like those exhibited in the Pleistocene
record.

Throughout Phanerozoic time the intertropical belt appar-
ently persisted in essentially steady state but shifted somewhat
northward, except during Permo-Triassic time when a meri-
dional assemblage of major landmasses (Pangaea) was a bar-
rier to latitudinal oceanic circulation. During episodes of
widespread regression, as in Early Cretaceous time, non-
marine sequences of stable landmasses commonly preserved a
record of hot and humid climate in successive ferruginized pro-
files, as well as in deposits of transported Iaterites and of kao-
linite associated with oolitic ironstones.

Laterite and oolitic ironstones in the early Paleozoic and
Proterozoic record demonstrate that development of these
products of intense weathering were not uniquely dependent
on the presence of vascular plants. In fact, an absence of abun-
dant plant debris may have fostered the development of oxi-
dized soils in an atmosphere with a somewhat diminished oxy-
gen content.

Data and interpretations presented here suggest that both
the Earth's atmosphere and its global climate have varied but
little during the last 2000 million years. As in Phanerozoic
time, Proterozoic paleosols and red" reflect conditions fa-
voring preservation of nonmarine deposits rather than varia-
tion in oxygen content of the atmosphere. Correlative bauded-
iron formations may reflect some aspect of a progressive change
in the atmosphere. Speculation about this condition is con-
strained, however, by evidence of an oxidizing atmosphere
since about 2300 Ma. In fact, axumulation of banded iron for-
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motions may not have been directly related to the oxygen con-
tent of the atmosphere and oceans. A significant role of a
reducing atmosphere has not been demonstrated (Dimrotr
and Kimberly, 1976). At present, hypotheses proposing an
oxygen-deficient atmosphere in early Proterozoic Umv r.a not
rigorously convincing.
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Role of Ocean Gateways
in Climatic Change

WILLIAM A. BERGGREN

Woods Hole Oceatlographic Institution and Brown bniver 4

INTRODUCTION

With its low albedo and large capacity to store heat, the ocean
represents one of the most important components of the global
climatic system. With a specific heat per unit mass of 4 times
that of air, water (i.e., the ocean) has a thermal capacity over
1000 times that of the atmosphere. The energy imbalance
from incoming solar radiation between the summer and win-
ter hemispheres and between high and low latitudes results in
motions (i.e., transport) in the atmosphere and oceans. The
result is a net trans-port of energy from summer to winter
hemispheres and from low to high latitudes. There is little
variation at low latitudes in temperature and energy trans-
port. The ocean, with its high thermal capacity, acts as a buf-
fer for such energy changes.

The ocean, at the same time, plays an important role in the
meridionai transport of energy. The question may then be
asked: Has it always been roe The answer is unequivocally no.
Present continent-ocean geometry is the result of a long [200
million year (m.y.)] history of changing spatial configura-

tions. The role of gateways (and barriers) is fundamental for
recreating the scenario of past circulation histories (and their
concomitant effect on paleoclimate). We are only at an early
stage in understanding this history, but we can outline the fol-
lowing tentative scenario.

The underlying assumption is the general view that the
global climatic cooling characteristic of the Cenozoic is due to
natural, earthbound causes, namely the poleward shift of con-
tinental masses and the gradual development of a meridional
(Cenozoic) rather than latitudinal ,Mesozoic) oceanic circula-
tion pattern. Late Neogene (last 15 m.y.) climatic oscillations
are, in turn, no doubt the result of the superposition on this
global doling trend of short-te:m periodic fluctuations in or-
bital parameters (i.e., the astronomical theory of glaciation,
which is less a theory than a mechanism).

The discussion below is presented in two parts. The first
deals with a brief summary of the role of the oceans (and their
geometry) in heat transfer and thus, ultimately, as a source of
climatic change. The second summarizes the main paleogeo-
graphic events that have had an influence on oceanic circula-
tion and their effect, where discernible, on climatic evolution.
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warm surface waters Into gions of low temperatures and
thus enhance high-latitude atmospheric heating and evapora-
tion.

By way of contrast, the presence of the Antarctic Circum-
polar Current in the southern hemisphere prevents penetra-
ticm of westerly boundary current beyond 40° S and saves to
isolate the Antarctic continent from major sources of
precipitation.

This brief summary giv s an idea of the role that the oceans
play in transporting heat energy and their role as a stabilizing
force in maintaining the climatic staters qao.

At the same time, it will be apparent that the oceans contain
the potential for playing a significant role in climatic
given the right set of conditions. The fact that the geologic
record provides ample evidence of significantly different cli-
mates in the past (when mnpared with that of today) suggests
significant changes In the ocean currents and atmospheric cir-
culation patterns of the past.

Gateways (and barriers) repress" the means for transport-
ing (or blocidng) heat energy from one area of the globe to
another. Identifying these gateways (barriers) and their grom-
dry and refining the time of tI eir Inception is of fundamental
Importance to delinating the scenario of the past climatic his-
tory of the Earth.

The major Mesozoic and Cenozoic paleogeographic events
(opening or dosing of marine gateways) and the associated of
feet on paleocireulation and paleodimate are summarized in
Figure-- 12.1-12.4.

TRIASSIC

Clobal paleography during the Triassic suggests that the ma-
jor continental landmasses were essentially filed together into
a single supercontinent, Pangaea, which was of bipolar ex-
tent. Our knowledge of detailed ocean-continent paleogeog-
raphy during this time, however, Is such as to preclude inter-
pretations of the possible role of ocean gateways on climate.
The Tethys Sea extended westward as a triangular re-entrant
of Panthalase—the global oean—between Africa-Arabia to
the south and southeast Asia to the north. A westward flowing
equatorial current may be deflected into northern and southern
high latitudes on encountering the eastern margins of Pan-
gaea. Relative cooling would have occurred at higher lati-
tudes s7 that these currents would have descended equator-
ward as cool eastern boundary currents along the western
margins of North and South America.

The great abundance and a xterwve latitudinal distribution
of evaporites in the mid-Triassic and the mid-late Triassic
development of coral reefs (including the earliest hermatypic
hexaeorals, at present restricted to shallow warm waters cir-
cumscribed by the 30° parallel in the northern and southern
hemisphere) along the northern margin of the Tethys Seaway
(- 30° N) attest to warm (i.e., tropical) climates extending to
60° latitude in both hemispheres. The effects of increased con-
tinentality (fusion of Pangaea in the Permian) was no doubt an
important factor in the climate of the Triassic.

Role of Orea n Gateways in Climatic Change

OCEANS, CLIMATES, AND GATEWAYS

The oceans occupy nearly three quarters of the surface a the
Earth and receive over 80 percent of the total solar radiation ab-
sorbed at the surface. With a specific beat (0.93 cal g - t °C - i)
coodde, ably kW than that of land (O.aM.19"1g-r°C- ► ),
seawater yields up its stored heat much more reluctantly than
do land ar eas. With an overturn (i.e., mixing) rate of 500.1500
yr, the oceans may be viewed a vast heat reservoirs that set as
a conservative element In maintaining climatic stability.

The Sun is the ultimate source of ocean currants. Uneven
absorption of shortwave radiation over mull area on the
ocean surface results in density differences that, in turn, set In
motion, slow, lateral water-mass movements. Heat energy is
transported and distributed accordingly. Dew waters are
warmed by the slower processes of convective miring. In polar
regions such mixing is ultimately complete, whereas elsewhere
the t>ermodine denotes the level to which mixing is effective.
In spite of the large amount of radiation that reaches the sur-
tace of the ocean, vertical heat transfer is limited to the sur-
ficial layers because nearly 90 percent of the heat energy is

1	 used in evapm2tion.
The ocean accounts for nearly a third of the poleward trans-

_` fer of heat energy [the remaining two thirds is accounted for
by atmospheric transport in the form of sensible (50 percent)
and latent (15 percent) heat). This is accomplished primarily
In the form of wind-driven surface currents. In a typical ocean
basin, surface circulation assumes the form of an anticyclonic
gyre centered on a semipermanent (seasonally shifting) area of
stable high pressure within the basin. Equatorward the gyre is
constrained by the seasonally migrating intertropical con-
vergence zone, poleward by the high-latitude easterlies and
longitudinally by landmasses. Gyres commonly consist of four
components: a westerly equatorial current, a polar easterly
current, a poleward ascending western boundary current, and
an equatorial descending eastern boundary current. The In-
tensity and volume of a given current gyre is dependent on
wind strew and such geostrophic factors as the Coriolis force,
the piling up of waters on the western margins of ocean basins,
and the constrictions or deflections by continental geometry.

Heat energy is absorbed by surface waters as a function of
latitude. The equatorial zone is the basic source of most of the
last energy in oceanic gyres, although additional radiation is
added over the entire extent of a meridional current. In sub-
equatorial belts, westward-moving gyre currents absorb Kest
at the rate of about 0.1°C for each degree of longitude.
Because of this lengthy exposure to high insolation, the maxi-
mum surface temperatures are found in the western equato-
rial extremities of ocean basins. Eastwardly moving currents
on the polar sides of gyres lose heat at about the same rate.
Meridional currents moving poleward or equatorward cool
and warm, respectively, at an average of 0.3°C for each
degree of latitude.

At present, the most important oceanic c lients from a cli-
matic point of view are the poleward moving extremities of
the western boundary currents (such as, North Atlantic Cur-
rent, Kuroshio, and Brazil Current). These currents transport



FIGURE 12.1 Mesozoic relationships of
paleogeographic, Wleobtogeographic, and
palsocircula!lon-paleoclimatk events.
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MESOZOIC

FIGURE 12.2 Paleogene relationships
of paic"tographic and paleocirculation-
paleoclimatic events.
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Jurassic paleogeography did not differ significantly from the
Triassic with one major exception (see below). The latitudinal
extension of the continents from pole to pole essentially
blocked circumglohal oceanic circulation at high southern lat-
itudes. The Tethys was a large triangular re-entrant of Pen-
thalas+sa—the global ocean —into the eastern continents from
the east. Rv,denoe of distinct temperature-linked gradients is
ambiguous during the jurasac [although floral evidence sug-
gests that a "tropical" belt with cycadlike plants and ferns can
be distinguished from "temperate" belts with conifers .Ind

girkgos (Barnard, 1973)). The essentially latitudinal circula-
tion pattern (deflected into higher latitudes around the polar
extremities of Pangaea) would appear to have contributed to
the equitable climate of the Jurassic.

A significant circulation event occurred during the late
jurassic—the opening or extension of a seaway through Cen-
tral America, linking the "Atlantic' and "Pacific" Ooeans for
the first time in the equatorial region. Coupled with the
gradual opening of the North Atlantic by seafloor spreading.
this allowed the development of a cireumglobal equatorial
current system, which has continued, essentially unabated,
until relatively recent time [about 3 million years ago (Ma)].
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TramAdantic flow of warm, equatorial waters from the
Tethys into the equatorial Pacific via the Central America
Seaway resulted in a elreumgloba) equatorial current that
served as the main diq:Iersai agent of tmpkal faunal and floral
elements throughout the Late Meade and Cenozoic (Aerg-
gren and Hollister, 1974, 107,7).

The effect of this event on climate during the late Jurassic is
less clear, although the expansion of extensive evaporite depos-
its into higher latitudes and the concomitant decrease of coal
formation suggest increasing aridity. Although there are su.ne
discreparn ies between data from ' the rocks (evaporitea, corals,
t auxites, carbonates), fossils (reefs, dnicrofosils, flora, dino-

saurs), and oxygen isotopes, a synthesis of present data s ug-
gcsts warm climates—although on the average site juraade
may have been slightly cooler than the Triassic (Frakes, I979).
For instance, the latitudinal extent of Jurassic evaporites sug-
gests that it was drier than the Triassic on average. On the
other hand, the temporal distributkm of evaporites vgppb
that the early jurassic. as well as the Late Triassic, was prob-
ably cooler and more humid than the middle Triassic

The signifieaFne of the "nabn of carbonates into higher
latitudes in the Late Jurassic as a climatic indicator h equiv-
ocal; it may be a function of eustatic sea-level clhauhges
(Hallam. 1975). Although a link between transgressions and

i
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an increase in global temperature (resulting in an expansion of
the tropical belt and concomitantly, carbonate deposition) at)
pears to he valid in the .ater Mesozoic a:jd Cenozoic, it is not
possible to determine this relationship on the scale treated
here.

W+LLIAM A. BERGGREN

tion to climatic change that the ini' ation of an oceanic gate-
way for surface circulation between the North and South
Atlantic might have had.

CRETACEOUS

Data from paleobiogeography and the distribution of rock
types suggests that the Cretaceous was a time of high sea
levels, shadow epicontinental seas, and warm, dry climates in
which tropical condition comparable with those of today ex-
tended under optimum condition beyond 45" N and 70° S lati-
tude (Frakes, 1979). Beyond this, climatic zones were warm to
cool-temperate. Mean annual temperatures have been esti-
mated to have been between 10-15°C warmer than the pres-
ent day, with a temperature gradient about half that of the
present.

Oxygen isotope data (Savin, 1977) suggest a general warm-
ing trend during the Early Cretaceous (Valanginian-Albian),
followed by a gradual but significant cooling in the Late Cre-
taceous (Campanian-Maestriehtian). Superimposed on this
general trend is a shorter-term temperature decrease during
the Albian ur Cenomarian, followed by a temperature rise in
the Turnnian and/or Comaeian.

The Early Cretaceous warming may have brought bottom-
water tem perature, in the central and northwestern Pacific up
to an Albian maximum of about 17C and the Late Cretace-
ous cooling to a minimum of about I1°C. Concomitant sur-
face temperatures were about 28°C (Albian) and about 19 °C
(Maestrichtian) (Douglas and Savin, 1975; Frake^,. 1979).

The continents were clustered together and continued to ex-
tend nearly from pole to pole during the Cretaceous. A single
gyre system continued to operate in each hemisphere to about
50-60° latitude, with wide, deep, and sluggish equatorial cur-
rents being substantia!ly heated by the long fetch (over :80° of
arc) in low latitudes. Poleward transport of this heat in the
gyres to the latitude of the descending subtropical circulation
cells and the sulmxluent evaporation nutured the humid,
somewhat cooler zones near the poles. Thus the presence of
coals at 70° S (New Zealand) and to within a few degrees of
the pole in the nnrthern hemisphere (Alaska) may have their
explanation in the warm, wide, and deep western boundar y-
ocean currents that .could have flowed unimpeded along the
western margins of the Pacifi- into high latitudes.

The role of ocean pats ways in the development of the cli-
matic history of the Cretaceous is difficult to assess at this time
simply he came they a-e difficult to identif y . One of the major
paleogeographic events of the Cretaceous was the senaration
of Africa and South America and the formation of a perma-
nent marine connection between the North and South Atlantic
Oceans during the Turonian Ag -, about 95 Ma (Reyment and
Tait, 1972a, 1972h). However, the existence of barriers to
deep-water circulation in the Arctic and Antarctic regions as
well as the Rio Grande Rise and Walvis Ridge in the South At-
lantic would appear to have nullified any significant contribu-

CENOZOIC

Paleogene

i he c- ntinued fragmentation of the world ocean led to an in-
creasingly inefficient latitudinal thermal energy exchange.
Paltobiogeographic and oxygen isotopic studies yield a com-
plementary picture of a long-term global temperature decline,
development of a thermally stratified ocean, and enhanced
zonal climatic differentiation during the Cenozoic (Berggren
and Hollister, 1974, 1977; Frakes, 1979). This ciimatic decline
followed a faunally and floral l y (Haq and Lohmann, 1978;
Haq et al., 1977) and oxygen iso6pically (Bocrsma and Shackle-
ton, 1977; Vergnaud-Crazzini et al., 1978, 19791 recogniz-
able "climatic optimum" in the early Eocene.

The opening of the northeast Atlantic (between Creenland
and Norway) began in the early Eocene at about the same
time as the separation of Australia and Antarctica (Berggren
and Hollister, 1974, 190- 7). The widespread development of
biogenic siliceous deposits in a circumequatorial belt during
the Middle Eocene has been linked with the presence of persis-
tent wind-driven (trade winds), diverging ocean-surface cur-
rents and associated upwelling, as well as temporally related
volcanism in the northeast Atlantic associated with the early
phase of rifting and seafloor spreading (Berggren and Hol-
lister, 1974, 1977; Drewry et al., 1974). The high-latitude
source of the intensification of oceanic surface and deep-water
circulation has been the subject of eunsiderrble debate. Al-
though vertebrate fa •mal evidence suggests elimination of a
subaerial barrier in the Norwegian-Greenland Sea at 50 Ma
(McKenna, 1972), recent geophysical date suggest a later,
early Oligocene date (about 35 Ma` `-)r the separation of
Greenland-Spitsbergen (Talwani aria F.,ldholm, 1977). The
picture is complicated by the fact that the Greenland-Iceland-
Faeroe Ridge may have prevented significant exchange of
wite: from the polar regions to the North Atlantic unti.' '-e

Oligocene, about 23 Ma (fucholke and Vogt, 1979).
An alternate source for the origin of cold, deep water for-

mation--the "big flush"—may lie in the high southern lati-
tade, probably from the Weddell region of the Antarctic
(Schnitker, 1980). These cold bottom waters could have
moved northward into the North Atlantic through the nascent
fracture zones developing in the subsiding Rio Grande Rise.

In the southern hemisphere the northward transit of India
diverted the we<tward flowing Pacific-equatorial current into
the counterclockwise subtropical gyre, which penetrated
southward, past eastern Australia into the nasM:nt gateway
that was opening up between Australia and Artarctica. Isola-
tion of the warm Pacific gyres at these high southerly latitudes
led, through adiabatic cooling and evaporation, to precipita-
timi on the Antarctic continent, which eventually led to full
continental glacial c)ndidnns. This was the beginning of the
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gradual thermal isolation of the Antarctic continent, which
was essentially completed by mid to late Oligocene t,.me
(about 25 Ma) with the subsidence of the Tasman Rise the
opening of the Drake Passage and which has con: ...d to this
day in the form of the circum-Antarctic current as the gate-
Way has continued to widen during the Neogene.

Oxygen isotope studies indicate a progressive cooling from
the Middle Eocene to Earl. Oligocene time in the sub-Antarc-
tic (Shackleton and Kennett. 1975: Kennett and Shackleton,
1976. L. D. Keigwwin. University of Rhode Island, personal
communication), Nord Atlae.i. (Vergnaud-Grazzini et at..

1975, 1 979), South Atlantic (Boersma and Shackleton. 1977),
and mid-high latitude Facific (Douglas and Sax-in, 1975.
Saain et al., 1975). Superimposed on this trend is a pro-
nounced coolir. ,z event seen near the Eocene-Oligocene
boundary in the Pacific and sub-Antarctic regions, whereas in
the Atlantic the .^ooling appears to be more gradual and of
leccer magnitude (Kiegxvin, 1980). The relationship of the
opening of the Greenland-Non-e£ian Sea to the Arctic and the
possible initial epering of the Drake Pa.-age at about this time
(about 38 Ma, i. Selater, Massachussetts Institute of Technol-
ogy, personal communication) to the climatic "event" at the
Eocene-Oligocene boundary remain. u -cle a r because of the
lack of precision in dating these various events. but The y may
be expected to have played a role in enhancing the latitudinal
thermal gradients resulting from a greater latitudinal trans-
port of cooler waters originating at high latibe-les.

U about the same time, about 40 Ma, the significant gener-
ation of cold bottom waters in the Antarctic (and possibly the
North Atlantic) resulted in the formation of the psychro-
spheric fauna, which today lives at temperatures less than
10°C. The appearance of this fauna in the Atlantic Ocean and
Tethys Sea at about this time suggests that the Rio Grande Rise
has been breached, allowing colt', dense waters io move along
a north .south meridional corridor, enhancing the transition
from a latitudinal thermospheric circulation to a meridional
thermohaline circulation. This transition has been one of the
major threshold events in the evolution of the present climate
of the world. Fror 'his time on, thermall y differentiated
water may ses have moved in a basicall y meridional pattern,
transferring heat across latitudes and establishing a basically
latitudinally controlled, zonal climatic gradient of significant
proportions.

With t; P opening of the Drake Passage by mid- to late-Olig-
ocene time the circumpolar current had been esta'. fished,
thermally isolat ing the Antarctic Continent from the influ-
ence of warmer waters to the north (Kennet; et al.. 1972,
1975). This event appears to be closely linked chronologically
with the extension of glaciers on Antarctica to sea level, as
shown by drilling in the Rots Sea (Hayes and Frakes, 1975).

Neoge , :

During the Late Cretaceous and Paleogene, no;thw-ard move-
ment and rotation of Africa continued to clost - the Tethys Sea
in the cast. In the west, right-lateral motion between Africa
and Europe narrowed the wyestern junction of the Tethys with

the Atlantic between Spain and Morocco. The junction of
Arabia and Asia, severing the marine gateway connection be-
hveen the Indo-Pacific and Atlantic Oceans. occurred during
the Ea. _y Miocene, a!wut 18 Ma ;Van Cou yering and Miller,
1971. Berggren, 1972x: Berggren and Hollister, !974). The
transition from a thernosoher ;e to two-layered psychro-
spheric structure in the Tethys Sea appears to have been ef-
fected by Late Eocene time, about 40 Ma (Benson and Syl-
vester-Bradley, 1971). The effect on climate of the cl3sure of
the east-west Tethyan gateway and the subsequent evolution
of the Tethys into an eastern (Indo-Pacific Ocean, and west-
ern (Mediterranean Sea) part is not clear at this point.

A major decline in isotopic temperature occurs in the Mid-
dle Miocene. about 14 Ma (Sarin, 1977; Woodruff et al.,
1980). and it has been linked with the establishment of the East
Antarctic Ice Sheet (Shackleton and Kennett, 1975; Spain,
:917). This cooling event is difficult to link with the deyelcp-
ruent or termination of a structural barrier to flows of water
:passes because of the dispa:ih in the data that exist on the
timing of various eyenis in the North Atlantic. However, the
concomitant effects of the severance of the Teth ys Seaway and
the subsidence of the Iceland-Faeroe Ridge (linking the Arctic
polar sea and the Atlantic Ocean) have been linked in a see-
Pan., that connects this thermal event with the development
of Antarctic glaciation and the evolution of "modern" ocean
circulation (Schnitker, 1950). The scenario is as follows:

1. Closure of Tethys in the east (18 Ma) created an evapora-
tion basin that contributed increasing amounts of warm, sa-
line wvaters to the North Atlantic.

2. Continued fragmentation of Teth ys elsewhere (north-
ward drift of Australia separated the equatorial Indian Ocean
from tiie equatorial Pacific) closed off the deep-water ^^on-
nection and reduced the flow- of the equa torial current system.

3. Restriction of the Central American Seaway by the grad-
ual emergence of the Isthmus of Panama gradually reduced
tae flow- of the equatorial current between the Atlantic and
Pacific. Deflection of the North Equatorial Current north-
%vard increased the strength of the Gulf Stream.

4. The breakup of Tethys and its lows-latitude circumglobal
.low resr.:ted in a temporar y increase in surface-water tem-
peratures in the late early Miocene.

5. Th,• e •adual subsidence of the Iceland Faeroe Ridge al-
lowed North Atlantic surface waters into the Norwegian dur-
ing the earl y Miocene. By mid-Miocene time subsidence had
progre-s ed to the point where reflux of cold bottom water be-
came significant. The Arctic Ocean was tl, n linked with the
world ocean as a hest sink.

6. Early North Atlantic deep water, resulting from Norwe-
gian Sea overflows, traversed the length of the Atlantic and
inserted itself as an intermediate water mass in the circum-
Antaretic current system.

7. Relatiyelj ":: arm" and saline North Atlantic deep water
would rise to the surface rear the Antarctic rather than the
cold, low--^ ,uinity local v .ter. This warm, saline water con-
tained heat that could be converted to latent heat by evapora-
tion. The resulting high evaporation rates supplied moisture
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to Antarctica sufficient to push it across the threshold value
needed to build up and maintain a stable continental ice cap.

During the latest Miocene (about 5.5-5.0 Ma) the west
Tethys Sea was isolated from the Atlantic Ocean. In the
Pliocene- marine connections were (stablisued and :he Medi-
terranean See gradually evolved from a thermohaline to its
present thermospheric condition. The effect of the closure of
the marine gateway linking the Tethys and Atlantic and the
subsequent desiccation of the 'Vest Tethys Sea on climate is
not clear. In general, the Increased contincntjl'ty would have
resulted in enhanced climatic seasonality . although the forma-
tion of extensive evaporite deposits (i.t., sabkhas) indicate hot
and conditions as one component of the overall climate. The
subsequent opening of the Gilbraltar gateway and the evoIu-
tion of a thermospheric watermass in the Mediterranean has
resulted in an "inland sea" in which there is an excess of st r-
face evaporation over local inflow from rivers and precipita-
tion. The Mediterranean would seem to have a buffering
effect on climate, contributing (together with the circum-
Mediterranean Aipine chain to the north and the broad, ?x-
pans ive desert areas to the south) to the --Itledi terra nean cli-
mate" to which it gives its name.

Perhaps one of the most significant late Neogene paleogeog-
raphic events was the elevation of the Isthmus of Panama,
which resulted in the termination of the marine gateway link-
ing the Atlantic and Pacific Oceans, at 3.5 11fa (BerWen and
Hollister, 1974). This event ^ad a dramatic effect on oc-eanic
circulation patterns (interruption of the Atlantic to Pacific
equatorial current system), paleobiogeograph^ of marine
(ehat,ge from global to disjunct distribution patterns) and ter-
restrial (re-establishment of north-south migration route—
"The Gieat American Faunal Interchange") organisms. The
effect of this barrier on climate is not full • clear, but the prox-
imity in time of its formation to the initiation of northern hem-
isphere polar glaciation (about 3 Ma: Berggren, 1972b, may
indicate a significant role—pumping increased volumes of
warm, high-salinity waters (Gulf Stream) into high latitudes
where evaporation led to precipitation over the region of east-
ern Canada and Greenland. cooling, and eventually to the
development of the polar ice cap (Luyendyk et ad.. 1972: Berg-
gren and Hollister, 1974).

During the last 100,000 yr eustatic sea-level Fluctuations
have led to alternate opening and closing of the Straits of Bab
el Mandah in the southern Red Sea and the temporal isolation
(and partial evaporation) of the Red S - a (Berggren, 1969).
This cyclic process may he expected to have occurred e=arlier in
the Pleistocene as well, but stratigraphic evidence is lacking.
What effect these events w ould have had on climate is not
clear, but they may he expected to have been minor and of
local extent.

SUMMARY

The history of climate over the past 200 m.%-. is one of chang-
ing oceanic currents that are in turn the result of changing
ocean-continent geometries. During the Mesonoic, the crnti-

nents of the globe were grouped into a single landmass of es-

sentiall y bipolar extension. This configuration resulted in a
highly efficient, poleward heat transport by large, sluggish
*,re systet,is that were suhstantiall • warmed by equatorial
transit across nearl y half the globe.

The gradual breakup of Pangaea and the consequent dis-
memberment of Panthalassa into the several connected, but
distinct, oceans of today result , '	 a decline in the equitable
climatic conditions of the Mcsozolc. The initial event in the se-
quence of events leading to the present climatic conditions
may have been the mid-Mesozoic (about 140 Ma) develop-
ment of a circumequatorial, Tethyan seaway that would have
had the effect of establishing additional stable gyre systems,
thereby diminishing the efficiency of the gyre system in pole-
ward heat transport. As more oceans and gyres have been cre-
ated and low-latitude seas have become less extensive (through
continental drift), global climatic equatability has declined,
accelerating significantly during the Cenozoic. In general
terms, Mesozoic circulation was latitudinal (and meridional
transport of heat energy was relatively efficient), whereas
Cenozoic circulation has been predominantly longitudinal
(meridional), although meridional heat transport has become
increasingly less efficient. The role of gateways has been of
fundamental importance in this history of declining climatic
equatability because they have served as the conduit through
which new current systems are introduced into a new ocean-
continent geometry.
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INTRODUCTION

Major climatic• events in the geologic past have left a variety of
retrievable records in the sediments, both on land and sea.
Some marked Fluctuations in the climates are evident from
widely distributed sedimentological, geochemieal, and pale-
ontological features. Here we are mainl y concerned with the
paleontological record of widespread latitudinal domination
of certain floral and faunal elements during times of extreme
climatic change. Numerous inten •ais during which biogeo-
graphic patterns show poleward expansions of tropical assem-
blages, or eyuatonvard extensions of cold, higher-latitude as-
semblages, have been documented for the Cenozoic. These
events have been informally termed climatic acme events (in-
dicating peak climatic change) and have been user! succor; -
fully in the reconstruction of paleoelimate. This pa, de-
scribes and illustrates the concept of climatic acme events with
examples from the Cenozoic marine and terrestrial record
and, where available, gives evidence from the oxygen isotope
record that corroborates the paleontological conclusions. Tlje
usefulness of acme events in biostratigraphic resolution of
higher latitudes is also discussed.

The concept of acme events was informaily introduced by
Hay and Lohmann (1976). The maxima of assemblage migra-
tionary cycles were termed "acme horizons' and defined as Zhe
levels in relativel y continuous sequences characterized by the
maximum abundance of an em ironmentall y sensitive assem-
blage. If one assumes that times of extreme en v ironmental (cli-
matic. oceanographic) change are, geologically speaking
contewt)Oraneous over large geographic areas, then the acme
events will define synchronous horizons. Hay and Lohmann
(1976) suggested that the precision with which acme horizons
approximate synchronous surfaces depends on our ability un-
ambiguously to identify the acme events (maximum geo-
graphic shifts of assemblages). This is affected both b% the
complexity of the migrationary cycles and by resolution of the
method used to delineate them.

The iecognition of acme events in volves the use of paleobio-
geographic data to delineate the cycles of latitudinal migra-
tions of assemblages in stratigraphic sequences over wide geo-
graphic areas. The method has been described b y Hay and
Lohmann (1976) and further discussed by Hay et at. (1977)
and Hay (1980). It essentiall y involves the following steps: (1)
census of a particular fossil group from relatively continuous
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sequence; in sediment samples in which the fossils are rela-
tivel y well preserved, (2) standardization and reduction of
data by means of an appropriate quantitative analytical tech-
nique, which, reduces 'he raw census data into few "factors"
(-Assemblages) that explain a large share of the variance in the
data matrix. and (3) delineation of the distribution patterns of
the quantitatively defined assemblages on a time -space grid
and recognition of individual migrationary events.

CENOZOIC EXAMPLES

In a series of recent studies, the Cenozoic biogeography of
calcareous plankton (nannoplankton and planktonic foramin-
ifera) has been delineated for the Atlantic Ocean (Haq and
Lohmann, 1976: Haq et al., 1977: Hay, 1980). Numerous lati-
tudinal migrations of assemblages have been recognized in
both the Paleogene and the Miocene. Examples of some of the
more prominent acme events are included below, and the re-
sults are compared to oxygen-isotopic data, where available.

Figure 13.1 shows the nannofloral and planktonic foramin-
iferal migrationary patterns recognized by Haq et al. (1977)
in the North Atlantic Paleogene [65-25 million years ago
(Ma)]. The most prominent acme events that are evident from
both P.-- nannofossil and the foraminiferal migrationary pat-
terns are described below.

1. The shift during the middle Paleocene (60-57 Ma) of
both high -latitude nannofloral assemblages to low latitudes
and of mid-latitude "low-spired subbotinid" foraminiferal
assemblage to low latitudes is in response to a marked cooling
at this time.

2. A shift during the latest Paleocene-early Eocene (53-49
Ma) of low-latitude nannofloral assemblages to high latitudes
combiroc with a withdrawal of high-latitude assemblages,
combined with a maximum incursion of low-latitude morozo-
vellid foraminiferal assemblage to mid-latitudes, as well as the
mid-latitude "low-spired subbotinid" assemblage to higher
latitude also takes place as a result of a peak warming.

3. A middle Eocene (46-44 Ma) incursion of higher-latitude
assemblages into lower latitudes in response to a cooling,
when high -latitude nannofossil assemblages once again return
to temperate and tropical areas and the high-latitude globig-
erinid assemblage makes its first prominent appearance in
mid latitudes.

4. A second incursion of the globigerinid assemblage into
middle and lower latitudes in the late Eocene -early Oligocene
(38-35 Ma) indicates a marked cooling at this time. Nannofos-
sil data are lacking in latest Eocene, but early Oligocene data
show a sharp incursion of high-latitude assemblages into low
latitudes at 35 Ma.

