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A Terminal Mesozoic "Greenhouse 
Lessons from the P; 

Dewey M. McI 

Human combustion of the fossil fuels 
coal, oil, and gas and of forest clearing is 
measurably increasing the carbon diox- 
ide content of the atmosphere. Modern 
theoreticians have expressed vaguely de- 
fined fears about the potential effects of a 
warming of the earth's surface brought 

may have been caused 
creasing equability of the 
gested by Axelrod and 
Mesozoic-Cenozoic bou 
marked by a "brief cris 
by an abnormally hil 
tinction" (2, p. 796). Du 
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cally short term (105 to 106, or fewer, 
years) climatic warming as a causative 
factor in the extinctions. Research on the 
carbon cycle has revealed a mechanism 
that might account for a natural increase 
in the atmospheric CO2 content and a 
consequential climatic warming. Tem- 

ast peratures lower than those required to 
damage somatic (body) cells can severe- 
ly damage male reproductive (germinal) 

_ean cells (5), and thus may have been a factor 
in the extinction of the dinosaurs. A tem- 
perature elevation of only a few degrees, 
and easily within the 6?C increase in 

in part by a de- global temperatures over the next cen- 
e climate, as sug- tury or two that is predicted by the Ener- 

Bailey (1), the gy and Climate Panel of the National 
indary itself was Academy of Sciences (6) as a result of 
sis characterized human-generated alteration of the car- 
gh rate of ex- bon cycle, could trigger worldwide ex- 
iring the final ex- tinctions. 

Summary. The late Mesozoic rock and life records implicate short-term (up to 105 to 
106 years) global warming resulting from carbon dioxide-induced "greenhouse" con- 
ditions in the late Maestrichtian extinctions that terminated the Mesozoic Era. Oxygen 
isotope data from marine microfossils suggest late Mesozoic climatic cooling into 
middle Maestrichtian, and warming thereafter into the Cenozoic. Animals adapting to 
climatic cooling could not adapt to sudden warming. Small calcareous marine orga- 
nisms would have suffered solution effects of carbon dioxide-enriched waters; ani- 
mals dependent upon them for food would also have been affected. The widespread 
terrestrial tropical floras would likely not have reflected effects of a slight climatic 
warming. In late Mesozoic, the deep oceanic waters may have been triggered into 
releasing vast amounts of carbon dioxide into the atmosphere in a chain reaction of 
climatic warming and carbon dioxide expulsion. These conditions may be duplicated 
by human combustion of the fossil fuels and by forest clearing. 

about by the infrared trapping capacity 
of atmospheric CO2. An examination of 
the rock and life records at the Meso- 
zoic-Cenozoic time interface, which was 
a time of worldwide faunal extinctions, 
spells out the potential effects of a global 
temperature elevation on living orga- 
nisms, and suggests that human altera- 
tion of the carbon cycle could trigger 
conditions resembling those of the so- 
called "Time of Great Dying" that termi- 
nated the Mesozoic Era. 

Many hypotheses have been formu- 
lated to account for the late Mesozoic 
wave of animal extinctions. Whereas ex- 
tinctions occurred continuously through- 
out a long span of late Mesozoic time and 
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tinction interval of 105 to 106 years (3), or 
possibly as few as 1 to 100 years (4), 
many diverse types of marine and terres- 
trial organisms disappeared or were re- 
duced in importance; at that time the di- 
nosaurs and many of their relatives van- 
ished. Such a selective pattern seems to 
indicate an environmental stress that 
some organisms were adapted to meet 
and others were not. 

Recently derived information on the 
carbon cycle and on the marine paleon- 
tological and sedimentological records 
and my reappraisal of selected physio- 
logical aspects of the vertebrate survi- 
vors of the late Mesozoic (late Mae- 
strichtian) extinctions implicate geologi- 

Late Maestrichtian Extinctions 

Russell (4) estimated that about 75 per- 
cent of the species living in terminal 
Mesozoic time vanished at the beginning 
of the Cenozoic. His estimate of the 
maximum duration of the extinction in- 
terval is about 2 x 106 years; however, 
the minimum could have been as short as 
1 to 100 years. Worsley (3) has suggested 
that the terminal Mesozoic extinction in- 
terval spanned about 105 to 106 years. 

