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LORD KELVIN'S ADDRESS ON THE AGE OF THE EARTH AS 

AN ABODE FITTED FOR LIFE.* 

IN the early half of the century, when 
the more sober modes of interpreting geo­
logical data were struggling to displace the 
cataclysmic extravagances of more primi­
tive times, it is not strange that there 
should have arisen, as a natural outgrowth 
of the contest, an ultra-uniformitarianism 
which demanded for tbe evolution of the 
earth an immeasurable Japse of time. lt is 
not remarkable that individual geologists 
here and there, reacting impatiently against 
the restraints of stinted time-limits imposed 
on traditional grounds, should have incon­
siderately cast aside all time limitations. 
lt was not unnatural that the earlier uni· 
formitarians, not yet fully emancipated 
from inherited impressions regarding the 
endurance of rocks and the immutability 
of the 'everlasting hills,' should have en­
tertained extreme notions of the slowness 
of geological processes and have sought 
compensation in excessive postulates of 
time. Natural as these reactions from prim­
itive restrictions were, a reaction from them 
in turn was inevitable. This reaction must 
have ensued, in the nature ofthe case, when­
soever geologists came seriously to consider 
those special phenomena which point to 
limitations of time. But in the earlier part 
of the century geological attention was ab­
sorbed in the great phenomena that testify to 
the vastness of the earth's history. The time 
for the study of limitations had not come. 

*This JOURNAL, May 12, pp. 665-674, and May 19, 
pp. 704-711. 

N evertheless, however inevitab le must 
have been the ultimate recognition of limi­
tations, it remains to be frankly and grate­
fully acknowledged that the contributions 

_ of Lord Kelvin, based on physical data, 
have been most powerful in:fluences in has­
tening and guiding the reaction against the 
extravagant time-postulates of some of the 
earlier geologists. With little doubt, these 
contributions have been the most potent 
agency of tbe last three decades in restrain­
ing reckless drafts on the bank of time. 
Geology owes immeasurable obligation to 
this eminent physicist for the deep interest 
he has taken in its problems and for the 
profound impulse which bis masterly com· 
putations and his trenchant criticisms have 
given to broader and sounder modes of 
inquiry. 

At the same time, it must be recognized 
that any one line of reasoning, however 
logically and rigorously followed, is quite 
eure to lead astray if it starts from limited 
and uncertain premises. lt is an eaey 
error to press tbe implications of any single 
phase of the complex phenomena of geology 
until they shall become scarcely lese mis· 
leading than tbe looser speculations which 
they seek to replace. A physical deduction 
which postulates an excessively short geo­
logical history may as easily lead to false 
views as did the reckless license of earlier 
times. Interpretations of geological and 
biological phenomena made under the 
duress of physical deductions, unless the 
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duress be certainly known tobe imperative, 
may delay the final attainment of the real 
truth scarcely less effectually than interpre­
tations made on independent grounds in 
complete negligence of the testimony of 
physics. lt is in the last degree important 
that physical deductions and speculations 
should be regarded as positive limitations 
only so far as they are strictly demonstra­
tive. Falling short of demonstration, they 
are worthy tobe regarded as moral limita­
tions only so far as they approach moral 
certainty. In so far as they are drawn 
from doubtful assumptions, they are as ob­
viously to be placed in the common cate­
gory of speculations as are those tentative 
conceptions which are confessedly but the 
possible foreshadowings of truth. The fas­
cinating impressiveness of rigorous mathe­
matical analysis, with its atmosphere of 
precision and elegance, should not blind us 
to the defects of the premises that condition 
the whole process. There is, perhaps, no 
beguilement more insidious and dangerous 
than an elaborate and elegant mathemat­
ical process built upon unfortified premises. 

Lord Kelvin's address is permeated with 
an air of retrospective triumph and a tone 
of prophetic assurance. The former is 
fairly warranted to the extent that his at· 
tack was directed against the ultra wing of 
the uniformitarian school of the earlier 
decades. lt might be wholesome, however, 
"to remember that there were other camps 
in Israel even then. There were ultra­
conservatives in chronology as well as 
ultra-radicals. There were ultra-catastro­
phists as well as ultra-uniformitarians. 
Lord Kelvin's contributions have as sig­
nally failed to sustain the former as they 
have signally succeeded in overthrowing the 
latter. The great body of serious geol­
ogists have moved forward neither by the 
right flank nor by the left, but on median 
lines. These lines have lain, I think, 
i-c:nner in the field of a q ualified uniformi-

tarianism than in the field of catastrophism. 
Even the doctrine of special acceleration in 
early times, or at other times, has made 
only qualified progress toward universal 
acceptance. The body of competent geol­
ogists to-day are probably more nearly dis­
ciples of Hutton, Playfair and Lyell than 
of their opponents. But such is the free­
dom and the diversity of belief, of attitude 
and of method, among geologists that as a 
class they cannot be placed either here or 
there in the schools, nor could they thirty­
five years ago. 

But we are not primarily concerned with 
these matters of the schools and of the 
past. The address presses upon our atten­
tion matters of present interest and of pro­
found importance. Referring to his former 
wide-ranged estimate of the time of the 
consolidation of the earth, Lord Kelvin 
says that "we now ha.ve good reason for 
judging that it was more than twenty and 
less than forty million years ago, and prob­
ably much nearer twenty than forty (This 
JOURNAL, May 12, p. 271), and he gives 
qualified approval to Clarence King's esti­
mate of twenty-four million years. In the 
course of the address he speaks of ' strict 
limitations,' of 'sure assumption,' of 'cer­
tain truth,' and of' no other possible alter­
native; ' he speaks of' one year after freez­
ing,' and even of 'half an hour after the 
solidification ' ; he speaks of ' a crust of 
primeval granite,' of a depth of ' several 
centimeters,' and of other details of dimen­
sion and of time and of certitude so spe­
cifically and so confidently that it must en­
courage, in the average reader, the impres­
sion that the history of the earth is already 
passing into a precise science through the 
good offices of physical deduction. · Is this 
really true? Can the uninstructed layman 
or the young geologist safely repose confi­
dence in these or any other chronological 
conclusions as determinate? Can these def­
inite statements, bearing so much the air of 



irrefutab1e truth, be al1owed to pass without 
cha11enge? What is their real nature and 
their true degree of certitude when tested 
respecting their fundamental postulates and 
their basal assumptions? 

With admirable frankness Lord Kelvin 
says (This JOURNAL, May 12, p. 672) : " AU 
these reckonings of the history of under­
ground heat, the details of which I am sure 
you do not wisli me to put before you at 
present, are founded on the very sure as­
sumption that the material of onr present 
solid earth all round its surface was at one 
time a white-hot liquid." lt is here can­
didly revea1ed that the most essential factor 
in his reasonings rests u1timate1y upon an 
assumption, an assumption which, to be sure, 
he regards as 'very sure,' but still an as­
sumption. The alternatives to this assump­
tion are not considered. The method· of 
multiple working hypotheses, which is pe­
culiarly imperative when assumptions are 
involved, is quite ignored. I beg leave to 
chal1enge the certitude of this assumption 
of a white-hot liquid earth, current as it is 
among geologists, alike with astronomers 
and physicists. Though but an understu­
dent of physics, I venture to chal1enge it on 
the basis of physical laws and physical 
antecedents. 