5. A third incursion of the high -latitude globigerinid as-
semblage into lower latitude occurs in the middle Oligocene
(32-31 Ma). This cooling event is also indicated by the migra-
tion of high-latitude nannofossil assemblages into low lati-
tudes at this time. This acme event seems to have been at least
equal in intensity to the latest Eocene-early Oligocene event of
marked climatic deterioration between 38-35 Ma.

Supporting evidence for most of these paleoclimatic conclu-
sionE based on acine events of calcareous plankton comes from
other independent sources. On land, the early Eocene acme
event, indicating peak warming, manifests itself in a major ex-
pansion of tropical-subtropical land plants as far north as
40-45° N latitude (Wolfe, 1978) on the west coast of North
America and in the presence of subtropical floral elements as
far north as 60 ° N in the early Eocene in the Gulf of Alaska
borderlands area, based on a revised age estimate (see Chapter
16). In general, land plants indicate significantly higher mean
annual temperatures in the northern hemisphere and low-lati-
tudinal temperature gradients in the early Eocene (Wolfe.
1978).

The evidence from land plants also corroborates the late
Eocene cooling episode: the North American flora indicates
that the mean annual temperatures on !2nd were significantly
lower than in early Eocene, and, at 0 .e same time, mean an-
nual range of temperatures increased dramatically (Wolfe.
1978), supporting a scenario marked by climatic deteriora-
tion. Sporomorph evidence from the southeastern United
States (Gulf of Mexico and upper Coastal Plains) also suggests
a rapid and marked climatic decline near the end of the
Eocene, when climates became cooler and drier (Frederiksen,
in press). This regime persisted into the early Oligocene.

Oxygen isotopic data from various parts of the ocean also
lend support to the marked climatic changes indica ted by the
Paleogene calcareous plankton temporal and spatial migra-
tions (see Figure 13.2). A decrease in benthic isotopic tempera-
ture in the middle Paleocene has been documented by
Boermma and Shackleton (1977) from Deep Sea Drilling Proj-
ect (DSDP) Site 357 on the Rio Grande Rise (South Atlantic)
and by Boermsa ct al. (1979) from DSDP Site 384 (western
North Atlantic). At the latter site the planktonic foraminiferal
(morozovellid) data also show low isotopic temperature in the
:.riddle Paleocene between 61 -60 Ma. Buchardt (1978) re-
corded similarly low temperatures in the middle Paleocene
based on oxygen isotope analyses of mollusc shells from north-
west Europe.

The latest Paleocene-earl y Eocene climatic amelioration
has been documented in numerous oxygen isotopic studies
(Figure 13.2). Shackleton and Kennett ( 1975) recorded high
isotopic temperatures based on both planktonic and benthic
foraminifera in southern high -latitude DSDP Site 277 on
Campbell Plateau— the temperatures recorded by them were
highest in the entire late Paleocene to Recent stratigraphic in-
terval. Buchardt 's 116178) m- 1 1wiscan oxygen isotopic curve
shows a sharp riv	 ature of shallow marginal
seas in nortl	 Paleocene-early Eocene.
Similar trer.	 re elevation have also
been recordo	 rly Eocene sequences at
DSDP sites 39^	 Atlantic by Vergnaud-
Grazzini et al. (19',o	 benthic and planktonic
foraminifera.

All the data cited aixrve be.,. on the conclusion that the lat-
est Paleocene-e._Ay Focene reprawnts the warmest period of
the entire Cenozoic in the marine realm. On land, mean an-
nual temperatures were also considerably higher than at pres-
ent (Wolfe, 1978). This peak climatic amelioration also seems
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FIGURE 13.1 A summary of the major nannofloral and foraminiferal migrationary pattern% in the North Atlantic Ocean through the Earl%
Cenozoic. Migrations toward higher latitudes are interpreted as being caused by climatic warming and toward lower latitudes by climatic cooling.
The patterns delineated enclose all samples that contain ahundances greater than those indicated in the Irgend. Arrows indicate the direction of the
It:ajor shifts of assemblages. Major and minor nannofloral assemblages with similar latitudinal preferences have lxt^n cfanbined to obtain composite
patterns in some cases. (From Ilaq el al., 1977, with permission of the American Geoph ysical Union.)

to have triggered higher evolutionary turnover in phytoplank-
ton and foraminifera, when both nannoplankton and plank-
tonic foramutifera show high evolutionar y rates (Be.rggren,
1969: Haq, 1973), culminating in a peak in pelagic diversity in
the middle F (wene (Fischer and Arthur, 197 7).

The other nannofloral acme events observed in the Atlantic
Oman are also supported b y oxygen isotopic data to varying
degrees. The later middle Eocene c(x)ling has been recorded at
DSDP site 277 (Shackleton and Kennett, 19 'j 5), DSDP site 357
(Boersma and Shackleton, 1977) and in ntrthwest Europe

(Buchardt, 1978). The late Eocene-earl ,.. Oligocene cooling
event has hecn particularl y well documented in the oxygen
isotopic record. At DSDP site 277 a sharp drop in both plank-
tonic and benthic isotopic temperature is evident (Shackleton
and Kennett, 1975), at DSDP sites 398 and 40, (North At-
lantic) a marked riling trend has been recorded (Vergnaud-
Grazzini (M al., 1978) and the northwest Europman data shwa
a similar precipitous drop in pale-temperature in the late
Eocene-early Oligocene interval (Buchardt. 1978). The slight
offset in the timing of this event between DSDP site 277
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(Shackleton and Kennett, 1975) and elsewhere is most prob-
ably due to the relatively less accurate biochronologic resolu-
tion capability because of the high-latitude location of DSDP
site 277. The mid-Oligocene cowling event is not so obvious in
the isotopic record, which shows relativel y low-amplitude
variations during most of he Oligocene.
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Figure 13.3 summarizes the nannofloral migrations in the
North Atlantic in response to climatic acmes during the
Miocene (Hay, 1980). Most of the biogeographic "activity" is
confined to the mid to high latitudes, which show the most
distinct migrationary patterns. This record shows four cooling
events, alternating with four warming events of varying in-
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FIGURE; 13 3 A st m var% of nannofloral
migrationary patterns in the North Atlantic
Ocean through the Nlitwene. DSDP corns are
represented by the appropriate site nunrler,
and sample levels in the-: cores are reprc-
sented by lints. The Miocene record shows
four climatic warming episodes as indicated
I)% low - and mid-latitude assemblage incur-
sions into higher latitudes. and four cooling
episodes arc indicated by expansion of Corro-
fithav p4a0raa (high latitude) asseurblage
into lower latitudes. (,After Ilay. 1980.)
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tensity and duration. Earliest Miocene is generall y cxrler,
when little or no biogeographic activity is observed and a
stress-adapted, cosmopolitan assemblage dominates most lati-
tudes. The first warm acme occurs between 22-20 Ma, with a
peak at about 21 Ma. The wic-on l warming event occurs be-
tween 17-15 Ma. when mid-latitude nannoflora expands into
higher latitudes. This is followed by a generall y Cooler interval
up to 12.3 Ma, to be followed by a second incursion of mid-
latitude nannofloral element into higher latitudes, indicating
a warming between 12.5-11.5 Ma with a peak around 12 Ma.
The third expansion of mid-latitude assemblage into higher
latitudes occurs between 9-7.5 Ma with a peak around 8 Ma.
The late Miocene interval, after this last warming, is char-
acterized by cool climates, and high-latitude nannofloral ele-
ments are found as far south as 25° N.

Some of these Miocene acme events also manifest themselves
on land, as indicated by the terrestrial plant record from the
Pacific Northwest and Alaska (.set- Chapter 16). A temperature

rise in the middle Miocene is indicated between 17-15 Ma,

which is followed by a cooling, and then a renewed warming
at 8 Ma. The terrestrial record also supports the suggestion
that the latc.,st Miocene %vas a generall y cool interval.

The oxygen isotopic record shows trends that are in general
agreement with the nannofloral record (Figure 13A). The
warming trend between 22-20 Ma. can be observed in the
planktonic and benthic isotopic record from the South Pacific,
high-latitude DSDP site 179 (Shackleton and Kennett, 1975),
from the benthic and planktonic record at North Atlantic
DSDP sites 398 (Vergnaud-Crazzini el al., 1978) and 116 (C.
Vergnaud-Crazzini, University of Pierre and Marie
Curie, Paris, personal communication), and in the record at
South Atlantic DSDP site 357 (Boersma and Shackleton,
1977). The most obvious and the warmest Miocene event is a
marked decrease in 6 180 values at the early-middle Miocene
boundary (shown by a line through the peaks in various oxy-
gen isotope curves reproduced in Figure 13.4). This event cor-
responds also to the first incursion of mid-latitude assemblages
into high latitudes between 17-16 Ma (see Figure 13.3), which

ton and Kennett, 1975). Line connects the ma
jor warm acme between 17-16 Ma (.see text).
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FIGURE: 13.4	 Mirxcne oxygen isoteolx • stra-
titrraphy of DSDP sites from various sources:

planktonic foraminiferal cure for DSDP sites
400 (Vertmaud-Crazzini el al., 1978) and 11(i
(Rabucsier-1 ointier and others (C. VerF rnaud-
Grazzini, University of Pierre and Marie Co-
rie, Paris, lxvsrmal communication, 	 19801,
and	 planktonic	 and	 henthic	 foraminiferal
curvets from DSDP sites 279 and 281 (Shackle-
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is also observed in the southern Atlantic Ocean (Haq, 1980). It
seems to have been the salient climatic event of the Miocene
epoch. The relatively sharp drop in temperatures that fol.
lowed this warm episoete is also clearly indicated by isotopic
curves (Figure 13.4) and seems to have been related to the
onset of extensive glaciation on Antarctica. A late Miocene
warming between 9-7.5 Ma and the cooling event that fol-
lowed are also evident as well from the 6 t "0 curves from
DSDP sites 4W and 281 (Figure 13.4) and from DSDP sites 357
(Boersma and Shackleton, 1977) and 398 (Vergnaud-Grazzini
et al., 1978).

These examples from the Cenozoic acmes and corroborative
evidence from oxygen isotopic data indicate that most of these
events were widespread and at least some of them were of
global extent.
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STRATIGRAPHIC IMPLICATIONS

Stratigraphy is primaril y an exercise of arranging the succession
of "events" aimed at achieving better correlation capability
for the documentation of historical geology. Biostratigraphy,
one aspect of stratigraphy, utilizes the sequences of biostrati-
graphic "even ts" (first and last occurrences of taxa and some-
times their dominances) and their inferred (or interpolated)
ages to arrive at a utilitarian biochronolo*-. The extent to
which biostrati graphic zones or datum events can be applied
for correlations is limited by the geographic distribution of the
defining taxa. This is the basic cause of the difficulties in bio-
stratigraphicall • correlating high- and low-latitude sequences.

The main reason for the latitudinal differences in faunal and
floral assemblages is the ecoloiric exclusion of most low-latitude
taxa from the higher latitudes; the high-street environments of
the high latitudes inhibit the development of diversified assem-
blagm. and thus much of the time thehigh latitudes are populated
with few, cosmopolitan, robust, and well-adapted eury-
thermal taxa, with long-stratigraphic ranges that are only
marginally, if at all, useful in biostratigraphy. It is onh dur-
ing periods of marked climatic ameliorations (warm acme
events) that tropical-temperate assemblages expand into
higher latitudes, making lower latitude zonal schemes appli-
cable in higher latitudes for the duration of the event. A good
example of this is the late: Paleocene-early Eocwne and the
early middle Miocene intervals when global warming episodes
make tropical-subtropical biostratigraphies more readily ap-
plicable in higher latitudes. During other times in the Cen-
ozoic the low- and high-latitude correlations are difficult at
best.

The delineation of migrationary patterns of assemblages in
response to climatic acmes can provide a solution to the high-
to low-latitude correlation dilemma. As mentioned earlier, if
episodes of extreme environmental changes are geologically
contemporaneous, then acme events will approximate syn-
chronous horizons. Acme horizons (Figure 13.5), or maxima
in migrationary cycles, will define approximate time lines,
and loth the warm and cold acme events can be com enientl•
used for correlation purposes. The acme horizons are similar
to. but more narro►vl defined than, acme or peak zones,
which are characterized by the "exceptional" abundanc e of a

FIGURE 13.5 Acme horizon. defined by maxim, em latitudinal migra-
tions of assemblages in response to climatic acme events. Areas labeled
a, h, and c delineate the latitudinal distribution of hypothetical
assemblages and record latitudinal migrations of these assemblages
through time. Acme horizons 1 .5 approximate isochrons and help in
the stratigraphic correlation of sections 1. 11, and 111. A given acme
horizon may Ix- defined by abundances of different assemblages in dif-
ferent areas, allowing the horizon to he extended across all latitudes.
At a Riven latitade it may not be possible to identify uniquel y a given
acme horizon from the ream- existing within a stratigraphic sequence.
Thus stratigraphic sections must first be approximately correlated b}'
the usual bientratigraphic methods, and then the acme horizons are
used to refine the time stratigraphy. (After flay and Lohrnann. 197b.)

taxon rather than by the maximum abundance of an environ-
mentally sensitive assemblage (Nay and Lohmann, 1976).

The use of acme horizons as a correlation tool has been illus-
trated in Figure 13.5. Essentiall y , the procedure involves
three steps: (1) delineation of cycles of latitudinal migration of
assemblages recorded in stratigraphic sequences, (2) approxi-
mate correlations of these evelees at different latitudes b% , the
usual biostratigraphic methods, and (3) refinement of this ap-
proldinate time framework using migrationan • maxima as time
lines. This scheme is analogous to the method of local time cor-
relation that uses position within bathymetric cycles recorded
in transgrevsiwe-regressive stratigraphic sequences.
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The Arctic Ocean and
Post-Jurassic Paleoclimatology
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INTRODUCTION

To what extent has the Arctic Ocean been a factor for pre-
Pleistocene world climates? This paper examines the idea by
asking three questions: (1) What is the role of the existing Arctic
ice cover in modern climate? (2) What models are available for
an ice-free Arctic Ocean, and what do these models suggest
about the effect of an ice-free ocean on world climates? (3) What
does the sediment record say about condition% of the Arctic
Ocean in the post-Jurassic world?

Answers to these questions suggest a significant role for the
Arctic Occur in post-Jurassic Falco climatology and, equally
import amt, point to lxwssiljle future dramatic climate changes if
the Arctic Ocean environment is altered.

MODERN ARCTIC OCEAN AND EFFECT ON
WOR ► .D CLIMATE;

The central Arctic Ocean (approximately fib° N latttnde) differs
most strikingly from other cean% because most of it is ieo.
cowered throughout the year. 'Phis inelndes th.- area alone 70° N

latitude, from 105° E to 135° W longitude. The area of
the Greenland-Norwegian-Barents-Kara Seas has ro_isiderably
more open water during summer months but only in the area
south of 80 0 N (Figure 14.1).

Because atmospheric circulation largel y is generated by the
;radients resulting from heat gain at low latitudes and heat loss
at high latitudes, the approximate 6 x IV km 2 perennial ice
cower of the Arctic Ocean has a profound effect on modern
world climate. Flohn (1978) described details of this pattern
for polar regions. Because it is more than twive as large, the
Antarctic is a more significant climate modifier. In both areas,
the ice cower restricts heat exchange between the atmosphere
and the ocean, Heat loss by the ocean is suppressed in winter as
is heat gain in summer. This results in at least three times as
much atmospheric cooling with the ice as there would be with-
out it (Fletcher and Kelley, 1978).

In addition to affecting general atmospheric circulation,
short-term weather modifications caused by changes in extent
of the ic,+ aver illustrate direct effects. A decrease in area of
Arctic ice a)rrelatcs with a northward shift of storm tracks and
a shift of mid-latitude rainfall patterns eastward (Fletcher,
1972: Fletcher and Kelley, 1978). A dramatic example of
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WORLD CLIMATE. AND AN rt t-t•ttEL
ARCTIC: OCEAN
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FIGURE 14.1 Approximate limit% of year-round Arctic Ocean ice
cover.

weather modification is based on satellite data that showed
that the ice cover was 12 percent greater in 1971 than in 1970.
Thi, produced a surface-heat-exchLnge deficit for the Arctic
that was correlated with anomalous •.^ c ather patterns in lower
latitudes during 1972 and 1973 (Kukla and Kukla, 1974).

Some of the effects are more complex. Other data show that
the Arctic region (Greenland, in this example) and northern
Europe are out of phase in terms of severity of winter tempera-
tureK. This has been described as the "seesaw effect." Colder
Arctic (Greenland) winters commonl y correlate with mild
northern European winters and vice versa (van Loon and
Rogers, 1978). The temperature anomaly is correlated with
anomalous weather effects over wide areas including the
routhern Mediterranean, the Middle East, Central America.
western North America, and Alaska. Explanations for this
temperature anomaly are related to pressure anomalies as well
as to general atmospheric circulation,

An interesting model of world climate and its relationship to
astronomical theories of ice ages includes cooling and heating
parameters; heat transport, seasonal variation in Arctic ice
cover; and a variet y of Faith obliquity, eccentricity, and pre-
eecsion factors (Pollard, 1978). A number of conclusions derived
from the still imperfect model include the obser v ations that
variation in extent of ice: cover would have a profound e;fcrt on
world climate. Nonetheless, the totality of cr yospheric pro-
cesses inchiding feedback mechanisms for the Arctic Ocean
and the relationship to world climate is onl y partially under-
stood (Polar Group, 1980).

However, berth observations and models furnish suggestive
data regarding the effect of the Arctic ice cover on world
climates.

Polar cce covers are basic to the generation of atmospheric cir-
vulation. Removal of the ice covers would reduce the thermal
gradient and change circulation. The extent of the change that
would be pro ductd has not been quantitatively described, in
fact "... a realistic model of the entire planetary circulation
under the assumption of an ice-free Arctic Ocean is not yet
available ..." (Fletcher and Kelley, 1978, p. 103). Nonethe-
less, there are data suggesting how the absence of an Arctic ice
cover would gieatl• modify world clitnatcs. For example, dur-
ing the summer, an ice-free Arctic Ocean would absorb 90 per-
cent of solar radiation reaching its surface in contrast to the
prevent figure of 30 to 40 percent (Pletcher and Kelley, 1978).
Such a change would affect the Earth's heat budget.

There is disagreement on the actual heat balance of an ice-
free Arctic. r Me argument is that under ice-free conditions the
Arctic Ocean would gain approximatel y 40 kcalrcm 2 in sum-
mer but lo;: a similar amount in the winter for a balance (Flet-
cher and Kelley, 1978). Others argue that there would he a
smaller heat loss in the winter, resulting in a yearly net increase
in ocean temperatures (Donn and Shaw, 1966).

Year-round open water in the Arctic would be a source for
increased atmospheric moisture. The surface temperature of
an ice-free Arctic would be critical in determining hov , much.
At 0-5°C surface temperature, the Arctic would give only a
fifth to a sixth as much moisture to the atmosphere as water at

25-30°C, under similar wind conditions (Lamb, 1974). None-
theless, an ice-free Arctic Ocean would contribute to warmer
atmospheric conditions that could produce an increase in pre-
cipitation for Canada, India, the Middle East, and China and
a sharp decrease in precipitation for most of the United States,
Eurasia, and much of northern Africa (Wigley eat al., 1980).

Such conclusions would be more impressive if framed in
quantitative terms, but in the absence of complete modeling of
these conditions, it may be bafe to conclude that change in pre-
cipitation patterns in addition to other changes in atmospheric
gradients produced by an ice-free Arctic would be a factor in
amelioration of northern hemisphere climate.

DEVELOPMENT OF THE ARCTIC OCEAN

Having examined questions related to the effect of an ice-
covered and ice-free Arctic Ocean on world climate, it is neces-
sary to discuss the geologic development of the Arctic. What is
known about the absence or presence of ice cover during the
development of the Arctic Ocean? The size and position of the
Arctic Ocean have changed as crustal plates have adjusted. By
the Cretaceous, the present position of the Arctic Ocean was
approached (Firstbrook et al., 1972. Smith and Briden, 19': 7),
but the ocean was only one half as large as it is at present. As the
North Atlantic opened, spreading along the Nansen Ridge
doubled the sire of the Cretaceous Arctic Ocean (Figure 14.2)
to its present dimensions (Clark, 1977x, 1977b, 1981); in this
setting, sea ice was to form, but not quickly.



F7::URE 14.£ Tectonic setting for the Cen-
tral ,retie Ocean. hanwn Ridge has been site
of f rnozoic spreading in the Arctic, separating
I.omonosov Ridge from the Barents Continen-
tal Shelf. Origin of Alpha Ridge is uncertain.
ktu.:;iiid from Osteeso and Wold (1973).
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Pre-Cretaceow Conditions

Details of the pre-CretaceNnts Arctic Ocean are unknown.
Paleormic and pre -Cretaeeents Mesozoic rocks from the conti-
t-rts adjacent to the Arctic Ocean have yielded data that have
been combined with geophysical surveys of the Arctic Ocean
basin to give hints. The interpretation of all this information
suggests "that the Arctic has been a center of marine sedimen-
tation and an avenue for polar migration of faunas since at
least the early P.,; ^ozoic" (Churkin, 1973, p. 497). F aunal ele-
ments from folded sedimentary rocks that apparently pass into
the modern Arctic Ocean are similar to faunas from Eurasia
and support the idea of a Paleozoic trans-Arctic connection.
No profound ecologic d i fferences have been suggested for these
faunas. The pre -Cretaceous Arctic Ocean apparently may not
have been a critical element in world climates. Paleogeo-
graphic reconstructions for the pre-Cretaceous Arctic are not
known in sufficient detail to he of much help.

Late Cretarivus-Early Cemozoir Amur Ocean

Maestrichtian and Paleocene deep -sea cores from the Alpha
Cordillera of the central Arctic Ocean consist of opaline
sediments representing biogenic silica accumulations and doc-
ument periods of high primary productivih • and intensified

upwclling (Kitchell and Clark, in pnss). The sediment, origi-
nally defined as tuffaceous (Clark. 1974), has been more accu-
ratel y calculated on a bulk -sediment basis to iwdudN from 43 to
78 oercent biogenic silica (Kitchell and Clark, in prey). There
are no significant terrigenous nor carbonate components. The
sediment is laminated, lacks burrowing, and most likely repre-
.sent% deposition in a deep basin.

Currently, the deep Pacific is the reservoir supplying silica
throug.i upwclling to the Bering Sea and the Seas of Okhotsk
and Japan. The late Cretaceous-Paleocene Arctic may have
had a deep connection with the north Pacific, although the
geograpl, y of the paleocirculation is unknown (Clark, 1977a,
1977b, Utchell and Clark, in press),

l:essils in the biogenic sediment include diatoms, silicoflag-
ellatex, ebridiares, and archaeomonads. They average 100 x
106 to 400 x 106 specimens/ gram of bulk sediment. Modern
density analogs include accumulations in the Gulf of Califor-
nia, on the southwest coast of Africa, and in the Artaretic
Ocean, associated with strong upwclling conditions. The Cre-
taceous Arctic phytoplankton have affinities with known nor-
mal marine species in California, Russia, and the South Pacific
and Indian Oceans (Clark and Kitchell, 1979x).

The oxygen isotope data suggest w:.rldwide surface-water
temperatures averaging around 20°C for at least part of the
Cretaceous-Paleocene: (Shackleton and Kennett, 1975). The
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similarity of the Arctic ('.oral elements to those, in the Pacific
and Indian Oceans suggests a similar temperature for all of
these areas.

Theme considerations are strong evidence far an ope,. water,
ice-free Arctic Ocean with ecologic conditions similar to those
in lower latitudes. The uniformity of worlu climates during
this time interval has been widely reported (e.g., Wolfe, 1975;
Berggren and Hollister, 1977; Frakes, 1979). The question be-
comes one of whether the Cref iceous- Paleocene Arctic Ocean
was a passive participant ur a significant contributor to the
worldwide temperature climate of the time. Theoretical consid-
erations of an ice-free Arctic Ocean, discussed earlier, stronoly
suggest the latter, that is, the worldwide temperate climates c:
the Cretaceous -Paleocene may have been dependent, at least in
part, on ice-free con-Ptiors of the Arctic Ocean. Atmospheric
gradients g.nerated by heat exchange from high latitudes to
lower latitudes would be significantly less during ice-free Arctic
conditions. A lower atmospheric gradient along with the gen-
eral "commotion in the ocean" of the time (Berggren and Hollis-
ter, 1977) may be sufficient to explain the temperate Creta-
ceous-Early Cenozoic world climates.

Recent y, considerable attention has been given to "injec-
tion ever in the world's oceans (e.g., Gartner and Keaney,
1978; Thierstein and Berger, 1978; Clark and Kitchell, 1979x,
1979b; Gartner and McGuirk, 1979; Clark and Kitchell, 1981).
One model, the Arctic Spillover Model, suggests that restric-
tion of Arc .c circulation with le wei -latitude oceans may have
rroduced a "freshwater" muss eventually draining into the
lower-latitude seas, forming a low-salinity surface layer that
may have been a factor in extir-ctio-i of certain pelagic or-
ganisms and even affecting terrestrial life. Although imagint,
five it • :ept, lack of data for a freshwater Cretaceous Arctic
make the model highly speculative. In fact, the only data
available for the Late Cretaceous Arctic Ocean indicate that
water of normal salinity and high productivity was prevent
close to the time a volume of freshwater is needed for the
spillover.

Middle Cenozoic Arctic Ocean

No Middle Cenozoic sedirent has been identified from the
Arctic Ocean. This incli-des the interval extending from the
late Paleocene-Eocene through most of the Miocene. T1 is was
a critical time for world climates. Glaciation apparert:, , was
initiated in Antarctica. The polar cooling profounory altered
atmospheric circulation, and a strong thermal gradient, simi-
lar to that of the present, was established. Evidence for the
mid-Cenozoic climate deterioration is based on development
from polar glaciation its well as oxygen-carIx)n ` Mopes studies
(Figure 14.3).

The Arctic Ocean ice cover possibly many have developed
during this time_. However, the evidence is circumstantial and
includes recognition of general lowering of worldwide ocean-
water temperature as welt as knowledge that in the central Arc-
tic the middle Cenozoic interval is bounded by older Palcocene,
ice-free conditions and younger Miocene conditions that in-
cluded glacial ice rafting as the dominant sedimentation pre^ces.

The central Arctic during the middle Cenozoic was ap-
proaching a land-locked crmdition'wdh restrictive Pacific con-
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FIGURE 14.3 Surface-water temperatures for the Cenozoic deter-
mined from oxygen isotope data 6om planktonic foraminifera. Modi-
fied from Shackleton and Kennett (1975). Vertical numbers arc in
million years.

nections. There may have been a short period during this critical
interval that Pacific circulation was sufficiently restricted to pre-
vent effective exchange of water. Also, perhaps the growing
Eurasian Bas:n connection with the Atlantic was not yet suffi-
cient to allow more than surficial exchange. If this preceded
Pliocene uplift of the straits of Panama, no warm Gulf Stream
boundary ; ^ r-rent was available to the North Atlantic (Berggren
and Hollis', ., 1975). This coupled with Eurasian freshwater
r:ver flow into the Arctic may have led to development of a
salinity stratification as discussed by Aagaard and Coachman
(1975), which permitted the first winter ice to form. NorAhe-
less, any surface freshening and freezing during the Middle
Cenozoic probably did not affect deeper water of the Arctic a^
indicated by the presence of benthic foraminifera in sediment of
probable. late Miocene age (O'Neill :col).

ARCTIC OCEAN AND LATER CENOZOIC
CLIMATES

The role of tl:e Arctic Ocean for the immediate pre-Pleistocene
world climate is fairly well understood. Probably, the Arctic
Ocean became ice covered in the middle Cenozoic and to-
gether with the Antarctic icecap provided significant areas of
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net heat loss to propel the atmospheric circulation that has led
to modern climates.

The Arctic Ocean sediment record for the past approximate
5 million years has been studied in detail. Some 13 lithostrai-
igraphic units have been def.ued for the late Miocene to Holo-
cene (Clark et al., 1530) (Figure 14.4). These sedimentary
units, correlatable over 400,000 krn 2 , show variations on a
single theme, ice rafting. The 13 lithostratigraphic units indi-
cate alternating times of more and less ice rafting but no signif-
icant deviation from this mode of sedimentation. Whether
tinter of greater ice rafting correlate with thinner or thicker ice
cover has not been answered definitely (Clark, 1971).

Recent',-. a few coccoliths have been reported from late
Pliocene and Pleistocene central Arctic sediment (Worsley and
Herman, 1 )80). Although this is interpreted to indicate epi-
sodic ice-free conditions for the centr al Arctic, the occurrence
of ice-rrfted debris with the sparse coccoliths is more easil y in-
terpreted to represent transportation of coccoliths from ice-
free continental seas marginal to the central Arctic. The sedi-
ment record as well as theoretical considerations make strong
argument against alternating ice-covered and ice-free condi-
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tions (Donn and Shaw, 1966. Clark et al., 1980). Although the
time of development of the pack ice for the central Arctic
Ocean is unknown, to date there is no evidence that precludes a
Miocene origin.

Geologically significant invertebrate faunas developed in
this glacial-marine environment. This includes a predomi-
nantly arenaceous (textularid) biofacies in the late Miocene to
Pliocene and a calcareous biofacies (milioids and rotalids) in
the Pliocene and Pleistocene (O'Neill, 1981). The re is no evi-
dence for other than normal salinity Arctic bottom water since
the late Miocene.

Productivity of Arctic water, as measured b y foraminifera
abundance, has increased to the present condition, and at no
time during the Late Cenozoic was productivity any greater
than that of the present (Clark, 1971). Reported high-bottom-
water productivity during the late Miocene is grossly over-
stated (Margolis and Herman, 1980). Modern productivity is
not measured b} • the standard of other oceans. Nonetheless, it is
high compared with productivity for any other part of the Late
Cenozoic for whieh there is a record. Modern productivity has
been achieved under year-round ice-covered conditions.

Correlation of pre-Pleistocene climate events of lower lati-
tudes with that of the central Arctic is difficult. For example,
waxing and waning of continental glaciers occurred while the
Arctic ice-cover remained relativeh constant. Perhaps, thick-
ening and thinning of ice may have been the only central Arctic
response to glacial and interglacial climates in lower latitudes.
The Ewing-Donn (1956) theory suggested that the Arctic
Ocean played a central role in northern hemisphere glaciation,
with an ice-free Arctic producing glaciation and an ice-
covered Arctic (suen as that of the present) producing intergla-
cia'. times. The evidence available no longer supports this
model. Rather, Late Cenozoic glacial and interglacial stages
developed with a constant, central Arctic ice cover. It appears
that the Arctic ice cover, while resronsible in part for Pleisto-
cene atmospheric circulation patterns, was only a participant
in the dra y :a of the recent ice ages, certainly it did not play the
leading role.
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>IGURE 14.4 Lithostnitigraphy of the c ntral Arctic Ocean. Units
A-M consist of glacial-marine sediment, suggesting alternating times
of relatively rapid and slow rates of deposition. Magnetic stratig:aph}
correlation indicated. Modified front Clark (1977a).

SUMMARY

The conclusion that the Arctic Ocean had an important role in
pre-Pleistocene climates appears justified. The open-water
Late Cretaceous-Paleocene Arctic was one of the factors con-
tributing to worldwide climate uniformit y . The probable
Middle Cenozoic development of an ice cover, accompanied
b% Antarctic ice develo )ment and a late shift of the Gulf
Stream to its present posiVon, were important events that led
to the development of modern climates.

The record suggests that altering the present ice cover would
have profound effects on future climates. The technology is
available to melt the t.rctic Ocean ice cover (e.g., Arnold,
1961). In addition, there have been proposals by the Soviets to
divert major rivers from their normal courses toward the Arc-
tic Ocean, which would significantly alter the Arctic Ocean
water-mass densit y structure. A change in the Arctic water
budget could affect the ice cover. Yearly ice-free conditions
could develop because of more vertical ccnvection and release
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of increased amount of heat to the atmosphere (Aagaard and
Coachman, 1975). Is the world read , for new temperature
and precipitation patterns? Execution of any of these proposals
would seriously affect the Earth's climate, a fact made clear by
the record of the Arcu? Ocean's ice cover.
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INTRODUCTION

Along passive margins, successions of marine deposits sepa-
rated by unconformities are commonly found at elevations
above present sea level. These sediments were deposited on a
slowly subsiding margin while sea level was at a much higher
level than at present. In addition to long-term falls or rises of
sea level, rapid short-term changes occur that are responsible
for the unconformities bounding the marine depositional se-
quences.

