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XXXIII. On the Cause of Mild Polar Climates. 
By JAMES CROLL, LL.D., F.R.S.-

T HERE are few facts within the domain of geology better 
estnblished than that at frequent periods in the past 

the polar regions enjoyed a comparatively mild and equable 
climate, and that places now buried under permanent snow 
and ice were then covered with a rich and luxuriant vegeta­
tion. Various theories have been advanced to nccount for 
this remarkable state of things, snch as a different distribution 
of sea and land, a change in the obliquity of the ecliptic, a 
displacement in the position of the earth's axis of rotation, 
and so forth. The true explanation will, I feel persuaded, be 
found to be the one I gave many years ago. the steps by 
which the results were reached were as follows :-

The annual quantity of heat received from the sun at the 
equator is to that at the poles as 12 to 4.98 or, say, as 12 to 5. 
This is on the supposition that the same percentage of rays is 
cut off by the atmosphere at the equator as at the poles, which, 
of course, is not the case. More is cut off at the poles than 
at the equator, and consequently the difference in the amount 
of heat received at the two places is actually greater than that 
indicated by the ratio 12 to 5. But, assuming 12 to 5 to be 
the ratio, the question arose what ought to be the difference 
of temperature between the two places in question on the 
supposition that the temperature was due solely to the direct 
heat received from the sun? This was a question difficult 
to answer, for its answer mainly depended upon two things, 
regarding both of which a very considerable amount of un­
certainty prevailed. 

First, it was necessary to know how much of the total 
amount of heat received by the earth was derived from the 
sun and how much from the stars and other sources, or, in 
other words, from space. Absolute zero is considered to be 
461° below zero Fuhr. The temperature of the equator is 
about 80°, This gives 541° as the absolute temperature of 
the equator. Now were all the heat received by the earth 
derived simply from the sun, and were the temperature of 
each place proportionate to the amount directly received, then 
the absolute temperature of the poles would be 5/12 of that 
of the equator, or 225°. This would give a difference of 316° 
between the temperature of the equator and that of the poles. 
According to Pouillet and Herschel, space has a tempera­
ture of -239°, or 222° of absolute temperature. If this be 
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the temperature of space, then only 319° of the absolute tem­
perature of the eqnator are derived from the sun; consequently 
as the poles receive from the sun only 5/12 of this amount of 
temverature, or 133°, this will give merely 186° as the dif-
ference which ought to exist between the equator and the 
poles. There is, however, good reason for believing that the 
temperature of space is fur lees than that assigned by Pouillet 
and Herschel-that, in fact, it is probably not far above absolute 
zero. Therefore by adopting so high a temperature as -239° 
we make the difference between the temperature of the equator 
and that of the poles too small. 

Second, it was necessary to know at what rate the tempe­
ratul'e increased or decreased with a given increase or decrease 
in the amount of heat received. It was well known that 
Newton's law-that the change of temperature was directly 
proportionate to the change in the quantity of heat received
was far from being correct. The formula of Dulong and 
Petit was found to give results pretty accurate within ordinary 
limits of temperature. But it would not have done, in making 
my estimate, to take that formula, if I adopted Herschel's 
estimate of the temperature of space; for it would have made 
the difference of temperature between the equator and the 
poles by far too small. Newton's law, if we adopt Herschel's 
estimate of the temperature of space, would give results much 
nearer the truth; for the error of the one would, to a large 
extent at least, neutralize that of the other. 

From such uncertain data it was, of course, impossible to 
arrivo at results which could in any way be regarded as accu­
rate. But it so happens that perfect accuracy of results in the 
present case was not essential: all that really was required 
was a rough estimate of what the difference of temperature 
between the equator and the poles ought to be. The method 
adopted showed pretty clearly, however, that the difference of 
temperature could not be less (although probably more) than 
200° ; but the present actual difference does not probably ex­
ceed 80°. We have no means of ascertaining with certainty 
what the mean annnal temperature of the poles is; but as the 
temperature of lat. 80° N. is 4°'5, that of the poles is probably 
not under 0°. If the present difference be 80°, it is then 120° 
less than it would be did the temperature of euch place depend 
alone on the heat received directly from the sun. This great 
reduction from about 200° to 80° can, of course, be due to no 
other cause than to a transference of heat from the equator to 
the poles. The question then arose, by what means was this 
transference effected? There were only two agencies avail- 
able-. the transference must be effected either by aerial or by 
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ocean-currents. It was shown at considerable length (' Cli­
mate and Time,' pp. 27-30, and other places) that the amount 
of heat that can be conveyed from the equator to the poles 
by means of aerial currents is trifling, and that, consequently, 
the transference most be referred to the currents of the ocean. 
It became obvious then that the influence of ocean-currents in 
the distribution of heat over the globe had been enormously 
underestimated. In order to ascertain with greater certainty 
that such had been the case, I resolved on determining, if pos-
sible, in absolute measure the amount of heat actually being 
conveyed from the equator to temperate and polar regions 
by means of ocean-currents. 

The only great current whose volume and temperature had 
been ascertained with any degree of certainty was the Gulf
stream. On computing the absolute amount of heat con­
veyed by that stream, it was found to be more than equal to 
all the heat received from the sun within 32 miles on each 
side of the equator. The amount of equatorial heat carried 
into temperate and polar regions by this stream alone is 
therefore equal to one fourth of all the heat received from the
son by the North Atlantic from the Tropic of Cancer up to 
the Arctic circle*. Although the heating-power of the Gulf
stream had long been known, yet no one had imagined that
the warmth of our climate was due, to such an enormous extent, 
to the heat conveyed by that stream. The amount of heat 
received by an equatorial zone 64 miles in breadth repre­
sents, be it observed, merely the amount conveyed by one 
current alone. There are several other great currents some 
of which convey as much heat polewards as the Gulf-stream. 
On taking into account the influence of the whole system of 
oceanic circulation, it was not surprising that the difference of 
temperature between the equator and the poles should be 
reduced from 200° to 80°. 