By way of preface it may be remarked 
that the postu1ate of a white-hot liquid 
earth does not rest on any conclusive geolog­
ical evidence, however generally it may be 
entertained as a probable hypothesis. Stu­
dents of the oldest known rocks are not yet 
agreed that these are all igneous even. But 
granting that they may be all either igneous 
or pyroclastic, there is a wide logical gap be­
tween this admission and the postulate that 
they were all liquid at one time and enveloped 
the whole earth. Looking quite in the op­
posite direction is the testimony of the 
complex structure and intricate combination 
of rocks, diverse at once ia chemical, min­
eralogical and structural characters, which 

3 

the basement complex presents. The rela­
tions of the great batholite-like masses to 
the enveloping foliated rocks, and of analo­
gous combinations of .intrusive aspect, im­
ply the presence ofa portion ofthe basement 
complex in the a1ready solid state when 
the remainder entered it in the liquid state. 
lt would be a hold petrologist who would 
insist that it bas been demonstrated that 
the basement comp1ex is simp1y the molten 
envelope of the primitive eartb solidified in 
situ, bowever much he might be disposed to 
entertain this view among bis working 
hypotheses. lt would be petrological 
hardibood to maintain tbat it was even a 
'sure assumption.' Without denying tbat 
the basement complex may be the direct or 
the indirect o:ffspring of a supposed molten 
state, no dogma of certitude is now admis­
sible on geological grounds. 

The hypotbesis of a primitive molten 
earth is cbie:fl.y a deduction from the high 
internal temperature and from tbe nebular 
hypothesis. But it remains to be shown 
tbat the high internal temperature may not 
also be a sequence of an earth which grew 
up by meteoric accretion with suffi.cient 
slowness to remain essentia11y solid at all 
stages. An attempt has recently been made 
to sbow that a bighly-heated state of tbe 
interior of the eartb wou1d have resulted 
from tbe self-compression of tbe mass dur­
ing its accretion.* The methods of reason­
ing employed in this attempt were identical 
with tbose of Helmholtz relative to the 
heat of the sun, save that they were ap­
plied to a solid body. The computations 
of Mr. Moulton seem to indicate that 
gravitative concentration may have been 
an adequate cause of internal heat. In 
addition to this the thermal e:ffect of mo­
lecular change and tidal kneading require 
recognition. Until these agencies are rigor-

* A Gronp of Hypotheses bearing on Climatic 
Changes. Jour. Geol., Vol. V., No. 7, Oct.-Nov., 1897, 
p. 671}. 
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ously tested ancl fuund wanting, inferences 
based on the alternative bypotbesis can 
scarcely be the ground of snre assumption. 
The irregular clistribution of internal beat 
is more notably in barmony with tbe by­
potbesis of internal compressive generation 
than with tbat wbich makes it a residuum 
of a molten state whose temperature should 
be approximately uniform. If tbis irregu­
larity be assigned to volcanic action it must 
be remembered tbat vulcanism is itself a 
part of the irregularity and adds to the 
burden of explication. Both bypotheses 
ultimately appeal to tbe same source, the 
gravitative descent of tbe earth's substance. 
Tbeir differences lie in tbe modes of action 
assumed respectively, and these modes are 
determined by tbe antecedent conditions of 
aggregation. Has it been demonstrated 
tbat these antecedent conditions were of 
tbe one kind and not of the other? 

Lord Kelvin obviously assumes a nebu­
lous state of tbe earth as the controlling 
antecedent condition. lt is not quite clear 
wbether he adopts the complete gaseous 
tbeory of Laplace, including the earth­
moon gaseous ring, or not. Apparently, 
however, be bas not adopted the gaseous 
earth-moon ring, but bas substituted there­
for a meteoroidal ancestry for tbe earth, 
for he says (p. 706): "Considering the al­
most certain truth that tbe earth was built 
up of meteorites falling together, we may 
follow in imagination tbe whole process of 
shrinking from gaseous nebula to liquid 
lava and metals, and solidification of liquid 
from central regions outwards." A little 
farther on he speaks of " tbe gaseous nebula 
which at one time constituted the matter 
of our present earth." Without feeling 
quite certain that I am not in error, I in­
terpret these sentences to mean that tbe 
matter of the earth was in a meteoroidal 
condition just previous to its falling to­
getber, and that it passed into the gaseous 
condition as a result of the heat of impact, 

and tbat from tbence it shrank into the 
liquid and later into the solid state. If 
this be correct it would be interesting to 
learn on what grounds the older hypothesis 
of a nebulous ring, once regarded as a quite 
sure assumption, has been abandoned, and 
whetber the reasons for that abandonment 
do not bear adversely also on tbis moclified 
phase of the gaseous hypotbesis. Tbe 
strongest objection recently urged against 
tbe Laplacean gaseous ring is tbe apparent 
inability of the feeble gravity of such a ring 
to overcome the high molecular velocities 
of its lighter constituents at the high tem· 
peratures necessary to maintain tbe refrac­
tory material of tbe earth in a gaseous con­
dition.* In addition to this radical objec­
tion to the gaseous earth-moon ring, there 
is the extreme probability that, if formed, it 
would cool below the temperature of 
volatilization of rock substance before it 
would concentrate into a globe. 

The studies to which reference has just 
been made seemed to show that even in the 
globular form it is doubtful if the earth 
could be volatilized without the dissociation 
of its water and the loss of its hydrogen by 
molecular projection away from the earth. 
Tbe inquiry seemed e,·en to raise a doubt 
whether the vapor of water, as such, or the 
atmospheric gases could be retained at the 
temperature of rock volatilization ; indeed, 
it seemed that the oceanic and atmospheric 
constituents might even be in jeopardy at 
the temperature of white-hot lava. With­
ont insisting that these molecular inquiries 
are demonstrative-für they only profess 
to be preliminary-they seem, at least, to 
justify the radical inquiry wbether the 
hypothesis that the earth was once a 
gaseous nebula can be entertained with any 
confidence, in the light of modern molecular 
physics. As an abstract proposition in 

* A Group of Hypotheses bearing ou Climatic 
Changes. Jour. Geol., Vol. V., No. 7, Oct.-Nov., 
1897, pp. 658-668 . 
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physics addressed to physicists would Lord 
Kelvin feel free to assert that the water 
now on the surface of the earth would be 
retained within its gravitative control if the 
earth were heated so that its rock substance 
was volatilized ? l\fay I be pardoned for 
inquiring whether Lord Kelvin has not 
joined the company of geologists and ne­
glected some of the physical considerations 
that ber.r pertinently on the problem in 
band? 

But passing this point, and striking 
hands with Lord Kelvin in assuming '' the 
almost certain truth that the earth was 
built up of meteorites falling together," 
what imperative reason is there for infer­
ring a gaseous or even a white-hot liquid 
condition as a result? lt goes without say­
ing that the energy of impact of the fall­
ing meteorites would be sufficient, under 
assumable conditions, to give rise to the 
liquid condition and much more, but the 
actual condition that would be assumed by 
the earth would be dependent wholly on 
the rate at which the ineteorites fell in. If they 
fell in simultaneously from assumable dis­
tances an intensely bot condition may be 
predicated with all the confidence of logical 
certitude. If they feil at as great intervals 
as they do to-day a low surface temper­
ature may be predicated with equal cer­
tainty. If they fell in at some intermedi­
ate rate an intermediate thermal state of 
the surface must be postulated. No phys­
ical deduction can be more firm than that 
the tempe~ature of the surface of the earth . 
would be rigorously dependent on the rate 
of infall so far as the influence of infall 
alone is concerned. Before a white-hot 
condition can be regarded as a safe assump­
tion it must be shown that the meteoroids 
would necessarily fall together at a highly 
rapid rate; otherwise the heat of individual 
impacts wonld be lost concurrently, as is 
now the case, and would not lead to gen­
eral high temperature. 