Colbert (7) has noted that reptiles were 
abundant in late Mesozoic and that the 
last of the dinosaurs lived at the very end 
of the era but not beyond. At that time 
they, and possibly some marine reptiles, 
seem to have vanished "rather suddenly 
and simultaneously" all over the world 
(7, p. 198). Whereas some authors have 
suggested that dinosaurs declined in di- 
versity during latter Late Cretaceous to 
the point that few taxa were left by ter- 
minal Cretaceous time, Russell (8) has 
shown that a rich fauna existed until the 
end of the period, when it suddenly dis- 
appeared. (I avoid the controversy over 
whether the dinosaurs were or were not 
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warm blooded; it is not important to the 
extinction model presented herein.) 

Russell (8) has pointed out that the 
reptilian extinctions "coincided with ma- 
rine extinctions which were of global ex- 
tent and relatively brief geochronological 
duration." In addition to the reptilian ex- 
tinctions, many genera of the larger ben- 
thic forms of the foraminifera became 
extinct; the marine planktonic family, 
Globigerinacea, was nearly wiped out. In 
addition, the echinoids declined marked- 
ly at the Mesozoic-Cenozoic boundary. 
The rudistids and the clam Inoceramus 
also do not occur above the Maestrich- 
tian (9). The coccolithophorids (Chryso- 
phyta), the marine algae which had pro- 
duced the vast Mesozoic chalk deposits, 
underwent catastrophic reduction in di- 
versity and abundance in late Maestrich- 
tian. 

Evidences of Late Maestrichtian 

Warming 

Colbert, Cowles, and Bogert (10), in 
their work on the temperature tolerances 
of the alligator, a modern archosaurian 
relative of the dinosaurs, suggested the 

possibility that a rise in the average tem- 
perature was instrumental directly or in- 

directly in the extinction of the dino- 
saurs. Colbert (7) noted that the "princi- 
pal consideration in favor of the theory 
of reptilian extinctions by rising temper- 
atures is based upon the known temper- 
ature tolerance of modern reptiles." 
Cowles' (11) experiments with the ther- 
mal tolerance of modern reptiles led him 
to conclude that elevation of temper- 
atures triggered extinction of the dino- 
saurs. These researchers lacked evi- 
dence from the rock and other paleon- 
tological records that would support a 
terminal Mesozoic temperature eleva- 
tion. 

Evidences from recent marine sedi- 
mentological and paleontological investi- 
gations may indicate late Maestrichtian 

warming. The work of Worsley (3, p. 94) 
indicates that all Deep Sea Drilling Proj- 
ect (DSDP) cores penetrating pelagic 
sediments at the Cretaceous-Tertiary 
boundary display a major unconformity 
between the Cretaceous and Tertiary. 
According to Tappan (12), faunal evi- 
dence of paraconformities indicates 
widespread submarine solution of car- 
bonates at the end of the Mesozoic. Wors- 
ley (3) has suggested that the carbonate 
solution event coincides with the termi- 
nal Mesozoic extinctions and estimated 
the time involved to be about 105 to 106 

years. Plants remove carbon dioxide 
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from the atmosphere during photosyn- 
thesis. Shackleton (13) has suggested 
that expansion of forests would pump 
carbon dioxide out of the oceans via the 
atmosphere, thus allowing preservation 
and accumulation of carbonates in the 
oceans. Conversely, the destruction of 
terrestrial vegetation would inject car- 
bon dioxide into the oceans, thus causing 
carbonate dissolution. The late Mae- 
strichtian extinctions of the formerly 
vast coccolithophorid floras should have 
produced the same effect as reduction of 
terrestrial vegetation, thereby triggering 
the late Maestrichtian carbonate solution 
event. 

Isotope studies of Late Cretaceous 
and early Cenozoic benthic and plank- 
tonic foraminifera and calcareous nanno- 
fossils (marine algae) by Kroopnick et al. 
(14) suggest a general Late Cretaceous 
cooling trend followed by late Maestrich- 
tian warming. From Campanian time up- 
ward into middle Maestrichtian, carbon- 
ate tests of benthic foraminifera show a 
trend toward decreasingly heavy (8'3C) 
carbon istopes, but increasingly heavy 
(818O) oxygen isotopes. This suggests 
cooling of oceanic bottom waters, with 
maximum cooling in middle Maestrich- 
tian. In late Maestrichtian, and extend- 
ing into the Cenozoic, is a trend toward 
increase in heavier carbon isotopes and 

lighter oxygen isotopes, thus suggesting 
warming of bottom waters. Isotope 
trends of planktonic foraminifera and 
calcareous nannofossils generally paral- 
lel the trends of the benthic foraminifera. 