From these considerations, the real cause of fonner com­
paratively mild climates in Arctic regions became now appa­
rent. All that was necessary to confer on, say, Greenland a 
condition of climate which would admit of the growth of a 
luxuriant vegetation was simply an increase in the amount of 
heat transferred from equatorial to Arctic regions by means 
of ocean-currents. And to effect this change of climate no 
very great amount of increase was really required; for it was 
shown that the severity of the climate of that region was 
about as much due to the cooling effect of the permanent snow 
and ice as to an actual want of heat. An increase in the 
amount of warm water entering the Arctic Ocean, just suffi-

'Climate and Time,' pp. 34, 35; Phil. Mag., February 1870. 
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cient to prevent the formation of permanent ice, was all that 
was really necessary; for were it not for the presence of ice 
the summers of Greenland would be as warm as those of 
England. 

Were the whole of the warm water of the Gulf-stream at 
present to flow into the Arctic Ocean, it would probably re­
move the ice of Greenland. Any physical changes, such as 
those that have been discussed on former occasions, which 
would greatly increase the volume and temperature of the 
stream and deflect more of its waters into the Arctic Ocean 
would, there is little doubt, confer on the polar regions a 
climate suitable for plant and animal life. At present the 
Gulf-stream bifurcates in mid-Atlantic, one branch passing 
north-eastwards into the Arctic regions, whilst the larger 
branch turns south-eastwards by the Azores, and after passing 
the Canaries reenters the equatorial current. As the Gulf
stream, like other great currents of the ocean, follows almost 
exactly the path of the prevailing winds , it bifurcates in mid
Atlantic simply because the winds blowing over it bifurcate 
also. Any physical change which would prevent this bifurca-
tion of the winds and cause them to blow north-eastwards 
would probably impel the whole of the Gulf-stream waters 
into the Arctic seas. All this doubtless might quite well be 
effected without any geographical changes, although changes 
in the physical geogruphy of the North Atlantic might be 
helpful. 

These considerations regarding the influence of the Gulf­
stream point to another result of an opposite character. It 
is this: if a large increase in the volume and temperature of 
the stream would confer on Greenland and the Arctic regions 
a condition of climate somewhat like that of North-western 
Europe, it is obvious, as has been shown at length on former 
occasions, that a large decrease in its temperature and volume 
would, on the other hand, lead to n state of things in North­
western Europe approaching to that which now prevails in 
Greenland. A decrease leads to a glacial, an increase to an 
interglacial condition of things. 

Sir William Thomson on Mild Arctic Climates.-In a paper 
read before the Geological Society of Glasgow in February 
1877, Sir William maintains also that an increase in the 
amount of heat conveyed by ocean-currents to the Arctic 
regions, combined with the effect of Clouds, Wind, and 
Aqueous Vapour, is perfectly sufficient to account for the 
warm and temperate condition of climate which is known to 

See 'Climate and Time,' p. 213. 
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have prevailed in those regions during former epochs. 
following quotations will show Sir William's views :-

The 

" A thousand feet of depression would submerge the continents 
of Europe, Asia, and  America, for thousands of miles from their 
present northern coast-lines; and would give instead of the presen. t 
land-locked, and therefore ice-bound Arctic sea, an open iceless 
ocean,with only a number of small steep islands to obstruct the 
free interchange of water between the North Pole and temperate 
or tropical regions. That the Arctic sea would, in such circum­
stances, be free from ice quite up to the north pole may be, I think, 
securely inferred from what, in the present condition of the globe, 
we know of ice-bound and open seas in the northern hemisphere 
and of the southern ocean abounding in icebergs, but probably 
nowhere ice-bound up to the very coast of the circumpolar Ant­
arctic continent, except in more or less land-locked bays.

" Suppose now the sea, unobstructed by land from either pole to 
temperate or tropical regions, to be iceless at any time, would it 
continue iceless during the whole of the sunless polar winter? 
Yes, we may safely answer. Supposing the depth of the sea to be 
not less than 50 or 100 fathoms, and judging from what we know 
for certain of ocean-currents, we may safely say that differences of 
specific gravity of the water produced by difference of temperature 
Dot reaching anywhere down to the freezing-point would cause 
enough of circulation of water between the polar and temperate or 
tropical regions to supply all the heat radiated from the water 
within the Arctic circle during the sunless winter, if air contri­
buted none of it. Just think of a current of three quarters of a 
nautical mile per hour, or 70 miles per four days, flowing towards 
the pole across the Arctic circle. The area of the Arctic circle is 
700 square miles for each mile of its circumference. Hence 40 
fathoms deep of such a current would carry in, per twenty-four 
hours, a little more than water enough to cover the whole area to 
a depth of 1 fathom; and this, if 7.1° Cent. above the freezing­
point, would bring in just enough of heat to prevent freezing, if in 
twenty-four hours as much heat were radiated away as taken from 
a tentb of a fathom of ice-cold water would leave it ice at the 
freezing-point. This is no doubt much more than tbe actual 
amount of radiation, and the supposed current is probably much 
less than it would be if the water were iee-cold at the pole and 
7° Cent. at the Arctic circle. Hence, without any assistance from 
air, we find in the convection of heat by water alone a sufficiently 
powerful influence to prevent any freezing-up in polar regions at 
any time of year." (Trans. of the Geol. Soc. of Glasgow, 22nd 
February, 1877.) 