The magnitude of changes in eustatic sea level can be deter-
mined from the sedimentary section if the chronostratigraphic
and paleobathymetric history can be restored in sufficient de-
tail. Long-term changes in sea level can be estimated from the
present elevation of ancient marine deposits after the subsid-

"This paper was originally published in Oreanolo^,ica Acta, Supple-
ment to Volume 3 (1981). Proceedings 26th International Geological
Congress, Geology of Continental Margins Symposium, Paris, July
7-17, 1980, pp. 33-44, and is reprinted here "3ith permission and with
minor editorial changes.

enm history for those deposits is reconstructed. Short-term,
sea-level changes are in general more elusive, since continuous
marine sedimentation during the sea-level change is the excep-
tion rather than the rule. Rarely is the entire short-term, sea-
level cycle recorded in marine sediments laid down in water
depths favorable for a high strdtigraphic and paleobathy-
metric resolution.

Eustatic sea-level changes, basement subsidence, and sedi-
ment supply are the principal interacting variables in a
marine basin (Figure 15.1). The interaction is recorded in the
sedimentary section deposited in the basin. The resulting de-
positional sequences, bounded by unconformities or their cor-
relative conformities (Figure 15.2), can be recognized in out-
crops and wells and on seismic reflection profiles because of
important changes in areal distribution, lithology, and deposi-
tional environment. Retracing the interaction of eustatic
changes and basement subsidence from the sedimentary rec-
ord is efficiently handled by the geohistory analysis technique.
This technique integrates the stratigraphic and paleobathy-
metric data in a time-depth framework and reproduces the
subsiidence of basement as a result of basement faulting, crus-
tal and mantle cooling, and sediment loading.

139



SRIIMEMF SUt'Rr 	 RWATK SEA LEVEL FLUCTUATUX

	

36 Km 
CONTN^TAL MW	 `	 uin : OCL N C

	

NISNTLi	
NI^MO

FIGURE 15 . 1 Schematic cross section of a passive margin illustrat-
ing the variables controlling the distribution of paleoenvironments
and the qW of depositional sequence boundaries.
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This total subsidence also includes the apparent vertical
movement effects of sediment compaction and eustatic sea-
level changes. By quantification of the effects of sediment
compaction, sediment loading, and thermal subsidence, the
eustatic changes can be determined. An example of this analy-
sis shows that in the Earl y Cenemanian from offshore north-
western Africa sea level could have been nearly 300 m higher
than the present sea level.

The selection of northwest Africa to illustrate the procedure
was motivated by the amount and quality of seismic and pale-
ontological data available. The absence of the Late Cretaceous
and Tertiary at the selected well site was offset by the unusual
quality of data for the Early Cretaceous and Jurassic section.
The older section is much more significant in determining the
subsidence history of a margin than is the younger section, a1
though a young tectonic event may escape attention.
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FIGURE 15 . 3 Seismic section from offshore northwest Africa showing interpreted seismic stratigraphic sequences. The sequence boundaries are
determined by cycle terminations indicated by arrows. The ages are indicated in millions of years. For sequence designations, see Figure 15.12. After
Vail and hlitchum ( 1980).

EUSTATIC SEA-LEVEL CHANGES

Changes in coastal onlap patterns along basin margins are
mainly the result of relative changes of sea level (Vail et al.,
1977). These relative changes of sea level are in effect pro-
duced by the interaction between eustatic changes, basement
subsidence, and sediment supply. Without eustatic fluctua-
tions, coastal onlap would be continuous and regular without
the downward shifts commonly observed on seismic reflection
profiles. Sedimentation would be controlled only by available
space, created by basement subsidence, and sediment sup-
ply. Quantifying eustatic sea-level changes from measured
changes in coastal onlap does not provide an accurate meas-
ure, because of variations in subsidence in different basins
(Vail et al., 1977). The eustatic sea-level curves from the Ter-
tiary by Vail and Hardenbol (1979) and for the Jurassic
through Early Cretaceous by Vail and Todd (in press) are
based on estimates frorn changes in coastal onlap and from pa-
leontological studies. Quantified basement subsidence was not
considered for those estimates.

Sedimentary sequences can be viewed in a depth-distance or
in a time-distance framework (Figure 15.2). Well control,
outcrop data, and seismic reflection profiles view the se-
quences and their unconformable boundaries in a depth-dis-
tance framework that does not do justice to the time that is not
represented by sediments. If sufficient age data can be ob-
tained, a time-distance record or chronostratigra;:hic chart
can be produced that shows the distribution of the deposi-
tional sequences and the extent of the unconformities in space
and time.

STRATIGRAPHIC RESOLUTION

A stratigraphic framework that integrates seismic strati-
graphic and biostratigraphic information produces a strati-
graphic resolution that could not be obtained by either me6od
alone. Seismic stratigraphy delineates depositional sequences
by identifying their boundaries from reflection termination
patterns such as downlap, onlap, truncation, and toplap of
strata (Mitchum et al., 1977), (Figures 15.2 and 15.3).
Repeating this procedure for an extensive network of reflec-
tion seismic lines defines the sequences and their boundaries
over a wide area of varying environments of deposition. This
detailed seismic stratigraphic network provides a comprehen-
sive record of relative sea-level changes. The relative magni-
tudes of a succession of relative sea-level changes can be used
to assign tentative ages to the sequences by comparing the suc-
cession with one obtained from an area where the stratigraphy
is well known. Where possible, however, the predicted seismic
stratigraphic ages need to be confirmed by biostrati graphic
control.

Well control available in the study area needs to be corre-
lated in detail with the seismic stratigraphic network before
the biostrati-raphic information can be integrated with the
seismic stratigraphic framework. If a number of wells are
available, the higher-resolution biostratigraphy from the
deeper water portion of the basins, where more age-diagnostic
taxa are found, can be correlated with the basin margin with
the help of the seismic stratigraphic framework. The area
chosen to demonstrate the procedure for determining the mag-
nitude of eustatic sep.-level changes is the same offshore north-



west Africa area used to document Mesozoic sequences by
Todd and Mitchum (1977) and Vail and Mitchum (1980).
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tained from the reflection seismic record by careful analysis of
the cycle termination at the sequence boundaries and the in-
ternal configuration (Figure 15.5) of the sequence (Bubb and
Hadelid, 1977; Sangree and Widmier, 1977, 1979).

PALEOBATHYMETRIC RESOLUTION

Water depth represents the distance between seafioor and sea
level and is the portion of the column that is not filled with
sediment. Therefore, at any given time, no record of that col-
umn is preserved in sediment thickness measurements. The
position of the seafloor relative to sea level can, however, be
restored from paleontological and facies records for any signif-
icant time horizon in the basin history. Paleobathymetric
reconstructions need to be sufficiently detailed (Figure 15.4)
to give an acceptable accuracy to calculations of the magni-
tude of eustatic sea-level changes.

Paleobathymetric estimates are based on studies by Bandy
(1953), Tipsword et al. (1966), and Pflum and Frerichs ( 1976).
These studies use the modern depth distribution of moslty fora-
miniferal bma as a potential water -depth key to fossil occur-
rences of the same or related taxa. The accuracy of this method
seems acceptable for shallow -water deposits of up to 200 m. In
deeper environments, the resolution decreases rapidly. For a
successful study of eustatic changes in sea level, a well has to be
available in a portion of the basin that was filled within 200 m
of sea level during eustatic highstands. In such shallow-water
conditions, the chronostratigraphic resolution is often rather
poor and has to be complemented with ages obtained with seis-
mic stratigraphy.

Facies and paleobathymetric information can also be ob-

GEOHISTORY ANALYSIS

Geohistory analysis is a quantitative stratigraphic technique
that combines the stratigraphic and 1 . 3leobathymetric infor-
mation in a time-depth framework. The technique in its mod-
ern quantified form was first described by van Hinte ( 1978),
although relative age -depth diagrams were published much
earlier (Lemoine, 1911; Bandy, 1953). Further improve-
ments, such as corrections for eustatic sea-level changes, sedi-
ment compaction, and sediment loading, were added more
recently.

Quantitative stratigraphy became feasible with the intro-
duction of reliable time -scale models based on a careful inte-
gration of biostratigraphy, magnetostratigraphy, seismic sira-
tigraphy, and radiometric dating (Jurrasic and Cretaceous:
van Hinte, 1976a and 1976b; Tertiary: Berggren, 1972; Har-
denhol and Berggren, 1978). The resulting linear time scale
from the base of the Jurassic to the recent is incorporated in the
geohistory analysis base form.

Geohistory diagrams show effectively the interaction be-
tween sediment supply, eustatic sea-level changes, and base-
ment subsidence through time. Corrections for sediment com-
paction (Horowitz, 1976) are necessary to obtain a correct
total subsidence history. The total subsidence is the sum of all
vertical movement and represents the real movement of base-

FIGURE !'_4	 Well section with lithologic,
stratigraphic,	 and paleobathymetric inter-	 Km
pretations. The linear paleobathymetric scale 	 0
indicates decreasing resolution with increas-
ing water depth. The w 9 section shows high
paleobathymetric resolution throughout.
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FIGURE 15.5 Seismic section from offshore northwest Africa showing interpreted seismic stratigraphic sequences with seismic facies interpreted
from the nature of the sequence boundaries and the internal reflection characteristics within the sequence. For sequence designations, see Figure
15.14. After Vail and Mitch um (1980).

ment through time. After the effects of sediment loading are
subtracted (Horowitz, 1976)., a thermotec`-)nic subsidence is
obtained, which would be the subsidence of basement if no
sediment had accumulated in the basin. Crdstal cooling and
basement-involved faulting are the main components of ther-
motectonic subsidence. Growth faults and salt and shale
movements cause anomalies in the thermotectonic subsidence
curve but do not affect its real magnitude. After allowances
are made for anomalies caused 6y faulting and/or mobile sub-
strata, the curve can be compared with one of a number of
crustal subsidence curves for different amounts of lithospheric
injection and modified after the dike injection model (Figure
15.6) of Royden et al. (1980). The stretching model of the
same authors did not match the Early and Middle Jurassic
subsidence observed at the well site. Matching the thermotec-
tonic data points with one of the dike injection model curves
allows quantification of the thermal component of the ob-
served subsidencti, history, independent of anomalies caused
by eustatic sea-level changes and inaccuracies in chronostrati-
graphic and paleobathymetric interpretations.

CONSTRUCTION OF GEOHISTORY
DIAGRAM

To construct a geohistory diagram (Figure 15.7), first a paleo-
bathymetric interpretation for each stratigraphic datum is

plotted below the present sea level. The line connecting these
points represents the paleobathymetric history through time.
The stratigraphic information for a given location, gathered
from all available sources, is entered in a stratigraphic col-
umn, which shows the subdivisions and thicknesses as they are
encountered at present in a well or on a reflection seismic line.
This stratigraphic information is also entered in the diagram
and plotted agairw t.`c Lnear time scale beginning with the
base of the Sinemu:ian [189 million years ago (Ma)], which is
the oldest horizon that can be correlated within the area. The
underlying Hettangian was at the surface just before the firsi
marine sediment was laid down. If the first sediment is non-
marine, an elevation relative to sea level at that time remains
unknown. At each subsequent datum, the base of the Sinemu-
rian is plotted at the depth it reached below the seafloor at that
time as a result of basement subsidence amplified by sediment
loading. The sediment columns above the Hettangian are re-
stored to their original depositional thickness. The line con-
necting the basal Sinemurian depth plots depicts the total sub-
sidence of basement that occurred at this location from the
earliest Jurassic to the present.

The correction for sediment compaction with depth of bur-
ial is lithology dependent. Lithologies for the section for which
the geohistory diagram is made are determined from well
samples and well logs. Lithologies for the section below the
total well depth are determined from seismic data. The Ceno-
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manian through Hauterivian section is predominantly clastic.
The compaction for shales is determined with OZ = 0.7/(1 +
0.0017Z) (Horowitz, 1976) and for sand with OZ • 0.38
exp(— 5 x 10 - S) (D. H. Horowitz, Exxon Production Research
Company, personal communication, 1980), where 0 is porosity
and Z is depth in meters.

The Berriasian through Sinemurian section consists of dif-
ferent types of carbonate rocks. Reef carbonates are assumed
to undergo minimal compaction comparable to the porosity
reduction of sand. Grain carbonates are assumed to compact
like sand containing 30 percent shale, and micrites like shale
containing 35 percent sand.

SEDIMENT LOADING CORRECTIONS

Subsidence resulting from sediment loading represents an im-
portant portion of the total subsidence observed anywhere in a
sedimentary basin. Since sedimentation is a function of sedi-
ment supply and available space, sediment fill histories can be
highly variable depending on the position in the basin. For
meaningful comparisons of subsidence :histories between dif-
ferent locations withil: a basin, the effect ,. f differences in sedi-
ment fill histories has to be eliminraied.

An isotatic loading model assuming an Airy-type crust
(Horowitz, 1976) seems to be adequate for a loading correc-
tion in most basins as long as sediments are more or less uni-
formly distributed (Figure 15.8). In areas adjacent to local-
ized depocenters, such as major deltas building out in deep
water or along compressional plate boundaries. an isostatic
correction is not sufficient and a flexural loading model should
be used (Watts and Ryan, 1976). With a sediment density of
2.7 g/cm 3 (at zero percent porosity), the mantle displacement
as a result of sediment loading is 0.726 times the thickness of
tiie solid-sediment column.

're subsidence resulting from sediment loading is cub-
ed from the total subsidence in the geohistory diagram.
points thus obtained show- the subsidence of the basal

Sinemurian if no sediment had been deposited and only water

WD,	 WD,

1.03	
WATER

2.7	 1.03

SEDIMENT
1.03

CRUST

	

MANTLE 3.3
	

DISPLACEMENT

WD, + SEDIMENT = WD, + MANTLE DISPLACEMENT

3.3 MANTLE DISPLACEMENT = 1.03 (WD,- WD,1 + WEIGHT SEDIMENT

MANTLE DISPLACEMENT = .7261 THICKNESS SOLID SEDIMENT

FIGURE 15.8 Isostatic baekstripping model for Airy-type eruct.

had filled the basin. This resultant curve is the thermotectonic
subsidence curve (Figure 15.9), which show.s mostly the effect
of ,,00ling of the crust and mantle, but effects of eustaticx,
faulting, and salt or shale movement should be identified if
present.

Thermotectonic subsidence combines the effects of cooling
of the crust and mantle and of tectonics such as basement-in-
volved faulting and mobile salt and shale. The tectonic effects
will, however, vary much more from place to place within a
basin than the effects of crustal cooling. Constructing a
number of thermotectonic cur.,es for different locations in a
basin will facilitate the distinction between thermal and tec-
tonic subsidence. A detailed familiarity with the geologic his-
tory of the basin will further help in the eistinction. The type
of basin is another important factor in the interpretation. Pas-
sive margins with a single crustal-thinning event, such as the
Atlantic margin off northwest Africa, are dominated by tec-
tonic subsidence during the initial rifting, but soon after the
formation of the first oceanic crust, the subsidence is entirely
due to thermal contraction unless interrupted by a tectonic
event.

ESTIMATE OF LONG-TERM EUSTATIC
SEA-LEVEL CHANGES

The thermotectonic subsidence curve for the offshore north-
west Africa example shows a high-subsidence rate during the
Early Jurassic that rapidly decays to a much slower rate in the
Cretaceous and Tertiary (Figure 15.9). The general shape of
the curve resembles the exponential subsidence curves result-
ing from crustal and mantle cooling (Royden et al., 1980),
even though the positions of the data points in the example are
affected by eustatic changes of sea level.

The initial rifting phase along the northwest African mar-
gin probably started in the Triassic, whereas the age of the
earliest oceanic crust is generally quoted as 180 Ma (Pitman
and Talwani, 1972; Hayes and Rabinowitz, 1975). The earli-
est magnetic anomaly is M 26 at 153 Ma, but the presence of u
magnetic quiet zone does not preclude an earlier onset of
spreading. Seismic stratigraphic and seismic facies studies sup-
port an Early Jurassic opening because of indications of Late
Pliensbachian to Toarcian deeper water deposits i,-i the area.
Although the rapid subsidence in the Early Jurassic could have
a minor tectonic component, most of the constructed curve is
the result of crustal and mantle cooling, albeit with a clear in-
fluence from the long-term eustatic change in sea level.

The history of relative changes of coastal onlap suggests
(Vail et al., 1977) that eustatic sea level underwent consider-
able changes in the Mesozoic and Cenozoic. Their study shows
that in the Early and early Middle Jurassic, sea level was close
to the present sea level. A major rise began in the Callovian
1156 Ma) and, with short interruptions in the Valauginian,
Aptian, and Cenomanian, continued into the Late Creta-
ceous. This general rise of sea level from late Middle Jurassic to
Late Cretaceous has a steepening effect on thermotectonic
subsidence curves that are not corrected for ecstatic changes.
This eustatic effect complicates the comparison between

g_
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FIGURE 15.9 Goohistory diagram showing the thermotectonic subsidence curve of the base independent of sediment loading and depicting the
subsidence of the Early Jurassic base if the basin was not filled with sediment. A small compressional uplift is assumed for the Late Tertiary.

reconstructed thermotectonic curves and model curves for
crustal and mantle thermal subsidence (Royden et al., 1980).

If sea level in the Early and Middle Jurassic was as close to
the present sea level as is suggested by the magnitude of rela-
tive changes of coastal onlap, the data points for that portion
of the section should match one of the model curves for crustal
and mantle cooling. This assumes that the observed thermo-
tectonic subsidence curve represents only thermal subsidence
with long-term eustatic departures that started immediately
after the formation of the first oceanic crust. The geohistory
diagram (Figure 15.10) suggests that the first oceanic Frost
was formed at 177 Ma between the 179 Ma and 174 Ma sequence
boundaries. The model curve for a 60 percent injection of the
lithosphere matches the Early and Middle Jurassic data points
(Figure 15.10). All other data points beginning in the Late Ju-
rassic Evil significantly below the 60 percent model curve,
which is consistent with a general rise in eustatic sea level in
the Late Jurassic and Early Cretaceous.

Other model curves, such as those for 50 percent and 40 per-
cent injection of the lithosphere, do not match the steep initial
portion of the constructed curve. These two model curves indi-
cate an initial thermal subsidence for an opening event at 177
Ma that is leis than the observed total subsidence.

1'h% present-day data point in the geohistory diagram (Fig-
ure 15 . 10) falls about 100 m above the 60 percent model
curve. This is interpreted as the results of Late Tertiary uplift,
which can be substantiated by several lines of evidence. Com-
pressional tectonics associated with the formation of the High
Atlas Mountains may have begun in the Late Oligocene and
continued through the Late Miocene, resulting in significant
erosion of older deposits. Only the clinoform toes of the Mid-
dle Miocene sea-level highstand sequences are preserved (Fig-
ure 15 . 3). Toplap associated with the Pliocene highstand
sequence seaward of the well location suggests that the Ceno-
manian at the well site was at or slightly above sea level at that
time. The subsidence of the Cenomanian surface since the
Middle Pliocene can be estimated at 177 m if we add Middle
Pliocene eustatic sea level f + 80 m (Vail anu Hardenbol,
1979) J and present-day water depth (97 m). This subsidence is
faster than the thermal contraction from an Early Jurassic
opening event as is suggested by the 60 percent model curve.
By the end of the Miocene, the total compressional uplift may
have exceeded 200 m (Figure 15.10).

Independent qualitative evidence for an uplift is provided
by seismic interval velocities that suggest that the Early
Cretaceous sediments are overcompacted for their present



Interpreting Paleoenvironments, Subsidence History, and Sea-Level Changes
	

147

,AAMILOW MACM YBMARY
VIA11 wa WN	 u►h MXr	 uT6 MWMW OIlfam me= (^ MOW

so Fte 1M	 MI	 MIA	 cu Ito	 la / •A "t h $1111Alt	 4110 U10I0 tM (AM	 A LAN	 OR[ lift	 (Ott	 AR a
n n f•	 n

. 11 . 01 (n n 	 fr	 n 	 •	 • n 	 •	 • s	 n AIV 1
19

r

(A nr

FRACIIIIIIA
OF (1f1NAMF11M

(^.
1

........
.A ....................

..............

................................
1111111M UPLIFT 1

..............................:: :::::::::'..............,<<.lFIHIF

AIID HISIATIC CNIINBES
w

•

A •y

1 • IFr

- fR
TOTAL SUCSN*=

I./LrAT
t...t
tY/ •MlT

177 All
twin u
«trw^x,t

FIGURE 15.10 Geohistory diagram comparing thermotectonic subsidence with model curves for three different amounts of injection of the litho-
sphere. A small compressional uplift is assumed for the Late Tertiary.

burial depth. The observed interval velocities require a burial
depth between 450 and 750 m some time between the Ceno-
manian and the present. Without an uplift, this burial depth
could have been accomplished only if the basin at the well site
was filled to sea level in the Late Cretaceous and subsequently
eroded during lowstands in the Tertiary, especially in the Late
Oligocene. All Upper Cretaceous and Lower Tertiary deposits
encountered in the area are deposited in bathyal water depths,
and the configuration of the seismic sequences suggests that
the basin at the well site was not filled to sea level until the
Oligocene. Several lines of evidence seem to agree that at least
some uplift occurred in the Late Tertiary. The amount of up-
lift cannot be determined with accu,acy because the Tertiary
stratigraphic information is very incomplete as a result of the
uplift. In the calculations for eustatic sea-level changes, a
100-m uplift is used. This value is estimated from the position
of the present-day data point relative to the 60 percent model
subsidence curve in Figure 15.10. The resulting values are
compared with those obtained if no uplift is taken into ac-
count.

The distance between the thermotectonic setbsidence curve
and the 60 percent model subsidence curve in Figure 15.10 is a
measure of the long-term eustatic sea -level change in the Ju-

rassic and Ea:'; Cretaceous. Sea level is rising in the late Middle
Jurassic and begins falling in the latest Jurassic and Berriasian.
A new sea-level rise begins in the Hauterivian or mid-Valangi-
nian and continues into the Early Cenomanian. Measuring
eustatic changes directly from Figure 15.10 produces values

that require cc;: rection for the loading effect of eustatic sea-
level changes as follows:

MD = Asea level + (pw/pm) x Asea level = 1.309 Asea level

or

Asea level - MD/1.309,

where MD is the measured distance of the data point below
the model subsidence curve in Figure 15.10.

The calculation of long-term ecstatic sea-level changes is
based on an isos`atic comparison on an Airy-type crust (Horo-
witz, 1976; Watts and Ryan, 1976). At 97 Ma (Early Ceno-
manian) depositional water depth as determined from ben-
thonic microfostils is 180 m. Early Cenomanian beds are still
(or again) at the seafloor covered by 97 m of water.

The isostatic comparison is given by the equation:

WD I + Ts = WD2 + EF + MC + Ru,	 (15.1)



JON HARDENROL, PETER R. VAIL, and J. FERRER

where WD, is the original water depth, Ts is the thermal sub-
sidence from the 60 percent model curve in Figure 15.10,
WD 2 is the present water depth, EF is the eustatic difference,
MC is the mantle compensation after an eustatic change, and
Ru is the present-day expression of the regional uplift in the
Late Tertiary (100 m). The effects of mantle compensation
can be determined by the equation

MC - EF(pw/pm — pw) - 0.45EF, (15.2)

where pw is the density of seawater (1.03 g /cm3) and p m is the
average density of the mantle (3.33 g /cm). Equation (15.1)
can be written as

EF = [(WD I - WD2) + Ts t RuJ/1.45. ('-.1')

Substituting values for the Early Cenomanian and the prese nt
in Eq. (15 .3) results in an apparent eustatic sea-level fall of
281 m (Figure 1 5.11). Equation (15.3) calculates eustatic sea-
Ievel change for water-filled basins only. For other data points
in the Early Cretaceous and Jurassic, additional corrections
are required for sediments deposited during the respective
time intervals. Isostatic comparisons can be made by remov-
ing the sediment and restoring the water depth as follows:

EF = [WD I — (WD 2 + W11) + Ts — flu]/1.45, (15.4)

where WR is the restored water column after backstripping
and taking into account unloading adjustments and porosity
restoration of the underlying section. The a - )arent sea-level
changes for data points in the Early Cretaceous, Late Jurassic,
and Middle Jurassic determined in several different ways are
listed in Table 15.1. The ecstatic changes were initially cal-
culated for a 100-m uplift and for the case that no uplift oc-
curred. The values measured in Figure 15.10 and corrected for
eustatic water loading should agree with the calculated values
if no uplift occurred. Table 15.1 shows that the measured val-
ues fall between those calculated for a 100-m uplift and for no
uplift, thus confirming some uplift bet not as high as 100 m. If
the present-day data point on the thermotectonic curve were
70 m above the model curve, there would be close agreement
between calculated and measured ecstatic sea-level changes.

The esstat;c sea-level values thus obtained represent the
highest sea-level stand in each sequence. The changes ob-
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FTCURE 15.11 Calculation of ecstatic sc2-level change from the
Early Cenomanian to the recent.

TABLE 15.1 Eustatic Sea Level In Meters above the
Present Sea Level Calculated with Equation (15.4) for
Three Different Amounts of Late Tertiary Compressional
Uplift Compared with the Eustatic Sea Level Measured
from the Ceohistory Diagram in Figure 15.10 (Corrected
for Eustatic Highstand Loading Effects)°

Age
No
11plift

100-m
Uplift

70-m
Uplift

From
Figure 15.10

Early fenornanian 350 281 302 302
L',te lr lbian 359 290 311 306
'fop Aptian 259 190 210 208
Middle Aptian 195 126 147 138
Top Valanginian 129 60 81 69
Top Berriasian 179 110 130 107
Mid-Kimmeridgian 247 178 199 149
Top Callovian 210 141 162 107
Top Bathonian 77 8 29 0

°Figures for the 70 -m uplift are the preferred values.

served are therefor; predominantly changes in the long-term
eustatic sea level. Thert is close agreement with previous re-
sults obtained by lifferent methods by Hays and Pitman
(1973), Vail of al. (1977), Pitman (1978), and Vail and Todd
(in press). A significant difference exists, however, with the
values obtained by Watts and Steckler (1979) using a similar
method based on the subsidence history of the Atlantic Ocean
margin of the North American east coast. A possible explana-
tion for their much lower results is that their assumption of the
thermotectonic subsidence of the Atlantic Ocean margin be-
ing a single thermal contraction evert is not valid. Tharmotec-
tonic subsidence histories for C9orges Bank anc. Baltimore
Canyon COST wells suggest con-derable tectoni ,^ activity in
the Early Cretaceous and Middle Tertiary.

IDENTIFICATION OF SHORT-TERM
RUSTATIC CHANCES

Previous sections of this paper discussed the paleoenviron-
ments, subsidence history, and long-term sea -level changN de-
termined from a well located on scisrnic line C, offshore north-
western Africa. The well log and seismic section show that
there are many abrupt vertical changes in depositional envi-
ronments and lithofacies. In order for these abrupt changes to
occur, a rapid change is necessary in one or more of the three
variables: rate of subsidence, rate and type of deposition, or
rate of ecstatic sea-level changes. Figure 15.10 shows that sub-
sidence in the area of the well follows a normHl ( ermal con-
traction curve from the time of initial formation of oceanic
crust (t 177 Ma) to the I Ae Oligocene, when uplift associ-
ated with the High Atlas Mou„G.::a commended. All changes
in subsidence are gradual except for the initial subsidence fol-
lowing the formation of oceanic crust in the Atlantic Ocean
(t 177 Ma) and the subsidence following the uplift associated
with the High Atlas Mountains ( t 3.8 Ma). The type and rate



Interpreting Paleoenvironments, Subsidence History, and Sea-Level Changes

of deposition of the sediments in tbP ne rthwest African margin
also change through time. These changes are, however, grad-
ual when the total basin is studied. In any one location, abrup'
changes in sediment type and sedimentation rate are common
occurrences. Global studies of the Jurassic and Tertiary (Vail
et al., 1977, Part 4, Figure 8; Vail and Hardenbol, 1979; Vail
and Todd, In press) show that rapid ecstatic sea-level changes
occur periodically (Figure 15.12). The timing of these global
changes coincides with the changes observed in northwest
Africa. We conclude that most of the abrupt changes observed
in the well and on seismic line C are caused by these rapid
changes in eustatic sea level.

Three types of eustatic changes that cause unconformities
can be distinguished: ( 1) rapid falls of ecstatic sea level usually
greater than the rate of subsidence, (2) slower falls of eustatic
sea level commonly less than the rate of subsidence in basins
with significant subsidence, and (3) rapid rises of eustatic sea
level.

Rapid rates of fall of ecstatic sea level are characterized by
unconformities associated with subaerial exposure on the
shelf, canyon cutting, submarine erosion, lowstand deltas and
fans, and shifts in submarine depositional patterns where f-ns

and lowstand deltas are absent (Figure 15.13). Slow falls leas
than the rate of subsidence are similar except that the outer
portion of the shelf may not be subaerially exposed ttnd low-
stand deltas, fans, and canyon cutting are rare. Marine regres-
sions commonly underlie these types nf unconformities. Rapid
rises are commonly associated with mai±ne transgressions.
Bassl transgressive deposits overlain by local submarine un-
conformities may be present (Vail and Todd, in press).

The following paragraphs will describe the stratigraphy
and facies of the well and seismic line C (Figure 15.5) and
discuss what may have caused the abrupt changes in deposi-
tional environments and lithofacies. Seismic line C is used to
illustrate these changes for the Mesozoic smdon. Two seismic
lines shown on Figure 15.14 are used for the Tertiary and
Cretaceous.

The first major abrupt vertical change occurs at a untcon-
formity labeled 1890) Ma on Figure 15.5. On other seismic
sections, this unconformity can be traced across the shelf close
to a well drilled on land near the coastline (Vail and Mitchum,
1980) where Middle to Late Jurassic elastics overlie the uncon-
formity and Hettangian-Triassic continental red beds underlie
it. These beds are locally truncated. To the south, the uncon-
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formity can be traced below a thick salt section. Well data to
the south show that an interval of shallow -water carbonates,
anhydrites, and variegated shales, dated by bit :tratigraphy as
probab ! y Early Jurassic, overlie the salt. Seismic correlations
indicate that the onlapping reflections between sequence
boundaries 177 Ma and 189 Ma (on line C, Figure 15.5) cor-
respond to this interval. The unennformity is believed to cor-
relate with the basal Sinemurian ( 189 Ma) unconformity. In
the area of study, it marks an abrupt change from continental
re(- beds to a marine section containing salts, anhydrites, and
car;.xinates. It is interpreted on the basis of global studies to be
caused by a rapid fall and rise of eustatl ,. sea level that c. _-
curred in the Early Sinerrurian (between the Arietftes
bucklandi and Arnioceras semicostatum ammonite zones (A.
Hallam, University of Birming: :am, personal communication,
1981)).

The next abrupt vertical change is best observed on seismic
data, such as line C, Figures 15.3 and 15 .5. It occurs at the se-
quence boundary labeled 179(?) Ma and is marked by down-
lap over parallel reflections. The downlap is interpreted as the

FIGURE 15.14 (a) Seismic line parallel to 	 pp-
shelf edge, offshore northwest Africa, show-
ing major erosional patterns in the Early
Cretaceous and Tertiary. (b) Seismic line per-
pendicular to the shelf edge, offshore north-
west Africa, showing major erosional patterns
in the Tertiary. For sequence designations sce
Figure 15.12.
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FIGURE 15.15 Offshore northwest Africa
seismic line showing prograding Callovian
shelf margin. For sequence d-signations see
Figure 15.12.

toes of pr, wading clinoforms. The relief of these clinoforms
indicates upper ba thyal paleowater depths. Thi<'boundary is
interpreted as an abrupt change from shallow-water carbon-
ates, variegated shales, and evaporites to deep-water carbon-
ate muds. Well dates to the south document a change from the
shallow-water carbonates and evaporites to massive micritic
limestones, but no fossils were ident ;fied tc verify the deep-
water interpretation of this interval. The sequence boundary
is correlated with the global fall and rise of eustatic sea level
that occurred within the early part of the Late Pliensbachian
at 179 Ma. Paleontological data from wells wits in the area
were undiagnostic and could only be dated as probably Eariy
Jurassic. The rapid deepening and landward shift of the shelf
edge is believed to be related to the increased rate of sub-
sidence following the forma •_.•on of oceanic crust to the west.