Now, has Lord Kelvin, or any other of 
our great teachers in physics or in astron­
omy, followed out to a final conclusion, by 
the rigorous processes of mathematics, the 
method and rate of aggregation of a multi­
tude of meteorites into a planet, so as to be 
able to authoritatively instruct us as to the 
rapidity at which the ingathering would 
take place? Can the problem be solved at 
present with any such close approximation 
to precison as to determine whether a liquid 
or a gaseoris state would or would not ensue? 
I assume that the most probable hypothesis 
relative to the distribution and movements 
of the meteorites is one that assumes that 
they consisted of a swarm or belt revolving 
about the sun in the general neighborhood 
of the present orbit of the earth ; in other 
words, some form of meteoroidal substitute 
for the gaseous ring of the Laplacean hy­
pothesis. The hypothesis may, doubtless, 
diverge much in detail, and, indeed, in 
some very important factors, but I assume 
that no radical departure from this can be 
entertained without endangering the pecu­
liar relations of the earth to the rest of the 
solar system and the harmonious relations 
of the whole; without, in other wordi;i, 
jeopardizing the consanguinity of the plan­
ets. If a distribution of meteorites bear­
ing any close resemblance to the Saturnian 
rings, the foster parents of the nebular hy­
pothesis, be assumed, a definite problem is 
presented for determination. If the rings 
of Saturn, which are quite certainly formed 
of discrete solid matter, were to be en.­
larged so that they should lie outside 
Roche's limit, and so escape the sphere of 
specially intense tidal strain which will 
permit no aggregation, wbat reason is there 
to think that tbey would gather together 
precipitately? Does the tidal influence, 
which, within Roche's limit, is able to tear 
a satellite to pieces, cease instantly outside 
the limit and give place to a precipitate ten­
dency to come clashing together ? On the 
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contrary, is it not difficult to demonstrate, 
by rigorous processes, even the method by 
which the meteorites will aggregate, much 
less their rate, or even to demonstrate that, 
apart from extraneous causes, they will fall 
together at all. Is not the presumption in 
such a case favorable to a slow rather than 
to a rapid aggregation? If a distribution 
like the meteoroidal swarms that are asso­
ciated with the comets of the solar system 
be assumed, a definite problem is set con­
cerning which some appeal to observation 
is possible. Here the observed tendency is 
toward dispersion rather than aggregation. 
In either of these assumptions, or in any 
other assumption, the problem involves the 
balance between gravitative forces, revolu­
tionary forces and tidal forces, and the 
gravitative forces are not simply those be­
tween the meteorites mutually, but those 
between the meteorites and the central so­
lar body and the exterior planetary bodies, 
a complex of no mean intricacy. Is it cer­
tain that these forces would be so related 
to each other as to produce a swift ingath­
ering of the whole swarm or belt, or, on 
the other band, an ingathering prolonged 
through a considerable period? If the lat­
ter be the case (and, in the absence of dem­
onstration, is it unreasonable to think it 
quite as probable as the opposite) are there 
any imperative grounds for assuming that 
a liquid state of the earth would result? 
Until the rate of aggregation is worked out 
fully and rigorously are there any moral 
~rohibitions, strict or otherwise, to a free 
interpretation of geologic and biologic evi­
dence on its own grounds? Is not the as­
sumption of a white-hot liquid earth still 
quite as much on trial as any chronological 
inferences of the biologist or geologist? 

lt, of course, remains tobe seen whether 
the alternative hypothesis of an earth grown 
up slowly in a cold state, or in some state 
less hot than that assumed in the address, 
would afford any relief from the limitations 

of time urged upon us. At first thought it 
would, perhaps, seem that this alternative 
would but intensify the limitations. Since 
the argument for a short history is based 
on the degree to wbich the earth is cooled, 
an original cold state should but hasten the 
present status. But this neglects an essen­
tial factor. The question really hinges on 
the proportion of potential energy convertible 
into heat wbich remained witbin the earth 
when full grown. There is no great differ­
ence between the alternative bypotheses so 
far as the amount of sensible heat at the 
beginning of the habitable stage is con­
cerned. For, on the one band, tbe wbHe­
hot earth must have become relatively cool 
on the exterior before life could begin, and, 
on the other, it is necessary to assume a 
sufficiency of internal heat coming from 
impact and internal compression, or other 
cbanges, to produce the igneous and crys­
talline phenomena which the lowest rocks 
present. The superficial and sub-super­
ficial temperatures in the two cases could 
not, tberefore, have been widely different. 

So far as tbe temperatures of the deep 
interior are concerned tbere is only recourse 
to hypothesis. lt is probable that there 
would be a notable rise of temperature 
toward tbe center of the earth in either 
case. In a persistently liquid earth this 
high central temperature would be lost 
through convection, but if central crystalli­
zation took place at an early stage through 
pressure, much of the high central heat 
might be retained. In a meteor-bnilt earth, 
solid from the beginning, very much less 
convectional loss would be suffered, and the 
c~ntral temperature would probably corre­
spond somewbat closely to the density. The 
probabilities, therefore, seem somewhat to 
favor a higher thermal gradient toward the 
center in the case of tbe solid meteor-built 
earth. 

But if we turn to· the consideration of 
potential energy, there is a notable differ-
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ence between the two hypothetical earths. 
In the liquid earth, the material must be 
presumed to have arranged itself according 
to its specific gravity, and, therefore, to 
have adopted a nearly complete adjustment 
to gravitative demands; in other words, to 
have exhausted, as nearly as possible, its po­
tential energy, i. e., its 'energy of position.' 
On the other hand, in an earth built up 
by the accretion of meteorites without free 
readjustment there must have been initially 
a heterogeneous arrangement of the heavier 
and lighter material throughout the whole 
body of the earth, except only so far as the 
partial liquefaction and the very slow, 
plastic, viscous and diffusive rearrangement 
of the material permitted an incipient ad­
justment to gravitative demands. A large 
amount of potential energy was, there­
fore, restrained, for the time being, from 
passing into sensible thermal energy. This 
potential energy thus restrained is sup­
posed to have gradually become converted 
into heat as local liquefaction and viscous, 
molecular and massive movements per­
mitted the sinking of the heavier material 
and the rise of the lighter material. This 
slow conversion of potential energy into 
sensible heat is thought to give to the slow­
accretion earth a very distinct superiority 
over the hot liquid earth when the com­
bined sum of sensible and potential heat is 
considered. The theoretical difference is 
capable of approximate computation, and 
Mr. F. R. Moulton has kindly undertaken 
to make the computation in a simplified 
hypothetical case which rnay give some im­
pression of the possible order of magnitude 
of this factor. For the purposes of the 
computation the earth was assumed to have 
been composed of 40 % of meta) with a 
normal surface specific gravity of 7 and 
60 % of rock with a normal surface specific 
gravity of 3. These combined would give 
an earth whose average specific gravity 
would be only 4.6. The real specific grav-

ity (5.6) is supposed to have been obtained 
by compression which would amount to 
about 18 %· Very likely the proportion 
of metal is put too high and the effect of 
compression too low, bat the purpose ofthe 
computation is only to show the theoretical 
possibilities of the case. The metal is sup­
posed to have been originally scattered 
uniformly through the rock material in 
meteoric fashion, and to have gathered 
thence to the center, forcing the rock mate­
rial outwards so far as necessary. The heat 
produced, Mr. Moulton found to be suffi­
cient to raise the temperature of the whole 
earth (specific heat taken at .2) more than 
3,000° C. The magnitude of this result is 
sufficient to require the careful considera­
tion of the potential element unless the 
whole hypothesis can be set aside. lt is 
large enough to cast the gravest doubt on 
any conclusion based on the rate of a sup­
posed decline of internal tem perature. Com­
plete readjustment of the interior matter, 
however, is not postulated under the slow­
accretion hypothesis. lt is only assumed 
that a slow readjustment has been in 
progress throughout the geological ages 
and still is in progress, and that this has 
changed a certain amount of potential en­
ergy into sensible heat and that this heat 
has contributed to the maintenance of the 
internal temperature of the earth. 

But there are in addition, incidental fac­
tors which enter effectively into the case. 
The gravitative readjustment of the hete­
rogeneous interior material is presumed to 
have taken place by the descent of the me­
tallic and other heavier materiale toward 
the center and the reciprocal ascent of 
lighter materials from the central region 
toward the surface, this being accomplished 
in various ways, the most declared of which 
has its superficial manifestation in volcanic 
action. Now, this process of vertical tr11ins­
fer, beside developing heat in proportion to 
the work done, as above indicated, also 
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incidentally brings the hotter material of 
the interior toward the surface and thus in­
creases the subsurficial temperature. lt is 
a species of slow convection. This convec­
tion is in no radical sense different from 
that which is supposed to have taken place 
in the liquid earth, save that it was delayed 
so that the heat is available within the life 
era of the earth, instead of being brought to 
the surface and dissipated in the prezoic 
hot stage, when it was a barrier to the 
existence of life instead of an aid. 