That an amount of warm water flowing into the Arctic 
Ocean equal to that assumed by Sir William Thomson, along 
with the effects of clouds, wind, dew, and other agencies to 
which he refers, would wholly prevent the existence of per-
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manent ice in those regions, is a conclnsion which, I think, 
can hardly be doubted. It is with the greatest deference that 
I venture to differ from so eminent a physicist; but I am 
unable to believe that such a transference of water from in­
tertropical and temperate regions could be effected by the 
agency to which he attributes it. Certainly the amount of 
heat conveyed by means of a circulation resulting from dif­
ference of specific gravity, produced by difference of tempera­
ture, must be trifling when compared with that of ocean­
currents produced by the impelling force of the winds. Take, 
for example, the case of the Gulf-stream. If the amount of 
heat conveyed from intertropical regions into the North 
Atlantic hy means of difference of density resulting from dif- 
ference of tempernture were equal to that convered by the 
Gulf-stream, it would follow, as has been proved·, that the 
Atlantic would be far warmer in temperate and arctic than 
in intertropical regions. Taking the annual quantity of heat 
received from the sun per unit surface at the equator as 1000, 
the quantities received by the three zones would be respec­
tivelyas follows;-

Equator. • • • • • 1000 
Torrid zone. • • • • 975
Temperate zone. • 757 
Frigid zone. • • • • 454 

Assume, then, that as much heat is conveyed from inter­
tropical regions into the Atlantic and Arctic seas by this cir­
culation from difference of specific gravity as by the Gulf
stream, and assume also that one half of the total heat con­
yeyed by the two systems of circulation goes to warm the 
Arctic Ocean, and the other half remains in temperate 
regions, the following would then be the relative qnantities of 
heat possessed by the three zones:-

Atlantic in torrid zone • • • 671 
" in temperate zone. .. 940 
" in frigid zone • • • 766 

There is a still more formidable objection to the theory. It 
has been demonstrated, from the tempernture-soundings made 
by the' Challenger' Expedition that the general surface of 
the North Atlantic must, in order to produce equilibrium, 
stand at a higher level than at the equator: in other words, 

t Climate and Time,' Chap. xi.; Phil. Mag., March 1874. 
'Climate and Time,' pp. 220-225; Phil. Mag.,September and Decem­

ber 1875; 'Nature,' November 26th, 1876. 
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the surface of the Atlantic is lowest at the equator, and rises 
with a gentle slope to well nigh the latitude of England. 
This curious condition of things is owing to the fact that, in 
consequence of the enormous quantity of warm water from 
intertropical regions which is being continually carried by the 
Gulf-stream into temperate regions, the mean temperature of 
the Atlantic water, considered from its surface to the bottom, 
is greater, and the specific gravity less, in temperate regions 
than at the equator. In consequence of this difference of 
specific gravity, the surface of the Atlantic at 'latitude 23° N. 
must stand 2 feet 3 inches above the level of the equator, and 
at latitude 38° N. 3 feet 3 inches above the equator. In this 
case it is absolutely impossible that there can be a flow in the 
Atlantic from the equatorial to the temperate regions result­
ing from difference of specific gravity. If there is any motion 
of the water from that cause, it must, in so far as the Atlantic 
is concerned, be in the opposite direction, viz. from the tem­
perate to the equatorial regions. 

All, or almost all, the heat which the Arctic seas receive 
from intertropical regions in the form of warm water comes 
from the Atlantic, and not from the Pacific; for the amount 
of warm water entering by Behring Strait must be compara­
tively small. It therefore follows from the foregoing con­
siderations that none of that equatorial heat can he conveyed 
by a circulation resulting from difference of specific gravity 
produced by difference of temperature. 

It is assumed as a condition in this theory that a submer­
gence of the Arctic land of several hundred feet must have 
taken place in order to convert that land into a series of 
islands allowing of the free passage of water round them. But 
the evidence of Geology, as was shown on a former occasion ., 
is not altogether favourable to the idea that those warm cli­
mates were in any way the result of a submergence of the 
polar land. Take the Miocene epoch as an example: all the 
way from lreland and the Western Isles, by the Faroes, Ice­
land, Franz-Joseph Land, to North Greenland, the Miocene 
vegetation and the denuded fragmentary state of the strata 
point to a much wider distribution of Polar land than that 
which now obtains in those regions. 

Mr. Alfred R. Wallace on Mild Arctic Climates- The theory 
that the mild climates of Arctic regions were due to an inflow 
of warm water from intertropical and temperate regions has 
also been fully adopted by Mr. Alfred R. Wallace. But, 
unlike Sir William Thomson, he does not attribute this 

Geol. Mag. September 1878. 
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transference of warm water to a circulation resulting from 
difference of density produced by difference of temperature, 
but to currents caused by the impelling force of the wind. 

Mr. Wallace shares in the opinion, now entertained by a vast 
number of geologists, that during the whole of the Tertiary 
period the climate of the north temperate and polar regions 
was uniformly warm and mild, without a trace of any inter­
vening epochs of cold. According to him there were no 
glacial or interglacial periods during Tertiary times. In this
case he, of course, does not suppose that the inflow of warm 
water into Arctic regions, on which the mild condition of cli­
mate depended, was in any way due to those physical agencies 
which came into operation during an interglacial period. Mr. 
Wallace accounts for the mild Arctic climate during the Ter­
tiary period by the supposition that, at that time there were 
probably several channels extending from equatorial to arctic 
regions through the eastern and western continents, allowing 
of a continuous flow of intertropical water into the Arctic 
Ocean. Mr. Wallace expresses his views on the point 
thus:-

" The distribution of the Eocene and Miocene formations 
shows that during a considerable portion of the Tertiary 
period an inland sea, more or less occupied by an archipelago 
of islands, extended across Central Europe between the Baltic 
and the Black and Caspian Seas, and thence by narrower 
channels south-eastward to the valley of the Euphrates and 
the Persian Gulf, thus opening a communication between the 
North Atlantic and the Indian Ocean. From the Caspian also 
a wide arm of the sea extended during some part of the 
Tertiary epoch northwards to the Arctic Ocean; and there is 
nothing to show that this sea may not have been in existence 
during the whole Tertiary period. Another channel probably 
existed over Egypt into the eustern basin of the Mediterranean 
and the Black Sea; while it is probable that there was a com­
munication between the Baltic and the White Sea, leaving 
Scandinavia as an extensive island. Turning to India, we find
that an arm of the sea of great width and depth extended from 
the Bay of Bengal to the mouths of the Indus; while the 
enormous depression indicated by the presence of marine 
fossils of Eocene age at a height of 16,500 feet in Western 
Tibet renders it not improbable that a more direct channel 
across Afghanistan may have opened a communication between 
the West-Asiatic and Polar seas." (' Island Life,' p. 184.) 