The next major abrupt vertic. change is xell documented
by wells as a change from Bathonian shelf carbonates :o upper
bathyal Callovian shales. Seismic data show a continuous
high-an.plitude reflection on tl.e shelf with evidence of trun-
cation at the shelf edge. The sequenc- boundary labeled 156
Ma on line C (Figure 15.5) indicates the abrupt change from
carbonate to shale. Landward, this sequence boundary can be
traced on seismic data below a prograding sequence that is
verified in a well as Callovian marine shale '.Figure 15.15).
The relief on the clinoforms, shown on this section, indicates
water r•epths of approximately 300 m. 'The rapid change from
shallow shelf to upper bathyal water depths ( t 50 to 300 in)
from the Bathonian to the Callovian must have taken place

early in the Callovian, since the seismic patterns indicate
mainly progradation during the Callovian. This water-depth
change of 250 m probably occurred in not more than 24 mil-
lion years (m.y.;, during which time tNe thermotectonic subsi-
dence of 23 m/m.y. (Figures 15.6 and 15.10) would amount to
45 to 90 m. Between 160 aad 200 m of the water-depth change
must have been caused by a rise of eustatic sea level in 2 m.y.
to 4 m.y., which raquires rates of eustatic rise from 4 to 10 cm
per 1000 yr and could be much more rapid.

The next major abrupt vertical change is also well docu-
mented by well control and occurs between Berriasian shal-
low-water shelf carbonates and upper bathyal (200-250 m)
Hauterivian shaie m the shelf, and between Berriasian deep
marine micritic carbonates and Valanginian reddish-brown,
deep-marine mudstones in the basin. The well on the shelf
edge enr,,untered a 6.3-m ca vern, the base of which was 70 m
below the top of the Berriasian carbonate. The : equence
boundary labeled 131 Ma on line C (Figures 15.3 and 15.5)
marks this change. The Valanginian sequence is shown as a
slopefront-fill seismic facies pattern seaward of the shelf-edge
reef encountered in the well. The Valanginian unit (131-126
Ma) is interpreted as the edge of a lowstand delta diagram-
matically illustrated in Figure 15.13. It indicates that sea level
fell below the shelf edge at the beginning of Valanginian time.
The karst cavern drilled in the well is also evidence for a sea-
level fall at this time. Since the thermo.ectonie subsidence in
the Valanginian was 0.99 cm per 1000 years (Figures 15.6 and
15.10), sea level must have dropped at a greater rate to fall
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below the shelf edge. The lowest marine shales overlying the
Berriasian carbonates are dated as Hauterivian. The above
observations are interpreted as indicating a rapid rise of sea
level during the Valanginian of at least a few centimeters per
1000 yr following a fall that exceeded 1 cm per 1000 yr. The
magnitude of the fall cannot be estimated from these data, but
studies from other areas indicate it may approximate 100 m.
1 he water-depth increase over the shelf is approximately 200
m. The subsidence curves (Figures 15.6 and 15.10) indicate
that 47 m were due to thermotectonic subsidence and thus 153
m must be due to eustat?cs rising at a rate of 3-8 em/1000 yr.
The amount of rise over the upper slope must be added to this
to obtain the total rise, but it cannot be determined from the
available data.

The Hauterivian-Aptian interval consists of a large upward-
coarsening, prograding delta. A rapid fall and rise of

f
 sea level

within this delta is indicated by a large canyon cut, shown on
Figure 15.14(a), which is dated as occurring within the Mid-
Aptian (112 Ma). Upper bathyal Middle Albian shales overly-
ing the delta indicate a rise in sea level at this time.

Eviden( of many other rapid changes of sea level is shown
in Figure 15.14. Slope-front-fill facies of Late Oligocene-
Early Miocene (29-16.5 Mal, Late Miocene (9.8 Ma), and
Late Pliocene (3.8 Ma), together with their underlying uncon-
formities showing erosional truncation, indicate lowstands.
Prograding units and their equivalent deep marine draping
shale, such as the Middle Miocene (16.5-9.8 Ma) and Early-
Middle Pliocene (6.6-3.8 Ma), indicate highstands.

The present flooded shelf is believed to be due to subsidence
following the Miocene uplift associated with the High Atlas
Mountains. A widespread truncated surface marks the ero-
sions of tilted beds following that uplift.

DISCUSSION

The magnitude of long-term, sea-level changes between the
Early Cretaceous and the present, as determined from the sub-
sidence history of a basin offshcre northwest Africa, is in line
with previously published estimates. Values obtained b y Hays
and Pitman (1973) and Pitman (1978) for the Mid-Cretaceous
from sates of ocean spreading and by Vail and Todd (in press)
for the Jurassic and earliest Cretaceous are very close to the
estimates in this paper. They exceed, however, the values ob-
tained by Watts and Steckler (1979), using a similar method
based on margin subsidence.

The models and assumptions used in this study are tentative
and require- further evaluation and improvements. However,
repeating this method for a number of passive margins with
adequate stratigraphic and paleobathvmetric control should
demonstrate trends in the magnitude of long-term eustatic
sea-level changes. Short-term changes in sea level can be de-
termined from detailed studies within a quantified framework
of subsidence and long-term eustatic sea-level changes. Rates
of change of the short-term, sea-level fluctuations ma y be
readily determined in areas with detailed age and paleo-
bathymetric control. The magnitude of short-term, sea-level
changes is much more difficult to estimate.
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INTRODUCTION

Climates of the Tertiary period have been more thoroughly
studied and discussed than those of any pre-Quaternary inter-
val. Despite this seeming wealth of data (or perhaps because of
such wealth), many researchers have arrived at differing conclu-
sions about both the intensity of warm intervals and tempera-
ture fluctuations during the Tertiary. Some of the differences are
related to sampling at widely spaced stratigraphic intervals, im-
precise correlations of samples, and/or the use of different
techniques M arrive at paleotemperature estimates. These prob-
lems are greatly intensified in attempting to relate marine and
nonmarine trends; to overcome one or more of these problems,
our discussion will concentrate on two geographic regions.

PALEOCENE OF THE ATLANTIC BASIN

The Paleogene of the Mississippi embayment of southeastern
North America contains an extensive sequence of land floras.
These flora were, for the most part, included by Berry (1916)
in his "Wilcox flora" and were thus considered by him: to be ap-

proximately synchronous. Work by many other stratigraphers
in recent decades has demonstrated that Berry's "Wilcox flora'
was based on material from rocks of early Paleocene through
late Eocene Age.

These Mississippi embayment floras all represent lowland
vegetation, and thus the altitudinal variations that can affect
analysis of floras in continental interiors are negated. In turn,
the data on land floras can be related to paleoclimatic models
based on data from deep-sea sediments in the North Atlantic.
Reliance on data from the North Atlantic and its borderlands
also has the advantage that this region has had a simple and
well understood plate-tectonic history during the Tertiary in
comparison with that of many other regions, and thus paleo-
latitudes are well known.

The interpretation of climatic change during the Paleogene
in the North Atlantic is based both on paleontological evidence
and on isotopic data (Figure 16.1). The paleontological inter-
pr-,tations largely follow previously published data (Haq and
Lohmann, 1976; Haq et al., 1977), which involve recognizing
distinctive latitudinally zoned nannofossil assemblages and
tracing the latitudinal migrations of these assemblages through
time. However, an exception is our interpretation of the mid-
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FIGURE 16.1 Comparison of temperature trends in the North At-
lantic Paleogene with inferred temperatures of Paleocene and Eocene
land floras from the Mississippi embayment. Extent of bars indicates
possible age range of land floras in to-ms of plankt-nic time scale.

dle Eocene Discoaster assemblage (Haq et al., 1977) as repre-
senting low- rather than middle-latitude climate. Our inter-
pretation is in accord with the isotopic record from the Deep
Sea Drilling Project (DSDP) site 398 (Vergnaud-Grazzini,
1979); data on the early Paleocene climate is also based largely
on somewhat meager isotopic records.

Interpretations of the land floras are based primarily on
physiognomic analyses of assemblages (Wolfe, 1971, 1978).
Such interpretations re.'y on the present observed correlation
between the physical features of leaf assemblages and particu-
lar climatic regimes rather than on the identification of partic-
ular taxa in fossil assemblages and the present distribution of
related taxa.

The marine and nonmarine records are, overall, strikingly
similar in the timing of major temperature fluctuations during
the Paleocene and Eo-ene. Mark1 d warm intervals occurred in
the early Paleocene, latest Paleocene-early Eocene, late mid-
dle Eocene, and latest Eocene. Note that our biostratigraphic
and radiometric calibrations indicate that a major decrease in
mean annual temperature occurred at about 39 million years
ago (h1a); we suggest that the "terminal Eocene" cooling of
some workers (e.g., Thierstein and Berger, 1976) is in fact this
major cooling within the late Eocene. The subsequent latest
Eocene warm latervals were also followed by a major cooling
event following the Eocene-Oligocene boundary (34-35 Ma)
that led to temperature-, cooler than any known in the Eocene.

The Mississippi embayment sequence is not known to contain
land floras of early 7ligocene age; however, seq ,iPr-c:s of ra-
diometrically dated floras in western North America doc-
ument this cooling event (Wolfe, 1971). The event ai_ *he
Eocene-Oligocene boundary is particularly pron-)unvea or
land because the event was characterized by both a maj,,E Cr-
crease in mean annual temperature and a major increase in
rnean annual range of temperature (Wolfe, 1978).

The degree of warmth indicated for the Paleogene has been
much discussed; although the consensus is that all the Paleo-
cene and Eocene was warmer than present, some workers con-
sider that the level of warmth was only moderately higher than
now and that the highly equable climates were the primary
factor in allowing the poleward excursions of tropical and sub-
tropical organisms (e.g., Axelrod and Bailey, 1969). Our data
indicate that, during warm intervals in the Eocene, mid-lati-
tude temperatures were significantly higher than today. Trop-
ical-subtropical nannoplankton assemblages in tae North
Atlantic that are the analogs of the Paleogene trcpica'- subtrop-
ical assemblages are now confined to latitudes 25-28 ° N. Dur-
ing times of the Paleocene and Eocene, tropical-subtropical
species form a significant part of nannoplankton assemblages
far poleward'of 30° N.

The early Eocene appears to represent the warmest part of the
Tertiary. The marine record in the North Atlantic, as well as

elsewhere, indicates that the most poleward (50-55° N) excur-
sion of low-latitude assemblages occurred at this time; the tropi-
cal-subtropical belt may have been double its present latitudinal
extent. Data from land plants a: c "_ , o indicative of a major ex-
pansion of tropical climates (i.e., mean annual temperature
–25°C)—climates that are currently found within 20-250
of latitude from the equator. The Mississippi embayment floras
that occur as for north as 36° latitude are tropical during the
warm intervals of the early and middle Eocene. Floras from the
west coast of North America were, during the late middle
Eocene, tropical to north of latitude 40-45° (Wolfe, 1978); latest
Eocene floras indicate paratropical climate at these latitudes.
Note that extratropical latest Eocene planktonic foraminiferal
assemblages are associated with paratropical land floras in the
Pacific Northwest. Tlrus the juxtaposition of relatively warm
land climates with relatively cool marine conditions character-
istic of the U.S. Pacific margin today was established in the late
Eocene.

On the Gulf of Alaska borderlands (60° N), land floras indi-
cating mean annual temperatures as high as 22°C were thought
to be of middle Eocene age based on provincial correlations by
marine mollusks (Wolfe, 1977). In the planktonic chronology,
however, these Alaskan paratropical floras and the associated
mollusks are early Eocene, and other Alaskan floras referable
to the late middle Eocene, although indicative of considerable
warmth, represent cooler conditions than the early Eocene
floras. Similarly, planktonic foraminiferal and nannoplank-
ton assemblages from early Eocene rocks of the eastern Gulf of
Alaska -`ontain a major low-latitude component (Poore and
Bukry, 1979). Early Eocene floras from Ellesmere Island cer-
tainly represent mean annual temperature in excess of WC,
i.e., at least 22°C higher than today (L. J. Hickey, Smith-
sonian Institution, personal communication).
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In combination with significantly higher mean annual tem-
peratures during parts of the Eocene, mean annual range of
temperature and latitudinal temperature gradients were les,.
Western Washington, which today has mean annual ranges of
temperature of 11-17°C, had a mear. annual range of temper-
ature as low as 4-5°C during the Eocene (Wolfe, 1978). The
latitudinal temperature gr-ldient from middle to high lati-
tudes along western North America was about half the present
gradient.

Not only were Eocene temperatures at middle to high lati-
tudes significantly different than present temperatures, pre-
cipitation patterns were different. Areas of the western United
States that now experience summer drought have Eocene
floras that indicate abundant precipitation throughout the
year. In contrast, the Paleogene floras from the Mississippi em-
bayment—a region that now has abundant precipitation dis-
tributed throughout the year—exhibit a trend from tropical
moist to tropical dry climate.

The temperature fluctuations indicated by our analysis of
the North Atlantic marine record are difficult to quantify, but
the latitudinal differences between the occurrences of tropical-
subtropical assemblages indicate fluctuations in mean annual
temperature of at least 10-15 °C at high middle latitudes; these
fluctuations were, thus, at least as great as modern seasonal
fluctuations. No fluctuations are observable at low latitudes,
i.e., the present tropical belt was always tropical during the
Paleogene. Wolfe (1978) has suggested that the land floras
from middle latitudes indicate fluctuations in mean annual
temperatures of about 7°C.

The elevated temperatures suggested for Paleogene warm
intervals concommitant with the major temperature fluctua-
tions are difficult to explain by purely geographic or meteoro-
logic-1 mechanisms endemic to th e Earth. That is, low lati-
tudes were consistently tropical, and high latitudes were at the
same times significantly warmer; redistribution of heat to
warm high latitudes should produce cooling at low latitudes,
no matter what mechanisms resulted in redistribution. Geo-
graphic factors (e.g., the cireumglobal circulation at low lati-
tudes, generally lower altitudes of the continents, and greater
extent than now of epicontinental seas) could have produced
the somewhat elevated global temperature of the cool intervals
during the Paleocene and Eocene compared with the global
temperature today, but the high levels of warmth during, for
example, the early Eocene cannot be so readily explained.

Re-expansion of low-latitude planktonic assemblages dur-
ing the latest Eocene indicates a renewed warning, but these
assemblages did not reach poleward as far as during warm in-
tervals earlier in the Paleogene. Land-plant data from western
North America also indicate that the latest Eocene warm inter-
val (Kummerian Stage) was not so warm as previous warm in-
tervals (Wolfe, 1978). This renewed warming was followed by
a cooling that, for much of the Oligocene, resulted in low-lati-
tude planktonic assemblage., being restricted to about their
present latitudes. The land floras that followed this terminal
Eocene cooling indicate that not only was mean annual tem-
perature on land significantly lowered, mean annual range of
temperature dramatically increased to values even higher than
today at middle and high latitudes of western North America

(Wolfe, 1978). By the end of the Oligocene, some warming had
occurred, as indicated both by planktonic microfossil and iso-
topic data from the North Atlantic and land floras in western
North America.

NEOGENE RECORD OF THE
NORTHEASTERN PACIFIC

Interpretations of temperature changes in the northeastern Pa-
cific (Figure 16.2) during the Miocene and Pliocene are based
on a variety of data. These include the varying latitudinal dis-
tributions of assemblages of calcareous nannoplankton, dia-
toms, silicoflagellates, and planktonic foraminifers from
DSDP Legs 18 and 63 (Ingle, 1973; Barron, 1981; Bukry,
1981; Poore, 1981). We have also used isotopic data on benthic
foraminifers from DSDP Site 289 [Cenozoic Paleo-oceanog-
iaphy Research Project (CENOP), unpublished data] to aid
and supplement interpretations based on marine floras and
faunas. The isotopic data presumably inonitor intermediate
waters at this site (Ontong Java Plateau) and thus, in part,
mid- to high-latitude surface-water temperatures. Our inter-
pretations of the marine record can be compared with analy-
ses, again largely physiognomic, of land floras from the Pacific
Northwest (Wolfe, in press) and Alaska (Wolfe and Tanai,
1980).

Temperature trends for the oceans during the early Miocene
are problematic, primarily because of the lack of adequate
time control. Meager isotopic data from Site 289 and elsewhere
indicate that the early Miocene may have been somewhat
-ooler than the early part of the middle Miocene. What is not
known is the warmth of the early Miocene relative to the late
Oligocene. On land, the early Miocene (early Seldovian Age)
floras are of cooler aspect than those of the middle Miocene as
well as those of the late Oligocene. Age control on these floras,
however, is uncertain relative to the planktonic time scale.

The late part of the early Miocene and the early part of the
middle Miocene has generally been regarded as the warmest
interval of the Neogene, although not so warm as any part of
the Paleocene or Eocene. This warm interval is clearly recorded
in deep-sea records in the northeastern Pacific. Following
planktonic foraminiferal zone N11, a cooling trend set in that
continued through the end of the Neogene, although some
minor warmings of short duration occurred during the late
Miocene. The youngest marked late Miocene warming at 8 Ma
was followed by a gradual cooling; minor warm intervals oc-
curred in the early Pliocene and in the early Pleistocene.

Whether the late Miocene through early Pleistocene tempera-
ture fluctuations seen in the northeastern Pacific represent
worldwide climatic events is difficult to ascertain. At least some
of these fluctuations may relate to changing current patterns in
the northeastern Pacific, including changes in the intensity of
upwelling—an indication that at least some of the late Miocene
fluctuations may not represent global events in Haq's (Chapter
13) data on Miocene nannoplankton assemblages from the ,^t-
lantic. The latitudinal distribution of these assemblages indi-
cates that apparently only one significant warming occurred
during the late Miocene rather than the three that occurred in

1
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FIGURE 16.2 Comparison of temperature trends in the North-
eastern Pacific middle Miocene through Pliocene with inferred tem-
peratures of land floras.

the northeastern Pacific. Hay's data, however, match the Pa-
cific iecord in showing a latest Miocene cool event followed by a
renewed warming into the early Pliocene.

in general, the land-plant record from the Neogene of the
northeastern Pacific margin compares well with the deep-sea
record: a temperature high in the middle Miocene (floras ra-
diometrically dated at 17-15 Mai followed by cooling, a slight

renewed warming at about 8 Ma, and followed by a cooling at
about 5 Ma. The land floras, however, also furnish important
data on two other climatic factors.

First, in this region equability has clearly increased during
the Oligocene and Neogene from the highly inequable temper-
ature regime of the early Oligocene. At latitude 60° N, the in-
crease in equabuity has largely resulted from a decline in sum-
mer temperatures (a decrease of about 9 °C in the mean of the
warm month), and at latitude 45 0 N summer temperature has
decreased concommitant with an increase in winter tempera-
ture. The decline of summer temperature at higher latitudes
must have been a major factor in the initiation of widespread
northern hemisphere glaciation during the late Cenozoic.

The trends of temperature changes at various latitudes have
also resulted in an increase in latitudinal temperature gradi-
ents. In turn, the effect of this increase may have been to inten-
sify the subtropical high-pressure systems that are largely re-
sponsiL. {or summer drought along the west masts of the con-
tinents. The land floras from western United States definitely
record a shift from a regime in which much of the precipitation
was received during the summer to a regime of summer
drought even in coastal areas.

The temperature fluctuations in the marine recort; du , ing
the late Miocene and Pliocene do not appear to be so significant
as those in the Paleocene and Eocene. The Neogene fluctua-
tions may represent changes in mean annual temperature of as
much as 5°C for marine water at middle latitudes. This condi-
tion probably results from intensification of a well-defined and
relatively stable eastern boundary current system—the Cali-
fornia current—sometime in the late middle Miocene. This
area of the northeastern Pacific exhibited great stab2ity during
the Quaternary, as evidenced by comparison of sea-surface
temperatures at the last glacial maximum (18,000 yr ago) and
today (CLIMAP Project Members, 1976, Figure 2). The land
floras, however, do not indicate as much fluctuation of mean
annual temperature; changes in this parameter at middle lati-
tudes appear to be no more than 1-2°C.

SUMMARY

Paleotemperature trends interpreted from deep-sea marine
organisms and from land floras are generally similar to one
another, both in the timing and direction of changes. Both
groups of organisms indicate that a thermal maximum oc-
curred in the early Eocene and that major fluctuations in mean
annual temperature occurred during the Paleogene. The land
floras also indicate that mean annual range of temperature was
low during the Paleocene and Eocene (i.e., a low seasonal con-
trast of temperature), although meat, annual range increased to
-alues greater than present by the Oligocene. Following a
middle-Miocene warm interval, m•^an annual temperatures
overall have decreased in ex;ratropical areas, although this
trend was interrupted by some minor reversals. The land floras
indicate that, during the Neogene, the seasonal contrast of
temperatures has decreased. Latitudinal temperature gradients
were low during the Paleocene and Eocene and increased to
their present values during the Neogene.
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Precipitation patterns derived from studies of land floras in-
dicate that an increasing drying trend occurred in southeastern
North America during the Paleocene and Eocene; at the same
time, western North America appears to have received abun-
dant precipitation throughout the year. In the Oligocene and
earlier half of the Miocene, western North America appears to
have had abundant summer precipitation, but during the later
Neogene summer precipitation decreased.
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INTRODUCTION

All the reliable evidence that we can muster points strongly to
the conclusion that the Jurassic climate was appreciably more
equable than that of the present day, with tropical-subtropical
conditions extending far into the present temperate belts and
temperate conditions occurring in polar regions. There is no
evidence of polar ice caps, and, at least partly for this reason,
the ocean surface stood at a higher level with respect to the c)n-
tinents. This in itself must have contributed to the higher equa-
bility of continental climates. In addition, there appears to
have been in general more extensive aridity on the continents
whose distribution was, of coarse, appreciably different from
that of today.

Unfortunately, with the present state of knowledge it is diffi-
cult to go beyond broad qualitative statements. For the Juras-
sic, we are denied the excellent information of oceanic surface-
and bottom-water temperatures obtained from oxygen isotope
analysis of microfossils in deep-sea drilling cores of Cretaceous
and Cenozoic strata. Furthermore. Jurassic fossils have been
extinct too long to have close mod, :n relatives whose climatic
tolerances are precisely known. In the following sections of this

paper the principal climatic criteria are briefly outlined and
the evidence for climatic changes through space and time dis-
cussed. A fuller account of some topics, with additional refer-
ences, is given by Hallam (1975).

; 'LIMATIC CRITERIA

By far the best climatic indicators among sedimentary rocks
found in the Jurassic are evaporites and coals (Frakes, 199).
Substantial deposits of evaporites (notably gypsum, anhydrite,
and halite) indicate conditions of both warmth and aridi y,
whereas coals indicate swampy conditions in generally hurr.id
regimes, though there is no particular temperature connota-
tion. On the other hared, the aba,ndance and extent of deposi-
tion of limestones is not particularly reliable. In particular, the
greater spread of limestone facies in the late Jurassic, far from
signifying increased temperature, is probably no more than a
consequence of the greater extent of epicontinental seas at that
time (Hallam, 1975).

Laterites and bauxites have been widely considered to be
good indicators of humidity, because of the intensity of chemi-
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cal weathering required for their formation. However, in
southern Israel there is a horizon of reworked laterites, includ-
ing pisolitic conglomerates, sandwiched between evaporite-
bearing Upper Triassic and Lower Jurassic deposits and attrib-
uted to the basal Jurassic. Following the development of a
karstic surface after an episode of regression, leading to the
subaerial exposure of hypersaline mud flats, so-called flint
clays were generated by chemical weathering in the vadose
zone (Goldbery, 1979). Whereas swampy conditions might
have occurred locally, no drastic regional increase of humidity
after the late Triassic, followed by a return to aridity, appar-
ently needs to be invoked.

Aeolian sandstones with large-scale dune cross bedding
should be good indicators of desert conditions, but doubt has
been thrown on the aeolian origin of at least part of the well-
known Lower Jurassic Navajo Sandstone of the Rocky Moun-
tain states. Stanley et al. (1971) recorded ripple-marked and
wavy-bedded horizons, shale seams associated with wide-
spread truncation planes, and dolomitic carbonate lenses, sug-
gesting a subaqueous origin for the deposits containing them.
Some fossil organisms are good temperature indicators, nota-
bly hermatypic corals in marine and ferns in terrestrial depos-
its. Reef-building corals suggest a minimum water tempera-
ture of about 20°C, and there are abundant Jurassic ferns
whose living relatives cannot tolerate frost. The occurrence of
genera or, better, species of a wide variety of organisms over a
broad range of latitude is in itself a strong argument for cli-
matic equability.

Considerable attention has been paid to oxygen isotope
paleotemperature determinations on Jurassic belemnites ob-
tained from rocks currently exposed on the continents. There is
such a wide disparity in the results of various workers, how-
ever, presumably as a consequence of significant postde-
positional alteration, that I have argued at some length that
they contribute little to a further understanding of Jurassic cli-
mates (Hallam, 1975). Unfortunately, there is only a negligi-
ble record of Jurassic microfossils in deep-sea drilling cores,
from which one might expect to obtain more reliable results.

CLIMATIC CHANGES IN SPACE

The fact that rich Jurassic terrestrial fern and gymnosperm flo-
ras are known from both polar regions is a strong argument in
favor of general warmth and equability, and this is strongly
supported by the wide distribution of fern genera whose mod-
ern relatives are intolerant of cold (Barnard, 1973). Thus the
basal Jurassic Dictyophyllum ranges from 50° N to 60° S, and
a number of Middle Jurassic genera are almost as widespread,
from 40° N tc 50° S. These distributions imply a tropical-sub-
tropical climate extending far beyond the present limits. Ac-
cording to Vakhrameev (1964), the plant record indicates that
winter temperatures in Siberia probably never fell below 0°(..
Equability is also indicated by the wide latitudinal range of
l a ,ge reptiles (Colbert, 1964) and ceratodontid lungfishes. The
latter, whose living relatives are confined to the tropical-sub-
tropical zone, are more or less worldwide in distribution
(Schaeffer, 1971).

If the continents enjoyed a warm, equable climate, the same
should be true of the marine realm; and indeed the majority of
invertebrate genera are cosmopolitan in distribution. While
substantial carbonate buildups partly composed of corals are
confined to deposits in what are inferred on palaeomagnetic
grounds to have been low latitudes, such as the Pliensbachian
of Morocro, the Oxfordian of the Swiss Jura and southern Po-
land, and the Bajocian and Oxfordian of the Paris Basin (Fig-
ures 17.1 and 17.2), reef-building corals are also found as far as
60° N paleolatitude, in Sakhalin, some 30 0 beyond the present
limits (Beauvais, 1973). The absence of such corals from com-
parably high latitudes in the North Atlantic region and south-
ern hemisphere is quite probably due to factors other than low
temperature.

The bivalves are instructive to study, both because they are
the most abundant and diverse macroinvertebrate group in the
Jurassic and because they include many extant families and
even genera whose clinatir Mlerance is well known. In marked
contrast to the present-day ,,tuation, there is no sharp reduc-
tion in diversity with increasing latitude, and many genera
and even some species have a wide latitudinal range. A partic-
ularly good example is provided by the pectinid genus Weyla,
largely confined to the eastern Pacific margins, with the same
species extending all the way from Chile to southern Alaska.
The best candidates for a stenothermal tropical group, re-
stricted to a belt within 30° of the Jurassic equator, are a mi-
nority of thick-shelled genera including rudists (Hallam,
1977). There is also 1 group of distinctive foraminifera more or
less confined to the zone of the Tethys and thought to be a
stenothermal tropical group (Gordon, 1970).

There has been considerable controversy about the environ-
mental cause of the Tethyan and Boreal provinciality exhib-
ited by ammonites and belemnites, with the Boreal Realm (or
superprovince) being confined to the northern part of the
nortrern hemisphere. The majority opinion is that ambient
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FIGURE 17.1 Distribution of evaporites (E), coals (C), and major
coral reefs (R) for the Lower and Middle Jurassic. Broken line
signifies approximate position of equator.
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FIGURE 17.2 Distribution of evaporite, coals, and major coral
reefs for the Upper Jurassic. Symbols as in Figure 17.1.

temperature was the primary control, but there are difficulties
vlith such a simple interpretation. One of the most important
objection is that a drastic change from one Faunal realm' , the
other may take place within a mere degree of latitude, yet the
evidence of the climatically more sensitive plants indicates
strongly that latitudinal temperature gradients were much
more modest than today. It seems necessary to invoke a com-
plex of factors, including paleogeographic configurations, en-
vironmental stability, and perhaps such latitudinally related
factors a.,: changing patterns of diurnal illumination and con-
stancy of food resources throughout the year (Hallam, 1975).
Climate is . ilikely to have been the dominant control in all
events.

With regard to the distribution of and and humid belts, the
best evidence comes from evaporite and coal deposits (Figures
17.1 and 17.2). According to Gordon (1975), evaporites range
between 45 ° N and 45 ° S, but the deposits are concentrated in
a narrower zone 10-20 ° from the palaeoequator. Nearly all of
the evaporites are confined to the western parts of Laurasia
and Gondwana. Arr;ong the more substantial deposits in North
America are the Lower Lias Argo Salt of the Scotia Shelf and
the probably Middle Jurassic Louann Salt and equivale-its
around the margin of the Gulf of Mexico, while important de-
posit, -r gypsum and anhydrite occur in the Bajocian, Callo-
vian, and Oxfordian of the United States Western Interior.
There are also evaporites in the Andean Jurassic, in the
Oxfordian and Kimmeridgian of northern Chile. Turning to
the Old World, there are thick sequences of pre-Bathonian
evaporites around the northwestern, northern, and eastern
margin of Africa and in the Jurassic of the southern U.S.S.R.,
southern Iran, and Arabia (Hallam, 1975; Leeder and Zeidan,
1977). Thinner deposits occur also in the basal and late Jurassic
of western, southern, and central Europe.

By far the most abundant coal measures occur over a wide
area of the Soviet Union, especially in the Lower and Middle
Jurassic, and there are also important Lower Jurassic coals in
eastern Australia. In Europe thin Lower Jurassic coal beds are
known in the so-called Gresten facies of northern Austria and

the Meesek Mountains of Hungary, al: ,o in the basal Liassic of
southern Scandinavia and the Middle Jurassic of the northern
North Sea. In the New World, coals are much rarer, but thin
coal seams occur in the Lower and Middle Jurassic of southern
Mexico as well as in the Upper Jurassic of Montana, the Dako-
tas, Alberta, and British Columbia (Jana, 1972).

The overall geographic distribution of evaporites and coals
bears qu?te a close resemblp :,ce to that of the Triassic, and so
Robinson's (19711 info: once of a western and belt and two east-
ern humid belts seems to apply also to the Jurassic. Hence
Robinson's climatic model is relevant. She suggests that winds
reaching the eastern parts of Laurasia and Gondwana, on either
side of the Tethyan Ocean, might have brought monsoon-type
summer rains to areas of middle and low latitude, while a dry,
hot season would occur in winter as winds blew offshore. The
central and western parts of the two supercontinents would
have tended e o have a much less humid climate because the
dominant easterly winds would have traveled over land for a
considerable distance or, blowing toward the equator without
the intervention of mountain, could not readily have jettisoned
their moisture. Coal occurrence is largely restricted to the
eastern, peninsular parts of the landmasses in middle to high
latitudes, where the temperature was more and the rainfall less
strictly seasonal. It is worth adding that coals form less readily
in the tropica l than in the temperate lone (Frakes, 1979).

CLIMATIC CHANGES THROUGH TIME

There is no convincing evidence of any notable global temper-
ature change through the course of the Jurassic. The best evi-
dence available concern the areal distribution of terrestrial
plant provinces in F urasia. Vakhrameev (1964) drew a bound-
ary between a northern, possibly temperate, Siberian Province
and a southern, presumed subtropical, Indo -European Pro-
vince. He detected a slight northward shift of this boundary
from the early to the mid Jurassic and an appreciably greater
northward shift from the mid to the late Jurassic (Figure 17.3).
The implied slight warming trend through the period con-
tinues into the Cretar:eous.
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FIGURE 17.3 The shift in the boundary of the Indo-European
and Siberian floral provinces in Eurasia from the early (1) and mid
(2) to late (3) Jurassic. Adapted from Vakhrameev (1964).
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More can be said about humidity-aridity distribution. From
the greater spread of evaporate facies in the late]urassic, for in-
stance into Chile and the southern parts of the Soviet Union,
Frakes (1979) inferred an overall trend toward a drier climate
from early in the period. This is confirmed by the occurrence of
xerophytic plants in the late Jurassic of the latter area (Vakhra-
meev , 1964). However, the regional picture may be more com-
plicated. Thus, in Israel the Lower Jurassic contains evapo-
rates, while the Middle and Upper Jurassic contains coals, so
that the climatic trend through tima is inferred by Goldberg
and Friedman (1974) to have been the rev:;rse of what is assumed
to be the general picture. Yet there are abundant late Jurassic
evaporites in southern Europe and the Middle East. Goldberg
and Friedman stressed the importance of regional climatic
change and draw an analogy with the Gulf of Mexico margins.
In southern Texas, for instance, a dry climate is recorded by
gypsum deposits in the Laguna Madre, whereas the moister
climate of Louisiana is reflected by salt-marsh deposits. Per-
haps local swampy conditions in an area of moderately dry
climate can promote the formation of thin coals, in which case
the validity of coal distribution as a climatic indicator needs to
be more closely investigated.