Again, in the liquid earth there were the 
best imaginable conditions for the inter­
mixture of the earth constitutents and for 
the formation of such chemical and mineral 
combinations as best accorded with the 
high pressures of the interior. In the 
heterogeneous solid earth, on the other 
hand, such combinations were restrained 
and delayed and have been able to take 
place only slowly throughout the secular 
intermingling of the internal material. lt, 
therefore, hypothetically follows that 
throughout geological ages, as the internal 
material was able slowly to readjust itself, 
new chemical and mineral combinations 
become possible. These combinations would 
be controlled by tlie high pressure in 
the interest of rnaximum density, and of 
hypothetically possible rnineral combina­
tions, only those would form which gave 
the higher density.* Thus a slow process 
of recrystallization in the interest of greater 
density would be in progress throughout 
the ages. This denser crystallization would 
set free heat. lt would furthermore permit 
the shrinkage of the whole mass and the 
consequent intensification of its self-gravi­
tation and this would in turn result in 
further development of heat. This large 
possible shrinkage meets the demands of 
geological phenomena at a point where the 
liqVid earth has been felt to conspicuously 

*Professor C. H. Van Hise has worked this out 
elaborately in manuscript not yet published. 

fail. The losses of heat from the earth, as 
computed by Lord Kelvin and other au­
thorities, and the shrinkage resulting there­
from have long been held to be quite 
incompetent to produce the observed in­
equalities. Their incompetence is now 
very generally admitted by careful students. 
Lord Kelvin also admits this, by implica­
tion, when he says (sec. 31, p. 706) "If the 
shoaling of the lava oce:a.n up to the surface 
bad taken place everywhere at the same 
time, the whole surface of the consistent 
solid would be the dead level of the liquid 
lava all around, just before its depth became 
zero. On this supposition there seems no 
possibility that our present day continents 
could have risen to their present heights, 
and that the surface of the solid in its other 
parts could have sunk down to their pres­
ent ocean depths, during the twenty or 
twenty-five million years which may have 
passed since the consistentior status began or 
during any time however long." 

In addition to this recognized quantita­
tive deficiency, the present writer has been 
led to question its qualitative adaptability. 
The phenomena of mountain wrinkling and 
of plateau formation, as well as the still 
greaterphenomena of continental platforms 
and abysmal basins, seem to demand a 
more deep-seated agency than that which is 
supplied by superficial loss of heat. This 
proposition demands a more explicit state­
ment than is appropriate to this place, but 
it must be passed by with this mere allu­
sion. lt would seem obvious, however, 
that an earth of heterogeneous constitution, 
progressively reorganizing itself, would 
give larger possibilities of internal shrink­
age, and that this shrinkage must be deep­
seated as well as superficial. In these two 
particnlars it holds out the hope of furnish­
ing an adequate explanation for the de­
formation of the earth where the hypothe­
sis of a liquid earth seems thus far to have 
failed. 
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But the essential question here is the 
possibility of sustained internal tempera­
ture. lt is urged that the heterogeneous, 
solid-bui]t earth is superior to the liquid 
earth in th e following particulars : ( 1) lt 
retains a notable percentage of the original 
potential energy of the dispersed matter, 
while in the liquid earth this was con­
verted into sensible heat and lost in pre­
zoic times; (2) it retains the conditions 
for a slow convection of the interior ma­
terial, bringing interior heat to the surface, 
a function which was exhausted. by the 
liquid earth in the freer convection of its 
primitive molten state; (3) itretains larger 
possibilities of molecular rearrangement of 
the matter and of the formation of new 
minerals of superior density, whereas the 
liquid earth permitted this adjustment in 
the prezoic stages. In short, in at least 
these three important particulars, the slow­
built meteoric earth delayed the exercise 
of thermal agencies until the life era and 
gradually brought them into play when 
they were serviceable in the prolongation 
of the life history, whereas the liquid earth 
exhausted these possibilities at a time of 
excessive conversion of energy into_heat and 
thus squandered its energies when they 
were not only of no service to the life his­
tory of the earth, but delayed its inaugura­
tion until their excesses were spent. 

Let it not be supposed for a moment that 
I claim that the alternative hypothesis of a 
slow-grown earth is substantiated. lt must 
yet pass the fiery ordeal of radical criticism 
at all points, but it is the logical sequence 
of the proposition that a swarm of meteor­
ites revolving about the sun in independent 
individual orbits and having any probable 
form of dispersion would aggregate slowly 
rather than precipitately. If the astron­
omers and mathematicians can demonstrate 
that the aggregation must necessarily have 
been so rapid as to crowd the transformed 
energy of the impoots into a period much 

too limited to permit the radiation away of 
the larger part of the heat concurrently, the 
hypothesis will have to be set aside, and we 
shall be compelled to follow the deductions 
from the white-hot liquid earth, or find 
other alternatives. 

But I think I do not err in assuming that 
mathematical computations, so far as they 
can approach a solution of the exceedingly 
complex problem, are at least quite as fa­
vorable to a slow as to a rapid aggregation. 
If this be so, the problem of internal tem­
perature must be attacked on the lines of 
this hypothesis as well as those of the com­
mon hypothesis before any safe conclusion 
can be drawn from it respecting the age of 
the earth. 

Another basis upon which the address 
urges the limitation of the earth's history 
is found in tidal friction. The limitations 
assigned on this basis are not, however, 
very restrictive. The argument is closed 
as follows: "Taking into account all un­
certainties, whether in respect to Adams' 
estimate of the ratio of frictional retarda­
tion of the earth's rotary speed, or to the 
conditions as to the rigidity of the earth 
once consolidated, we may safely conclude 
that the earth was certainly not solid 5,000 
million years ago, and was probably not solid 
1,000 million years ago" (p. 670) and in a 
foot-note it is added: "lt is probable that 
the date of consolidation is considera.bly 
more recent than 1,000 million years ago." 

The foundations of any argument involv­
ing the relations of the moon to the earth 
are very infirm. In the first place, no 
hypothesis respecting the moon 's mode of 
origin, or of the time in the history of the 
earth when it became aggregated and came 
into effective possession of its tidal function, 
can claim even a remote approach to sub­
stantiation. There is not only no substan­
tiated theory of the origin of the moon, 
but there can scarcely be said to be even a 
good working hypothesis, for the radical 
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reason that the hypotheses offered will not 
work. George Darwin, who has probably 
studied the subject more assiduously and 
more profoundly than any otber investi­
gator, ancient or recent, strongly expresses 
the situation when he says, in his recent 
work on 'The Tides,' (p. 360) "Theorigin 
and earliest history of the moon must 
always remain highly speculative, and it 
seems fruitless to formulate exact theories 
on the subject." The annular tbeory of 
Laplace encounters in their maximum in­
tensity the objections whicb arise from tbe 
application of tbe modern doctrine of 
molecular velocities. The gravitative con­
trol of an attenuated ring having tbe mass 
of tbe moon over its constituent material 
must have been exceedingly low, while tbe 
high temperature necessary to sustain the 
refractory material of the moon in a gaseous 
condition must have rendered the molecular 
velocities very high, so that no material ex­
cept that of very high atomic weight and 
consequent low molecular velocity could be 
presumed to have been retained. But the 
specific gravity of the moon (3.4) seems a 
fatal objection to the assumption that it is 
composed wholly of material of very high 
atomic weight. Besides, it is difficult to 
understand how the high temperature of a 
ring of such attenuation could have been 
maintained during the time necessary for 
its concentration. This was less difficult 
when it was assumed, as formerly, that the 
temperature of the sun at that time w.as 
excessively high, as was also that of the 
earth. But modern inquiry seems decidedly 

' opposed to the assumption of excessively 
high temperatures at that stage. On the 
contrary, it has recently been urged from 
different quarters that the early tempera­
ture of the sun's surface must have been 
much lower than at present, and this is also 
implied in certain statements of the address 
(p. 711, Sec. 43). There are also grounds 
for grave question as to the high tempera-

ture of the earth, as has already been indi­
cated. Under the revised forms of the 
nebular hypothesis there seems no sub­
stantial reason for supposing that if the 
matter of the moon was once distributed in 
a ring about the earth, it could maintain 
the gaseous condition throughout the stages 
of its condensation. The hypothesis there­
fore rests upon exceedingly doubtful prem­
ises and upon exceedingly questionable 
deductions from these doubtful premises. 