Broecker (15) noted that "everywhere 
we look, there is evidence of more dis- 
solution of [carbonate] sediments during 
warm periods that during cold periods. 
For any place in the oceans for which we 
have data, apparently the sedimentary 
carbonate was more severely attacked 
by the waters at that spot during warm 

periods than during cold periods." 
Other paleontological data also in- 

dicate Maestrichtian warming. Voight 
(16) demonstrated that during the late 
Mesozoic, warmwater larger foraminif- 
era, reef corals, and rudistids were 
most widespread outside the Tethys re- 
gion during Maestrichtian; his distribu- 
tion diagrams indicate a cool early 
Maestrichtian with subsequent warming 
in late Maestrichtian. Wicher (17) con- 
cluded from work on the stratigraphic 
range and areal distribution of the fora- 
minifer Pseudotextularia elegans that a 
warmwater phase of the earlier part of 
late Maestrichtian continued through 
late Maestrichtian. Jeletzky (18) noted 
that the reappearance of Belemnitella in 

previously abandoned northern seas and 

its subsequent displacement by Belem- 
nella required Maestrichtian warming 
(although he suggested cooling toward 
the close of the Maestrichtian). 

Evidence from the vertebrate survi- 
vors of the terminal Mesozoic ex- 
tinctions suggests warming as a causa- 
tive factor in the extinctions. Mesozoic 
vertebrate faunas prior to the late Mae- 
strichtian extinctions included birds, 
small mammals (the size of cats or small- 
er), and reptiles of all sizes, some of 
which weighed many tons. The birds and 
mammals then, as now, were endo- 
thermal (able to maintain a constant 
body temperature during environmental 
temperature changes). The reptiles, on 
the other hand, included both ecto- 
thermal (unable to maintain a constant 
body temperature during environmental 
temperature changes) and, as suggested 
by various workers, possibly endo- 
thermal types as well. After the ex- 
tinctions, only the birds, mammals, and 
relatively small ectothermal reptiles re- 
mained. Russell (4, p. 16) notes that no 
land vertebrate more massive than 25 
kilograms survived the late Mesozoic ex- 
tinctions; selection favored relatively 
small size. An inquiry into body size as 
affected by environmental temperatures 
can perhaps illuminate environmental 
conditions which prevailed at the close 
of Mesozoic time. A modest elevation of 
temperature is probably more damaging 
physiologically than is a comparable 
drop. In addition, small animals would 
be more likely to survive an abnormal 
prolonged temperature elevation than 
would large ones. The fact that only rela- 

tively small vertebrates survived the late 
Mesozoic extinctions is, in itself, ex- 
cellent evidence favoring late Maestrich- 
tian climatic warming. 

Endothermy is based on heat produc- 
tion and conservation and not on cool- 
ing and heat loss. It involves mainte- 
nance of body temperatures that are 

higher than average environmental tem- 

peratures. Whereas some mammals 
function routinely at temperatures far 
lower than their body temperatures (for 
example, sea lions in polar waters), few 
can withstand environmental temper- 
atures more than a few degrees above 
the body temperature for extended peri- 
ods. External heat elevates the metabol- 
ic rate which increases regularly with in- 

creasing temperatures. Animals have 
various methods of combating external 
heat; some physically escape the heat by 
seeking shade or by assuming nocturnal 
habits; others utilize physiological meth- 

ods, such as the evaporative techniques 
of sweating or panting, to dissipate body 
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heat. The physiological methods are ef- 
fective only at temperatures below, 
around, or slightly above body temper- 
ature and cannot counteract high tem- 
peratures for protracted periods. 

Ectothermal animals lack effective 
surface insulation and hypodermal adi- 
pose tissue and lose most of the little 
body heat that they generate to the envi- 
ronment, but they too are heat sensitive. 
The reptiles adapted to rigorous desert 
conditions crowd the thermal ceiling of 
physiological tolerance (11). Cowles and 
Mitchell (19) showed that desert reptiles 
are not notably resistant to the heat of 
the desert and that only a few minutes 
exposure to spring or summer solar radi- 
ation can prove fatal. Cowles' (11) ex- 
periments with desert lizards indicated 
that serious discomfort and damage can 
result from thermal exposures of only 
3?C above optimum. Colbert, Cowles, 
and Bogert's (10) study of the alligator 
showed that temperatures only a few de- 
grees above its optimum were also po- 
tentially fatal for that reptile. 