Frakes ( 1979) argued for a continuation of the global trend
toward greater aridity into the Cretaceous. Yet evaporite-
bearing deposits in the Jurassic of the western interior of the
United States are succeeded by coal-bearing deposits in the
Lower Cretaceous. On the other hand, the facies change from
the Upper Triassic to the Lower Jurassic in western Europe
supports Frakes's postulation of a global change toward in-
creased humidity. Thus the Keuper red beds contain evapo-
rites and a suite of clay minerals, in which kaolinite is absent,
suggestive of postdepositional magnesium enrichment in
hypersaline water (Jeans, 1978). Substantial quantities of kao-
linite, suggesting intensive leaching on a land experiencing a
warm, humid climate, first appear in the topmost Triassic
(Rhaetian) marginal marine deposits and continue into the
Lias (Will, 1969). A humid climate is confirmed by the occur-
rence in northern Europe of Rhaeto-Liassic plant beds- includ-
ing coals and perhaps also by the more widespread occurrence
of Liassic ironstones (Hallam, 1975).

With regard to the oceans, much interest has been provoked
by Fischer and Arthur's (1977) model of cyclic alternations,
lasting about 32 million years and ranging back to the Triassic,
between what they term polytaxic and oligotaxic episodes.
Polytaxic episodes are characterized by high organic diversity,
higher and more uniform oceanic temperatures, with continu-
ous pelagic deposition, widespread marine anoxicity, and eusta-
tic sea-level rises. In contrast, oligotaxic episodes, such as at pres-
ent, are characterized by lower marine temperatures with more
pronounced latitudinal sedimentation, marine regression, and a
lack of anoxicity. During polytaxic episodes, warm, globally
equable climates result in reduced oceanic convection, causing
expansion ani intensification of the oxygen minimum layer,
while colder climatic intervals give rise to increased circulation
rates and better oxygenation of ocean waters.

Whereas there may well be some merit in the Fischer and Ar-
thur model for the Cretaceous and Cenozoic, for which we have
ari ample record from deep-ocean ccres, the evidence they cite

for the Jurassic, such as oxygen isotope data from belemnites, is
dubious, and I :^w no grounds for their invocation of an oligo-
taxic episode in A uthonian-Callovh n times. I am rather inclined
to believe that the whnlP of tl ie Jurassic was a polytaxic episode,
at least with regard to climate and oceanic circulation.

CONCLUDING REMARKS

Perhaps the greatest advance in the future will come from pa-
leoclimatic modeling of the type outlined by Gates (Chapter
2). The geographic location of the continents and oceans is
accurately known, anu reasonably accurate estimates can be
made of the spread of epicontinental seas, which toward the
end of the period was much greate r than today. A fair approxi-
mation to mean annual temperature distributions in different
zones of latitude can he achieved by utilizing data on fossil dis-
tributions, though it may prove more difficult to quantify tem-
perature, seasonality, and rainfall. Reasonable estimates can
also be made about the location of mountain belts.

One of the questions of most obvious interest is the extent to
which the climatically equable world of the Jurassic, with its
eastern humid and western and belts, is a function primarily of
the different geography of the time, compared with today. In
addition, it would be instructive to enquire into the climatic ef-
fects of a more or less progressive rise of sea level through most
of the period, with a concomitant flooding of continental low-
lands and the creation of a continuous, low-latitude oceanic
girdle in the latter part of the period following opening of the
oldest, central sector of the Atlantic.
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INTRODUCTION

The calcium carbonate-water oxygen isotope geothermome-
ter has become the most widely applied quantitative tool for
estimating ancient ocean temperatures and has been applied
increasingly often to studies of paleoclimate and paleo-ocean-
ography. For many years the greatest impact of isotope paleo-
climatology on geologic thinking was in studies of the
Quaternary period. More recently, analyses of marine car-
bonates of Tertiary and late Mesozoic age have permitted re-
finement cf our knowledge of marine temperatures during
the past 100 million years (m.y.). This quantification of pre-
rleistocene marine climates has been especially timely, as it
evolved when our growing understanding of plate motions
and resultant changing oceanic geometry, and of sea levels,
has encouraged the development of theories to explain the
causes of climatic change. Sufficient data soon will be avail-
able to provide boundary conditions for mathematical mo-
dels of atmospheric circulation, at least during Neogene time.

With progressively older sediments, the occurrence of car-
bonate material suitably preserved for oxygen isotope paleo-
temperature studies becomes increasingly scarce. The detailed

and quantitative paleotemperature records that have been re-
constructed for Tertiary and late Cretaceous time cannot be en.
visaged for pre-Cretaceous time with samples nou ., ,ailable or
likely to become available. In addition, paleoclimatic infer nia-
tion from norisotopic sources becomes more difficult to obtain
as we prcceed backward through the geologic record and
knowledge of climatic history becomes correspondingly poorer.
Hence, while the kinds of paleoclimatic information obtainable
using isotopic techniques becomes increasingly imprecise as we
proceed back through time, the important questions about the
climate of those earlier times can be meaningfully answered
with less precisely interpretable data. For those earlier times,
other isotope paleoclimatic techniques, in addition to the cal-
cium carbonate-water paleotharn.ometer, become useful. Most
notable of these so far has been the paleoclimatic interpretation
of t1:e oxygen (and hydrogen) isotopic compositions of cherts.
Some isotopic methods can provide information about terres-
trial climates. In this paper the calcium carbonate-water paleo-
thermometer and the climatic record it has yielded are re-
viewed. Other isotopic techniques that have provided, or that
have the potential to provide, useful paleoclimatic data are
also discussed.
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THE CALCIUM CARBONATE-WATER
PALEOTHERMOMETER AND
MARINE PALEOCLIMATES

The use of the ca!, , um carbonate-water isotope paleother-
morr.-ter has been reviewed many times since the tmhniq;;e
was proposed by Urey (1947) and developed and applied by
Epstein et al. (1951) and Ure; e! al. ( :951). Critical reviews
and discussions of various aspects of the method include those
by Craig (1965), Sou en (1966), Teis and Naidin (1973), Savin
and Stehli (1974), Hecht (1976), Hudson (1977' , Savin (1977),
and Berger (1979). The basic principles are straightforward. If
calcium carbonate is deposited in isotopic equilibrium with
seawater t,,e dr;rerence between the !80/ 160 ratio of the car-
bonate and th?t of the seawater is strictly a function of temper-
ature. If the temperature dependence of that difference has

been calibrated, if the 180/ 160 ratio of the seawater can be
estimated, and if the 180/160 ratio of the carbonate has .tot
been altered since fo-mation, the temperature cf carbonate
deposition can be calculated. It is this calculated temperature
that is referred to as an isotopic temperature.

In practice, uncertainties are encounte-ed when the isotopic
paleoMniperature method is applied to the study of marine
carbonates. These uncertainties, discussed in the reviews
mentioned above, lead to ambiguities in relating isotopic tem-
peratures to climatically meaningful temperatures at specific
..calities and depths within the water column. Somewhat less

urece taint}• is entailed in estimating the water-temperature
changes than in estimating absolute values of water t?mperatu-e.

The most successful applications of isotope paleocl`.:natol-
ogy have been in the study of foraminifera from deep-sea sedi-
ments. An assumption in most of these s udies has been that
plp r,kt,.nic foraminifera deposit their tests in isotopic equili-
brium with seawater. Although there is some indication that
this is not always completely true (var Donk, 1970; Shackleton
et al., 1973; Grazzini, 1976; Williams et al., 1977), it seems a
sufficiently close approxirratio,, to reality that for most pur-
poses it can be taken as if true. Most taxa of benthic foramin-
ifera clearly show departures from isotopic equilibrium
(Duplessy et al., 1970; Woodruff et al., 19801. Departures may
be as great as 1 per mil or more. Fortunately, departures fro:r.
equilibrium may be taken as approximately (but not exactly)
constant for a species, and isotopic compositions may therefore
be inte, pret•d in terms of temperatures.

The 180/ 160 ratio of - w ater in which foraminifera grew
must always be estimated. To a first approxi nation the open
oceans an betaken to be well mixed and, hence, their isotopic
-omp tions to be constant throukh at least Phanerozoic time
and tb, agh space. Whereas this sort of approximation may be
Fuff:cient (and imavoidable) for earl y Cretaceous and older
paleotempera,ure studies• it is woefully inadequate in the ir.-
vestigaticn of Tertiary and Quaternar y climattN where the im-
portant prool:ms require more accurate palcoclimatic knowl-
edge. rl:e oxygen isotopic compo-itoon of the'.rydrosphere has
f•robahly remained constant thrrugh mu(n of. at :east
Nianerw^oic, time. Ilowe er, that 0 the oceans ha:. varied in
reslx-n.;e to tb,- formation and disappearance of 160 rich conti-
nental icecaps. The extent ) which this has affecttd seawater

180/ 160 ratios during Pleistocene ice advances and retreats has
been a matter of controversy for many years (Saviu and Yeh,
1981). As this paper does not deal with Pleistocene diviates,
this controversy can be largely ignored. Uncertainty in the
magnitude and isotopic composition of the Antarctic icecap in
middle Miocene and later times does create ambiguities when
interpreting the middle and late Miocene and Pliocene isotopic
record in terns of temperature changes. ( 1s discussed below,
most, bitt not all, investigators involved with th-2 isotopic
record would argue that, prior to middle Miocene time, late
Mesozoic and Cenozoic continental ice was never so extensive
as to introduce ambiguities into the interpretation -f the
isotopic data.) Isotopic paleotemperature data for pre-
Tertiary glaciztions are so sparse that discussion of uncer-
taintits resulting from glacially indac d variations in the iso-
topic compo..,tion of the oceans is unwarranted.

Locally, the 180/ 160 ratio of surface seawater varies in re-
sponse ! a evaporation (increased 1801 160), precipitation (de-
creased 160/ 160), and freshwater runoff (decreased 180/160).
Thew variations in seawater 18C - 10 can cause errors in
estimated water temperatures of a few degrees if they are not
properly taken into account. Until now, this problem has fre-
quently been largely ignored or dealt with in rudimentary
fashion, by assuming that local variaticns in the past have been
analogous to those of today. The time appears to be approach-
ing when local variations in Neogene seawater 180/160 can be
estimated from paleo-oceanographic (including isotopic) data,
and estimates of water temperatures can be refined.

Well-preserved calcium carbonate suitable for isotopic
analysis is common in Neogene deep-sea sediments, but altera-
tion render;ng samples unsuitable becomes progressively more
common in older sediments. Suitably preserved samples of any
ate are rare (but do exist) in rocks exposed on the continents.
Additional work is -ieeded to develop techniques for the recog-
nition of minor amounts of alteration tl.at affect but do not
obliterate the original isotopic record.

When all criteria have been satisfi`d, and an accurate iso-
topic temperature has been obtained, it is still not always a
straightforward matter to report a climatologically meaning-
ful ocean temperature. The living habits, and especialh• the
site and water depth of carbonate secretion, must : _ known
For orb anisms for which modern counterparts are extant, this
can be relatively straightforward, as, for example, for Tertiary
and later Cretaceous planktonic foraminifera (Douglas and
Savin, 1978). Whea modern counterparts are not extant, es-
tablishment of the environment of carbonate depo-ition can be
n r re difficult and may in some cases depend on isotopic analyses
of large numbers of taxa xvithin fossii assemblages. As noted
above, because questions about earl y Mesozoic and olaer cli-
matt~s do not usually require answers as precise as do questions
about Tertiary climates, meaningful information may be ob-
tained in many cases without solution of these ecological prob-
lems.

THE ISOTOPIC RECORD

Isotopic studies of Tertiary and late Cretaeet, -s climates have
been concentr •tted on deep-sea sediments. While in some in-
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stances useful data have been obtained from deep-sea pion
cores and from rocks exposed on the continents, it is the Deep
Sea Drilling Project (DSDP) that hu provided the largest col-
lection of samples for isotope palevelimatic study. The availa-
bility of these DSDP samples, more than anything else, has
been responsible for the enormous increase ir the number of
isotopic investigations of pre-Pleistocene climates during the
past 10 yr. A compilation of much published (and some unpub-
"'shed) isotopic data on Cretaceous and Tertiary foraminifera
is shown in Figure 18.1. The relationship between the isotopic
data and other aspects of paleo-oceanography such as oceanic
anoxic events, the biotic crisis at the Cretaceous-Tertiary
boundary, Eocene-Oligocene extinctions, the Messian "crisis,"
and sea-leve! changes has recently been reviewed by Arthur
(1979).

The temperature trend during the past 130 m.y. has been
generall y downward, but it has been neither smoothly nor
monotonically downward. Bottom-grater temperatures have
decreased to their modern low values from values of more than
15°C, which prevailed during much of the Cretaceous. Late
Cretaceous time saw significant cooling of bottom waters to
values of 10 to 12°C. This cooling was not especially abru pt or
intense compared to subsequent Tertiary events. From late
middle Eocene through early Miocene time there was a series
of warming and coolings of bottom waters. Waters seldom
warmed as much as they had cooled, and the net drop in bot-
tom temperature between the middle Eocene high and the late
Oligocene low was 10 or 11 °C. (An alternative inte.prec, ion
of these data, .)ffered by Matthews and Poore (1980) is that the
temperature drop ti, .s not so great as this and that a portion of
the oxygen isotopic change reflected significant growth of con-
tinental ice during Eocene and Oligocene time rather than a
temperature drop.) Many of the decreases in Paleogene bot-
tom-water temperatures appear quite abrupt. Best docu-
mented of these is that near the Eocene-Oligocene boundary,
where Kennett and Shackleton (1976) proposed a cooling of

5°C in 100,000 yr. An aspect of interpretation of these data
that remains incompletely resolved is the extent to whic., the
bottom-water temperature fluctuations record the surface-
temperature history of a single source region (perhaps at the
coast of Antarctica) and the extent to which they record alter-
nations in the source area for bottom-water production (e.g.,
from high northern to high southern latitudes).

The Miocene benthic isotopic record from DSDP Site 289
(Woodruff et a:., 1981) is an especially striking one and is
shown in Figure 18.2. Between 15 and 13.5 million years ago
(Ma) a large net increase in benthic foraminiferal 180/160 oc-
curred. This isotopic shift probably reflects both bottom-wate
cooling and rapid accumulation of ice or, Antarctica. There is
every reason to believe that a major Antarctic icecap has per-
sisted from that time to the present. However, variations of its
size and isotopic composition during Miocene and Pliocene
times are not well known. This introduces a degree of uncer-
tainty about the extent to which late Miocene and Pliocene
benthic foraminifera isotopic variations shoJd be taken to
reflect bottom-water temperature variations as opposed to
variations in continental ice volume and isotopic composition.

Through most of Cretaceous and Tertiary time, benthic and
planktonic oxygen isotopic compositions fluctuated in roughly
parallel manner. This pattern changes during middle Mio-
cene time. Although high-latitude planktonic foraminiferal
180/ 160 ratios increase, as do LSose of the benthic s (Shackleton
and Kennett, 1975), tropical values decrease (Savin et al.,

1975), indicating a warming of tropical surface %. ors.
Hence, middle Miocene time is characterized not only by the
ra ')itt gro%vth of ice on An , 	:a but by a change in the way
hf at i; distributed on the	 of the Earth and by a marked
increase in the equator-tc-pole temperature gradient. Meri-
dional heat transfer must have been sharply reduced, causing
high la itudes to cool while low latitudes warmed. An under-
standing of the cause of this major change in the Earth's ther-
mal regime is fruitful ground for future research.
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FIGURE 18.2 High-resolution oxygen iso-
topic study of Miocene benthie foraminifera.
from DSDP Site 289 (Ontong-Java Plateau).
From Woodruff et al. (1981), copyright 1981,
American Association for the Advancement of
Science.

The earliest application of oxygen isotope measurements to
paleoclimates was the study of Cretaceous climates by Urey et
al. (1951) followed by that of Lowenstam and Epstein (1954).
This study included numerous analyses of belemnites sampled
from outcrops. A characteristic of this study, as well as other
similar studies, is the large amount of scatter in the isotopic
data, which makes interpretation difficult. Among possible
reasons for isotopic variation are postdeposi 4ional alteration;
variations in the tzmperature and isotopic composition of sea-
water in the relatively shallow, nearshore sedimentary envi-
ronments in which most or all of the samples were deposited;
and migration of belemnites of different ontological stages into
different growth environments. A synthesi-- by Stevens and
Clayton (1971) of paleote• .-iperature trends derived from sev-
eral studies of Jurassic and Cretaceous megafossils is shown in
Figure 18.3. Some of the results that appear discrepant from
study to study may reflect real climatic differences from place
to place, but in many instanr, s this is unlikely. Further work is
needed on the isot^ ,e systerr atics of megafossils in outcrop anG
the factors (especially diagenetic alteration) that affect their iso-
topic compositions. Some work on these problems itas been done
in the past several years, using the scanning electron microscope
and cathodoluminescence-equipped microscope, which have
become readiiy available. With these new tools it may well be
possible to develop criteria to identify and eliminate samples
that have undergone postdepositional isotopic alteration.

"here exists in the literature a small number of ana::ses of
pre-Jurassic carbonate shells. All of these are, of necessity.
from the continents, owing to the lack of oceanic crust thi.- I.td.
Hence, extreme caution is needed to avoid the effects of post-
delx,sitional alteration. Because of the small number of analyses
of samples widely scattered in space and time there has been lit-

tle impetus to synthesize such data. However, the s%xch for
suitable samples for study and the synthesis of the existing and
new data should be encouraged. Both may yield valuable infor-
mation about early Mesozoic and Paleozoic climates.

SILICA-WATER ISOTOPIC
PALEOTEMPERATURES

BiGgenic silica is a common constituent of marine sediments
and is frequently found where biogenic carbonate is absent
(e.g., below the calcium carbonate compensation depth). In
recent years there has been a great deal of progress made on the
development of a biogenic silica-water oxygen isotope geother-
mometer, chiefly by Labeyrie and coworkers (Labeyrie, 1974;
Mikkelsen et al., 1978; Labeyrie and Juillet, 1980). However,
analytical methods for isotopic analysis of opaline silica are
difficult and arduous. As yet, applications of this approach to
paleoclimatological problems have been limited.

Opaline silica becomes diagenetically altered to opal-cristo-
balite (opal-CT) and thett to microcrystalline quartz. Both
opal-CT and quartz can be analyzed by methods that have be-
come routine for isotopic analysis of silicates. Studies of the iso-
topic effects accompanying the conversion of opaline silica
through opal-CT to microcrystalline ,,iartz in DSDP sedi-
ments have been done by Knauth and Epstein (1975) and Ico-
lodny and Epstein (1976). These studies have shown that iso-
topic exchange with pore waters accompanies mineralogical
reactions at depths of tens to hundreds of meters below the sedi-
ment-water interface. Furthermore, the reactions can occur
some tens of millions of years following deposition. Hence, iso-
topic temperatures obtained from opal-CT and microcrystal-
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FIGURE 18.3 Compilation of isotope paleo-
temperatures estimated from analyses of belem-
nite guards by several investigators. Figure
from Stevens and Clayton (1971), with per-
mission.
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line quartz should be related to, but somewhat h: aher than,
bottom temperatures at a time a few millions to tens of millions
of years more recent than the time of deposition of the silica.
Kolodny and Epstein (1976) have presented a comparison be-
tween Tertiary and Cretaceous ben:hic foraminiferal isotopic
temperatures and chert isotopic temperatures based on the
study of DSDP materials, and the comparison is consistent
with the behavior outlined above. The cherts do contain a cli-
matic signal that is sufficiently imprecise to be of little use in
the study of Tertiary or Cretaceous climates. However, for
older times, for example the Precambrian, for which quantita-
tive climatic data are indeed scanty, this approach can provide
climatic information of considerable use. As a cautionary note,
in some geologic settings the conversion of diatomaceous silica
to chert may occur under conditions that at least par(ially
mask the c.imatically relevant isotopic signal. Murata et al.
(1977) analyzed two sections of opal, opal-CT, and chert from
the Miocene Monterey Formation of California and found
180/ 160 ratios in the quartz consistent with diagerietic forma-
tion at 80°C. Using the quartz-water isotopic fractionation
curve given by Knauth and Epstein (19761 that temperature
would be reduced to 66°C. Even that is, of course, substan-
tially warmer than any reasonable estimate of Miocene surface
or bottom temperatures.

Perry and coworkers (most recently, Perry et al., 1978) and
Knauth and coworkers (most recently, Knauth and Lowe, 1978)
have published large numbers of isotopic analyses of Precam-
brian cherts. Both of these series of papers have served to docu-
ment a striking tendewy toward lower 180/160 ratios with in-

creasing age. A summary of these rata is given in Figure 18.4.
Although the data of these two research groups are consistent
wife one another, their interpretations differ. Knauth and
Lowe have argued that the data are best explained if the ox-
ygen isotopic compo-rition of the ocean has remained essen-
tially constant, with time, and that the low 180/ 160 ratios of
early Precambrian charts reflect warm temperatures, perhaps
as warm as 80°C. Muehlenbacns and Clayton (1976) have pro-
posed that the 1801160 ratio of the modern hydrosphere is de-
termined by two seawater-lithosphere reactions: !ow-temper-
ature weathering reactions, which deplete the oceans in 180
and high-temperature hydrothermal alteration of basalt,
which enriches the oceans in 180. Knauth and Lowe (1978)
have suggested that if similar processes occurred throughout
Precambrian time the 180/160 ratio of seawater would have
remained constant. Gregory- and Taylor (1981) have con-
cluded that 180/16 0 ratio of seawater is constrained to a value
similar to today's by the interaction between water and rock
associated with the seafloor spreading process. Perry et al.

(1978) on the contrary, have argued that the ' 80/ 160 ratio of
seawater was substantially lower in early Precambrian time
than today and that ocean temperatures need not have been
markedly greater than Phanerozoic temperatures. Perm et al.
have suggested that in the Archaean intense weathering a):d
low-temperature alteration of volcanic rocks were the domi-
nant processes controlling the 180/ 160 ratio of the oceans.
This, they argued, could entail a depletion of 180 in seawater
by perhaps as much as 12 to 24 per mil relative to today's
vai ues.
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It is of course possible that higher temperatures and lower
oceanic 180/160 ratios have both contributed to the oxygen
isotope record of Precambrian eherts. Resolution of the rela-
tive importance of these two variables at various tirnes during
Precambrian time is of the utmost importance to Precambrian
paleoclimatology. The approach of Knauth and Epstein
(1976) is which both 180/ 160 and D/H ratios of cherts are
used, may provide the best solution. However, even without
resolution of this question, useful paleoclimatic conclusions
can be drawn. As an example, Oskvarek and Perry (1976) con-
cluded from the analyses of cherts from the 3800 Ma Isua Series
(Greenland) that the highest possible surface temperature dur-
ing Isua time was 130°C. This is based on chert precipitation
from a hypothetical ocean of + 6 per mil, the approximate
value of water degassed from the mantle, and the highest
180/ 160 ratio for seawater given by any reasonable model for
ocean formation. Lower estimates of the 180/160 ratio in sea-
water would give lower isotopic temperatures. A minimum
temperature of 0°C can be estimated from the fact that the
Isua series is made up of apparently water-laid sediments. For
any time in the Phanerozoic, an ocean temperature estimate of
0-150°C would be trivial. For a 3800-m.y.-old ocean it is not.
(Keep in mind that 150°C is the temperature of water in equi-
librium with an atmospheric P H20 of 4.65 atm and that only
approximate:y 46 in seawater would have to be evaporated
in order to achievc that p H2p.) Even crude estimates of early
Archaean ocean temperatures can be useful in constraining
models of the atmosphere and of the Sun during the Earth's
earliest history.

T ME. I 	 \ R

FIGURE 18.4 Compilation of oxygen isotopic compositions of
cherts formed during the past 3800 m.y. Lines 1 and 4 form an
envelope about the data. Line 3 is a trend line through the data in-
dicating Perr% ct al. 's (1978) estimate of the secular change of the
1 "O/ "O ratio of seawater. Tern perature scale is base ' -i Knauth and
[Awe's (1978) estimate of no secular change in the J / 16() ratio of
seawater. From Knauth and Lowe (1978).

THE ISOTOPIC COMPOSITION OF
PRECIPITATION ON THE CONTINENTS

Ocean temperature is the parameter of climate most fre-
quently and readily determined from the isotopic study of
ocean sediments. Isotopic studies of terrestrial materials for
paleoclimate purposes are far less com—ion. The most readily
determined climatic parameter obtained from isotopic studies
of terrestrial materials is not temperature b!tt the isotopic com-
position of precipitation. This is in turn Jependent largely but
not exclusively on temperature of precipitation. Moreover, be-
cause precipitation in few areas is unifo•. mly distributed
throughout the year, mean teciperature e: precipitation can
be significantly different than mean ann-A temperature. Still,
the 180/ 160 (or D/H) ratio of precipitation can be a useful
climatic variable.

Most studies that have aimed at estimating isotopic composi-
tion of precipitation have had their greatest utility in investi-
gatioru of Quaternary climate and will be mentioned here only
briefly. Hanshaw and Hallet (1978) analyzed the 180/160

ratio of subglacial calcite precipitated as a crust on rock sur-
face: over which glaciers flowed. Because the meltwater from
which the calcite precipitated must have a temperature of
almost exactly 0°C, the isotopic composition of the meltwater
can be obtained from the t80 / 160 ratio of the calcite. This
must be the isotopic composition of precipitation in the glacier's
zone of accumu)Ntwu. 1 ' ere have been no published attempts to
apply this appn , ach « . Pleistocene subglacial calcites.

Hendy (197i) and Sch%s ucz, Harmon, and coworkers (e.g.,
Schwartz et al., 1976) ha 9 estimated both temperature and
isotopic comptstiow.. 4` .—a cave deposits. In many instances,
the D/H ratio of fluid mciusions trapped in calcite of speleo-
thems can be shotim to be representative of that of the seepage
waters from which the calcite was precipitated. Because the
1110 / I30 and D/H ratios of precipitation, worldwide, are lin-
early related (Craig, 1961), the 180/ 160 ratio of seepage water
can be estimated from its D/H ratio. Analysis of the 1801160
ratio of the calcite permits calculation of an isotopic tempera-
ture for speleothem formation. This temperature, and the
180/160 ratio of precipitation, should approximate mean an-
nual temperature and isotopic compe :ition of precipitation in
the groundwater recharge zone.

Attempts to derive paleoclitnatic information from isotopic
studies of tree rings (especially of cellulose) appear promising
(Epstein and Yapp, 1976; Libby et al., 1976; Epstein et al.,
1977; Yapp and Epstein, 1977; Long et (l., 1978). There are,
however, still problems in the interpretation of these uata that
need to be resolved. e scarcity of suitable old material for
analysis and uncertainties about preservation of original iso-
tope ratios over long periods of time indicate that for the fore-
seeable future most applications of this method will be to
Quaa inary samples.

Clay minerals formed during weathering acquire D/H and
180/160 ratios that reflect the temperature and isotopic com-
position of the weathering environment. Once formed, clay
minerals are highly resistant to subsequent alteration r'
isotopic compositions except when mineralogic reactions also
occur (Lawrence, 1970; Savin and Epstein, 1970; Lawrence
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and Taylor, 1972). Hence, isotopic compositions of ancient
soils should yield climatic information. The climatic signal can
be obscured in part because each clay mineral has its own iso-
topic systematics. However, careful mineralogic as well as iso-
topic study may be sufficient in many cases to resolve the isotopic
systematics of different clay minerals within mineralogieally
complex soils. Lawrence aad Taylor (1971) analyzed a large
number of Quaternary age soil from the western United States.
They found isotopic compositions basically consistent with the
modern climatic regime. Lawrence (1970) analyzed D/H and
180/160 ratios of kaolinite-rich soils of Tertiary age from the
western United States and found a distribution pattern of D/H
generally similar to those of today. However, he found a smaller
difference between Tertiary D/H ratios of coastal regions and
those of inland regions, suggesting less extreme climatic differ-
ences between the two areas than at present.

Studies of soil isotopic composition cannot be expected to pro-
vide climatic information of the same precision as can a
number of other isotopic paleoclimate tools. However, the
method should provide information of value where other ap-
proaches may not be applicaLie. Until now the method has
found extremely little application to paleoclimatic problems.
It warrants further consideration and, perhaps, development.

SUMMARY

There are a number of techniques whereby paleoclimatic in-
formation can be obtained from stable isotope data. Most pre-
cise and widely used is the carbonate-water paleotemperature
scale. However, its applicability is restricted, for the most
part, to the Cenozoic and late Mesozoic record because of lack
of preservation of most older samples. The silica-water system
has the 1-tential for yielding useful climatic information for
Precambrian times, but further developmental work is re-
quired before the results can be uniquely interpreted in terms
of climate. However, for early Archaen time, even the most
approximate estimates of surface temperatures can be useful
and the silica-water system has provided these.

Isotopic methods are less useful for yielding information
about pre-Pleistocene climates on the continents than they are
about marine climates. However, some approaches such as the
analysis of paleoscls, speleothems, or subglacially precipitated
carbonates may be useful in some cases.
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INTRODUCTION

The long-term (greater than 10 6 yr) character of the Earth's
climate appears to exhibit distinct shifts h ,)m one state to the
next. The succession of such states can be the :t of as an evo-
lutionary process with the average characteristics of each suc-
cessive climatic state fundamentally different from any previ-
ous state. Each state may differ in terms of mean condition, in
the amount of oscillation around the mean condition, and in
the distribution of the amplitude of oscillation as a function of
frequency. This long-term evolution of climate appears-to be
associated with telluric changes (i.e., changes in the geography
and topography that form the boundaries to the fluid spheres).
The rate of climatic change depends on the nature of the tellu-
ric effects. For example, the opening of an ocean gateway to
deep and surface flow (such as passage between Antarctica and
Australia) may have had a sudden and 3ramatic effect on aver-
age oceanic conditions, whereas the gradual op , ng of the At-
lantic or closing of the Tethyan seaway	 have caused
longer term shifts in climatic conditions.

The geologic record of the deep se  affords us the opportunity
to study the character of global oceanographic conditions over
the past 100 million years (Ma) to define the steps in the evolu-
tion that have lead from the rather equitable climates of the

Cretaceous to the ice ages of the last few million years and to re-
late these evolutionary steps to the changes in the telluric
boundary conditions that are likely to have caused them. Fur-
thermore, we should be able to characterize different parts of
the climate system during each stage of this evolution. By
studying the way the surface o, ean, the deep ocean, the atmos-
phere, and the cryosphere have changed during each evolu-
tionary stage, we will gain insights into the mechanisms that
give rise to long-term climatic change. In addition, the investi-
gation of the climate system under a variety of boundary con-
ditions should give us a better fundamental understanding of
how the different elements of this system can, and do, inter act.

PREVIOUS WORK

Before such research can proceed, quantitative data on each
element of the climate system must be acquired and studied.
One of the most extensive quantitative data bases that now ex-
ists for the Cenozoic is the record of change in oxygen isotopes
of benthic foraminifera (see Table 19.1). These data have been
compiled by many in-estigators (Douglas and Savin, 1973,
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1975; Savin et al., 1975; Shackleton and Kennett, 1975a,
1975b). More recent work by Cenozoic Paleo-Oceanography
Research Project (CENOP) workers has greatly added to this
data base, particularly in the Miocene.