The fission hypothesis of George Darwin 
has recently replaced it in favor, but the 
above quotation implies that even its 
founder does not now rest much confidence 
in it. The objections to the theory are 
several and grave. In the first place, 
the theory of the :fission of a celestial 
body by high rotation, as worked out inde­
pendently by Darwin and Poincare, re­
quires that the separated bodies should not 
be very greatly different in mass, i. e., the 
smaller body should not be less than one­
third the mass of the larger. But the mass 
of the moon is but -h of that of the earth, 
and hence it lies far outside the computed 
limits of applicability of the fission process. 

Another difficulty lies in tbe effect of 
tidal strain itself. George Darwin, in his 
recent work on 'The Tides' (p. 259), as­
signs 11,000 miles from the center of the 
earth as Roche's limit. This leaves a tract 
of 7 ,000 miles above the terrestrial surface 
within which the earth's tidal force would 
be so great as to tear the moon to fragments, 
and, perhaps, scatter these into the form of 
a ring. The rings of Saturn are supposed 
to illustrate this form of intense tidal ac­
tion. Tbe escape of the moon, even pre­
suming it to have been separated from the 
earth would, therefore, have been jeopard­
ized by its transformation into a meteoroidal 
ring or swarm. If tbe fragments, after 
having been torn apart, were still suf­
:ficiently affected by a minute tide to be 
carried away from the earth in a slow 
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spiral, the time occupied in passing out­
ward beyond Roche's limit must have been 
protracted ; and, after their escape from it 
into a zone where conditions not hostile to 
aggregation might, perhaps, have been af­
forded, there must probably have been 
another protracted period before the aggre­
gation of the moon would have been suf­
ficiently advanced to give it appreciable 
tidal effect upon the earth. lt remains, 
therefore, to be determined, if this hy­
pothesis is followed, at what stage in the 
evolution of the moon it was sufficiently 
concentrated to assume effective tidal func­
tions. This is a question also applicable to 
the aggregation of the moon under the 
Laplacean hypothesis, if it be modified so 
as to conform to the demands of modern 
scientific probability. lt also applies to 
any hypothesis which postulates aggrega­
tion from a dispersed condition. In any 
case, it seems necessary to determine when 
the moon became full grown before it is 
possible to assign a positive date for the 
commencement of effective tidal action. lt 
would appear that such action might be de­
veloped gradually as the material of the 
moon became aggregated. During such 
gradual assumption of the tidal function 
the reaction between the moon and the 
earth must have been of a feeble sort, and a 
recomputation of its amount based on a se­
ries of hypotheses which shall cover the 
whole ground of legitimate speculation 
would seem necessary before any satisfac­
tory conclusions can be reached. 

lt may be urged that the computations 
of George Darwin following, in backward 
steps, by the masterly application ofmathB­
matical analysis, the stages of the earth­
moon relationship give a firmer ground for 
conclusions. In a qualified degree this must 
be conceded. But it is to be remarked, in 
the first place, that the mathematics be­
comes indecisive before the origin of the 
moon is reached, which may signify that 

this is not the true line of approach to the 
origin of the moon, or that there is some 
error or defect in the assumptions. lt 
would seem tobe obvious, however, that if 
the tidal function was the result of a slow 
aggregation which began at an indetermi­
nate stage in the earth's existence the 
numerical results of a computation based 
on a full-grown moon may need radical re­
vision. 

Furtbermore, the agencies which are as­
sumed to have accelerated the rotation of 
the earth in its earlier history must not be 
neglected. If they may safely be assumed 
to have been competent to give the earth a 
rotary speed sufficient to detach from itself 
the matter of the moon, as is postulated in 
tbe Laplacean and the fission hypotheses in 
common, the same agencies, if more evenly 
distributed in time, might prolong the pe­
riod of acceleration so that it should be 
coincident with that of t.idal retardation 
and offset it in any degree that falls within 
the legitimate limits of assumption. W e 
encounter here again, in another form, a 
deduction from the assumption of a very 
rapid concentration of the matter ingath­
ered to form the earth and moon, and the 
consequent exhaustion of its energy in an 
early stage. If, however, the concentra­
tion were less rapid and less complete in 
the early history of the earth, as is postu­
lated by the accretion theory, as herein 
entertained, acceleration might be far less 
advanced in the .earliest stages and be 
greater in the later stages. Hence the re­
tarding effects of tidal friction may bave 
been more effectually antagonized by the 
shrinkage of tbe earth duri~g the progress 
of geological history. Mr. Moulton has 
computed the effects of the internal cbange 
of metal and rock material, assumed in a 
hypothetical case on a previous page, on 
the speed of rotation of the earth, and found 
that it would accelerate the then-curr1:Jnt 
rate, whatever it was, about one-fifth. If, 
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therefore, the delayed central concentra­
tion left some notable part of the accelera­
tion to be gained during the period of 
geological history, and if, at the same time, 
a slow aggregation of the moon delayed its 
effectual tidal influence upon the earth and 
the reciproca.l influence of the earth upon 
it, the whole history may be notably affected 
in the direction at once of less maximum 
speed and of less retardation, i. e., of more 
near approach to uniformity. 

If we turn to the geological data that 
bear on the question of former high rotation 
and subsequent retardation we lind ample 
support for profound skepticism regarding 
the applicability of the tidal argument. As 
pointed out by Lord Kelvin, if the rotation 
of the earth were once notably greater than 
at present it should have resulted in an 
oblateness of the spheriod such that the 
equatorial regions would now be all dry 
land, unless the body of the earth were de­
formed to correspond to the slackening 
rotation in an almost perfect manner. But 
there is not the slightest evidence in the 
configuration of the earth of such an equa­
torial land tract. The equatorial belt is 
notably oceanic rather than otherwise. 
Reciprocally, there should have been, with 
the gradual slackening of the earth's rota­
tion, an accumulation of the oceanic waters 
about the poles, but there is no geological 
evidence of sach an accumulation in any 
appreciable degree. In the Arctic regions, 
as exemplified in Greenland, Spitzbergen 
and the Arctic islands of America, there 
are ancient shallow water deposits which 
lie both above and below the present oceanic 
level. These qeposits range throughout 
the Paleozoic and represent in some less 
degree both the Mesozoic and Cenozoic 
eras. The nature of these shallow-water 
deposits is such that they cannot have been 
formed at great depths below the oceanic 
surface, so that, with the allowance of a 
few hundred feet, it is possible to locate 

the ancient horizons relative to the crust of 
the earth, at most or all of these periods. 
From these it may be inferred with great 
confidence that the ancient ocean surface 
in the Arctic regions was in numerous 
stages of Paleozoic, Mesozoic and Cenozoic 
eras not notably different from that of to­
day. The facts even justify the seemingly 
extravagant statement that at several stages 
in geological history, early and late, the 
surface of the ancient ocean did not vary a 
foot from that of the present, since it must 
have passed both above and below the pres­
ent horizon repeatedly during the earth's 
history. Geological evidence, therefore, 
interpreted on its own legitimate basis, 
seems to lend no appreciable support to a.ny 
theory that postulates a high speed of rota­
tion for the early earth, or a low speed of ro­
tation for the present earth, unless that 
hypothesis is correlated with the assumption 
of an almost perfect adjustability of the 
form of the earth to the changing rotation, 
in which case the argument of Lord Kelvin 
set forth on p. 670 stands confessedly for 
naught. 