Whereas even modest temperature 
elevations can be damaging to reptiles, 
many can tolerate temperatures far be- 
low their optimum without suffering ap- 
parent damage, at least for short periods. 
Cowles (11) demonstrated that some 
desert lizards submitted freely to a 
lowering of the temperature by as much 
as 9?C below their optimum; some 
snakes and lizards were refrigerated to 
body temperatures of 1? to 2?C without 
suffering apparent harm. Colbert, 
Cowles, and Bogert (10), noted that al- 
ligators could withstand temperature 
drops of 20?C below their optimum with- 
out suffering damage. Of course, they 
could not maintain normal life processes 
at abnormally low temperatures. Cowles 
(20) suggested that adaptation to desert 
conditions favored small size because 
small reptiles as compared to large ones 
can warm themselves more rapidly in 
sunshine. Cole (21) placed greater em- 
phasis on the fact that small size permits 
more rapid cooling than does large size. 
Most interestingly, Colbert, Cowles, and 
Bogert (10) demonstrated that small al- 
ligators are able to attain temperatures 
higher than the average critical maxi- 
mum for larger specimens and to survive 
provided that the temperatures are not 
maintained for more than a few minutes. 
Body size is an important factor in body 
temperature regulation and probably 
played an important role in the late 
Maestrichtian extinctions. Because only 
relatively small vertebrates survived the 
extinctions, climatic warming is in- 
dicated. 
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Body Size and Heat Dissipation 

The ability to dissipate body heat into 
the environment is dependent on the ra- 
tio of body surface to volume. Colbert, 
Cowles, and Bogert (10) demonstrated 
that in alligators the rate of heat loss is 
inversely proportional to the mass of the 
animal, being most rapid in small animals 
and slowest in large ones. They sug- 
gested that in reptiles of large size, body- 
heat loss would be retarded and more 
stable levels of body temperature could 
be maintained; in short, the physiologi- 
cal advantages of large size may have 
been the cause of the evolution of the 
large Mesozoic reptiles. Cowles (22) sug- 
gested that the large reptiles could have 
conserved the relatively little internally 
generated heat they produced because of 
their relatively small ratios of surface 
area to volume and have become func- 
tionally "endotherm-like" but not truly 
warm-blooded animals. If this is so, and 
if the Bergmann principle (warm-blood- 
ed organisms increase their size with de- 
clining temperatures) is applicable, the 
retention of large body size by various 
dinosaurian lineages would accord well 
with declining temperatures of about 5?C 
over the final 20 million years of the 
Mesozoic Era (from Santonian to Maes- 
trichtian) (23). 

Whereas large size could offer advan- 
tages to organisms that were adapting to 
generally cooling conditions, it would be 
disadvantageous during an abrupt cli- 
matic reversal from cooling to abnormal- 
ly rising temperatures. The amount of 
heat generated during exertion depends 
on body volume and is greater in large 
animals. Because large animals have rel- 
atively small surface-to-volume ratios, 
they cannot dissipate body heat as effi- 
ciently as can small animals. Colbert, 
Cowles, and Bogert (10) noted that if 
body temperatures of adult dinosaurs 
were maintained at about optimal levels, 
it would have been disadvantageous for 
them to be exposed to the sun for consid- 
erable periods because it would result in 
their body temperatures rising faster 
than the heat could be dissipated. 
Cowles (11) maintains that, if the Meso- 
zoic reptiles had the dark pigmentation 
of the moder archosaurians (the croco- 
diles) but lacked the faculty for color 
change, there would be "little doubt that 
exposure to temperatures even a few de- 
grees above those to which they were 
adapted would have led to their rapid 
disappearance or would have necessi- 
tated habit and habitat adjustment." 
Small body size, which allows relatively 
rapid loss of body heat, plus the ability to 

more readily escape direct sunlight by 
physical means would offer the greatest 
selective advantage during a relatively 
sudden change from cooling to warming 
conditions. Why the ability to stay cool 
during a time of environmental temper- 
ature increase would offer evolutionary 
advantage is discussed below. 

Temperature and Extinction: 

Cowles Revisited 

Far more significant than temperature 
levels that damage somatic cells are the 
temperatures that damage reproductive 
germinal cells. Temperatures below 
those that will physically damage somat- 
ic cells can reduce the viability or num- 
ber of the male germinal (sperm) cells. 
Temperatures only a few degrees above 
normal, and even below those that cause 
discomfort to an organism, can induce 
sterility (24). Cowles (5) suggested that 
the susceptibility of male sperm, at least 
during active spermatogenesis, to tem- 
peratures above normal for the testes 
may have played a significant role in ver- 
tebrate evolution. For the Mesozoic rep- 
tilian extinctions Cowles (22) noted that 
it mattered little whether or not maxi- 
mum temperatures reached a level that 
would damage somatic cells; the critical 
thermal threshold of the male sperm may 
have been reached. Thus, late Mae- 
strichtian extinctions of reptiles and oth- 
er vertebrates may have been generated 
by a temperature increase of such mod- 
est magnitude that evidence for it has 
been subtly hidden in the rock record. 