Oxygen isotopes measured on the shells of benthic foramini-
fers have given us a good representation (Figure 19.1) of the
long-term changes that have occurred in the mean conditions
of the deep ocean. The deep ocean contains more than 90 per-
cent of the water on the Earth's surface and represents a part of
the climate system that is important to the storage and trans-
port of heat. it is a rather slow-moving part of the system, with
a response time on the order of 10 3 yr, intermediate between
the rapidly responding atmosphere and surface ocean and the
much more slowly changing cryosphere and lithosphere. Coin-
pared with that of the surface waters, the isotopic composition
of the modern deep ocean is relatively homogenous (Craig and
Gordon, 1965); thus, an isotopic record of change in the deep
ocean from almost any location is likely to give a picture of
change in a large and important part of the climate system.

If it is assumed that the shells of beuthic foraminifera are de-
posited in isotopic equilibrium (or that any vital effects can be
taken into account), then changes in the oxygen isotopic ratio
in the carbonate tests of the deep benthic fauna indicate
changes in either the temperature of the bottom waters (with
each 1'C equivalent to roughly 0.26 %o change in the 180/160

ratio) or in the isotopic composition of deep ,eaters. Changes
in the isotopic composition. of the deep ocean would most
likely be caused by the transfer of a large amount of isotop-
ically light water from the oceans to continental glaciers (S 180

change of 0.1 %o is roughly equivalent to a 10-m glacial ea
level change); however, changes in the mode of formation of
deep water that involved a significant change in their salinit3
would also affect their isotopic composition [with about a
0.1 %o change in S 180 for every 0.2 %o change in salinity (Craig
and Gordon, 1965)].

Studies of the long-term record of the isotopic record of for-
aminifera, together with other geologic and geophysical stud-
ies, suggest that in the last 100 Ma there were two times when
major continental ice caps were formed and extended into the
sea: in the Middle Miocene, marking the buildup of the Ant-
arctic ice cap about 14 Ma ago (Shackleton and Kennett,
1975a, 1975b), and in the late Pliocene, marking the formation
of continental glaciers in the northern hemisphere about 3 Ma
ago (Shackleton and Opdyke, 1977). If the estimates of the ef-
fect of ice volume on the isotopic composition of seawater are
taken into account, and if it is assumed that changes in salinity
have been small, then the record of the long-term changes :,i
the oxygen isotopes can be interpretpl as ar oceanic tempera-
ture record (Figure 19.1). This rexord suggests that the deep
waters have cooled by about 10-13'C in the last 60 Ma. Surface
waters followed this trend to the mid-Miocene and then leveled
off or warmed slightly (Douglas and Woodruff, 1981). This
overall cooling of deep waters is either monotonic nor grad-
ual. Short reversals in the trend occur, and the major portion of
the cooling appears to occur as distinct steps in the record (e.g.,
in the mid-Eocene, at the Eocene-Oligocene boundary, in the
mid-Miocene, and in the Pliocene (Figure 19.1). These sharp
drops in the isotopic record are thought to be associated with

3
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evolutionary changes in the climate ,system that give rise to
shifts in the mean conditions. It remains to be seen whether
other proxy records and oceanic and climatic changes exhibit
the same shifts in their records and whether additional evolu-
tionary steps can be identified in these records.

The most recent evolutionary stage as defined in Figure 19.1
is the Quaternary. An important characteristic of the Quater-
nary climate has been the large degree of variability around
the mean climatic state. Most of the Quaternary • riability in
the benthic oxygen isotope signal is thought to be associated
with changes in continental ice volume (Shackleton, 1967;
Shackleton and Opd)ke, 1973). The variability of both the
oxygen isotopes (Shackleton and Opdyke, 1976; Pisias and
Moore, 1981) and the planktonic fauna (Ruddiman, 1971;
Brisk,'n and Berggren, 1975) changed through the Quaternary
and tinese changes appear to involve both the amplitude and
frequency of oscillation. Spectral analyses of < e 2-Ma-long
record of oxygen isotopes (measured on a planktonic species of
foraminifera) indicates that this record can be divided into at
least three intervals, each having progressively more variance
associated with progressively longer periods of osc illa l- i
(Pisias and Moore, 1981). These changes in the spectral charac-
ter of oxygen isotope records may also indicate evolutionary
changes in the climate system. In this example, thee changes
are thought to result from changing mechanisms of ice-cap
growth and decay and may indicate the effects of extensive
glacial erosion of continental areas (Pisias and Moore, 1981).

Similai spectral studies of Tertiary records have yet to be un-
dertaken, primarily because (a) few long, relatively undis-
turbed marine sections have been recovered, and (b) establish-
ing a sufficiently accurate time scale for a detailed spectral
analysis is a difficult task. Although it may not be possible yet
to investigate the spectral character (i.e., the distribution of
variance as a function of frequency of oscillation) of Tertiary
oxygen isotopic records, the total variance of such records and
how this variance has changed with time and place can be
studied.

It is sometimes assumed that the warmer climes of Tertiary
and Cretaceous times were more equable than at present, that
is, they were less variable. However, little work has been done
on the short-term variability of Cenozoic climate. Certainly
before the buildup of continental glaciers one might expect to
seL less variability in 'he oxygen isotope s'.gnal. But was there
less oc^anographic variability during the Eocene than during
the Oligocene or Miocene? Did the variability of the benthic
oxygen isntope record increase as the deep-ocean temperature
cooled? flow did variability in this record change with evolution
of the climate system, and what degree of variability is associ-
ated with each evolutionary step? Such questions are addressed
here in hopes of better defining the true nature of climatic and
oceanographic variability through the Cenozoic.

METHODS

An accurate estimate of the total variance in a data set does not
require as long a record as a spectral analysis. It does not re-
quire that the time scale be known accurately, nor does it re-
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TABLE 19.1 Estimated Variance (*a 2) with Linear Trend Removed°

Age Site Ocean

Water
Depth
(m) N

Species
Group '02 Data Source

L. Quaternary V19-28 P 2720 142 Uviger. 0.1682 Shackleton, 1977
V19-29 P 3157 168 Uviger. 0.1812 Shackleton, 1977
Y6910-2 P 2615 203 Uviger. 0.1422 Shackleton, 1977
157 P 2591 9 Uviger. 0.1732 Keigwin, 1979a
E67-135 A 725 31 Uviger. 0.1842 Keigwin, 1979a
397 A 2900 133 Uviger 0.2822 Shackleton and Cita, 1979

E. Quaternary 284 P 1068 7 Uviger. 0.1192 Kennett et al., 1979
310 P 3516 21 Uviger. 0.0872 Keigwin, 1979a
E67-135 A 725 32 Uviger. 0.1002 Keigwin, 1979b
397 A 2900 15 Uviger. 0.1132 Shackleton and Cita, 1979

L. Pliocene V28-179 P 4490 36 G. subgl. 0.0642 Shackleton and Opdyke, 197'
157 P 2300 16 Uviger. u.0522 Keigwin, 1979a
206 P 3110 6 Uviger. 0.0122 Bender (CENOP unpubl.)
207 P 1360 9 Uviger. 0.0182 Pender (CFNOP unpubl.)
310 P 3510 2,1 Uviger. 0.0602 Keigwin, 1979a
503 P 3500 7 P. wuell. 0.0552 Keigwin (CENOP unpub).)
281 S(P) 1570 6 Uviger, 0.0332 Bender (CENOF unpubl.)
E67-135 A 720 25 Uviger. 0.0682 Keigwin, 1979b
397 A 2890 25 Uviger. 0.1222 Shackleton and Cita, 1979
502 A 3040 9 P. wuell. 0.1462 Keigwin (CENOP unpubl.)

E. Pliocene V28.179 P 4480 36 G. subgl. 0.018 Shackleton and Opdyke, 1977
62.1 P 2490 10 G. subgl. 0.007 Keigwin et al., 1979
83A P 410 14 Uviger. 0.008 Keigwin et al., 1979
84 P 2700 6 Uviger. 0.056 Keigwin et al., 1979
158 P 1710 11 Uviger. 0.050 Keigwin, 1979a
206 P 3100 8 Uviger 0.006 Keigwin st al., 1979
207A P 1340 7 Uviger. 0.010 Keigwin et al„ 1979
208 P 1520 19 Uviger.; 0.0281 Bender (CENOP unpubl.);

G. subgl. Keigwin et al., 1979
284 P 1020 19 Uvii er. 0.015 Kennett et al., 1979
310 P 3500 11 Uviger. 0.017 Keigwir, 1979a
503 P 3450 21 C. kull. 0.011 Keigwin (CENOP unpubl.)
E67-135 A 710 24 Uviger. 0.025 Keigwin, 1979b
297 A 2890 20 Uviger. 0 090 Shackleton and Cita, 1979
502 A 3030 17 P. wuell. 0.035 Keigwin (CENOP unpubl.)

L. Miocene 77B P 4250 12 M.B. 0.090 Savin and Web, 1981
(postcamon sh i ft) 158 P 1570 27 Uviger.; 0.030' Keigwin, 1979a

G. subgl.
207A P 1320 28 Uviger. 0.034 Bender (CENOP unpubl.)
208 P 1180 12 Uviger. 0.058 Bender (CENOP unpubl).
284 P 990 13 Uviger. 0.015 Kennett et al., 1979
289 P 2190 12 P. wuell. 0.025 Woodruff et al., 1981
292 P 2800 27 Oridos, 0.046 The Benedum I.ab., Brown U.

(CENOP unpubl.)
296' P 2750 12 Oridos. 0.422 The Benedum Lzb., Brown U.

(CENOP unpubl.)
310 P 3430 12 Uviger. 0.015 Keigwin, 1979a
503 P 3270 7 C. kull. 0.014 Keigwin (CENOP unpubl.)
278 S(P) 3530 6 Cibicid. 0.034 Bender (CENOP unpubl.)
281 S(P) 1500 6 Uviger. 0,014 Bender (CENOP unpubl.)
329 S(A) 1430 33 M.B. 0.114 Savin et al. (CENOP unpubl.)
238 I 2630 19 Oridos.; 0.056' Vincent et al., 1980

P. wuell.
357 A 2060 8 Oridos. 0.069 The Benedum Lab.. Brown 11.

(CENOP unpubl.)
397 A 2860 18 M.B. 0.055 Shackle'	 i Cita, 1979

M
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TABLE 19.1	 (continued)

Water
Depth

Age	 Site	 Ocean	 (m)	 N
Species
Croup 'a2
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Data Source

408 A 1190 6 Grirlos. 0.106 The Benedum Lab., Brown U.
(CENOP unpubl.)

502 A 3020 21 P. wuell. 0.035 Keigwin (CENOP unpubl.)
L. Miocene 77B P 4210 16 M.B. 0.149 Savin et al., 198!

(precarbon shift) 158 P 1410 9 Uviger. 0.057 Keigw`.n. 1979a
206 P 3100 12 Uviger. 0.042 Bender (CENOP unpubl.)
207 P 1300 13 Uviger. 0.018 Bender (CENOP unpubl.)
208 P 1450 7 Uviger. 0.009 Bender (CENOP unpubl.)
289 P 2180 11 P. wuell. 0.046 Woodruff et al., 1981
296 P 2740 9 Oridos, 0.054 The Benedum Lab., Brown U.

(CENOP unpubl.)
310 P 3420 9 Oridos. 0.009 Keigwin, 1979a
1103 P 3090 7 P. wuell. 0.006 Keigwin (CENOP m;publ.)
278 S(P) 3510 6 Cibicid. 3.045 Bender (CENOP unpubl.)
281 S(P) 1490 26 C. subglob. 0.097 Loutit (CENOP unpubl.)
329 S(A) 1420 6 M.B. 0.276 Savin et al., (CENOP unpubl.)
238 1 2640 38 P. wuell., 0.0291 Vincent et al., 1986

Oridos.
357 A 2050 8 Oridos. 0.095 The Benedum Lab., Brown U.

(CENOP unpubl.)
397 A 2850 28 M.B. 0.077 S:iackleton and Cita 1979
397 A 2850 11 P. wuell. 0.011 Bender (CENOP, unpubl.)
408 A 1170 10 Oridos. 0.209 The Benedum Lab., Brown U.

(CENOP unpubl.)
502 A 3000 18 P. wuell. 0.020 Keigwin (CENOP unpubl.)

L. Mid. Miocene "7B P 4180 i;7 Cibicid.; 0.0391 Savin et al., 1981; Kennett and
C. subgl. Keigwin (CENOP unpubl.)

206 P 3060 12 Oridos. G.019 Bender ;CENOP unpubl.)
206 P 3060 11 P. wuell. 0.065 Bender (CENOP unpubl.)
207A P 1240 7 Uviger. 0.051 Bender (CENOP unpubl.)
208 P 1420 11 P. wuell. 0.013 Bender (CENOP unpubl.)
289 P 2160 36 Cibicid. 0.053 Woodruff et ai., 1981
310 P 3380 5 Oridos. 0.036 Keigwin, 1979a
281 Sip) 1400 17 M.B.; Uviger., 0.004 1 Shackleton and Kennett, 1975a;

G. mbvl. Loutit (CENOP unpubl.)
Mid. Miocene 77B P 4090 5 C. subgl. 0.086 Kennett and Keigwin (CENOP

(trans.) unpubl.)
77B P 4090 23 Cibicid.; 0.0241 Kennett and Keigwin (CENOP

C. kull. unpubl.)
289 P 2140 37 Cibicid. 0.099 Woodruff et al., 1981

E. Mid. Miocene 55 P 2750 6 M.B. 0.048 Savin et al., 1975
71 P 4270 6 Cibicid. 0.080 Savin et al., 1981
77B P 4080 17 Cibicid. 0.037 Kennett and Keigwin (CENOP

unpubl.)
206 P 3040 18 P. wuell. 0.0241 Bender (CENOP unpubl.)
289 P 2100 26 Cibicid. 0.033 Woodruff et al., 1981
281 S(P) 138() 24 Uviger. 0.041 Loutit (CENOP unpubl.)

E. Miocene 71 P 4260 37 Orldos.; 0.1101 Savin et al., 1981
Cibicid.

77B P 3980 8 Cibicid. 0.063 Kennett and Keigwin
(CENOP unpubl.)

206 P 3000 11 Ordos. 0.056 Bender (CENOP nnpubl.)
208 P 1330 20 G. subgl. 0.036 Bender (CENOP unpubl.)
289 P N00 25 Cibicid. 0.042 Woodruff et al., 1981
296 P 2360 18 Oridos. 0.070 The Benedum Lah., Brown U.

(CENOP unpubl.)
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TABLE 19.1 (continued)

Water

Depth Species
Age Site Ocean (m) N Group 'a2 Data Source

279 S(P) 2010 35 M.B.; Gyrod. 0.055 1 Bender (CENOP unpubl.);
Shackleton and Kennett, 1975

281 S(P) 1250 17 Uoiger. 0.015 Loutit (CENOP unpub!.)
237 1 1440 25 Oridos. 0.059 Vincent ct al. (CENOP unpubl.)
15 A 2550 17 M.B. 0.060 Savin et al., 1975
116 A 200 22 Oridos. 0.026 The Benedum Lab., Brown U.

(CENOP unpubl.)
366A A 2700 27 Oridos. 0.050 Vincent et al., (CENOP unpubl.)

M.-L. Oligocene 277 S (P) 1222 14 M . B. 0.020 Shackleton and Kennett, 1975a
366A A	 . 2860 11 C. subgl. 0.035 Boersma and Shackleton, 1977

E, Oligocene 277 S(P) 1222 7 Oridas. 0.004 Keigwin, 1980
292 P 2943 7 Oridos. 0.018 Keigwin, 1980
366A A 2860 8 M.B. 0.044 Boersma and Shackleton, 1977

L. Eocene 292 P 2943 14 Oridos. 0.026 Keigwin, 1980
277 S(P) 1222 20 M.B., Oridos. 0.017 1 Shackleton and Kennett, 1975a;

Keigwin, 1980

M. Eocene 44 P 1478 8 M . B. 0.038 Savin et al., 1975
277 S(P) 1222 9 M . B. 0.083 Shackleton and Kennett, 1975a
398' A 3900 8 M.B. 0.329 Vergnaud-Grazzini,1979

Paleocene 384 A 3910 13 M.B. 0.065 Boersma ct al., 1979

"Data sets are arranged according to stratigraphl^ age and grouped according to ocean basin. Depths given are estimated paleodepths for each
stratigraphic age based on standard backtracking t,-hniques. Number of data points (N) in individual data sets, species groups used, and data
sources are indicated. M.B. indicates data that are basal on the mixed benthic assemblage. An asterisk denotes data sets with very large variances,
which appear spurious when compared with other data of similar age and location. These data are not shown in Figure 19.2. A "1" denotes those sites
in which data are available from two different species gro tps ane have stimated variances that are not significantly different. Their variances are
pooled in this table. A "2" indicates those data sets in whici all vc,riance estimates from a given ocean basin and age are not significantly different.
These variances are pooled for use in Figure 19.2, Site locat. ons and ocean abbreviations are given in Table 19.2.

FIGURE 19.1 Benthic oxygen isotope record 	 1	 Bottom Water Temperature

for the Cenozoic (after Douglas and Wood-
ruff, 1981). I
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quire that the mean values if two data sets be the same before a
comparison of the variances can be made. Thus, virt--ially all of
the short-time series of oxygen isotope data (Table 19. 1), re-
gardless of the particular species used to obtain the data, can be
used in a comparison of the total variance in different data
sets. These variances have units of (%W; huwever, this nota-
tion is omitted from the text discussion.

Most of the samples in the Tertiary data series .rather
widely spaced within the recovered smions (usua' , 100 cm),
Accumulation rates of 10-50 meterblmillion years (mlm.y.) are
common in these pelagic sediments and thus would indicate a
time spacing of the samples that is often greater than 105 yr.
Sample spacing in the Miocene isotopic data collected by the

177

CENOP group (Table 19.1) was designed to be between 50,000-
100,000 yi . Although such sample spacings are much broader
than commonly used in Quaternary studies, they do provide an
estimate of the total variance in the long-term record. If the
Pleistocene record is sampled at a 50,000-yr spacing, the vari-
ance estimate is the same as for a 5000-yr sample spacing. Ta-
ble 19.1 lists data sources to be used in this analysis and Table
19.2 lists site locaticm. These data have the following charac-
teristics: (1) Oxyge:: isotopc measurements in each data set
were carried out on samples of a single species, a species group,
or a mixed benthic assemblage, Data derived from different
species groups or size fractions were not combined; however, if
their variances were not significantly different (F test), they

TABLE 19.2 Location, Water Depth, and Str-Aigraphic Age of Benthic Oxygen Isotope Data Used in this Stlydya

Site Ocean Latitude Longitude
Water
Depth (m)

Stratigraphic
Age Studied

E67-135 A 29'00'N X7000' W 725 Quaternary, Pliocene
V19-28 P 02022'S r; 039' W 2720 L. Quaternary
V19-29 P 03°3:' S 83'56'W 3157 L. Quaternary
V28-179 P 04'37'N 139036'W 4502 Pliocene
Y6910-2 P 41' 16' N 127'01'W 2615 L. Quaternary
15 P 30°53' S 17'59' W 3927 E. Miocene
44 P 19' 18' N 169'00'W 1478 M. Eocene
55 P 09'18'N 142'33'W 2850 M. Miocene
a2 P 01'52'N 141'56'W 2591 Pliocene
71 P 01'26'S 125'49'W 4419 M. Miocene, E. Miocene
77 P 01'39'S 127'52'W 4290 L. Miocene, M. Miocene, E. Miocene
83 P 04'03'N 95°44.2' W 3632 Pliocene
84 P 05'45'N 82'53'W 3096 Pliocene
116 A 57`5E' N 15'56' W 1161 E. Miocene
157 ° 01'46'S 85054'W 2591 L. Quaternary, Pliocene
158 P 06'37'N 85'14'1' 1953 Pliocene, L. Miocene
206 P 32001' S 165'2' E 3196 Pliocene L. Miecent, M. Miocene, F. Miocene
207 P 36'58' S 165'26'E 1389 Pliocene, L. Mioe-ne, M. Miocene
208 P 26'07' S 161'13'E 1545 Pliocene 1. Mincer,,, E. Mioccae
237 I 07'05' S 58'x" ^ 1640 E. M  vene
23n 1 111091S 70`32J; 2344 L. Miocene
277 S(P) 52'13'S 166'11"E 1222 L. Oligocene, L. Eo^ene, M. Eocene
278 S(P) 56'33' S IW'04' F_ 369P ,. Miocene
279 S(P) 51'20'S 162'38' E 3371 E. Miocene•
281 S(P) 48'00' S 142'46' - 1591 Pliocene, L. Miocene, M. %:iocene, E. Miocene
284 P 40'30'S 167041'E .068 E. Quaternary, Pliocene, L. Miocene
289 1' 00'30' S 158':31'E 2206 L. Miocene, M. Miocene, E. Miocene
292 P 15'49'N 124'39' E 2943 L. Miocene, E. Oligocene, L. Eocene
296 P 29'20' N 153'32' E 2920 L. Miocene, E. Miocene
310 P 36'52' N 176'54' E 3516 E. Quaternary, Pliocene. L. Mio r- e. ',I. '., ,.Il ne
329 o(A) 50'39'S 46'06'W 1519 L. Miocene
.337 A 301001S 35'34'W :,1109 I, Miocene
366 A 05'41'N' 19"51'"' 2860 E. Miocene, L. Oligr r,. , r . 'Aigoeene
381 A 40'22' N 51'40'W 3910 Paleocene
397 A 26­51'N 15'11' W 29W Quaternary, Pliocrr:r. ',. Rlio.enc
398 40'58' N 10'48'W 3900 M. Eocene
408 A 63'23' N 28'55'W 1634 L. Mi..cene
502 A 11'29'N 79'23'W 3052 Plimene, 1.. NCo"(1u•
503 A 04'03' iJ 95'34' N' 3672 Pliocene, 1	 W,een:

'Octian locations: A, Aduatic; P, Pacific; I, Indian., S(P), Southern Ocean, Pacific actor; S(A), Southern Oceai., A,lautic sector
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MCURE 19.2 Variance in benthic oxygen
isotopes as a function of age in the Cenozoic.
Data sources are listed in Table 19.'-. hori-
zontal lines indicate stratigraph:c rang-_ rep-
resented by the date sets, vertical lines in-
dicate 80 percent confidence limits of the
variance estimates. Closed circles represent
Pacific Ocean drta sets; open circles, Atlantic
Ocean drta sets; squares, Southern Ocean
data sets; triangles, Indian Ocean data sets.
Shaded area encompasses most of the data
from the Pacific and Southern Oceans; ex-
cluded are the very deep Pacific sites in the
Early and Late Miocene and the highly
variable sits cf the Atlantic and Southern
Oceans sites in the Late Miocene.

could be pooled. (2) Each data set comes from a single site. (3)
Each group of measurements is associated with a known strati-
graphic age.

Stratigraphic intervals over which the varitsnce was calcu-
lated were kept as short as possible to lend more detail to the
long-term record of variability. Data were selected to avoid
any clear jumps or shifts in the record that might tie associated
with evolutionary changes in the system. Such shifts in the data
would lead to an abnormally large estimate of the variance. To
guard further agairst more gradual shifts in the data, trends
were removed from each data set using a simple linear regres-
sion. The estimate of variance used in this study is the variance
around this regression line.

For each Stratigraphic age the variances of all data sets were
compared using the M test (Thompson and Merrington, 1944)
for Homogeneity of variances. If the difference in the variance
estimates were nonsignificant (p 2- 0.95), there the variances of
all the data sets of the age could be pooled. This procedure al-
lows the combination of several Quaternary time series. If vari-
ances were nonhomogeneous, they were suMivided according
to ocean basin locations, and again tested for homogeneity
Data sets from the Atlantic, Pacific, and Indian Oceans were
compared; when sufficient data were available, their variabil-
ity as a function of water depth was contrasted.

In a few cases the variability in individual daia sets is high,
greatly exceeding that found in other sites at the same time and
depth interval. Such data might result from unrecognized diz-
genic or stratigraphic problems. They are considered spurious
here, and, although included in Table 19. 1, they are not plot-
ted in the figures. Sites having extremely Ir,w variability might
result from severe d sturbance and mixing of rotary--drilled sec-
tions; however, such sites appear to show some degree o f spa-
tial and temporal eohe:encc and are not excluded front
figures.

THE LONG-TERM RECORD

The record of the variance in benthic oxygen isotopes is shown
in Figu• 19.2, with vertical lines giving the 80 percent confi-
dence limits of the estimate and horizontal lines indicating the
rang° of the stratigrephic age of the individual data sets. Each
symbol is located at the midpoint of the Stratigraphic range.
Different symbols are used for Pacific, Atlantic, Antarctic, and
Indian Ocean data sets.

Although the amount of data varies great]; through the Ce-
nozoic (Figure 19.2), there appear to be several important
changes in the character of isotopic variance as a function of
time: (a) a decrease in the estimated variance from mid-Eo-
cene to Oligocene time, (b) a slight Middle Miocene maximum
in variance, (c) an increase in the variance of Atlantic sites
relative to Pacific sites in post-Early Miocene time`, and (d) a
shar p increase in the variance a', both tlantie aad Pacific sites
beginning in the late Pliocene. The background variability
above which the intervals of high variance rise is surprisingly
consistNnt. It avenges about 0.04 and is four times greater than
the variance associated with laboratory error.

)n the latest part of the record the high variance in benthic
oxygen isotopes increases from values of 0.06-0.1 in the late
Pliocene to approximatt'.v 0.2 in the late Quaternary. Most of
this high degree of variabuity - i relater] to change; it 'he iso-
topic composition of the oceans as continental glaciers waxed
and waned (Shackl(-.ton, 1967; Shackleton and Opdyke, If 173).

There is some indication that the pooled variance in Atlantic
sites is slightly higher tha nn in Pacific sites. The difference is not
significant in the Quaternary (M test, p >_ 0.95); however in
the Pliocer.e and Late Miocene the Atlantic and Pacific do ap-
pear to show different degrees of variability. Shackleton and
Cita (1979) noted the ­Xnerally high, degree of varability in
Atlantic sites during th, latest Miocene. Such differences are
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also seen in the Pliocene and Late Miocene data presented here
(Figure 19.2), where several (but not all) Atlantic and youth-
ern Ocean sites s..ow a higher variance than most Pacific sites,
with the highest variances measured in the earlier part of the
Late Miocene. 'During the Early Miocene and Oligocene, the
variance of benthic oxygen isotopes in Atlantic sites were also
slightly higher than those of the Pacific; however, the differ-
ences are not statistically significant (F test, p z 0.9).

In the Pliocene and Miocene, measurements from deep sites
(>4000 m) are included in the data set. These Pacific sites
(DSDP 71 and DSDP 77 of the Deep Sea Drilling Project) show
generally higher variance than others from the Pacific Ocean
basin daring both the Early and Late Miocene. During the
Middle Miocene, however, detailed studies of z mid-depth site
(DSDP 289—Woodruff et al., 1981) have an equally high de-
gree of variability. This interval spans the time of glacial
buildup in Antarctica (Shackleton and Kennett, 1975a) and
appears as a major shift in the benthic isotopic values (Figure
19.1). The maximum in variance associated with this shift in

- isotopic values is clearly seen in the original data (Woodruff et
=al., 11981). To remove the effect of this shift in Lcutvpic mean
values on estimates of variance, the Middle Miocene data are
subdivided into three groups (Table 19. 1, Figure 19.1): pre-
transition, transition, apd posttransition. Trends within these
data subsets were removed using a linear regression.

There are few accurate estimates of oxygen isotopic variance
in the Paleogene, however, the data that are available indicate
a minimum in variability during Late Eocene through Oligo-
cene times. Discounting the high mid-Eocene variance of
DSDP 398 (which may be spurious), the variance in benthic
oxygen isotopes of the early Paleogene was near 0.06, whereas
those in the Late Eocene through Oligocene were significantly
lower (pooled variance = 0.027). This apparent decrease in
variance parallels a general cooling trend through the mid- to
late-Paleogene (Figure 19.1) when bottom-water tempera-
tures are estimated to have dropped from almost IYC in the
mid-Eocene to 6°C in the Oligocene (Figure 19.1). This late
Paleogene minimum in variability is also significantly less than
that measured in the Miocene, when the variance was usually
near 0.04.

Many of the changes in the variance of the oxygen isotopic
data can be associated with major evolutionary transitions in
the Cenozoic climate. The maxima in variance during the
Quaternary and mid-Miocene are both correlated with the
growth of major ice caps. It is presumed that like those of the
Quaternary, the mid-Miocene intervals of high variance are
associated with instability in the climate system and that most
of the variation is due to changes in the isotopic composition of
the oceans.

The next older major step in climatic evolution indicated by
the oxygen isotopes (Figure 19.1) occurs at the Eocene-Oligo-
cene boundary. Although the data are more sparse around and
across this boundary, the existing data (Kennett and Shackle-
ton, 1976; Keigwin, 1980) indicate a rapid, monotonic shift in
isotopic values. This shift is observed in both planktonic and
benthic species in high latitudes but only in the benthics at low-
latitude Pacific sites (Keigwin, 1980). Thus this evolutionary

step, which is thought to be associated with the opening of the
Australian-Antarctic seaway (Kennett and Shackleton, 1976),
appears to be related to a marked cooling of deep waters and
high-latitude surface waters. However, there does not appear
to have been a change in the variability of deep-ocean waters
on either side of this boundary. Nor was there a marked insta-
bility associated with the transition from one climatic state to
the next, as observed with the growth of continental ice in the
Middle Miocene and Quaternary.

The increase in benthic isotopic variability that occurred in
the mid-Eocene is based on sparse data (Table 19.1); but if fur-
ther work supports its existence, it Ls the third maximum in var-
iability associated with a marked shift in the mean 180 content
of benthic tests (cf., Figure 19.1). The cause of the mid-Eocene
shift in mean isotopic values is not certain. It could have been
caused by a telluric change, such as the opening of a passage
between South America and Antarctica (Norton and Selater,
1979), which might have led to a marked cooling of the ocean
waters. It might also have been caused by an early buildup of
fairly large mountain glaciers in Antarctica (Matthews and
Poore, 1980) or by some combination of temperature and ice
volume effects.

Suffi.ie-..t ctata l:sve been gathered from the Miocene and
Pliocene I Fable 19.1) to allow a view of how benthic isotopic
variabil°.cy is distributed in space as well as time. In the Late
Miocene there is an increased oxygen isotopic (temperature)
contrast between deep and bottom waters (Douglas and
Woodruff, 1981). This is also the time when marked differ-
ences between the isotopic variability of the Atlantic and Pa-
cific Oceans are first noted. This divergence of Atlantic and Pa-
cific estimates of isotopic variance in the Late Miocene suggests
the development of different source regions for deep waters in
the two basins.

The general pattern of change with depth seen in the Mio-
cene and Pliocene of the Pacific Ocean is from low variance in
shallower sites to higher variance in deeper sites. In both the
Early and Late Miocene, the variance in the deepest sites
(DSDP -11 and DSDP 77) is higher than in any other depth zone
in the Pacific Ocean and is exceeded in magnitude only b y the
Quaternary data and the Late Miocene data from the Atlantic
and Southern Ocean. In the Atlantic, Late Miocene variability
of benthic isotopes at shallow depths is high (up to about 0.25).
The variance decreases with depth, so that at 3000 m all oceans
show approximate.y the same rather low degree of variability.
The marked difference in the variance of Atlantic and Pacific
benthic isotopic data has been noted previously (Shackleton
and Cita, 1979); however, this difference does not appear to
occur prior to the mid-Miocene.

DISCUSSION AND CONCLUSIONS

The data presented here indicate that the variability of benthic
oxygen isotopes have changed with time and that these changes
have often been associated with major steps in the evolution of
the oceans. Although the data from the Paleogene are sparse,
they indicate that the variability in benthic oxygen isotopes of
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the Oligocene and Late Eocene was significantly Iris than at
any other time in the Cenozoic. The Oligocene was a tame of
relatively cool and equable climate (Kennett, 1978; Fischer
and Arthur, 1977) and low eustatic sea levels (Fail et al.,
1977). The low isotopic variabilit y of this interval may be at-
tributable to homogeneous deep waters derived from a single
source region. The higher variability of the earl y Paleogene
was associated with much warmer high-latitude and bottom-
water temperatures. These conditions might have given rise to
deep waters with a wider range of isotopic compositions. Dif-
ferent source regions and the initial buildup of sizable glaciers
on Antarctica could also have served to introduce variabilit y in
the isotopic composition of the deep waters; however, the data
are not sufficient to explore these possibilities.