My acquaintance with the Tertiary formations of the globe, 
and with the distribution of land and water during that period, 
is not such as to enable me to form any opinion whatever 
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either as to the probability or to the improbability of the 
existence of such channels as are assumed by Mr. Wallace. 
But, looking at the question from a physical point of view, it 
seems to me pretty evident that if such channels as he sup­
poses existed, allowing of a continuous flow of equatorial 
water into the Arctic seas, it would certainly prevent the 
formation of permanent ice around the pole, and would doubt­
less confer on the arctic regions a mild and equable climate. 
This would be more particularly the case if, as Mr. Wallace
supposes, owing to geographical conditions, far more of the 
equatorial water was deflected into the Arctic than into the 
Antarctic regions. 

But at the same time I think it is just as evident that 
these channels would not neutralize the effects resulting from 
a high state of eccentricity. It may be quite true that the 
physical cause brought into operation during a high state of 
eccentricity might not be sufficient to reduce the quantity of 
warm water flowing into the Arctic Ocean to an extent that 
would permit of the formation of permanent ice around 
the pole, but it certainly would greatly diminish the flow 
into the Arctic Ocean. Supposing that at the commence­
ment of the last glacial epoch the volume of the Gulf-stream 
was double what it is at present; this condition of things 
would not have prevented the operation of those physical 
agents which brought about the glacial epoch, although it, 
no doubt, would have considerably modified the severity of 
the glaciation resulting from their operation. The very 
same thing would hold true, though perhaps in a much 
greater degree, in reference to the channels assumed by Mr. 
Wallace. 

If the emissive power of the sun was about the same 
during the Tertiary period as at present, and there is no 
good grounds for supposing it was otherwise, then the 
extra heat possessed by the northern temperate and arctic 
regions must have been derived either from the equatorial 
regions or from the southern hemisphere, or, what is more
likely, from both. If so, then the temperature either of the 
southern hemisphere or of the intertropical regions,or both, 
must have been much lower during the Tertiary period thun 
at the present day. A lowering of the temperature of the 
equatorial regions, resulting from this transference of heat, 
would tend to produce a more equable and uniform condition 
of climate over the whole of the northern hemisphere. As the 
area of the Arctic Ocean is small in comparison to that of the 
equatorial zone, from which the warm water was derived, the 
fall of temperature at the equator would be much less than the 
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rise at the pole. Supposing there had bean a rise of, say, 30° 
at the pole resulting from a fall of 10° at the equator (and this 
is byno means an improbable assumption), this would reduce 
the difference between the equator and the pole by 40°, or to 
half its present amount. We should then have a climatic con­
dition pretty much resembling that which is known to have 
prevailed during at least considerable portions of tho Tertiary 
period. 

It is indeed very doubtful if such a climatic condition of 
things as that could be brought about by a high state of eccen­
tricity with the present distribution of land and water; but, on 
the other hand, it is just as doubtful whether the channels of 
communication assumed by Mr. Wallace could have brought 
it about without the aid of eccentricity. 

The very existence of so high a temperature on. the northern 
hemisphere during Tertiary times may be regarded as strong 
presumptive proof that the geographical conditions obtaining 
on the southern hemisphere were most unfavourable to the 
flow of intertropical water into that hemisphere. This may 
be one of the reasons why a high stateof eccentricity failed 
to produce a well-marked glacial epoch on the northern hemi­
sphere, the geographical conditions preventing a transference 
of warm water into the southern hemisphere sufficient to pro­
duce true glaciation on the opposite hemisphere. That the 
geographical conditions obtaining on the southern hemisphere 
during Tertiary tim. es were probably of such a character is an 
opinion advanced by Mr. Wallace himself. "There are," he 
says, "many peculiarities in the distribution of plants and of 
some groups of animals in the southern hemisphere, which 
render it almost certain that there has sometimes been a 
greater extension of the antarctic lands during Tertiary times; 
and it is therefore not improbable that a more or less glaci­
ated condition may have been a long-persistent feature of 
the southern hemisphere, due to the peculiar distribution of 
land and sea, which favours the production of ice-fields and 
glaciers" (p~ 192). 

Influences of Eccentricity during the Tertiary Period.-This 
being the state of things on tho southern hemisphere, the 
glacial condition of the hemisphere, when its winter solstice 
was in aphelion, would tend in a powerful manner to impel 
the warm water of the south over on the northern hemisphere, 
and thus raise its temperature. This, again, is a view which 
has also been urged by Mr. Wallace. " Though higbeC'.cen­
tricity would," he remarks, " not directly modify the mild 
climates produced by the state of the northern hemisphere 
which prevailed during Cretaceous, Eocene, and Miocene 
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times·, it might indirectly affect it by increasing the mass 
of antorctic ice, and thus increasing the force of the trade­
winds and the resulting northward-flowing warm currents. 

And as we have seen that during the last three 
million years the eccentricity has been almost always much 
higher than it is now, we should expect that the quantity of 
ice in the southern hemisphere will usually have been greater, 
and will thus have tended to increase the force of those oceanic 
currents which produce the mild climates of the northern 
hemisphere" (p. 192). 

There is little doubt but that the climate of the Tertiary 
period was greatly affected by eccentricity; but, owing to ilie 
difference in the geographical conditions of the two hemi­
spheres, eccentricity would exercise a much greater influence 
on the climatic condition of the northern hemisphere when 
the northern winter solstice was in perihelion than it would 
do when it was in aphelion. Owing to the difference in 
the conditions of the two hemispheres, the physical agents 
brought into operation by a high state of eccentricity would 
act more powerfully in impelling the equatorial waters 
towards the Arctic regions when the winter solstice was in 
perihelion than they would do in impelling the water towards 
the Antarctic regions when the solstice was in aphelion. In 
this case the northern hemisphere would be heated to a greater 
extent when its winter solstice was in perihelion than it would 
be cooled when the solstice was in aphelion. It is this cir­
cumstance which, I think, has misled geologists, and induced 
them to conclude that because the physical agents brought 
into operation when the winter solstice was in aphelion, 
during a high state of eccentricity, failed to produce a well
marked glacial epoch in Tertiary times, consequently the 
climatic condition of that period was not much affected by 
eccentricity. 