Because large reptiles would dissipate 
body heat relatively slowly during a pro- 
longed temperature increase, their inter- 
nal body temperatures may have become 
elevated to the point that the male sperm 
was damaged. Even short-term elevation 
of gonadal temperatures can induce tem- 
porary sterility. A prolonged temper- 
ature increase extending throughout the 
breeding season (many animals breed in 
the spring when temperatures are rela- 
tively low) could, if it extended over the 
life-span of many generations, cause ex- 
tinctions. Cowles (5) noted that normal 
low temperatures probably did not play a 
major part in reproductive processes be- 
cause most, if not all, ectotherms oper- 
ate most efficiently at temperatures only 
slightly below the threshold where ther- 
mal damage is inevitable. 

The geologic record provides direct 
evidence that an environmental stress 
factor affected dinosaurian reproduction 
immediately prior to their relatively 
abrupt terminal Maestrichtian extinction 

403 



phase. This evidence, from dinosaur eggs, 
when examined in light of modern birds 
which also lay hard, calcareous eggs, 
strongly implicates environmental warm- 
ing as a causative factor in the extinctions. 
Eggs of Crocodilia (relatives of the dino- 
saurs) are virtually identical to those of 
birds (25). Erben (26) studied dinosaur 
eggs from late Maestrichtian strata strati- 
graphically upward to the extinction 
event. In the older strata investigated by 
Erben, dinosaur egg shells were relative- 
ly thick (up to 2.5 millimeters); upward in 
the section, however, they became pro- 
gressively thinner-shelled (about 1.0 milli- 
meter) and fragile. In other instances, 
many eggs were whole; for some reason 
they had not hatched. The possibility of in- 
fertility is thus raised. An alternative is 
that the shells may have been so thin as to 
disrupt calcium metabolism and skeletal 
development of the embryo. Embryos of 
crocodilians and birds recover large 
amounts of calcium from the eggshell for 
ossification of the bones (27). Most sig- 
nificantly, elevated temperatures disrupt 
calcium metabolism in some modern 
birds, including chickens, causing them 
to lay thin-shelled eggs; even normal hot 
summer temperatures cause some birds 
to produce thin-shelled eggs (28). Siegel 
(29) notes that chickens exposed to 5 
percent levels of CO2 in the breathing air 
for several hours lay thin-shelled eggs 
because of lowering of the pH of the 
chicken blood. Desmond (30) notes that 
"Dinosaurs were reacting to a brief but 
protracted period of stress in the same 
way as birds today, by laying eggs with 
ever-thinning shells." This stress was 
probably due to elevated environmental 
temperatures. 

Mammals are similarly affected by 
higher than normal temperatures. Heat- 
ing of mammalian testes to temperatures 
above normal will induce sterility. 
Among the scrotal animals, even normal 
body temperatures applied to the testes 
can cause degeneration and sterility. 
Cowles and Burleson (24) note that the 
continued existence of many mammals 
seems ensured by scrotal and other tes- 
ticular cooling methods. Thus, even 
though the Mesozoic mammals were 
small, those that lacked efficient testicu- 
lar cooling methods would, during a time 
of increasing environmental temper- 
atures, have suffered reduced fertility or, 
at worst, sterility. In fact, any orga- 
nisms, whether large or small, endo- 
thermal or ectothermal, which had low 
thresholds for thermal damage of the 
male reproductive organs could have 
suffered reproductive impairment, and 
possibly extinction, during abruptly 
warming conditions. 
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Summary of Paleontological Information 

In late Mesozoic, animals that had 
adapted to the slowly cooling climatic 
conditions during the 20-million-year in- 
terval from Santonian to Maestrichtian 
were suddenly (in a geologic sense) faced 
with warming conditions to which many 
taxa could not adapt. At that time, ani- 
mals that could not dissipate body heat 
efficiently would have suffered from the 
effects of increased temperatures on the 
male germinal cells; some reptiles may 
have suffered from thermally induced 
disruption of calcium metabolism. The 
animals most affected would have been 
those greater than 25 kilograms (4) be- 
cause of their body-heat-retaining ca- 
pacities, regardless of whether they were 
endothermal or ectothermal, and those 
with low thermal-sensitivity thresholds 
to the male germinal cells. Thus, many 
small vertebrates could have been elimi- 
nated along with the large ones. Animals 
with heat-dissipating systems efficient 
enough to protect the male germinal cells 
from thermal damage were the probable 
survivors of the terminal Mesozoic 
extinctions. 