The well-documented isotopic shift across the Eocene-Oli-
gocene boundary is interpreted as cooling of the high-latitude-
ocean and deep waters by about WC (Keigwin, 1980). There is
no maximum in isotopic variability associated with the
buildup of continental ice during the mid-Miocene and Plio-
cene-Pleistocene. Rather the record indicates a sudden, mono-
tonic shift from one relatively stable oceanic state to another.

In the Early Miocene the average variability increased
again, but not up to the levels of the early Paleogene. This
change is not readily associated with major oceanographic
changes (see Figure 19.1). and the data are not sufficient to tell
whether this shift to increased variance was relativel y sudden
(as in the mid-Miocene and Quat?rnary) or more gradual. The
gradual shoaling of the calcite compensation depth and in-
crease in the carbonate dissolution gradients (Heath et al.,

1977) through the Oligocene and Early Miocene suggest a
slow, long-term change in the character of the deep waters
during this time interval.

An apparent maximum in variabilit y is associated with the
growth of the Antarctic ice cap during the mid-Miocene and
suggests that some degree of instability in this ice cap may have
existed during its early growth phase (Woodruff et al., 1981).
In the Pacific Ocean, variation in the benthic oxygen isotopes
was approximately the same before and after growth of the
Antarctic ice cap-, however, variability in data from the Atlan-
tic Ocean greatly increased by Late Miocene tirr.<a.

The development of northern hemisphere ice sheets in the
Late Pliocene is associated with an increase in oxygen isotopic
variability that continues into the Quaternary and reaches a
maximum in the late Pleistocene. This increase in variance is
readily associated with the fluctuations in the isotopic compo-
sition of seawater caused by the growth and decay of conti-
nental ice sheets.

There are several keys to assessing the changes in the Ceno-
zoic oceans that may have led to changes in the variabilit y of
bentlaic isotopes. Changes in the global ice volume (which
caused a 1.6 %o change in the oxygen isotopic composition of
the oceans during the late Quaterrary) is clearly associated
with two of the maxima noted in the historical record (Figure
19.2). Such compositional changes may also be associated with
the high variar,^e of the early Paleogene (Matthews and Poore,
1980).

By itself the range of oxygen isotopic compositions of mod-
ern deep waters (0.57 %o) is close to the range of variation in

the Cenozoic record of benthic oxygen isotopes, howe -er, the
temperatures of these modern watermasses are such that the
isotopically heaviest waters [North Atlantic deep water
(NADW) at +0.12 %ol are also comparatively warm (about
4 0 C), and the Igo-depleted waters [Antarctic bottom water
(AABW) at —0.45 %ol are cold (about 2'C). Thus, the tem-
perature-fractionation effects of calcite precipitation_ on oxy-
gen isotopes tend to offset the compositional differences and
result in benthic foraminiferal tests with similar isotopic com-
positions.

The temperature and isotopic differences between modern
AABW (at about 5'C and —0.15 %o) and NADW (at 40C
and + 0.12 960) tend to enhance the differences measured in the
benthic foraminifera. If over long periods of time a site
were alternately bathed by NADW and AABW, the isotopic
record measured on benthic foraminifera would have a vari-
ance dose to that measured in most of the Cenozoic saes stud-
ied. This suggest% that the range of isotcpic compositions of
modern deep waters is at least sufficient to account for most of
the long-term Cenozoic variation in ber.thic oxygen isotopes
(excluding the large compositional changes associated with de-
velopment of the cryosphere).

How such a degree of long-term variation actually takes
place remains unresolved. There are forr mechanisms  that
seem plausible: (1) changes in the isotopic composition of the
deep waters at their area of formation. (2) changes in the tem-
perature of salinity characteristics of the deep water masses
[which might also be associated with (1) above); (3) changes in
the number of source areas producing deep waters of dissimilar
isotopic composition- and (4) changes in vertical structure of
the oceans that would lead to fluctuations in hydrographic
boundaries between waters of different physical and/or iso-
topic character.

To evaluate the likelihood of any of these mechanisms oper-
ating at a particular time, data are needed from sites that sam-
ple a wide depth range in several ocean basins. Such data are
not available for the Paleogene but are now being produced for
the Neogene. The most common pattern seen in the Miocene
data is that of relatively low variability at shallow depths
(< 1500 m), moderate variability between about 1500 and
4000 m, and increased variability- below 4000 m.

High variabiPty in the d--epest : ites is not seen in Pliocene
times. The Earl- Pliocene has relativel y low variability (0.01-
0.03) at all depths except between 2000-3000 m. In the Late
Pliocene, the data are rather homogeneous within the Atlantic
and Pacific Oceans. There is some indication that variability
increases slightly with depth and that the Atlantic is more vari-
able than the Pacific. These tendencies are statistically- signifi-
cant, but the data base is not large. During this time interval,
northern hemisphere glaciations are thought to have begun
(Shackleton and Opdyke, 1977). Although variance estimates
for the Pacific Ocean are onl y slightly less than those of the
mid-Miocene ice buildup in Antarctica, the amount of varia-
bility estimated for this inter val of northern hemisphere glacial
buildup is no greater than that found in the shallower waters of
the Atlantic Ocean in the Late Miocene and is nearl y the same
as that estimated for the Pacific Ocean during the early Paleo-
gene. Thus, relativel y high isotopic variabilit y may be closeiv

V
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associated with times when major changes occur in the average
oxygen isotopic composition of the oceans (such as during gla-
cial buildup), but they may also occur in association with the
creation of new, isotopically different types of deep and inter-
mediate water masses. If the later mechanism applies, large
differences in the variability of benthic oxygen isoto pes may be
found between different oceans and between different depths
in the same ocean.

The oxygen isotopic data presented here are discussed in
terms of only one simple statistical characteristic-its variabil-
ity. Even with this simple tool, major changes in the deep wa-
ters of the oceans can be discerned. Clearl y , the record of pa-
ler-oceanographic change is dependent not only on its position
in time but also on its geographic and depth location. A more
thorough understanding of the variabilit y of the oceans awaits
an evaluation of the spectral character of oceanic oxygen iso-
topic variability that could take into account the relative im-
portance of long-term and short-term oscillations. Questions
concerning how such variance spectra have changed with time
and the likely mechanisms of such change await the gathering

_ of longer tame series and the further refinement of the geol Ae
time scale.
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INTRODUCTION

This paper traces the major effects of seasonality on organisms,
particularly in the sea, fium both theoretical and observa-
tional data. The tilting of the Earth's axis of rotation away
from the axis of the ecliptic produces a regular annual pattern
of variation in the solar radiation received on Earth, giving rise
to seasons. The seasonality in solar radiation, greatest near the
poles and Itast under the Sun's track, entrains variation in a
vast array of physical environmental parameters including
temperature, rainfall, atmospheric and oceanic circulation,
salinity regimes and rutrier.t upwelling in the sea, and humid-
ity on land.

These parameters are highly important in the adaptation of
organisms, and they affe_t in turn many other factors of great
biological significance. The present pattern of seasonality is
reflected in patterns in `he biosphere. Patterns of seasonality
must have been different in th- past, the fossil record of pat-
terns in ancient biospherer Lan be useful in understanding cli-
matic change and its biological consequences.

E_
183

POPULATION RESPONSES TO SEASONALITY

Intrinsic Population reaturm

The logistic equation of population growth is a convenient
starting point from which to evaluate seasonal effects on popu-
lations. It is usually written

dNldt = rN(1 — N/K),

where N is population size, r is the intrinsic population growth
rate, and K is the carrying capacity of the environment for that
population. A population that is very small with respect to the
carrying capacity will grow at a rate set by r until its density
approaches K, when growth may be damped and the popula-
tion size stabilized at an equilibrium value (Figure 203A).
However, a wide range of other population behaviors is possi-
ble (May, 1975, 1979; Mav and Oster, 1976). If there is a time
delay in response by a population to the operative factors in K
(Hutchinson, 1948, 1965; May, 1973), the population becomes
less likely to attain a stable equilibrium as the time lag in-
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FIGURE 20.1 Diagrammatic representation of the dynamics dis-
played by populatioms of overlapping generations with a time delay in
the regulatory mechanism. A. If time delay is sufficiently short a Ihlp-
ulation roar grow to a stable equilibrium level, K. R, With a larger
time delay and sufficientl y high r a Ixrpulation may at first oenetrate
the level of K, to which it may be returned via d; !sped oscillations. C,
With still larger time delay and sufficiently high r, a population may
oscillate indefinitely in a limit cycle rattier than seeking stability at an
equilibrium level. D, As time delays increase, and if r is still suffi-
ciently high, the limit cycle breaks down into random oscillat ions that
can lead to extinction of the population. These concepts arc reviewed
by May (1979).

creases. Most time delays are on the order of a year and are
related to seasonality. When r is sufficiently high and the fac-
tors in K are sufficiently slow to act, the population size can be
driven above K temporarily. K may then be approached by
damped oscillations that finally settle on the equilibrium value
(Figure 20.1B). If the time lag is greater still, the population
may penetrate K to such an extent that the suns aquent crash
carries it considerably below K; r may then return the popula-
tion to its former peak level from which it will again crash, and
the oscillations may continue indefinitely (rather than being
damped) in a stable limit cycle (Figure 20.1Q. Finally, if the
time lag continues to increase, the stable cycle will break down
into chaotic population density variations, the bounds of which
increase so that at the lower bound the population size is below
some critical low level from which it cannot recover; extinc-
tion ensues. Thus, intAr--sic population properties even in a
constant environmental regime can lead a population to range

in behavior from stable to chaotic. Real populations must limit
their downward fluctuations above some critical extinction
point, and indeed to a point from which they may recover suf-
ficicndy to cope with subsequent inclement conditions.

Seasonal variation in environmental factors further compli-
cates population dynamics. In general, the greater such intrin-
sic variation, the less the population, which can be driven
through the same wide range of behavior as discussed above
(see May, 1979). All real environments vary to some degree,
evoking appropriate adaptive responses on the part of popula-
tions. Seasonality is the most regular pervasive source of envi-
ronmental variation. It is logical to ask, what sorts of adapta-
tions do populations evolve in or& to cope with seasonality,
and what are the consequences? Adaptations to seasonality are
referred to here as seasonal strategies.

Extrinsic Density-Independent Factors

To endure in seasonal environments, populations must respond
in ways that maintain their oscillations within some limited
range. Two sorts of extrinsic factors are recognized (Smith,
1935). Density-independent factors affect organisms without
regard to whether there are few or many individuals present.
Most effects of physical climatic factors are of this wrt. The
lethality of a temperature change, for example, dwus not ordi-
narill- depend on population size. Density-dependent factors,
on the other hand, have increasing effects as population size in-
creases. They form comlmnents of K in the logistic equation.
Many biological and some physical factors are of this sort;
commonly they involve a factor, such as food supply or habitat
space, that can be used up. However, as emphasized by An-
drewartha and Birch (1954), any factor that is density-inde-
pendent can become density-dependent in some circumstances.
It is better to speak of density-dependent and -independent
processes or effects.

Density-independent processes play an important role in
shaping the individual tolerances of organisms and therefore
the modal niches of populations. This must be particularly true
of seasonal factors because they impose annually recurre it ef-
fects, although with somewhat variable intensities. Selection
arising from density-independent processes tends to act most
severely rear the margins of species' distributions. where even
small departures front normal conditions may exceed the toler-
ances of most individuals. It causes "stabilizing;' or "centripe-
tal" evolution. If the environmental regime changes, selection
must adjust to tolc.ances and rates so as to be adaptive to the
new conditions; this causes directional" evolution. If the
changes arc too li;rgc or abrupt for evolution to track, extinc-
tion ensues.

Although they act independently of population size, it is pos-
sible for density-independent factors to control population
densities at levels below those at which density-dependent
effects occur (Andrewartha and Birch, 1954). For example,
density-independent mortality may occur so frequently that
populations never reach their carrying capacities. In this case
it is postulated that selection favors a high-reproductive poten-
tial (r selection). When environments are relatively stable and
populations at their carrying capacities, on the other hand, it is
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postulated that selection favors adult efficiency in utilizing
resources (K selection) (Ma-Arthur and Wilson, 1967).

Extrinsic• Density-Dependent Factors

The strategies that can be employed in response to seasonality
have been investigated by Boyce (1979). He modeled the rela-
tive fitness of individuals with different combinations of three
properties that seem particularly relevart to density-depend-
ent selection: (1) intrinsic reproductive po,, ntial (r); (2) level
of resource demand (D); and (3) population decay when re-
sources are inadequate (z)—almost the opposite of (r). Boyce
calculated the relative fitness of individuals with contrasts in
these properties in different regimes of seasonality and at dif-
ferent population densities. The results are displayed in Fig-
ure 20.2.

In case A (Figure 20.2), individuals with higher r have the
higher resource demand but resistance to inclement conditions
is equal, compared with low-r individuals. The hig' a-r individ-
uals have the higher fitness over a range from low to high sea-
sonality, except at very high population densities, when their
high resource demand becomes a significant liability. Case D is
similar in that the high-r individuals have the higher resource
demand, but they have more resistance to inclement condi-
tions than do low-r individuals. High-r individuals increase
their margin of fitness in more highly seasonal conditions at
low population densities. At very high densities, however, the
high resource demand still poses a significant liability and indi-
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FIGUREFIGURE 2C.2 Models of the reproductive potential (r) and carrying
capacity (K) of populations over a range of seasonalities and resoure,
supplies (resource supplies are inversely proportional to mean densi-
tits). D is resrnlree demand, Z is rate of population decrease. 7 he pop-
ulation with the higher reproductive potential is always the fitter at
low seasonalitits, and it is also the fitter at high seasonalitie^s if Z is
"jual to or lower than in the other population (cases A and D). How-

ever, the population with the greater resistance to decrease (smaller Z)
is the fitter under highly seasonal conditions (after Boyce, 1979,
copyright U. of Chicago Press).

Cases B and C have rather different outcomes. In both of
these cases the high-r individuals have less resistance to incle-
ment conditions than do low-r individuals. These high - r indi-
viduals remain most fit in the less seasonal environments but
are least fit in highly seasonal conditions except at high densi-
ties. In case B both kinds of individuals have equal resource
demands and equal fitness at the highest density. In case C the
low-r individual; have the higher resource demands and there-
fore have less fitness at high densities.

It is vident from Figure 20.2 that adaptation is more diffi-
cult in environments with greater seasonality. Fitness always
falls with increasing seasonality. Similarly, the carrying
capacity is always lower in highly seasonal environments (a-
indicated by the curves of the fitness dimension of the seasonal-
ity-fitness faces in Figure 20.2). Similarly, the carrying capac-
ity is always lower in highly seasonal environments (as indi-
cated by the curves of the "mean density" dimension on the
basal seasonality-mean density faces in Figure 20.2). The two
main seasonal strategies are (1) to increase reproduction and
(2) to fortify the populations against decrease during inclement
conditions. The reproductive strategy has no special damping
effect on population oscillations but prevents extinction by
returning the population size rapidly toward K or beyond. It
might result in rather large size fluctuations, but if successful,
constrains them within limits (the lower significantly above
zero) to give rise to a limit cycle. In the model these strategies
(reproduction and fortification) seem about equally effective,
although when greater resource demands are involved the for-
tification strategy is least affected.

Observati ,m of species in highly seasonal environments
reveals that tt:rs.: strategics are in operation in nature (Boyce,
1979). Mammals provide many terrestrial examples. Some
have larger litter sizes in more seasonal (high-latitude) envi-
ronmertg (Lord, 1960), following the strategies indicated by
cases A or D. Other mammals in seasonal environments follow
the fortification strategies. Some, such as hib:rnating forms.
pert energy into resource storage rather than into reproduction,
following the strategy of case B; others grow to larger body
sizes in seasonal regimes, buffering the effects of seasonality
and thus following the strategy of case C.

Marine Populations and Seasonality

The fossil record of the marine shelf and shallow seas contains
the most diverse fauna and embraces the greatest time span of
all environmental realms. It is thus of interest to dciermine the
seasonal strategies of shelf invertebrates. In the shelf realm
there is •,. trend from high-reproductive potentials among spe-
cies in regions with little seasonality to low-reproductive po-
tentials in seasonal regions (Thorson, 1950; Mileikovsky,
1971)—just the opposite of what is expected of the reprodur
Live strategies in cases A or D. Plausible explanations have been
proposed for this trend in r. In less seasonal regions (such as the
tropics) there is a relatively stable resource base in the water
column—photosynthesis goes on at about the same intensity all
year—and most shelf species have planktonic larvae that feed
in the water column (planktotrophic larvae). Such species can
produce many eggs, becaise nourishment need not be fur-
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nishel to the larvae. Planktotmphy is probably favored by
selection because it aids dispersal and enhances recruitment in
an environment densely populated and rich in rather special-
ized species and therefore patchy ill 	 Inverte-
brates fit 	 shallow -water environments tend to be both
r- and K-selected (Valentine and Ayala, 1978). In highly se.a.
sonal regimes (such as fit 	 latitudes) most benthic inverte-
brates have a relatively small number of large yolky eggs; the
young fccd in the egg but hatch as nonfeeding larvae or as min-
iature adults. Each egg requires a considerable investment in
energy and therefore fecundity is low, but clearl y the chance,
of reproductive success per egg are higher than for plankto-
trophic forms, provided as they are with food and more or less
protected during development, often by brooding. r-n terms of
Boyce's models, highly seasonal marine invertebrates follow
case B or C strategies, the difference depends on whether their
reproductive effort is equal (B) or greater (C) than inverte-
brates in less seasonal environments. It thus appears that
marine invertebrates in seasonal . nvironments are neither
r- selected nor K -selected (Valentine and Ayala, 1978) but fol-
low a strategy of developmental fortification.

Why this p—ticular strategy has been selected, rather than
an r strategy, is pi obably explained by the energetics of fluctu-
ating populations, Imagine a population in a seasonal environ-
ment that is subject to such an inclement season as to suffer
fairly heavy mortality —x percent. This must be made up via
reproduction and (assuming deaths are random with respect to
age) growth. In a more extreme (more highly seasonal) envi-
ronment, mortalit y might be 2x percent. To make up for this
heavier mortality. reproduction and growth must be corre-
spondingl y greater, and more ener* must be consumed to
support this greater effort. Ill case the population has only
until the next inclement season to return to a condition suffi-
cient to cola , with the accompanying wave of mortality. Ill
general, then, under conditions of seasonall y imposed nuortal-
itv, the more a population fluctuates, the higher the cost in
terms of cuergn • lose.

Because carrying capacities and fituecses are low in highly
seasonal em iromnents (Figure 20.2), additional properties
may be required of successful species, One strategy is to
become ecologically generalized, occurring over a broad
region ill wide yarieh of habitats and indulging in a catholic
diet. In this way a species in a seasonal regime may maintain a
large population but will cover the functional range of nnndwr
cif of-Wized species in stable environments. fit sense such
adaatalions represent a fortification strategy, since daring in-
clement peri,xis generalists are likel y to be able to subsist nn

such food items as happen to he available and may occur ill
areas and ill tha, are least severl affected b y the
adverse conditions. It seerns likely that a generalist strategy
would maximize fitness under the circumstances.

DIVERSITY AND SEASONALITY

Diversity (species richness) patterns have attracted wide atten-
tion and controversy. They are .aften interpreted as climate
related and if so would be useful in palcoclimatology for they

represent one aspect of biotic structure that can be inferred
from the fossil record. Ti.ey are also of potential interest in pre-
dicting biotic response to future climatic change.

The strategies outlined above permit the survival of perma-
nent communities in the "boom-and-bust" economies of
highly seasonal environments, even with their low carrying
capacities. At base, species persist by minimizing the effects
of the seasonal fluctuations. The seasonal strategies, however,
are resource-intensive. The available trophie resources must
be apportioned in large shares. This places a limit on the
number of species that can be accommodated in communities
in seasonal regimes. In regions of low seasonality, resources
are continuously available or nearly so, and carrying capacity
is much higher per unit of resource. The resources may there-
fore be partitioned finely among numerous different species,
which can have sma' 1 populations and specialized habits since
they can rely on a steady resource supply and need not regu-
larly undergo energetically expensive fluctuations in popula-
tion size.

Insofar as can be told from available data, the correlation
of seasonality and diversity seems high in modern oceans
(Valentine, 1971, 1973). The well -known latitudinal gradi-
ent in diversity parallels the latitudinal gradient in seasonal-
ity. Additionally , patterns of trophie resource seasonality that
are created by hydrographic factors —alternations of nutri-
ent-rich and nutrient -poor waters- -are particularl y impor-
tant in ocean climates, because perturbations of the oceanic
water coah,mn lead directlN to nutrient supply (net up%velling)
or removal ( net do%vtnvellhw^ Horizontal currents also
change nutrient-poor for nut r. ,;t rich water on a seasonal
basis in some regions ( as along the northeastern American
coast).

It would obviously be much to the point to compare the
modern pattern cf marine diversity, normalized to some stan-
dard measure, with the pattern of seasonalit y of productivity
in the ocoxuns today. Diversity data, though spotty, are im-
proving and are probably sufficient to determine broad
global patterns. The pattern of seasonality of productivity,
however, i, not known from observations, which arc re-
stricted to only a few scattered locidities (there is a great lack
of winter data). It must he inferred front principles
and beer the hydrographic patterns. Not to be possessed of
actual ooservations sufficient to produce a map of global
marine seasonality of productivit is a serious gap in our
knowledge o, the oceans and of the global ecosystem. Gener-
ally, diversity displa":s an inverse relation to nutrient season-
ality, just as it does to solar seasonality, whenescr trends can
be inferred (Valentine, 19731.

Factors other than seasonality affect local patterns of six-
cies richness. Some factors act to restrict the sizes of popula-
tions so as to release resources than can be utili7Ad b y addi-
tional populations. Predators may have this effect (Paine,
1966), and physical disturbances can also free resources, often
by increasing spatial patchiness (Dayton, 1971). There is no
evidence that global trends in predation or in disturbance reg-
ulate global diversities, however. Other possible diversity con-
trols have been suggested, but when all are considered it seems
reasonable to conclude that the effects of seasonality have the

1
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largest claim to both theoretical and empirical bases (.so far as
the data are available) sufficient to explain global diversity
patterns,

SEASONALITY PAST AND FUTURE

If seasonality is indeed the major determinant of global diver-
sih • patterns, then the major diversity trends as registered in
the fossil record should indicate past patterns of seasonality.
Diversity trends can be observed when the record is studied on
a hemispheric or global scale (for example, Stehli, 1970). Fur-
thermore, techniques are available to test hypotheses of sea-
sonality based on diversity patterns. Seasonal growth rhythms
are commonly recorded by tree rings and by shell-growth in-
crements in shallow marine invertebrates. Indeed, rhythmic
patterns in the growth of stromatwites (Panella, 1976) and in
the deposition of iron formations (Trendall and Bloekley,
1970) are interpreted as suggestive of seasonalit y in rocks over
2 billion years old.

Although seasonal patterns have not yet been systematically
followed through time, it is clear from the data available that
seasons have varied considerably . This has probably been in
large part due to effects of plate tectonic processes, to the
changing geographies of land and sea, to mountain ranges, to
ocean currents, and to sea-level fluctuations Biogeographic
patterns are strongly affected by such changes, as indicated by
other chapters in this volume. Seasonal patterns and their
biotic reflections should also be affected.

In the geologic record there are indications that some peri-
ods were characterized by relatively broad, equable climates,
when tropical (or at least low-latitude) faunas penetrated
much further poleward than they do today, and latitudinal
provinciality was relatively low. Indeed, during much if not
ail of the pre-Pleistocene, the record suggests a weaker lati-
tudinal marine provincialit y than toda y's (Valeoine et al.,
1978). At some times, as in the Jurassic (sec Chapter 17), there
seem to have been only one or two marine provinces between
equator and pole. Three or four may he inferred at other
times (perhaps during the late Cretaceous). Today, by cou-
t rast, ehe:v are six or seven separate marine-shelf provinces
along th­ northeastern Pacific shelf between the equator and
pole (W Icntine, 1966).

An important question is, how are patterns of mar ne sea-
sonality affected when climates broadene Because we can
probably assume that the gradient in seasonalit y of solar radi-
ation has been about the same during the Phanerozoic, the
question becomes, how are patterns of seasonalit y of nutrient
supplies affected when climates broaden? It is possible to de-
velop hypotheess that suggest a general reduction of nutrient
seasonality with warmer poles and broader climates, although
the subject is so complicated (see Chapter 14) that the opposite
notion, relating higher nutrient seasonality to a broader
climate, cannot yet be ruled out. The question might be solved
by contrasting diversity patterns of more broadly zoned with
those cif more narrowly zones periods. Additional important
U c -on,vrn other factors that can significantly alter the
nutrient regime and therefore the seasonal pattern of produe-

tivity in the world ocean. Such factors may include the pattern
of continentality, of narrowness or breadth of oceans, of the
width of continental shelves (the height of sea level), the pre-
valence of east-west versus north-south coastlines, and the
geography of ocean gateways. Many such questions can prob-
ably be tested, with care, from fossil-diversity data.

In conclusion, seasonality appears to be a significaut pa-
rameter in structuring the biosphere, and it would seem rea-
sonable to encourage research efforts in two main areas. One
is in recording and interpreting the pattern of seasonality of
productivity, in the present oceans; this is one of tare more im-
portant and basic pieces of information about how the present
world operates and its collection is quite technically feasible.
The second area is in determining the global patterns of ma-
rine diversity of the past. When local effects are filtered out,
these patterns should reflect the patterns of marine seasonal-
ity . Their relations can then be tested against the breadth of
past climates and other relevant factors and employed in con-
structing models of pre-Pleistocene climates.
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INTRODucT TON

In principle, enough geologic data of climatological import
have been available for many years to enable climatologists to
attempt global cei ► oatic reconstructions for the Paleowne.
However, only in the past few decades, particularly wish the
ade i•nt of plate tectonic concepts, has this information begun
to be synthmirAol in a manner that makes it usable to the cli-
matologist. Lithofacies data with climatic implications, for
example, art , now available for the Paleozoic on a globa l scale,
and biogeographic data are Icing synthesp zetil for the major
time interv als. But most classes of information are not a.le-
quately compiled, and others for wbie !;., uthese's exist art: for
such relatively broad time 'niervals that they will confuse at-
tempts to gain climatological understanding. Our purpose in
this paper is to review categories of information uwc$u) in
reconstructing Paleozoic climates. We begin with those most
readily available and mos. important and conclude with some
that, while little exploited, may provide important sup-
plementary data. We present some examples of how these data
have been used climatologically in the Paleozoic, and finally,
using several categories of information, we provide an exam-

pie of how these data might be used to interpret Silurian-De-
vonian climates.

PALEOZOIC CLIMATIC INFORMATION

Biogeography

The data of Paleozoic biogeography are readily available in
.several volumes, edited by Middlemiss et al. (1971), Hallam
(1973), Hughes (1973), Ross (1974), and Gray and Boun:t
(1979). These volumes include papers covering many Palco-
raie organisms but chiefly shallow-water, marine inverte-
be atm. The coverage is by oo means encyclopedic. but it is ex-
tensive enough to provide an approximate biogeography for
the Palcozaic Periods.

What data does biogeography provide for the climatolo-
gist? In view of what we understand of modern biogeography
we can conclude that the animals and plants of an y biogeo-
graphic unit were in reproductive contact and that the envi-
ronment within the unit had a certain level of uniformity.
Thus, a shallow-water biogeographic unit of continental-shelf
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depth based on sea shells (as are most of the Paleozoic units) in-
dicates a water mass having relat i vely uniform properties and
a shallow-watet circulatiou system permitting reproductive
communication. Although the larval stage of some marine
benthos are capable of long • ranm!-^ transport within the plank-
ton (teleplanic slimier), it appears that most species do not
belong to this category. The taxa characterized by long-range
transport ar.d consequently more cosmopolitan distribution
do, however, yield information about some aspects of long-
range, shailow -current cireiilation.

In the uonmarine environment, Palaeozoic data a e almoA
exclusively for post-Devonian woody plants. Animals, vertu
brate and invertebrate, of the nonmarine environment are toe
rare as fossils to be of practical value, although future study
may alter this condition. With plants we deal chiefly witl.
megascopic structures, but global soiuie-s of pollen and spore.
are beginning to pros ide supporting data.

Additionally, Paleoze biogeography provides direct infor-
mation about climates and climatic gradients for the Periods.
Taxonomic diversity at all level: from the species through the
superfamiiy tends to be significantly lower in cold or cool
(temperate to glacial) climates than in warm (warm temper-
ate to tropical) climate; (Stehli el al., 11167; Stelili, 1968).
Boueot (1975) summarized diversity data of this type for the
Silurian and Devonian. Warm and cold or cool biogeographic
units may also lee indicated by the diversity present in benthic
marine animal communities. Cold- to cool-water communi-
ties tend to have a much smaller number of species per com-
munity than do warra-water communities. There is also a tep.-
dency for the shells of organisms of cold- or cool-%% ater units to
be smaller and thinner than those of warm water units (Nicol,
191"7).

The climatologist should recognm: chat levels of provincial-
isn. increase and decrease during the Paleozoic (see Houcot
and Gray, 1979, for a brief summary of provincialism from
the Cambrian through the Permian). These changes are prob-
ably the results of marry interacting forces such as changes in
global climatic gradients, paleogeoigraphy, and shallow-water
circulation systems.

Carhanate-Nonc•arbo rtate Litlwfacies

Boucomt and Gray (1979, 1980) emphasize-d in general terms
the climatic importance of carbonate and noncarbonate sedi-
mentary rock sequences. Heckel and Witzke (1979, pp.
99-103) Provided a detailed discussion of how carbonate nwks

s be used for purposes of climatic anal y sis in the Paleo7o %
idence indicates that carbonate rock.+ (limestone and dolo-

mite of sedimentary origin) usually denote tropical tc, warm
temperate conditions and that regions la&ng such rock typ is
in the marine facies probably were tenipxrate , to cooler. We
have s , nomarired above some biologic data that parallel the
lithofacies evidence. Cool-climate, noueartonate sedimVrl-
tary rocks commonly are richer in unweathered mica (which
imparts a ,litter to the txdding planes) than warm climate
noncarbonate rock segveaccw. When nonearlonate sequences
are found in warm climates the y are commonl y associated
with at least some redheds (ma-`ne and nonmarine) and other
ev,denee favoring an interpretation of warm climate.

Howeve., climatic interpretation of a noricarborrate rock
*4,ment., r€xlulres a large sample, it cannot be based on tingle
ock samples, rocks cf e_single roadcut,_or rock-snLA–single

limited ,eographic area. When an entire region has been stutl-
ie,J, however, the climatic conclusions have a high degree cif
reliability.

Cott

The climatic significance of coal has been discussed brlefly-by
Boucot and Gray (1980), who cited previous revie . s by lirau-
sel (1964) and Schopf (1972) dealing with the distriisutfon and
paleoclimatic significance of coal. goal deposits indicate high
humidity in association with 4ther high or low temperature,
as well as conditions adequate for the presen ation of organic
material. `;irnilai observations were made by Davis (1913).

In the Paleozoic, coals occur in both types of climatic
regimes—in the cool, high-humidity climate of ItE Gond-
wana Realm of the I ate Carboniferoiu-Early Permian and in
the major warm, iigh -humidity climate of the extra-Cond-
wanic Realms (Gray and Itoucot, '.979). Heckel (1977)
showed that the North Americaa distribution of major warm-
climate Pennsylvanian coals is w-al removed from contempo-
rary evaporites. The areal distribution of coal belts relative to
evaporite belts as well as scattered paleosols can thus provide
climatic information. He ckel 's approach assumed that local
orographic, rain-shadow effects will probably nit affect the
geologic record enough to prevent interpretation of broad
climatic belts. However, some Ps.leazoic coal deposits will
probably have to be explained in terms of local orographic
perturba'ions. Heckel (The University of Iowa, personal coin-
munication, 1981) suggested, for e:azmple, that thin, tmonmiti-
able coals and evaporites of Pennsylvanian age in Colorado
were deposited in the rain chador , of the ancestral Rockies,
although other interpretations are possible. Knowledge of
local phenomena shouiu stake an orographic appeal rational
in some eases.