It would seem to be owing to that peculiar difference be­
tween the conditions of the two hemispheres that, even during 
high eccentricity, the physical agents in operation when the 
winter solstice was in aphelion were unable to lower the tem­
perature of the northern hemisphere to an extent sufficient to 
cover high temperate and arctic regions with permanent ice ; 
but for this very same reason these agents would be enabled 
to raise the temperature to an extent exceptionally high when 
the winter solstice was in perihelion. In other words, this 
very combination of circumstances, which so much modified 

High eccentricity might not directly modify the mild climates, but 
certainly the physical agents brought into operation by the high eccen­
tricity would do so.
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the severity of what may be called the Tertiary cold periods, 
intensified to an exceptionally great extent the warmth 
and equability of what may be called the Tertiary warm 
poriods. 

Climate of the Tertiary Period, in so far as affected by 
Eccentricity.-If the foregoing conclusions are correct, the 
following would then seem to be the probable character of 
the climate of the Tertiary period, in so far as that climate 
was affected by eccentricity. As is truly remarked by Mr. 
Wallace, the eccentricity during the past three million years 
has been almost always much higher than it is now. It will 
consequently follow that very considerable portions of the 
Tertiary age would consist of alternate comparatively cold and 
exceedingly warm and equable periods. These may be said 
to correspond to the cold and warm perIods of the glacial 
epoch; but, of course, they could in no sense be called glacial 
and interglacial periods; for the cold of the cold periods 
would not be such as to produce permanent ice, while the heat 
and equability of the warm periods would far exceed that of 
the interglacial periods. 

Evidence of such Alternations of Climate.-That such oscilla­
tions occurred during the Tertiary period seems to be borne 
out by the facts of geology and palaeontology. Mr. J. Starkie 
Gardner, a geologist who has had great experience in the fossil 
flora of the Tertiary deposits, says that such alternating 
warmer nnd colder conditions are snpported by strong negative 
and some positive evidence, found not only in English Eocene, 
but in all Tertiary beds throughout the world. In the Lower 
Bagshot of Hampshire have been found, he states, feather­
and fan-palms, Dryandra, beech, maple, Azalea, laurel, elm, 
acacia, aroids, cactus, ferus, conifers, Stenocarpus, and plants 
of the pea tribe, together with many others. The question 
which presents itself to one's mind, he remarks, is, how is it 
possible that the tropical forms, such as the palms, aroids, 
cactus, &c., could have grown alongside of the apparently 
temperate forms, such as the oak, elm, beech, and others'? 
Mr. Gardner's explanation is as follows :-

" Astronomers, having calculated the path of the revolution of 
the earth in ages past, tell us that in recurring periods each hemi-
sphere, northern and southern, has been successively subject to 
repeated cyclical changes in temperature. There have been for the 
area which is now England many alternations of long periods of 
heat and cold. Whenever the area became warmer, the descendants
of semitropical forms would gradually creep further and further 
north, whilst the descendants of cold-loving plants would retreat 
from the advancing temperature, vice versa. Whenever the area 
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became gradually colder, the heat-loving plants would, from one 
generation to another, retreat further and further south, whilst the 
cold-loving plants would return to the area from which their 
ancestors had been driven out. In each case there would be some 
lingering remnants of the retreating vegetation (though perhaps 
existing with diminished vigour) growing alongside of the earliest 
arrivals of the incoming vegetation. 

" Such is a possible explanntion of our finding these plant-remains 
commingled together. It must be borne in mind that it is not so

much the mean temperature of a whole year which affects the pos­
sibility of plants growing in any locality, as the fact of what are 
the extremes of summer and winter temperature " .

This is precisely the explanation given by the commingling 
of subtropical and arctic floras and faunas of deposits belonging 
to the glacial epoch. The causation in the two cases was in 
fact the same in principle, differing only in the conditions 
under which it operated. In the case of the glacial epoch the 
cold periods were intensely severe and the warm periods but 
moderately hot; whereas in regard to the Tertiary cold 
periods they were but moderately cool, and the warm periods 
exceedingly hot. 

Mr. Wallace, who refers to Mr. Gardner's views approv-
ingly, says :-" In the case of marine faunas it is more diffi­
cult to judge, but the numerous changes in the fossil remains 
from bed to bed, only a few feet and sometimes a few inches 
npart, may be sometimes due to change of climate; and when 
it is recognized that such changes have probably occurred 
at al1 geological epochs, and their effects are systematically 
searched for, many peculiarities in the distribution of or­
ganisms through the different members of one deposit may 
be traced to this cause ".

To prevent having thus to admit the existence of alternate 
warmer and colder periods during Tertiary times, Mr. Searles 
V . Wood, Jun., proposed another theory, which, stated in his 
own words, is the following:-

"The remains upon which the determinations of this flora have 
been based are drifted, and not those of a bed in situ like the coal
seams, and the whole of the Hampshire Eocene is connected with 
the delta of a great river which persisted throughout the accumula­
tion of the various beds, which aggregate to upwards of 2000 feet 
in thickness. This river evidently flowed from the west, through 
a district of which the low ground had a tropical climate; but like 
some tropical rivers of the present day, such as the Brahmaputra, 
the Megna, the Ganges, &c., it was probably fed by tributaries 

Geological Magazine, 1877, p. 2{). 
Island Life, p. 197, 
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flowing from a mountain-region supporting zones of vegetation of 
all kinds from the tropical to the Arctic, if during the Eocene 
period vegetation such as the present Arctic had come into existence, 
of which we have as yet no evidence. Torrential floods may have 
swept the remains of vegetation from the temperate zones of this 
region into tributaries that eonveyed it into the main river before 
it was decayed or water-logged, where it became intermingled with 
the remains of vegetation which grew in the tropical low ground 
skirting the main stream, so that both sank together into the same
mud and silt ".