If we postulate a slow accretion of the 
earth and of the moon alike, the. whole 
subject of the former speed of rotation of 

· the earth and the relations of the earth to 
the moon take on a new aspect and invite 
investigation along the lines of new work­
ing hypotheses. Can it be shown that it is 
absolutely necessary that the aggregating 
meteoroids gave to the earth an exceedingly 
high rotation at the outset? Is not this as­
sumption of high rotation merely an off­
spring of the nebular hypothesis? If the 
moon were aggregated slowly and came into 
tidal functions at a late stage, and at a dis­
tance from the earth's center quite un­
known, may not all its relations to the 
earth have developed on much more con­
servative lines than those worked out by 
Darwin and at the same time preserve 
those apparently significant relations to 
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the movements of the two bodies to which ian theory of the sun's heat and of the cor­
Darwin has so strongly appealed in support rectness of deductions drawn from it in re­
of bis hypothesis of the history of the two lation to the past life of the sun. There is 
bodies? In other words, without challeng- the further assumption, by implication, that 
ing the validity of Darwin's most beautiful no oth~r essential factors entered into 
investigation in the essentials of its method, the problem. Are these assumptions be­
may not a change in the premises dedu- yond legitimate question? In the :fi.rst 
cible from an equally legitimate hypothesis place, without questioning its correctness, 
of the original condition of the two bodies is it safe to assume that the Helmholtz­
lead to results in equally satisfactory accord ian hypothesis of the heat of the sun is 
with the existing relations of the two bodies? a complete theory? Is present knowledge 

At any rate, as remarked at the outset, relative to the behavior of matter under 
the time·limits assigned on tidal grounds such extraordinary conditions as obtain in 
are not very restrictive, even on the as- the interior of the sun sufficiently exhaust­
sumptions made, and when they shall be ive to warrant the assertion that no unrec­
worked out on revised data in accord with ognized sources of heat reside there? What 
the newer hypotheses they ma.y, perhaps, the internal constitution of the atoms may 
even be found to favor the longevity of the be is yet an open question. lt is not im­
earth and become one of the arguments in probable that they are complex organiz&­
support of it. tions and the seats of enormous energies. 

A tbird line of argument relative to the Certainly, no careful chemist would affirm 
habitable era of the earth is drawn from either that the atoms are really elementary 
the theoretical age of the sun. After stat- or that there may not be locked up in them 
ing the probability that, if sunlight was energies of the :fi.rst order of magnitude. 
ready, the earth was ready both for vege- No cautious chemist would probably ven­
table and animal life within a century, or at ture to assert that the component atome­
least a few centuries, after the consolidation cules, to use a convenient phrase, may not 
of the earth's surface, Lord Kelvin in- have energies of rotation, revolution, posi­
quires whether the sun was ready, andre- tionandbeotherwisecomparableinkindand 
plies: * "The well-founded dynamical the- ' proportion to those of a planetary system. 
ory of the sun's heat carefully worked out N or would he probably feel prepared to af­
and discussed by Helmholtz, Newcomb and firm or deny that the extraordinary condi­
myself, says No if the consolidation of the tions which reside in the center of the sun 
earth took place as long [ago] as 50 million may not set free a portion of this energy. 
years; the solid earth must in that case The Helmholtzian theory takes no cog­
have waited 20 or 50 [30 ?] million years nizance of latent and occluded energies 
for the sun to be anything nearly as warm of an atomic or ultra-atomic nature. A 
as he is at present. If the consolidation of ton of ice and a ton of water at a. like dis­
the earth was :fi.nished 20 or 25 million tance from the center of th~ system are ac­
years ago the sun was probably ready, counted equivalents, though they di:ffer no­
though probably not then quite so warm as tably in the total sum of their energies. 
at present, yet warm enough to support The familiar latent and chemical energies 
some kind of vegetable and animal life on are, to be sure, negligible quantities com­
the earth.I' Here is an unquali:fi.ed assump- pared with tbe enormous resources that re­
tion of the completeness of the Helmholtz- side in gravitation. But is it quite safe to 

* ScrnNcE, May 19, 1899, p. 711. assume that this is true of the unknown 
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energies wrapped up in the internal consti­
tution of the atoms? Are we quite sure 
we have yet probed the bottom of the 
sources of energy and are able to measure 
even roughly its sum-total? . 

There are some things hereabouts in the 
instruction we receive that puzzle us with 
our geological limitations: 

1. We are taught that there is a certain 
critical temperature for every substance 
above which it takes the gaseous form, and 
no amount of pressure can reduce it to the 
liquid or solid state. 

2. We are taught that gases are compres­
sible to an indefinite extent provided their 
temperatures be above the critical point. 

3. ·we are told the temperature of the 
interior of the snn is probably above the 
critical temperature of any known sub­
stance, and hence that all the material of 
the interior of the sun is probably gaseous. 

4. We are taught that so long as the sub­
stances of the sun remain in the gaseous 
condition the temperature of the sun must 
rise from increased self-compression. lt 
cannot, therefore, fall to the critical tem­
perature of the component substances, and 
must, therefore, continue in the gaseous 
state and grow hotter and hotter. 

5. We are taught that gravity varies in­
versely as the square of the distance. As 
the distance between any two particles is 
halved, their mutual attraction is raised 
fourfold. Perpetual halving would cause 
the attraction to mount up toward infinity. 

In the sun, then, there seems to bo this 
interesting combination: (1) agaseousmass 
already above the critical temperature 
growing hotter and hotter by self-compres­
sion and bound to grow hotter and hotter 
so long as it remains a gas ; and it is bound 
to remain a gas until it falls below the 
critical temperature, which it cannot do 
while it continues to grow hotter; (2) a 
gravity that increases four-fold with every 
halving of distance and that is bound to 

increase so long as concentration continues, 
and concentration must continue while the 
substance is a gas and the gravitative pres­
sure increases. 

What is the logical outcome of this kind 
of logic and this sort of a combination ? A 
geologist begins to grow dizzy contempla­
ting such thermal possibilities. Why 
should not atoms, atomecules, and what­
ever else lies below, one after another have 
their energies squeezed out of them ; and 
the outer regions be heated and lighted for 
an unknowable period at their expense? 

There was a time when the chemical 
theory of the sun's heat was fairly satis­
factory to the scientists of the day, but its 
inadequacy appeared in time. There fol­
lowed a period in which the meteoroidal 
theory of the sun's origin was deemed ade­
quate, but its defects soon became apparent. 
There bas followed the contractional theory, 
the validity of which is perhaps not less 
questioned now than was the validity of 
the cbemical and meteoroidal hypotheses in 
tbeir day of acceptance, but, judging from 
the past, it may easily appear in the future 
tbat the Helmholtzian theory is inade­
quate in some measure not unlike its 
predecessors. 