Meyerhoff ((1970) provided an excellent global summary of
the distribution of Paleozoic coal deposits. Coals are virtually
absent prior to the Late Devonian, when, pre wmably for the
first time, enough land plant debris became available in suit-
able preservational situ to provide material for extensive coal
deposits.

bnaporites

Fvvaporites, derived chiefly from marine water, form today in
arid regions with ready across to t'ie sea. In addition to an and
climate in which cvapGration excvmds freshwater input, it Is
nere.:nary that there he limited circulation between the evapo-
rating basin and the oceanic reservoir 1st the waters :cnm-
hine before those of the evaporating basin approach salinities
compatible with precipitation of evaporite minerals. Thus,
evaporite deposits may be absent in regions belie ved f.•rm
other evidence to have been and during the Paleozoic. More-
over, the presences of eraporites during every Paleozoic Period
dncw not imply that all parts of the Period were arid, For ex-
ample, during the Silurian, an interval of about 30 million
years (ru.}.), evalotrites are widespread in middle latitudes
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during the Late Silurian but are rare during : i.e Early Silu-
r:an. In addition. the width of past evaporite belts is partly a
function of the global climatic gradients present during each
time interval. For a further discussion of the climatic signifi-
cance of evaporites see Chaptcr 10.

Evaporite deposition is incompatible —ith the climatic con-
ditions characteristic of coal formation. Therefore, the distri-
bution of coeval coal and evanorite deposits can provide an in-
dex to humid and and climatic belts (Heckel, 1977; Heckel
and Witzke. 1979), although coals are not sufficiently abun-
dant prior to the Late Devonian for this purpose. Meyerhoff
(1970) provided a useful Period-b%-Period summary of Paleo-
zoic evaporite distribution.

Redbeds

In the geologic record, a high correlation exists between warm
climate indicators and the presence of both marine and non-
marine redbeds. Redbeds are defined here as detrital sedimen-
tary sequences containing many red interbeck as well as yel-
low and orange rocks. Geologic-mineralogic studies indicate
that much of the red, r'ellow•, and orange pigment consists of
iron minerals oxidized tinder near-surface terres.rial condi-
tions before being incorporated in the sedimentary record
(Walker, 1967, 1975). However. older redbeds may be eroded
and redeposited under climatic conditions entirely different
C--)m those under which they formed. Modern intertidal-
shallow subtidal red sediments found near the head of the Bay
of Fundy, Nova Scotia, and derived from the weathering and
redeposition of Triassic beds are a good example -1 this phe-
nomenon. In addition, there are diagenetie processes capable
of producing red, yellow and orange minerals that have little
to do with the ordinary surface climatic condition responsible
for the formation of these pigments.

Gray and Boucot (1979) reviewed some of the previously
synthesized data relating to the distribution of Paleozoic red-
beds. Global summaries for man y of the Periods do not exist.
although many raw data are available in the geologic litera-
ture. Nor are syntheses available for the dirt-ibution of red-
beds w i:.iin the Paleozoic •'2riods. even from secondary sources.
such as regional geologies. What data have been synthesized.
however, are eraiistent with the conclusion that redbeds are
indicators of warm climates both past and present. For addi-
tional discussion of climate and redbeds, see Chapter 11.

The presence of redbeds in one region: for a part of an y Pale-
ozoic Period does not necessaril y indicate that conditions suit-
able for redbed formation characterized that region during
the entire Pcriod. The Paleozoic Periods are length y , and con
ditions changed from place to place within as well as between
Periods.

Plant Morphological Features

A variety of gross morphological and anatomical characteis
recognizable is Paleozoic plant negafossil remains represent
adaptations to t m•ironmental parameters that can be climat-
ically interpreted (.see Potonie, 1911; White, 1913, 1925,
1931; Noe, 1931; Krassilov, 1975, for Paleozoic , . imples).
The basis for such interpretations are the auteenlogical adap-

tations found among living plants, many of which are summa-
rized by Danbenmire (1974), Richards (1979), and others. To
use characters found in fossil plants as a basis for paleoenvi-
ronmental interpretations, it is necessary to assume that plants
growing under similar circumstances and stresses have always
adapted in the same morphological and anatomical manner.
It is also necessary to assume that analogous features in fossil
plants cam, the came environmental connotations that they
do in living plants. It must be borne in mind, however, that
the adaptive significance of morphological characters of
largely extinct plants, unrelated or only distantly related to
living plants, may be different, particularly if there is conflict-
ing biological and/or physical information. Moreover, the
precise climatic variable—for example, temperature or moil-
ture—to which the adaptation is a physiological response is
not always clear, even when interpreting varied rncoiphologl= _-
cal features in modern plants (see Dolph and Dileher, 1979):
Finally , the physiological response to different climatic vari--
abler, perhaps even the opposite climatic variable, may lead
to the same morphological adaptation (White, 1931, p. 272).
However, when the varied morphological anal anatomical
data-reinforce one another, and when they reinf3rce-and bol-
ster other data frow the physical environment, they can prove
an important source of paleoclimatic information.

Leaves are often regarded as among the most sensitive of
plant structures to climatic conditions as they are the most ex-
posed; roots the least as they are seldom exposed. There are
specific types of root adaptations, however, that provide defi-
nite environmental information. Among the varied morpho-
logical and anatomical sources of environmental data in the
Paleozoic are diverse features related to leaves (size, texture,
gross morphology, and anatomy), tree rings, and other ana-
tomical features connecod with woody stems, varied adapta-
tions connected with reproductive structures and roots, an:
growth habits.

Specific attributes of leaves that are regarded as environ-
mental adaptations are texture (soft, delicate, thick, leathery,
or coriaceous), size, surface hairs, scales and glands, the ar-
rangement, number and position of stomates and varied ana-
tomical adaptations related to cell size and cell wall thickness,
intercellular spaces, and the development of certain tissue
types. Two examples illustrate how this information may be
interpreted environmentally . Many of the leaves of the Her-
mit Shale (Permian, Arizona) are very thick and leathery and
have a scaly covering. White (1929• p. 21) interpreted such in-
formation, which reinforces other data bearing on the climate
of that area, as indicating "a semi-arid climate with a long dry
season.... " The "reduced, coriaceous and generall y densely
villous leaves" of Mississippian plants from Illinois suggeti:d
to White (1931, p. 272) similar uufa%ornble conditions of
growth with a climate "characterized by severe droughts," or
with soils possibly "overdrained during dry seasons," provid-
inj	 - :ther cast. evidence of seasonality.

'. ree rings or growth rings in woody plants have been used
extensively as a basis for making climatic deductions through-
out geologic time. Compilations of tree-ring records for vari-
ous intervals of geologic time are provided by Goldring
(1921), Antevs (1925), and Chaloner arcl Creber (1973). Such
rings are known to be common in living woody plants in envi-
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ronments with marked seasonality, whether wet-dry seasonal-
ity or a seasonality that reflects temperature changes. In these
circumstances, tree rings represent annual increments of wood
laic down following a period of growth dormancy. Con-
versely, the absence of growth rings is believed to imply a
more egurahleAimnte, in which growth occurred throughout
the year.

In deducing information about ancient climates from tree
-rings, it is important to -ecognize that rings of a nonannual
kind may be correlated w ith a variety of factors including fire,
drought, disease, frost, floods, and defoliation among others.
Antevs (1925), Tomlinson and Craighead (1972), and Chalo-
ner and Creber (1973) discussed possible limitations to the use
of tree rings in environmental interpretation. Tomlinson and
Craighead (1972) and Chaloner and Creber (1973) noted a va-
riety of nonclimatie factors that influence growth ring forma-
tion. In addition, it is essential to recognize that the presence
or-absence of tree rings in woody stems may-be an unreliable
guide in some circumstances to present climatic conditions,
and by implication to climatic conditions of the past. For ex-
ample, Tomlinson and Craighead (1972) noted that in the dis-
tinctive woody flora of subtropical south Florida, which mixes
tropical and temperate plants, there is so march variety and vari-
ability in growth ring formation that it is difficult to find any
climatic correlation. As a result of their studies in this region
they write "... trees within a single climatic zone and vegeta-
tion type may or may not exhibit growth rings.... One is
forced to the conclusior, that the ability to develop growth
rings is primarily determined by the genetic make-up of the in-
dividual species and onilv in a limited number of species-is
there a vrrelation with climate such that one distinct ring pea
year is produced" (Tomlinson and Craighead, 1972, p. 49).

The Paleozoic examples that follow presume that the pres-
ence of growth rings implies seasonality and the absence of
growth rings lack of seasonality. The possible complications in
this interpretation, noted above, should be borne in mind, es-
pecially where there may be conflicting biological and/or
phy sical information. Arnold (1947, p. 391) provided a strik-
ing illustration of a stem of Callixylon from the Upper Devo-
nian of New York State ti,a' shows what appear to be well-de-
veloped growth rings. However, Chaloner and Creber (1973)
discussed other examples of Callixylon from Upper Devonian
strata, including materials from the eastern and central
United States and Europe, that show no growth rings or only
very obscure growth rings. Chaloner and Crebe- (1973) con-
cluded from their limited survey of Devonian woody plants
that some show growth rings, but they suggest that the rings
are less pronounced than would be expected from woody
plants at comparable latitu•les at this time. White (1931) used
the slight development or even "obscurity of annual rings" in
Carbondale age floras of Indiana and Illinois together with
other features of the vegetation to suggest general equability of
temperature. Plumstead (1963) reported an example of silici-
f:-A wood from Lashly Mt. (Antarctica) of Middle to Late De-
vonian age that shows "close'y set annual rings indicating slow
growth and marked seasons." E yamples of Permian gymno-
spermous woods from Antarctica that show broad and well-
marked growth rings are provided by Schopf (1972, see also
Plumstead, 1965).

Other anatomical features of fossil wood with possible cli-
matic significance are discussed by Noe (1931).

The habit of cauliflory (bearing of reproductive organs di-
rectly on the stem) is typical today of many tropical rainforest
trees. Although some examples of cauliflory are known for the
Paleozoic (see White, 1913, 1931; Noe, 1831), Potonle (1953,
as cited in Krassilov, 1975, pp. 118-119) suggested that the
habit in Paleozoic plants may have been an adaptation specif-
ically for protection of the reproductive organs against heavy
rain, rather than having any temperature significance.

Roots are regarded as among the least sensitive of the major
plant organs to climatic variables. There are special cases,
however, where they have environmental significance as, for
example, in the occurrence of pneumatophores or breathing
roots found in swamp plants. The presence of these structures
or of subaerial roots of the type found growing flat rear the
ground surface suggest poorly aerated soil and plants growing
in bogs or swamps with a shallow but permanent water cover.
The anatomical structures of such roots (i.e., the nresence of
air chambers) may confirm their function of regulating air
supply in a swamp environment. Aerial or stilt roots of the
type found among modern mangroves have also been reported
for some Paleozoic plants. The complex of anatomical and
morphological features found in the roots of Amydon, a Penn-
sylvanian cordaitalran, for example, can only be matched
among modern mangroves. This conclusion led Cridland
(1964, p. 201) to suggest that this gymnosperm must have oc-
cupied a similar habitat in -tropical or subtropical saline
swamps of sheltered marine shores and estuaries...." Addi-
tional examples of the use of roots in interpreting the environ-
ment of Carboniferous plants are provided b y Potonie (1911)
White (1913, 1925, 1931), and Noe (11331).

Luxuriance of growth as predicted from size and abundance
of plants has also been used as a basis for climatic conclusions.
The small size of plants from the Hermit Shale (Permian, Ari-
zona) reinforces sedimentar y data relative to the unfavorable
climate under which these plants lived (White, 1929). The
stunted appearance of Chester age plants from Illinois and In-
dians, together with the general poverty of the flora and the
presence of xerophytic characters, led White (1931) to suggest
unfavorable conditions of growth. By contrast, the "lush" Car-
bondale floras of Indiana and Illinois together with the large
size of the leaves and trunks were "proof of ample rainfall."
Dilation of tree bases, a condition found among modern
swamp plants, also occurs in certain Carboniferous plants
(Calamites and Sigillarians) and has been used to reinforce in-
terpretation of their growth in permanent swamps.

An increase in plant size during the Paleozoic (as a general
index to luxurious growth) might be interpreted to indicate
more favorable conditions for growth relative to the availabil-
ity of soils, oxygen content of the atmosphere. and insulation
from ultraviolet radiation. Chaloner and Sheerin (1979) sum-
marized data related to the maximum observed axis diameter
of Late Silurian and Devonian plants. They noted that the po-
tential for tree size was achieved at least by the end of the
Devonian. Chaloner and Sheerin also pointed out that more
complex plant communities would have been possible as a re-
sult of an increase in plant size, because stratification possible
with plants of different sizes would have led to "different
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micro-environments at different levels of light intensity and
humidity.

Land Plants

During the Early Paleozoic we have the first evidence for the
presence of higher, green land plants and, following them,
land animals. Although -the time interval for the irdtial advent
of land plants remains in question, the earliest known vascular
plant megafossils have been found in the Wenlock (early Late
Silurian) of Great Britain (Edwards and Feehan, 1980) and
possibly in the late Llandovery or Wenlock of North Africa
(Boureau et al., 1971); the earliest specimens attributed to
nouvascular land plants in the Llandovery (Early Silurian;
Pratt et al., 1978) and records of varied land plant microfossils
(trilete spores, spore tetrads, and cuticle remains) have been
found from Pridoli (latest Silurian) to the Caradocian portion
of the Ordovician (Middle Ordovician; Gray and Boucot,
1971, 1978; Gray et al., 1974, 1980). From this information it
can be concluded that the land estate was possibly gained as
early as the Middle Ordovician. This benchmark has varied
meaning to the climatologist with regard to the oxygen bud-
get, COj content of the atmosphere, incidence of ultraviolet
radiation, soil formation, and other factors.

Paleasols

A great deal is known about the climatic significance of vari-
ous soil types, although Paleozoic paleosols have largely es-
caped attention except for studies related to the significance of
the mineralogy of Permo-Carboniferous underlays in coal
deposits.

Boucot and Gray (1980) synthesized data on paleosols and
soil products currently recognized in the Paleozoic, Including
kaolin and bauxites, as well as gibbsite, boehmite, and emery
deposits, the last being the regionally metamorphosed equiva-
lent of alumina-rich soils. Additional data on Paleozoic paleo-
sols is summarized by Retallack (in press).

At present, Paleozoic paleosol data are too limited for inde-
pendent climatic conclusion, although the data may provide
useful constraints. The distribution of Paleozoic calcretes, for
example, provides insight into region of very moderate
seasonal rainfall. Such information ma y be combined with
similar data for evaporite and coal distribution to make
climatic conclusion more realistic. Pre-Carboniferous Paleo-
zoic calcretes are largely restricted to the Devonian. Dineley
(1963) and McKerrow et al. (1974) described Late Ludlovian
or Early Pridolian age calcretes from the upper Red Member
of the Moydart Formah, n of Nova Scotia. Allen (1974)
described Downtonian (Pridolian) calcretes from England and
has documented a number of occurrences of Lower and Upper
Devonian calcretes in nonmarine sequences in England,
Wales, and Scotland. Dine!ey and Hickox (1974) described
calcareous nodules and conglomerates from the Lower Devo-
nian Knoydart Formation of Nova Scotia that are similar in all
respects to the same age calcretes from Britain described by
Allen (1974). Woodrow et al. (1973) found similar calcretes in
the Middle and Upper Devonian of New York. McPherson
(1979) notes Upper Devonian calcrete from Antarctica. D. L.
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Woodrow (Hobart William Smith Colleges, personal
communication, 19' mentioned that Brian G. Jones, Uni-
versity of Wollongwig, finds Upper Devonian calcretcs in Aus-
tralia. Loope and Schmitt (1980) reported calcrete from the
Pennsylvanian of Wyoming. We have recently observed
Lower Devonian calcrete in eastern Yunnan Province, south-
western China.

Yaalon (The Hebrew University, personal communication,
1979) wrote that "calcrete develops best under semiarid condi-
tions, with an optimum [rainfall] of about 300-350 mm, i.e.,
when the soil absorbs all the moisture and there is practically
no recharge to groundwater. Above 600 mm leaching is too
strong and too frequent to form secondary CaCO 3 . In fully
and regions, calcrete forms slowly and at shallow depths and
gyperete is mom common, provided sulphate is available .. .
laterite plus bauxite ... require much more humid condi-
tions, but ... seasonal aridity (about 2 mon,hs) is frequently
a prerequisite, to enable groundwater level changes and/or
the drying of seepages that lead to the irreversiule hardening
of the accumulated sesquioxides."

Widespread Lower and Upper Devonian ealcretes in the
Caledonian Belt of Britain, and from Nova Scotia to New York
in the Appalachian Belt, as well as in the Upper Devonian of
Antarctica and the Lower Devonian of southwestern China
help to extend the and zone into those region, although the
absence of evaporites in all of them previously provided some-
what ambiguous climatic information. The occurrence of Up-
per Devonian coal in North America (Heckel and Witzke,
1979) and in Spitsbergen and Bear Island far to the north of the
Devonian calcretes indicates a consistent climatic difference.

Phosphorites

Possible evidence regarding ancient oceanic circulation pat-
tern of climatic importance can be obtained from the distri-
bution of marine phosphorite deposits. Boucot and Gray
(1980) summarized the Paleozoic occurrence of these deposits
and discussed some of the principal possibilities for their gene-
sis. There is reasonable evidence that at least a few of the Pale-
ozoic phosphorites, such as those of the Permian in western
North America, are best considered to indicate upwelling
from deep water on the western margin of mid- to low- but
not lowest-la titude major land areas. However, not all phos-
phorite deposits of the Paleozoic can be regarded as having
had such an origin.

Glacial Deposits

Boucot and Gray (1979, 1980) and Crowell (Chapter 6) syn-
thesized the major sources of data pertaining to Paleozoic gla-
cial deposits. The latest Ordovician provides evidence for ex-
tensive southern hemisphere Gondwana-region glaciation; so
doe; the Late Carboniferous-Early Permian. The regional
limit, of the areas affected differ. Evidence for the Late
Paleozoic suggests that a number of glacial centers were pres-
ent but that they were not simultaneously active. No evidence
exists for extensive glacial activity -!t sea level during the Pale-
ozoic at times other than those specified above. It is reasonable
to assume, however, that many Paleozoic mountain belts were
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glaciated at elevations greater than 1000 in sea level,
although evidence is lacking because of the destruction of
high-elevation regions by erosion.

Mountain Belts

Mountain belts are a common feature for many intervals of
the Paleozoic; these belts are now preserved onl y as their eroded
roots. The distribution in time and space of the widespread
Paleozoic orogenic belts would provide an additional set of cli-
matic clues. The time interval of orogeny must be accurately
dated to know when such orogenic belts presumably had cli-
matologically significant elevations.

Both mountain building and erosion may be relatively
rapid geologic processes. each occupying no more than a few
million years. Although the average or maximum elevation of
Paleozoic mountain belts may be estimated from the volume
of debris eroded from them, from their area, and from the in-
terval of time during which the mountain belt was being up-
lifted and eroded, such estimates are too imprecise to be of
value to the climatologist. Nevertheless, orographic effects
may be useful in helping to explain some climatological anom-
alies, and this possibility should be kept in mind.

Summaries of mountain-belt locations are readily avaflable
in the literature for the Paleozoic, period by period. The
reliability of the data decreases with time. For the Cambrian
particularly, there are some large uncertainties in the cur-
rently available data.

Regression-Transgression

For many Paleozoic time intervals, relatively detafled infor-
mation on changing shoreline positions is available. This is the
principal data of paleogeographic maps. When synthesized on
a global scale, the maps provide a measure of the percentage
of the continental areas covered with shallow seawater. These
data should provide insight into changing albedo values.

The climatologist should understand that the relative
amount of seawater cover on the continents varies from time
interval to time interval and from continent to continent.
North America, for example, had a large part of its area cov-
ered by shallow seas during the Paleozoic. Africa in contrast
had a large part of its area above sea level during the Paleo-
zoic. The Early Cambrian had far more overall continental
area above sea level than did the mid-Silurian. A time se-
quence of paleogeographic maps (i.e., Boucot and Gray,
1975, 1980) is necessary, therefore, to evaluate this regression
and transgression of the Paleozoic seas from the continents.

Paleowinds

There have been several attempts to use sedimentary struc-
tures formed by wind as a measure of wind direction of the
past. For the later Paleozoic, Poole ( 1964), Runcorn ( 1964),
Glennie ( 1972), and Van Veen ( 1975) provided good summa-
ries of the kinds of data employed. Although aeolian deposits
are neither common nor widespread during the Paleozoic, ad-
vantage should be taken of the data to provide information on
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average wind direction, bearing in mind that a large sample is
necessary before conclusions have any real significance.

Krinsley and Wellendorf (1980) suggested that microsculp-
turing on quartz grains provides evidence about the last wind
velocity to which the grain was subject. it these data prove re-
liable, they should provide wind velocities for some Paleozoic
aeolian deposits, as well as velocities for "floating" quartz
grains found here and there in marine sediments.

SUMMARY OF SILURIAN AND
DEVONIAN CLIMATES

We have discussed catepories of data that have proved t.seful,
or are potentially useful, in reconstructing Paleozoic climates.
We now provide an example of how the data can be used to
determine something about the climates of the Silurian and
Devonian.

The reconstruction of past climates is intimately involved
with the reconstruction of past geographies. We begin with a
brief consideration of one possible interpretation of Early Pa-
leozoic paleogeography—the Pangaeie. The climatologist may
wish to test this and the many alternative reconstructions for
the Paleozoic generated by interest in plate tectonic concepts.

Figures 21.1 and 21.2 present a possible interpretation o;
Late Sflarian and Early Devonian paleogeography within the
Pangaeic framework. The canons on which this interpretation
is based and the data used to support it have been discussed in
detail elsewhere and need not be repeated here (Boucot and
Gray, 1979, 1980). We would like to comment, however,
about one facet of physical geology that may influence accep-
tance or consideration of the Pangaea—we refer to the as-
sumption of some geologists that all mountain belts, tectonic
zones, and ophiolite occurrences represent suture zones for
areas previously separated by thousands of kilometers. Such
an assumption often sets up situations that are biogeographi-
eally and oceanographically unworkable in terms of oceanic
circulation patterns necessary to explain the available data.
For example, Scotese et al. (1979) provided a set of period-by-
period paleogeographic maps for the Paleozoic that assume
that most orogenic and ophiolite belts indicate the locatio of
ancient plate boundaries to either side of which there was a
large amount of movement. Thcy also assumed that their se-
lected paleomagnetic data are reliable. Their maps suggested
a fragmentation of Asia during the Paleozoic for which good
geologic and paleontological ( :,,ence t) the contrary exists.
Chang (1981, p. 184) comments". . - Ziegler et al. (1977) placed
Chinese Tibet on the equator contiguous with the rest of west-
ern China and directly opposite Australia across a seaway.
Two years later the same group of authors [Scotese et al.
(1979)] placed Chinese Tibet adjacent to India but very dis-
tant fr^.n China." No justification for this major change was
provided. Their interpretation was also inconsistent with
what we now conclude about surface ocean-current circula-
tion based on the biogeography of the Cambrian through the
Devonian.

Hall (1980) indicated why one such tectonic belt, located in
the Mediterranean region, had nothing to do with significant
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seafloor spreading. Similarly, the orogenic belts of later and
mid-Paleozoic age situated along the eastern margins of North
America (the Appalachian system), and corresponding units
of the western margins of Europe (the Caledonide systems in
particular, plus some parts of the Hercynian), provide us with
little solid data with regard to their Paleozoic geographic rela-
tions to each other. Although a water body separated much of
eastern North America from western Europe and northern
Africa during the Late Silurian and Early Devonian (the
"Iapetus" of some writers), the physical data are unconvincing
whether it was of the magnitude of the Mediterranean, the Pa-
cific, or something in between. Thus, each belt or zone must be
considered on its own merits.

Although we do not regard Figures 21 . 1 and 21 . 2 as maps in
the strict sense, we believe that they provide a more rational
synthesis of the varied pre-Carboniferous lithofacies and bio-
facies data on which they are principally based than do other
types of pre-Carboniferous paleogeographic reconstructions.
Engel and Kelm (1972) employed a similar Pangaeic recon-
struction for the Precambrian, although basing it on data dif-
ferent than ours because of the earlier time interval. In
addition to biogeography and lithofacies information, our re-

FIGURE 21 . 2 Pangaeic diagrammatic reconstruction of the later
Early Devonian (from Boucot and Gray. 1980). No coals are known
for this time interval. Coals are present in the Middle Devonian of
Gaspe and Pirate Cove between the La Garde and Pirate Cove For-
mations (P. J. Lesperance, Uniwersite de Montreal, personal commu-
nication, 1981). Coals are widespread in the modern Arctic and Sub-
arctic regions in beds of Late Devonian Age. Recent work in China has
shown that a major land area is present only in the so-called Sino-
Korean platform area of east-central China and Korea to the east.

Wang Yu et at. ( in press) have provided the evidence for the presence of
a major biogeographic unit, the South China Region of the Old World
Realm, which takes in most of South China plus adjacent North Korea
as far south as the Red River Valley. In the Eifeleian, the South China
Region is distinct from coeval faunas present in the Shan States of
Burma. The closest affinities of the latter are with the Rhenish-
Bohemian Region. The Late Devonian biofacies and lithofacies data
necessitate a major shift of the Devonian continental units from the
position shown here to one with a closer approach to the geograph y of
the Carboniferow. There is good evidence for the presence in the
Silurian and Devonian of a single Uralian -Mongolian volcanic-rich
gecosyncline situated between a Siberian- Kolyma Platform to the
north and a Chinese block to the south of the Mongolian region part of
the gecosyncline. The present fragmented nature of this east Asian
region is a post-Mesozoic phenomenon.
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constructions outline surface oceanic circulation patterns that
will reproductively connect the same biogeographic unit pres-
eni in two or more areas, i.e., surface current patterns that are
consistent with the present known biogeographic data.

For the Silurian, the chief source of climatic information, in
addition to biogeography, is the distribution of evaporites and
carbonate (including reefs) and noncarbonate rock sequences.
The carbonate and reef facies, denoting tropical to warm tem-
perate conditions, are confined to the North Silurian Realm.
Silurian coals have not been recognized. Paleosol data of cli-
matic significance are limited: calcretes, indicative of semi-
arid or seasonally and regions, are confined to the latest Silurian
where their distribution complements kuuwn areas of major
Late Silurian evaporites. The significance of phosphorites is
too poorly understood within the Silurian to employ them as
clues or even as definite indicators of oceanic circulation.

Paleociimatic data for the Devonian are more varied. Fig-
ure 21.2 shows biogeographic subdivisions for the Early Devo-
nian as well as some !ithofaeies data. As in the Silurian, car-
bonate rocks continue to be absent from the Malvinokaffric
Realm. For the Late Devonian the distribution of coals (hu-
mid indicators) is shown latitudinally separated from that of
evaporites (arid indicators) in North America. Similar data
are available for the Devonian of Eurasia and Australia for
both the Middle and Late Devonian (Oswald, 1968). As in the
Silurian, the distribution of Devonian celcretes complements
the distribution of evaporites. Lacustrine beds in northern
Scotland yield authigenic aegirine compatible with a semi-
arid, possibly seasonal climate (Fortey and Michie, 1978).
These data are consistent with low-latitude humid climates
and middle- to high-latitude dry or seasonally dry climate..
Paleosols of seasonally humid-arid implications (bauxites,
kaolin, and other lateritic products) are prominent in the
Uralian region and are also found in Siberia and Iran. Their
distribution implies a regional climatic anomaly inconsistent
with a latitudinal, completely parallel distribution of humid
climate in low and middle latitudes and relatively and and
seasonal climate in higher latitude-.

In sum, lithofacies and biofacies evidence for most of the
Silurian and Devonian indicate the presence of a major
southern hemisphere high-latitude region (the Malvinokaffric
Realm) lacking carbonate rocks, reefs, redbeds, evaporites,
coal deposits, and other evidences of warm climate. During
the Si.urian and Devonian there are widespread evaporite
belts deduced to have been present in low (but not lowest) to
middle latitudes. These are best preserved during the Late
Silurian, the Middle Devonian, and the Frasnian (lower half
of the Late Devonian) but are poorly represented in both the
Early Silurian and Early Devonian. Varied paleosols geo-
graphically complement the distribution of evaporites for the
most part. Silurian-Devonian redbeds are widespread in
regions ringing the Malvinokaffric Realm in consort with
other evidences of wan.. climate. Coal deposits are present in
the Late Devonian in regions deduced to represent low
latitudes.

During most of the Silurian and Devonian the climate may
be characterized as having had a high latitudinal gradient, less
than during intervals of extensive glaciation such as the Per-

mian and Quaternary but higher than that of the Lower Car-
boniferous and much of the Mesozoic. Continental glaciation
in the southern hemisphere also marks the end of the Ordovi-
cian (the Ashgillian) as a time of highest climatic gradient.
The absence of positive evidence for continental glaciation in
the Silurian and Devonian leads us to conclude that the overall
climatic gradient was lower than in the Late Ordovician. Ca-
ro:^zi (1979) mentioned Upper Devonian tillite on the north
side of the Amazon Basin, but no paleontologic evidence is
provided to document that this tillite could not be of Permo-
Carboniferous age. Sometime during the Late Devonian,
however, the climate of the high-latitude Malvinokaffric
Realm-appears to have ameliorated, and the Realm no longer
existed as a biogeographic unit. These changes are consistent
with the presence of a globally low climatic gradient similar to
that which characterized the Early Carboniferous on a global
scale.

SUMMARY AND CAVEATS

To understand Paleozoic climates, detailed time-sequence
maps are necessary on which shoreline positions for the conti-
nents are indicated. On these should be plotted the boundaries
of biogeographic units, lithologic data (distribution of redbeds,
carbonate-noncarbonate rock sequences, evaporite and coal

deposits, palwsol and glacial deposits, and phosphorites of the
upwelling type), mountain belts, and biological information
of environmental significance. Only then can climatic deduc-
tions and constraints be suggested for the Paleozoic. Maps such
as Figures 21.1 and 21.2 and those by Boucot and Gray (1979,
1980) are a beginning but include only a fraction of the usable
data. Maps for the Devonian by Heckel and Witzke (1979) are
well-documented attempts to synthesize more varied climatic
indicators, with emphasis on sedimentary data.

Probably the chief warning to the climatologist attempting
to reconstruct Paleozoic climate and climatic events is to
employ as short a time interval as possible but one lengthy
enough to provide sufficient global data to permit informed
speculation. For the Paleozoic, time intervals of 10-15 m.y.
are usable, and it is improbable that units much shorter than
that can be synthesized in the near future. In geologic terms
this means that a geologic Period, measured in tens of millions
of years, is commonly too large a unit for which to collect
meaningful da ta because there is good evidence that globally
significant shifts in the position of climatic belts, as well as
changes in the global climatic gradient, have taken place dur-
ing these lengthy internals. For example, White (1931) con-
trasted the plant remains of the Late Mississippian (Chester)
with those of the earlier Pennsylvanian of the Eastern Interior,
noting that the former have a "generally stunted" appearance
and "more or less distinctly xerophytic characters," whereas
the general luxuriance of the Pennsylvanian vegetation to-
gether with its large size and other features clearly indicates
not only equable climates but ample rainfall. In the Carboni-
ferous of the Northern Appalachian region (New England
through Newfoundland) the Early Carboniferous (Mississip-
pian) is characterized by the deposition of evaporites such as



Paleozoic Data for Interpreting Silurian-Devonian Climate

those of the Windsor Group, whereas the Late Carboniferous
(Pennsylvanian) was sufficiently humid to permit the accumu-
lation and preservation of enough plant material to form
economically important coal beds. In a recent publication
Habicht (1979) confused this paleoclimatic evidence by plot-
ting evaporites and coals together on the Carboniferous map
of the Northern Appalachian region without regard for the
fact that they accumulated at different times. Habicht (1979)
presented a similar anomaly for the Cambrian of North
Africa, where the Early Cambrian includes many m..rine car-
bonate beds, indicators of warm climatic regime, whereas the
Middle and Late Cambrian lacks carbonates and is character-
ized by a cool climate marine fauna. We have pointed out
earlier (Boucot and Gray, 1979, 1980) that in the Antarctic
Devonian, the Early Devonian is of cold climate, Maivinokaf-
fric Realm type, whereas the Late Devonian is of warm type
and even includes a recently discovered calcrete (McPherson,
1979).

Recognition that the time correlation of the features being
discussed here have different values is crucial. Marine car-
bonate rocks rich in fossils can probably be correlated with a
precision within 2-3 m.y. The dating of nonmarine bauxites
and varied paleosols may be much more approximate and in
some instances no more precise than 10-15 m.y. Therefore, the
climatologist should continually consult v ith the biostrati-
grapher-paleontologist to make certain about the reliability of
the correlation and the precision of the data being employed.
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