The elevated mountain regions from which he supposes 
these temperate forms were derived he thinks might have been 
Mull, 400 miles N.N.W., and Wales 200 miles N.W. Mr. 
Gardner, however, showed most conclusively that Mr. 'Vood's 
theory was based on imperfect acquaintance with the conditions 
of the problem. The following is Mr. Gardner's reply :-

"The leaves have never been drifted from afar; they are often 
still adhering to the twigs. The leaves are flat and perfect, rarely 
even rolled and crumpled, as dry leaves may be, if falling on a 
muddy surface; still more rarely have they fallen edgeways and 
been imbedded vertically. They are, moreover, not variously mixed, 
as they should be if they had been carried for any distance, but are 
found in local groups of species. For example, all the leaves of 
Castanea have been found in one clay patch, with Iriartea and 
Gleichenia; none of these have been found elsewhere. A trilobed 
leaf is peculiar to Studland; the Alum Bay Aralia, the peculiar 
form of Proteaceae, the great Ficus, and other leaves occur at Alum 
Bay only. Each little patch at Bournemouth is characterized by 
its own peculiar leaves. Such a distribution can only result from 
the proximity of tbe trees from which the leaves have fallen. The 
forms of most temperate aspect are best preserved, so that to be 
logically applied, the Drift theory requi. res the palms, etc., to have 
been drifted upwards. To suppose that most delicate leaves could 
have been brought by torrents 400 miles from Mull or 200 miles 
from Wales, and spread out horizontally in thousands, without 
crease or crumple, on the coast of Hampshire, may be a feasible 
theory to Mr. Searles V. Wood, jun., but will not recommend 
itself to the majority of thinkers" .

Were there Glacial Epochs during the Tertiary Age ?-Many 
geologists, especially amongst those who are opposed to the 
theory of recurring glacial epochs, answer this question em­
phatically in the negative. This belief as to the non-existence 
of glacial conditions during the Tertiary period is,of course,
based wholly on negative evidence; and this negative evidence 
though strong is by no means perfectly conclusive, and 
certainly not worthy of the weight which has been placed 

Geological Magazine, 1877, p. 96.
Ibid. p. 138. 

Phil. Mag. S. 5. Vol. 18. No. 113. Oct. 1884. 



282 Dr. J. Croll on the Cause of 

upon it. In Chap. xvii. of 'Climate nnd Time' I have 
endeavoured to show that although much has been written on 
the imperfection of geological records, yet the imperfection of 
those records in regard to past glacial epochs has not received 
the attention which it really deserves. 

It must be borne in mind, however, that it does not follow 
from the Physical Theory of Secular changes of Climate, that 
because the eccentricity may have been high at some parti­
cular period there must necessarily have been a glacial epoch. 
The erroneous nature of this misapprehension of the theory 
has already been shown at considerable length . Eccent,ri­
city can produce glaciation only through means of physical 
agencies, and for the operation of these agencies a certain
geographical condition of things is absolutely necessary. We
know with certainty that during the Tertiary period the 
eccentricity was at times exceptionally high, as, for example, 
2,500,000 and 850,000 years ago; but whether a glacial epoch 
occurred at these periods depended, of course, upon whether 
or not the necessary geographical conditions then obtained. 
Supposing the necessary geographical conditions for glaciation 
did exist at the two periods in question, still if these condi­
tions differed very much from those which now ohtain, the 
glacial state of things then produced would certainly differ 
from that of the last glacial epoch. This is obvious, for the 
same physical agencies acting under very different conditions 
would not produce the same effects, Under almost any geo­
graphical condition of things eccentricity would produce 
marked effects, but the effects produced might not amount to 
glaciation. In the Tertiary age, during high eccentricity, the 
efiects resulting might possibly have been as well marked as 
they were during the glacial epoch ; but these effects must 
have differed very much from those produced at that epoch. 
We have seen that, owing to that peculiar geographical condi­
tion of things existing during the Tertiary period, the physical 
agents brought into operation by a high state of eccentricity 
would have a much greater influence in raising the tempera­
ture of the northern hemisphere when the winters occurred 
in perihelion, than they would have in lowering the tempera­
ture of that hemisphere when the winters were in aphelion. 
At the periods 2,500,000 and 850,000 years ago, for example, 
those physical agents would no doubt produce quite a tropical 
condition of climate in high northern latitudes when the 
winters were in perihelion, while it is quite probable they 
may not have been able to produce glaciation when the 
winters were in aphelion. It is more than likely that the 

• Phil. Mag., February 1884; American Journal of Science, Feb. 1884. 
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tropical nature of the climate during portions of the Tertiary 
period was due not so much to that peculiar distribution of 
land and water existing then, as it was to the fact thnt this 
peculinr distribution enabled the physical agents in operation 
during a high state of eccentricity to impel a vastly greater 
amount of warm intertropicnl water into the temperate and 
Arctic seas than they could have done under the present geo­
graphical condition of things. 

Those very same geographical conditions enabling the 
physical agents to raise the temperature exceptionally high 
during the warm periods would, on the other hand, prevent 
them from being able to lower the temperature exceptionally 
low during the alternate cold periods. Nevertheless, I think 
it probable that at the two periods referred to, when the 
eccentricity was much greater than it was during the glacial 
epoch, the temperature would be lowered to an extent that 
would produce glaciation, although the glaciation might not 
perhaps approach in severity to any thmg like that of the 
glacial epoch. The negative evidence which has been adduced 
against the existence of such glacial conditions during the 
Tertiary period is certainly far from being conclusive. 

The opinion is concurred in by Mr. Wallace that the Table of 
Eccentricity for the past three million years, given in 'Climate 
and Time,' probably includes the greater part, if not the whole, 
of the Tertiary period. He states that during the 2,400,000 
years preceding the last glacial epoch there were, according 
to the tablo, no fewer than sixteen separate epochs when the 
eccentricity reached or exceeded twice its present amuunt. 
But it does not follow, according to the Physical Theory, that 
there ought, on that account, to have been sixteen epochs of 
more or less glaciation. Whether such ought to have been 
the case or not would depend on whether or not the geogra­
phical conditions were the same during these epochs as they 
were at the glacial epoch, a thing regarding which the theory 
is not responsible. The question is not were there sixteen 
glacial epochs during the Tertiary period, but were there any? 
Even granted that those channels assumed by Mr. Wallace
did exist, they would not, I feel assured, wholly prevent gla­
ciation taking place at the two periods to which reference 
has been made, although the glaciation might not be severe. 