But assuming, as we are wont to do, that 
the limits of our present knowledge are a 
definition of the facts, has the evolution of 
the sun been worked out with such definite­
ness and precision as to give a determinate 
and specific history of its thermal stages 
from beginning to end? lt is one tbing to 
tell us, on the basis of the contractional 
theory, tbat the total amount of thermal 
energy originally potential in the system is 
only equal to so many million times the 
present annual output, but it is quite a dif­
ferent tbing to give a specific statement of 
the actual time occupied by the sun in the evo­
lution and discharge of this amount of heat and 
to define its successive stages. lt is with 
this actual history that we are specially 



SOJEN OE. 15 

concerned. The distribution of the com­
puted heat in time may bave been such 
hypotbetically as to shorten the period of 
its expenditure not simply to 20 or 25 mill­
ions of years, as indicated by Lord Kelvin, 
but to four or six millions of years as de­
duced by Ritter.* On the other band, the 
dealing-out of this amount of heat may 
hypothetically have occupied a period many 
times the 20 or 25 million years postulated, 
lt seems altogether necessary to determine 
specifically the distribution of the heat in time 
before any approach to a satisfa6tory appli­
cation to geological bistory can be made. 
The period of 20 or 25 million years named 
can have little moral guiding force until 
this problem is solved. But tbe literature 
of the subject shows an almost complete 
neglect of this consideration. \Vbile cer­
tain of the pbysicists and astronomers have 
been instructing us ' e superiore loco,' they 
seem, with very rare exceptions, to have 
Qverlooked this vital factor in the case. 
Even in computing tbe snm-total of heat 
they have, for tbe most part, heretofore 
neglected the central condensation of the 
sun and in their computations have sub­
stituted a convenient homogeneity. Tbis 
is recognized in a more recent number of 
ScrnNcE (May 26) in the article by Dr. See, 
in wbich he o:ffers a correction which in­
volves an extension of the previously as­
signed output (18 million times the present 
annual radiation) to about 32 million times 
tbe annual radiation. But even in mak­
ing this correction he neglects to consider 
the distribution of tbis heat in time, and 
leaves upon tbe reader the impression tbat 
tbe life-history of the eartb was limited to 
32 million years. Assuming the correct­
ness of bis computations, tbe past thermal 
discbarge of tbe sun is merely limited to 32 
million times the present annual expendi­
ture. For aught that appears to the con -

* Astrophysical Journal, December, 1898 ; Journal of 
Geology, p. 93, No. 1, Vol. VII., 1899. 

trary, the actual output of this heat may 
have been spread over any assignable num­
ber of years. lt is obvious upon consider­
ation tbat a certain distribution of this past 
heat would favor longevity of life upon the 
earth, provided it could exist with a more 
limited heat supply than tbe sun is now 
yielding. On the otber band, it is equally 
evident that if the supply be distributed in 
certain other ways, either in tbe nature of 
excessive prolongation or of excessive con­
centration, tbe life era will be shortened. 
Doubtless the admonitory physicists have 
assumed that it was sufficient for the gross 
purposes of restraining geologists within 
due limits to determine the total amount of 
heat without assiduously considering tbe 
actual facts relative to its distribution, but 
some of us are unwilling to accept this 
loose method of dealing with the problem, 
since tbere arf; resources of application of 
which our pbysical friends have perhaps 
not taken cognizance. For example: 

1. If at a certain stage in tbe evolution of 
the sun it occupied essentially all tbe space 
within tbe earth's orbit, and was giving 
forth one-half as much beat per year as 
now, it would possibly have sufficed for tbe 
needs of life upon the earth essentially as 
weil as at present, without the assumption 
of any change in the constitution of the 
earth or of its atmosphere. For, on this 

. supposition, approximately one-half of the 
space into which the earth radiated its beat 
would be blanketed by tbe sun and the heat 
thrown fortb from the earth would be 
measurably caught and returned, and bence 
the loss of heat by radiation from the sur­
face of the earth would have been reduced. 

2. If, at tbe same time, we suppose tbat 
the material now concentrated in tbe outer 
planets was dispersed in a broad nebulous 
or meteoric belt mantling the heavens on 
the opposite side, another means would be 
provided by which some portion of the 
heat radiated away would be caught and 
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returned to the earth, and a further small 
reduction in the original receipt of heat 
from the sun may be made consistently 
with the existence of life. This outer belt 
would be very tenuous and its e:ffects cor­
respondingly meagre, but it is a factor to 
be considered in a c9mplete set of assump­
tions. 

3. If, in addition to this, we make the 
consistent assumption that many other 
bodies of the heavens which are now con­
centrated into suns or into dark bodies 
were then in a more dispersed nebulous or 
meteoroidal condition, the gen~ral space of 
the stellar universe would be partially man­
tled, and there would be less free scope 
for the escape of the heat, solar and terres­
trial alike, which is now freely lost through 
the open regions of space. lt may be con­
ceived tbat there was a common blanketing 
of the heavens by the clispersal of its now 
concentrated matter. This conception is 
tbe logical companion of the supposed dis­
persal of the solar matter. If the volume 
of matter in the stellar universe could be 
supposed to be sufficient, it might be so 
distributed hypothetically as to mantle the 
whole heavens and largely prevent the es­
cape of central heat outwards, just as the 
central heat of the more concentrated bodies 
is conserved at the present time. Under 
this conception tbe history of tbe stellar uni­
verse may be characterized as a progress­
ive clearing-up of nebulosities and meteor­
oidal dispersions and tbe concentration of 
its matter about certain points, leaving be­
tween vast open spaces tbrough which heat 
is now radiated away with a facility un­
realized in the earlier stages. Tbe quanti­
tative value of such a suggestion must be 
left to the determination of astronomers 
who have the best data for forming a conjec­
ture as to the ratio of matter to space in the 
stellar universe and as to the possibilities 
of Hs dispersion at a period coincident with 
the earlier stages of the earth's history. 

4. A modification of the conditions as­
sumed in the foregoing paragraphs may be 
postulated in which the earth is regarded 
as having made its early growth within the 
primordial meteoric aggregate, perhaps a 
great :flattened meteoric spheroid, which in­
itially extended beyond N eptune in nebular 
fashion and whose present attenuated rep­
resentative may, perhaps, be found in tbe 
zodiacal light. In this case the thermal 
environment of the early earth was that 
furnished by the interior of tbe spheroid, 
though far out from the center. The con­
ditions only became external gradually as 
the growth of the planets exhausted the 
peripheral portion of the meteoric spheroid. 

5. The foregoing hypotheses, which do 
not seem to be so completely out of accord 
with the possibilities of the case as to be 
inadmissible tentatively in the absence of 
a positive solution of the early terrestrial 
environment, are concerned with tbe ex­
ternal relations of the earth. If we turn 
to the earth itself it may be remarked tbat 
the nature of its atmosphere very radically 
conditions the amount of heat requisite for 
the· support of life. Dr. Arrhenius has re­
cently made an elaborate computation rela­
tive to tbe thermal in:fluence of certain fac­
tors of the atmosphere and has arrived at 
the conclusion that an increase of the at­
mospheric carbon dioxide to tbe amount of 
three or four times the present content 
would induce such a mild climate in the 
polar regions tbat magnolias might again 
fl.ourish there as they did in Tertiary times. 
On the otber hand, be concluded that a re­
duction of less than 50% would induce con­
ditions analogous to those of the glacial 
period of Pleistocene times. The vast quan­
tities of carbon dioxide represented in the 
carbonates and carbonaceous deposits of the 
earth's crust imply great possibilities of 
change in tbe constitution of the atmos­
phere of the earth in respect to tbis most 
critical element. 
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6. But there are more radical consid­
erations that relate to the early thermal 
history of the earth. To be sure, if we are 
forced to adopt the hypotbesis of a white­
hot liquid earth, with all its extravagant 
expenditures of energy in the early youth 
of the earth, we can take no advantage of 
tbese possible resources, but under the sup­
position that the meteorites gathered in 
with measurable deliberation, it is theoret­
ically possible to find conditions for a long 
maintenance of life on the earth, with little 
or no regard to the amount of heat which 
tbe early sun sent to it. In the earliest 
stages of the aggregation of the earth under 
this hypöthesis: while it was yet small, it 
can scarcely be supposed to ha.ve been 
habitable, because its mass was not sufli­
cient to control the requisite atmospheric 
gases, but when it bad grown to the size of 
Mars, that is to a size representing about 

1~ of its present aggregation, or, to be safe, 
when it bad grown to twice the size of 
Mars, or about one-fifth of its present mass, 
it would have been able to control the at­
mospheric gases and water, and, so far as 
these essential items are concerned, it 
would have presented conditions fitted for 
the presence of life. At this stage the 
larger portion, four-fifths by assumption, of 
the matter of the earth would yet be in the 
meteoroidal form and doubtless more or 
less closely associated with tbe growing 
nucleus. If the infalling of this four-fifths 
of the material of the earth were duly 
timed, so as to be neither too fast nor too 
slow, it would give by its impact upon the 
atmosphere of the earth a sufficiency both · 
of heat and of light to maintain life upon 
the surface of the earth. The plunging­
down of these meteorites upon tbe surface 
might be more or less destructive to the 
life, but only proportionately more so than 
the fall of meteorites to-day. lt would not 
be necessarily fatal to life, especially oceanic 
life; indeed, the strokes of the meteorites. 