During an environmental warming, 
many types of marine reptiles would also 
have been adversely affected, and per- 
haps more so than some of their terrestri- 
al contemporaries. During warming of 
the oceanic waters, marine reptiles 
would not have been able to utilize evap- 
orative techniques to reduce body tem- 
peratures, or to easily physically escape 
elevated temperatures by assuming noc- 
turnal habits or by seeking shade. 

Even marine microscopic protozoans 
and algae which utilize calcium carbon- 
ate, but which have relatively large ra- 
tios of surface area to volume, would 
have been adversely affected by a tem- 
perature increase. Their shells would 
have undergone solution along with oth- 
er carbonate sediments during the late 
Maestrichtian carbonate solution event, 
thereby terminating the geologic ranges 
of many taxa. Marine invertebrates 
which utilized the vast crops of coccoli- 
thophorids (marine algae) as a food 
source would also have undergone re- 
ductions in late Mesozoic. 

The primary argument against a termi- 
nal Mesozoic temperature increase has 
been that terrestrial floras existing then 
underwent neither great geographic 
shifts nor the vast extinctions experi- 
enced by the contemporary faunas. A 
counter to this argument lies in the na- 
ture of the Late Cretaceous floras them- 
selves. Hughes (31) notes that the width 
of the Cretaceous equatorial belt may 
have been at least 80? (latitude); thus, 

floras acclimated to warmth were wide- 
spread. Such floras would not have re- 
sponded as dramatically to a short-term 
warming of only a few degrees as would 
have typical temperate floras. In fact, 
short-term experiments in a greenhouse 
have shown that, within reasonable lim- 
its, elevation of temperatures and of 
atmospheric CO2 can enhance plant 
growth; a 10 percent increase of atmo- 
spheric CO2 increases plant growth by 5 
to 8 percent (32). Conversely, the magni- 
tude, degreewise, of a temperature de- 
crease which would have caused abrupt 
extinctions of terrestrial and marine 
faunas would have been greater than that 
of a temporary increase and would prob- 
ably have been reflected by striking 
changes in the Late Cretaceous tropical 
floras. 

A Natural "Greenhouse" Mechanism: 

Triggers and Chain Reactions 

In late Mesozoic, two worldwide inter- 
related factors were affecting life on 
the earth: shallow epeiric seas that had 
flooded the continents earlier in the Meso- 
zoic were regressing to the ocean ba- 
sins, and the climate was undergoing 
a 20-million-year cooling trend (Santon- 
ian to Maestrichtian). As the epeiric 
seas disappeared, widespread ecological 
niches were eliminated. At the close of 
the Mesozoic, during late Maestrichtian 
time, the coccolithophorids, which had 
been vastly abundant in the Mesozoic 
seas, underwent catastrophic reductions 
in abundance and in the number of taxa. 
Bramlette (33) has suggested that the 
overturn of the coccolithophorids was 
caused by nutrient depletion below a 
critical level. Whatever the cause of the 
extinctions of the coccolithophorids, 
their reduction would have radically af- 
fected the natural carbon cycle and, ulti- 
mately, the amount of free carbon diox- 
ide in the atmosphere, and could have 
triggered the initial stages of climatic 
warming. 

Plants consume CO2 from their envi- 
ronment and produce food, plant tissue, 
and oxygen through the photosynthesis 
reaction; large-scale variations in pro- 
ductivity would affect the carbon cycle. 
Modem plants, including both terrestrial 
and marine floras, consume and fix about 
73 billion tons of carbon in the form of 
CO2 annually. Marine phytoplankton 
alone consume about 25 billion tons (34). 
These figures may not be significantly 
different from late Mesozoic figures prior 
to the late Maestrichtian extinctions. 
Sharp reduction of the vast coccoli- 
thophorid floras in late Maestrichtian 
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would have reduced total productivity. 
Thus, CO2 that had previously been uti- 
lized by the coccolithophorids would 
have accumulated in the atmosphere. 