In support of the opinion that there is no evidence of 
glaciation during the Tertiary period, Mr. Wallace quotes the 
views of Mr. Searles V. Wood, Jun., on the subject. Mr. Wood 
states that the Eocene formation is complete in England, and 
is exposed in continuous section along the north coast of the 
Isle of Wight and along the northern coast of Kent from 
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its base to the Lower Bagshot Sand. It has, he says, been 
intersected by cuttings in all directions and at all horizons, 
but has not yielded a trace of any thing indicating a cold and 
glacial condition of things. The same, he adds, holds true of 
t.h. e strata in France and .. Belgium! Further, "the Oligocene 
of Northern Germany and Belgium; and the Miocene of those 
countries and of France, have also afforded a rich molluscan 
fauna, which, like that of the Eocene, has as yet presented no 
indication of the intrusion of any thing to interfere with its 
uniformly subtropical character." 

In reply to all this it may be stated that the simple absence 
of any trace of glaciation in the Tertiary deposits of the south 
of England certainly cannot be regarded as . conclusive 
agninst the existence of an epoch of glaciation during that 
period. Not many years ago geologists denied that there 
was any evidence to be found of glaciation in the south of 
England, and at the present time there are hundreds of geo­
logists who will not admit that that part was ever overridden 
by land-ice. If it is so difficult to find in that Quarter 
evidence of the last glacial epoch, severe as that glacial epoch 
was, we need not wonder that no t,race of glaciation so remote 
8S that of the Eocene period is now to he seen. Besides all 
this, there is in tha south of England the land-surface on 
which the glaciation, if any, took place, whereas not a vestige 
of the old land-surfaces of the Eocene period now remains. 
It therefore seems to me t.hat the mere fact of nothing as yet 
having been found in the Tertiary deposits of the south of 
England, indicating one or more cold periods, is no proof that 
ther~ may not possibly have been such periods, and even of 
considerable severity. The same remarks hold equally · true 
in regard to the de'posits on the continent referred to by 
Mr. Wood. 

It will be urged jn reply that there is one kind of evidence 
which ought to be found, as it could not possibly have been 
obliterated by the destruction of the Tertiary land-surfaces : 
that is, the presenc. e of errati.c. blocks and fo. r .. eign rock-frag­
ments imbedded in the strata. Mr. Wallace states that in the 
many thousand feet in thickness. of alternate clays, sands, 
marls, shales, and limestones no irregular blocks  of foreign 
material or bou.lders characteristic of glacial conditions are to 
be found. The same, he says, holds equally true of the 
extensive Tertiary deposits of temperate North America. 

If it be really the case that the Tertiary beds are wholly 
without boulders or fragments of foreign material, then this 
certainly may be .. regarded as proof that no real glacial epoch 
could have occurred during that period. But has it been 
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satisfactorily ascertained that those beds are wholly devoid of 
such materials? Those beds, I presume, have been searched 
by geologists for their fossil contents rather than for strati­
graphical evidence of glacial epochs. It is remarkable how 
long the evidence of glaciation sometimes remains unobserved 
when no special attention is devoted to the matter. As 
examples of this, we know with certainty that the Orkney 
and Shetland Islands were during the glacial epoch over­
ridden by land-ice ; and yet geologists who had often visited 
these islands declared that they bore no marks of glaciation. 
So recently as 1875 the low grounds of Northern Germany 
were believed to be without glacial striae ; yet when German 
geologists began to turn their attention specially to the subject, 
they found not only evidence of glaciation "but indisputable
proof that durmg the glacial epoch the great Scandinavian 
lee-shect had advanced over the country no fewer than three 
separate times down to the latituue of Berlin. I have myself 
seen the striated summit of a mountain on which geologists 
had been treading for years without observing the ice­
markings under their feet. The reason why these markings 
so long escaped dctection is doubtless due to the fact that 
they were on a spot which no geologiststlpposed that land. 
ice could have reached. For this very satne. reason the fact 
remained so long unobserved that the low-lying ground of 
Caithness had been glaciated by land-ice from Scandinavia, 
filling the entire Baltic and the North Sea. Many similar 
cases might be adduced where the marks of glaciation re-
mained long unobserved, either because no special search had
been made for them, or because tlley were under conditions in

which they were not expected to be found. It is very probable 
that when the Tertiary deposits are carefully examined, with 
the special object of ascertaining whether or not they contain 
evidence of glaciation, geologists may be led to a different 
conclusion regarding the supposed uniformly warm character 
of the climate of that period. They may possibly find that, after 
all, the Tertiary beds do contain boulders and foreign material, 
indicating the existence of  glacial conditions during the period. 

Considerablc importance has been attached to the statement 
of Professor Nordenskjold that he failed to observe in the 
stratified deposits of Greenland and Spitzbergen any evi­
dence whatever of former glaciation in those regions. " We 
have never seen," he says, "in Spitzbergen nor in Green­
land, in these sections often many miles in length, and 
including, one may say, all formations from the Silurian to 
the Tertiary, any boulders even as large as a child's head. 
There is not the smallest probability that strata of any con-
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siderable extent, containing boulders, are to be found in the
polar tracts previous to the middle of the Tertiary period. 
Both an examination of the geognostic condition and an 
investigation of the fossil flora and fauna of the polar lands, 
show no signs of a glacial era having existed in those parts 
before the termination of the Miocene period ". That Prof. 
Nordenskjold may not have seen in those strata boulders 
larger than a child's head may be perfectly true, but that 
there actually are none is a thing utterly incredible. Still 
more incredible, however, is the conclusion which he draws 
from this absence of boulders, viz. that from the Silurian down 
to the termination of the Miocene period no glacial condition 
of things existed either in Greenland or in Spitzbergen. 
Both these places are at present in a state of glaciation; and 
were it not, us we have seen, for the enormous qnantity of 
heat which is being transferred from the equatorial regions 
by the Gulf-stream, not only Greenland and Spitzbergen, 
but the whole of the Arctie regions would be far more under 
ice than they are. A glacial state of things is the normal 
condition of polar regions; and if at any time, as during the 
Tertiary age, the Arctic regions were free from snow and ice, 
it could only be in consequence of some peculiar distribution 
of land and water and other exceptional conditions" That
this peculiar combination of circumstances should have existed 
during the whole of that immense lapse of time between the 
Silurian and the close of the Tertiary period is certainly im­
probable in the highest degree. 1n short, that Greenland 
during the whole of that time should have been free from 
snow and ice is us improbable, although perhaps not so phy­
sically impossible, as that the interior of that continent should 
at the present day be free from ice and covered with luxuriant 
vegetation. Perhaps the same skill and indomitable perse­
verance which proved the one conclusion to be erroneous may 
yet one day prove the other to be also equally erroneous. 