might not be more inimical to the per-· 
petuity of any given form· of life then than 
are the attacks of its numerom> 'enemies 
to-day. · lt was· only another form of 
jeopardy. The latitude as to variation 
of rate of infall would be rather large. 
The infall must not have been so rapid 
as to have given a universal snrface 
heat above 100° C. The life of bot S!>i:ings 
crowds close upon this upper limit, as Lord 
Kelvin has indicated. 'l'he infall mnst not 
have been so slow as to have permitted the 
surface h'eat to fall universally below 0° C., 
making allowance for other sources. 'fhese 
other sources might have permitted the 
meteoric supply to fall considerably below 
the quantity represented by a surface tem­
perature of 0° C. Between this indetermi­
nable low point and a supply equivalent to 
100° C., similarly qualified, there is a quite 
wide range. Those who have insisted upon 
the precipitate infalling of meteorites at 
such a rate as to reduce the earth to a 
nebulous condition will probably not feel 
entitled to doubt the adequacy of this 
source _of light and heat. They can only 
question the possibility of the meteorites 
falling in slowly enough to permit the coin­
cident presence of life on the earth. 

This hypothesis starts life at a period 
when the earth was one-fifth grown and 
prolongs it throughout the rather slow 
gathering-in of the last four-fifths of the 
earth's mass, and hence gives to the earth 
a long era of autogenic life conditions. 

Now, if a hypothesis relative to the early 
constitution an<l the growth of the rest of 
the solar system concordant with this be 
entertained, that is, a constitution of apre­
dominantly meteoroidal rather than a gas­
eous condition, and of a slow rather than a 
precipitate aggregation, it will, perhaps, 
appear that the output of heat by the sun 
in the stages concurrent with this auto­
genic life period of the earth may have been 
small. The autogenic thermal era of the 
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earth may thns have corresponded to a 
period of slight thermal loss by the sun. 

As time went on the ingathering of the 
terrestrial meteorites gradually became 
more and more distant from one another 
(since the scattered material was progress­
ively exhausted by previons infalls), while 
the central or solar aggregation was yet 
only in its early stages and was gradually 
increasing in heat; If this increase was in 
a ratio somewbat proportionate to the de­
cline of the autogenic heat of the earth an 
equalizing compensation might result, and 
the earth gradually pass from the relatively 
independent autogenic thermal stage to the 
dependent solar stage which has continued 
to the present. Thus, by the prolonged 
coincidence of increase on tbe one side with 
decrease on the other, tbe life history oftbe 
earth may have been transferred from 
meteoroidal to solar dependence without 
such a radical disruption of continuity as 
to bave been generally destructive. 

This speculation may seem at first though t 
to be far-fetched, and to be poised on a 
ticklish combination of conditions, and it 
may, indeed, prove, when critically studied, 
to be really so, but yet it is submitted that 
it follows along coherent lines connected 
ultimately with the fundamental proposi­
tion that dispersed meteoroidal matter 
might gather in slowly rather than precipi­
tately. On this point bangs all the law and 
the prophets. 

If astronomers, physicists and maihe­
maticians will jointly attack the forma­
tional history of the solar system stage by 
stage, following each stage out into details 
of time and rate, and taking full cognizance 
of all tbe alternatives that arise at each 
sia.ge, it will tben be possible, perhaps, to 
decide whether the conditions of tbe early 
earth were such as to require a large or a 
small amount of heat from the sun for the 
sustenance of life, and whether the sun was 
wasting heat prodigally in those days or 

conserving it for later expenditure. The 
present measure of the earth's needs may 
be no measure of its early needs. The 
sun's present expenditure may be no meas­
ure of its early expenditure. 

In view of all these considerations, I 
again beg to inquire whetber there is at 
present a solid basis for any 'sure assump­
tion' with reference to the earth's early 
thermal conditic,ms, eitber internal or ex­
ternal, of such a determinate nature as to 
place any strict limitations upon the dura­
tion of life. 

The latter part of the address is con­
cerned with novel suggestions regarding 
the behavior of tbe supposed liquid surface 
of the earth in the stages just preceding its 
final solidification, involving a theory of the 
formation of the primitive surface rocks 
and of the original continents and ocean 
basins. The discussion of this I must leave 
to the petrologists, merely venturing the 
hint that they may find some occasion to 
reconstruct current petrological doctrines 
if they are to be brought into consonance 
with the new views offered. 

The point of greatest general interest in 
this part of the address is the sharp state­
ment of opinion that, if the original lava 
ocean bad solidified eq uably in all its parts 
and produced a dead-level surface all 
around the globe, there seems no possi­
bility that our present continents could 
bave arisen to their present heights, or the 
ocean basins have sunk to their present 
depths, during twenty or twenty-five mill­
ion years, or during any time however 
long. (Exact words previously quoted, p. 
897.) Lord Kelvin adds: "Rejecting the 
extremely improbable hypothesis that the 
continents were built up of meteoric matter 
tossed from without, upon the already solidi­
fied earth, we have no other possible alter­
native tban that they a.re due to hetero­
geneousness in different parts of the liquid 
which constituted the earth before its solidi-
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fication" (this JoURNAL, p. 706). This is 
as strong an assertion of the necessity of 
assuming crustal and sub-crustal hetero­
geneity as any ad vocate of a slow-accretion 
earth could wish. If the word 'liquid' 
and wbat follows be stricken out, and the 
words ' meteoroidal aggregate' be substi­
tuted in tbe sentence quoted, it will be a 
rather too strong statement of tbe alterna­
tive explanation which springs obviously 
from tbe meteorological hypothesis herein 
urged. lt is not easy to see how snch 
heterogeneity as is required to account for 
the continents and ocean basins could arise 
from a wbite-hot liquid-surfaced earth de­
scended from a gaseous earth. To those 
who do not follow the petrological concep­
tions of the address, but who conceive the 
hypothetical lava ocean to have been one 
great solution, stirred by convectional and 
other currents and depositing crystals as 

supersaturation arose from change of tem­
perature or from change in the solution it­
self, there seems not much more reason to 
suppose tbat its deposits would have been 
localized persistently on the sites of the 
present continents tban to suppose tbat the 
present enveloping solution-the ocean­
if duly concentrated, would localize in a 
similar way the crystals which it would 
throw down. But this must be left to the 
petrologists. I cannot, however, express 
too strongly my appreciation of the value 
of Lord Kelvin's stalwart opinion respect­
ing the incompetency of tbe thermal theory 
of crustal deformation, since this carries 
with itself, more remotely and occultly 
(pace Ke~vin) an implication of like weak­
ness in the tbeory of the white-hot earth 
itself. 

T. c. ÜHAMBERLIN. 

UNIVERSITY OF CHICAGO. 


	Chamberlin_1899_LordKelvin0001
	Chamberlin_1899_LordKelvin0002
	Chamberlin_1899_LordKelvin0003
	Chamberlin_1899_LordKelvin0004
	Chamberlin_1899_LordKelvin0005
	Chamberlin_1899_LordKelvin0006
	Chamberlin_1899_LordKelvin0007
	Chamberlin_1899_LordKelvin0008
	Chamberlin_1899_LordKelvin0009
	Chamberlin_1899_LordKelvin0010
	Chamberlin_1899_LordKelvin0011
	Chamberlin_1899_LordKelvin0012
	Chamberlin_1899_LordKelvin0013
	Chamberlin_1899_LordKelvin0014
	Chamberlin_1899_LordKelvin0015
	Chamberlin_1899_LordKelvin0016
	Chamberlin_1899_LordKelvin0017
	Chamberlin_1899_LordKelvin0018
	Chamberlin_1899_LordKelvin0019