Because CO2 is transparent to in- 

coming solar radiation but absorbs part 
of the infrared radiated from the earth, 
increasing quantities of CO2 in the atmo- 
sphere should cause warming of the 
lower atmosphere and of the surface of 
the earth. Theoretically, a 10 percent in- 
crease in atmospheric CO2 concentration 
results in a temperature increase of 
0.32?C; and a doubling of CO2 results in 
an increase of 2.4?C (35). Warming of the 
earth's surface would warm the oceans. 
As the water warms, the solubility of 
CO2 decreases and it is driven from the 
oceans into the atmosphere. Theoretical- 
ly, an increase of 1.0?C of the upper 
oceans will generate a 6 percent increase 
in atmospheric CO2 (36); this will cause 
additional heating of the upper oceans 
and additional expulsion of CO2 into 
the atmosphere. Maximum attainable 
"greenhouse" conditions would result if 
the deep oceanic waters warmed suffi- 
ciently to generate release of their excess 
CO2. The probable structure of the late 
Mesozoic oceans makes the likelihood of 
this event plausible. 

During late Mesozoic, the polar re- 
gions, as far as we know, were relatively 
warm and free of ice. The Mesozoic 
oceans were thus warmer and probably 
better mixed vertically than the moder 
oceans which, largely because of the 
cold polar regions, show sharp vertical 
density stratification into several layers; 
these are a deep cold layer, a pycnocline, 
and a relatively warm surface layer. Ver- 
tical mixing among the layers occurs 
today by upwelling, diffusion, and the 
like (37) and would probably have been 
more prevalent in the warmer late Meso- 
zoic oceans. Interestingly, Worsley (3, 
p. 11i) indicates that there is little evi- 
dence of a Mesozoic carbonate com- 
pensation depth (CCD) and that the 
oceans offer no evidence that a CCD ex- 
isted in the Late Jurassic or Early Cre- 
taceous; he suggests that the CCD first 
appeared in the Late Cretaceous in the 
Pacific Ocean and at the end of the Cre- 
taceous in the Atlantic Ocean. 

In the late Mesozoic, while the epeiric 
seas were regressing to the ocean basins, 
declining world temperatures would 
have allowed the oceans to store increas- 
ing quantities of CO2. Conversely, a cli- 
matic reversal from cooling to warming 
conditions would have warmed the sur- 
face waters thereby triggering them into 
expelling some of their CO2 and thus en- 
hancing the warming effect. Because of 
the probable extensive vertical mixing of 
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the Mesozoic oceans, the deep waters 
could have readily warmed, thereby ex- 
pelling excess CO2. Ultimately, the deep 
ocean waters could have overturned, lib- 
erating vast quantities of CO2 into the at- 
mosphere. Extinction of the vast coc- 
colithophorid floras in late Maestrichtian 
could have triggered an initial warming 
of the climate and of the oceans. A con- 
sequential chain reaction of alternating 
CO2 expulsion and enhanced warming 
would have resulted in a late Mesozoic 
"greenhouse" effect. 

Human-Generated Carbon Dioxide: 

A Modern Trigger? 

For several hundred million years, 
plant materials generated by photosyn- 
thesis have accumulated in the earth as 
the fossil fuels coal, oil, and gas. In pho- 
tosynthesis, plants consume and store 
CO2 and produce oxygen. Today, by 
burning fossil fuels, we are, in effect, re- 
versing the photosynthesis reaction: we 
are consuming oxygen and liberating 
CO2. Some of the human-generated CO2 
is taken up by plants of the biosphere 
and some by the oceans; the remainder 
accumulates in the atmosphere. 

Since the beginning of the Industrial 
Revolution and with increased utilization 
of the fossil fuels as energy sources, CO2 
has steadily accumulated in the atmo- 
sphere, from about 290 parts per million 
(ppm) (by volume) in the middle 1880's 
(38) to about 330 ppm today. By the year 
2000 it will theoretically rise to an esti- 
mated 385 ppm (38). Since the middle to 
late 1800's the temperature has increased 
about 0.5?C, and at least part of this 
increase is attributed to CO2 (39). By the 
year 2000 it could theoretically increase 
by another estimated 0.5?C. 