Professor Nordenskjold does not appear to believe in 
alternations of climate even in temperate regions, for he 
says, "from palaeontological science no support can be ob­
tained for the assumption of a periodical alternation of warm 
and cold climates on the surface of the earth." 

Evidence of Glaciation during the Tertiary Period.­
Evidence of glaciation during the Miocene period is, I 
think, afforded by the well-known conglomerates and erratics 
near Turin, first described by M. Gastaldi. Beds of Miocene 
sandstone and conglomerate, with an intercalated deposit 
containing large angular blocks of greenstone and limestone, 

' Geological Magazine,' 1875, p. 531. 
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have been found. Some of these blocks are of immense size. 
Many of the stones in the deposit are polished and striated in 
a manner similar to those found in the boulder-clay of this 
country. It has been shown by Gastaldi that these blocks 
have all been derived from the outer ridge of the Alps on the 
Italian side, namely from the range extending from Ivrea 
to the Lago Maggiore, and, consequently, they must have 
travelled from twenty to eighty miles. So abundant are these 
large blocks that extensive quarries have been opened in the 
bills for the sake of procuring them. The stratification of 
the beds amongst which the blocks occur sufficiently indicates 
aqueous action and the former presence of the sea. That 
glaciers from the soutllern Alps actually reached to the sea 
and sent adrift their icebergs over wbat. are now the sunny 
plains of Northern Italy, is proof that during that cold period 
the climate must have been very severe. One remarkable 
circumstance, indicating not only the glacial condition of the 
bed in which the blocks occur, but also that this glaciation 
was the result of eccentricity, is the  fact that the bed is wholly 
destitute of organic remains, while they are found abundantly 
both in the underlying and overlying beds. 

Evidence of glaciation during the Eocene period, as is also 
wen known, is found in the "Flysch" of Switzerland. On 
the north side of the Alps, from Switzerland to Vienna, and 
also near Genoa, there is a sandstone a few thousand feet in 
thickness, containing enormous blocks of Oolitic limestone 
and granite. Many of these blocks are upwards of 10 feet in 
length, and one at Halekeren, near the Lake of Thun, is 105 
feet long, 90 feet broad, and 45 feet in thickness. The block 
is of a granite of a peculiar kind which cannot be matched 
anywhere in the Alps. Similar blocks are found in beds of 
the same age in the Apennines and in the Carpathians. The 
glacial origin of this deposit is further evinced by the tact 
that it is wholly destitute of organic remains. One circum­
stance, which indicates that this glaciation Was due to eccen­
tricity, is the fact that the strata most nearly associa.ted with 
the "Flysch" are rich in Echinoderms of the Spatangus family, 
which have a decided tropical aspect. This is what we ought, 
of course, a priori, to expect if the glaciation was the result of 
eccentricity, for the more severe a cold period of a glacial 
epoch is, the warmer will be the periods which immediately 
precede and succeed. 

Some writers endeavour to account for those glacial phe­
nomena, without any reference to the influence of high 
eccentricity, by the assumption that the Alps were much 
more elevated during the Tertiary period than they are at 
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the present day. If we, however, adopt this explanation, we 
shall have to assume that the Alps were suddenly elevated at 
the time when the bed containing the erratics began to be 
deposited, and that they wel'e as suddenly lowered when the 
deposition of the bed came to a close-a conclusion certaiuly 
very improbable. Had the lowering of the Alps been effected 
by the slow processes of denudatiou, it must have taken a 
long course of ages to have lowered them to the extent of 
bringing the glacial state to a close. In this case there 
ought to be a succession of beds indicating the long continu­
ance of cold conditions. Instead of this, however, we have a 
glacial bed immediately preceded and succeeded by beds 
indicating an almost tropical condition of climate. When 
we take this circumstance into consideration, along with the 
evidence adduced bv Mr. J. S. Gardner as to the alternations 
of warmer and colder conditions in the south of England and 
other parts of Europe during the Eocene period, the convic­
tion is forced upon us that a high state of eccentricity is the 
most rational explanation of these curious phenomena. 

The greater elevation of the Alps would undoubtedly in­
tensify the glacial condition of things, but it would not 
originate it. The elevated character of the Alps, for example, 
was no doubt the reason why the plains of Switzerland, during 
the last glacial epoch, were so much more buried under ice than 
other partsof Southern Europe; but their elevation was not that 
which brought about the glaciation, for those plains were free 
from ice both before and after the glacial epoch, though the 
Alps were no doubt as high as they were during the ice-period. 

If we adopt the theory that these glacial conditions were 
due to eccentricity, then we have, as I endeavoured to show 
many years ago , a clue to the probable absolute date of the 
Middle Eocene and the Upper Miocene periods. There were, 
as we have soon, two epochs during the Tertiary period when 
the eccentricity was exceptionally high, viz. 2,500,000 years 
ago and 850,000 years ago. The former might probably be 
the date of the "Flysch " of the Eocene formation, and the 
latter the date of the period when the Miocene erratics were 
deposited in the icy sea near Turin. 

Some geologists have maintained that the climatic conditions 
of the Tertiary period are utterly hostile to the Physical 
Theory of Secular changes of Climate. The very reverse, 
however, is the case; for, as we have seen, several of the 
facts of Tertiary climate can be explained on no other prin­
ciple than that of the theory. 

I shall next consider the facts bearing on Arctic Inter­
glacial Periods. 

Phil. Mag., November 1868; 'Climate and Time,' chap, xxi. 
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