Damon and Kuenen (40) provide new 
information on the question of whether 
the climate will warm or cool in the im- 
mediate future. They indicate that the ef- 
fects of atmospheric CO2 would appear 
first in the Southern Hemisphere where 
human activity and human-generated 
particulate pollution is lowest. Their 
measurements show increases in temper- 
ature in the Southern Hemisphere and 
potential early stages of "greenhouse" 
conditions. Koerner's work (41) on the 
Devon ice sheet in the Canadian Arctic 
does not support the contention of a re- 
cent cooling trend for that area. Mitchell 
(39) indicates that, barring the emer- 
gence of unsuspected factors, the effects 
of CO2 will ultimately prevail over those 
of particulate matter. If so, consump- 
tion of the total fossil fuel reserves 
alone could increase the mean earth 

temperature by several degrees Celsius. 
Manabe and Wetherald (42) suggest 

that the effects of warming in the polar 
regions is significantly greater than for 
the typical atmosphere of lower lati- 
tudes. The polar amplification of warm- 
ing can potentially affect the density 
stratification of the oceans. The vertical 
density stratification of the modern 
oceans into a deep cold layer, a pycno- 
cline, and a surficial warm layer, is 
caused by the cold polar regions where 
ice-age conditions yet remain. In the po- 
lar regions, cold dense waters descend 
and migrate equatorially along the ocean 
bottom; these waters constitute the cold 
bottom layer. Turekian (43) has noted 
that the structure of the oceans can be 
maintained only if there is a continuous 
supply of each type of water to give con- 
tinuing definition to the water masses; 
the structure would otherwise be lost by 
the process of random mixing. Warming 
of the polar regions, and ultimately of the 
waters which now descend to form the 
cold bottom layer, would alter the den- 
sity stratification of the oceans. Eriksson 
(44) noted that a 1?C increase in surface 
temperature in regions of deep water 
would increase the atmospheric CO2 
content by about 4.2 percent. The mod- 
em oceans contain about 60 times the 
amount of CO2 in the atmosphere and, if 
only 5 percent of the deep oceanic wa- 
ters were to release their excess CO2, the 
atmospheric content would increase by 
25 percent, an amount larger than that 
estimated to result from combustion of 
the fossil fuels for the next 30 years (36). 
Thus, it is obvious that warming of the 
polar regions could have great impact on 
the climate. The combination of human- 
generated CO2 and that liberated from 
the oceans could trigger "greenhouse" 
conditions of major porportions and 
potentially within a relatively short 
time span. Broecker (45) suggests that, 
by the first decade of the next century, 
global temperatures may be warmer than 
any in the last 1000 years. He maintains 
that the natural cooling trend of the past 
few years will reach a minimum in the 
next decade or so and that then the onset 
of C02-induced warming may present us 
with a "climatic surprise" in the form of 
dramatic climatic warming. 

Climatic warming, in addition to ther- 
mal damage to animal reproductive sys- 
tems, can have a potentially great impact 
on life by inducing accelerated melting of 
the polar ice caps. Emiliani (46) sug- 
gested "About 11,600 years ago, the 
North American ice sheet underwent a 
sudden collapse followed by rapid melt- 
ing." He estimates that the period of 
flooding associated with the melting oc- 
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curred about 12,000 to 10,000 years ago, 
peaking about 11,600 years ago. He 
noted (47) that the accelerated rise in sea 
level was on the order of decimeters per 
year. Present day surging or collapse of 
polar ice masses (or both) and the con- 
sequent rapid rise in sea level could be 
beyond the capacity of humans to easily 
adjust to it. Thus, the combined negative 
thermal effects on animal life and the 
flooding associated with melting of the 
ice caps signal potential catastrophy 
ahead if the increasing atmospheric con- 
tent of human-generated CO2 is not 
brought under control. 

A critical problem for humans is to 
avoid arriving inadvertently at a critical 
threshold that might trigger an abrupt ac- 
celerated warming of the climate beyond 
their capacity to control, or to adapt to, 
it. The duration of such a "greenhouse" 
would, in human terms, last an inter- 
minable period, and its impact on life 
would be incalculable. Animals today 
are generally adapted to relatively cool 
conditions, as were faunas prior to the 
terminal Mesozoic extinctions. A sudden 
climatic warming could potentially im- 
pose on us conditions comparable to 
those that terminated a geologic era. 
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the source of the tissue investigated (4). 
The fifth type of histone, HI, is not part 
of the nucleosome proper and is prob- 
ably bound to the linker regions between 
adjacent particles (6, 7). The DNA helix 
is coiled around the outside of the nucle- 
osomes, giving rise to a flexibly jointed 
chain of repeating units (5, 8). Chromatin 
fibers vary in appearance in the electron 
microscope, depending on the conditions 
employed during preparation. When nu- 
clei are lysed on the specimen grid at 
very low ionic strength, the nucleosomes 
are well separated and alternate with 
segments of uncoiled DNA (1, 2, 9); this 
structure is referred to as the "beads-on- 
a-string" conformation. Frequently, 
however, chromatin fibers prepared by 
gentle methods and spread at low ionic 
strength are in a less extended state and 
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