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ART. III. - Some Que1•ies on Rock Differentiation; by 
GEO. F. BECKER. 

Hypothesis of d1fferentiation.-Äs I understand the theory 
-0f what is called the differentiation of rock magmas, now so 
generally held by lithologists, its outlines may be expressed in 
the following terms: In some extensive districts the massive 
rocks are found to possess similarities of composition, and such 
rocks have been called consanguineous. This consanguinity 
might be accounted for by supposing an originally homogene
ous magma to have undergone partial segregation into fluid 
portions of distinctly different yet allied composition,  prior to 
eruption, and this is the process called differentiation. lt is 
also known by observation in the laboratory, that if a more or 
less complex, homogeneous solution be exposed to certain 
phye.ical conditions, segregation into distinct portions may take 
place. lt is hence inferred that such is actually the history of 
eonsanguineous rocks. * By a slight extension of this inference 
most massive rocks are regarded as resulting by differentiation 
from a generalized magma. 

The existence of distinct though allied rocks locally asso
-ciated with transitional varieties is nndisputed. The validity 
of the explanation offered by the modern school for these 
occurrences is another matter. The hypothesis o-f differentia
tion is extremely attractive and if it were substantiated would 
lead to a weil organized system of rc1ck investigation. lt may 
also be correct ; but there are respects in which it appears to 
be in need of much explanation, and it does not seem �ertain 
that the fundamental postulate of originally homogeneous 
magmas of vast volume is well established. 

Possible modes of segregation.-The segregationt of a 
homogeneous fluid into distinguishable portions under the 
influence of varying temperature or pressure may take place 
by different methods. An increase or decrease in the concen
tration of certain components may occur in the cooler part of 
the fluid or in that portion which is under greatest pressure. 
There are also cases in which solutions which are homogeneous 

* The early literature bearing on this subject. togetber witb fresh contribuLions, 
is given in Mr. Arnold Hague's work on the Geolog-y of the Eureka district, U. S. 
Geol. Survey, Mon. 20, 1892, p. 267 et seq. Soma of Prof. J. P. Idding1' papers 
bearing on the Auhject are: the Crystallization of Igneous Rocks, 1889; Electric 
peak and Sapulchre mountain. 1891: the Origin of Igneous Rocks. 1892, etc. 
The tatest of Prof. W. C. Bröimer's contributions is: die Eruptionsfolge der triad· 
sehen Eruptivgesteine bei Predazzo, 1895. 

t Tbe term d1fferentiation is ambiguous. Tn the older, and as it seems to me 
the more proper sense. d1fferentiation is the discrimination of exieting differences. 
-One differenLiates hme-soda feldspars by their angles of extinction. 
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at one temperatnre 'tend to separate at some other temperature 
into two or more immiscible fiuids, or into a fluid portion and 
a solid one. There seem to be no other conceivable wa.rs in 
which segregation or differentiation under purely ph.rsical 
iufluences can take place, and it is one of the purposes of this 
paper to examine the mechanism of these processes in the 
light of the modern conclusions of chemical physics. 

lt will bc most convenient to consider first those cases in 
which only miscible liquids, or liquids present only in miscible 
proportions, are c0ncerned, reserving consideration of immisci· 
bility and insolubilit.r for subsequent discussion. 

The differentiation of a 110mogeneous magma, or its segrega
tion into distiuct though related miscible fluids, involves rela
tive movement of the particles of the magma. This movement 
cannot take place in visible streams or currents, such as would 
result from convection; for if a tendency to segregation 
existed, stirring would nentralize or overcome it. Segregation 
might, however, be accomplished by what rnay be called 
molecular flow, this term being understood to mean tbe pro
gressive translation of portions of a liquid, rnolecule by mole
cule, among the similar or dissirnilar molecnles of the remainder 
of the liquid. 

Instances qf molecular flow.-Molecular flow is exhibited 
in ordinary diffusion, in osrnosis, and in sorne cases of the 
segregation of flnids. Althongh these are sccmingly very dif
ferent manifestations, they are all reducible to the tendency 
which fluids exhibit to attain a condition of stable equilibrium, 
tbrough an equalization of the partial pressures of each com
ponent in different parts of the fluid. 

If two liqnids which are miscible in all proportions but are 
chernically indifferent to one another are placed in a small 
closed vessel and are maintained at a constant temperature, 
each diffuses into the other, and the flow of molecules will 
never cease until the mixture is uniform throughout, so that 
each liquid occupies the volurne formcrly occupicd by both. 
If two such liquids are each soluble in a third, each will diffuse 
into the solvent at its own peculiar rate, and in such cases mere 
diffusion produces partial separation of the dissolved sub
stances. At any given time the substance which diffuses rnore 
rapidly will be fpnnd in greater relative abuudance at any 
point at all distant from the original surface of di:ffusion. 
Thus Graham in experimenting on the di:ffusion in water of a 
solution which contained 5 per cent of common salt and 5 per 
cent of sodium sulphate found that the upper layer of water 
after a certain interval contained ten times as rnuch of the 
chloride as of the sulphate. 



Becker-8ome Queries on Rock Differentiation. 23 

In this case any one layer of the water may be regarded as a 
kind of septum through which the chloride diffnses at a higher 
rate than does the sulphate. There are many septa more 
efficient in separating solutions than is water. Especially 
familiar is bladder, through which one class of compounds (the 
crystalloids) passes very readily, while another (the colloids) 
passes with difficulty. Here indeed the material of the septum 
perhaps has some rnolecnlar action on the solutions, and if so 
the explanation is thereby complicated . Nevertheless osmosis 
is regarded by physicists as a case o:f ordinary diffusion compli
cated, as some think, by the molecular action of the septum.* 

There is another class of septa which seerns to be without 
molecular action and behave as mere "atomic sieves." They 
are wholly impermeable to some solutions (bladder is not) and 
easily permeated by others. By means of these "semi-perme� 
able" septa, which are produced by precipitation, it has been 
found that the molccular flow of a gi,·en solution continues 
until a certain definite pressnre exists on one side of the sep
tum, this pressure being characteristic of the substance experi
mented upon and independent of the nature of the membrane. 
This is the " osmotic" pressn re of the dissol ved su bstance, and 
Mr. van't Hoff has shownt that it is equal to the pressure 
which would be exerted by the substance in a gaseous state when 
occupying the same volnme at the same temperature. Evi
dently then there is a ver,y close analog:y between gases and 
substances in a state of solution, and it is in fact now weil 
recognized that, as van't Hoff pointcd out, they obey several of 
the·same fundamenta l laws when osmotic pressnre and simple 
pressnre are considered as interchangeable terms.:j: 

Mr. W. Nernst§ has discussed the phenomena of simple dif
fusion in their relation to -osmotic pressure and is led to the 
conclusion that osmotic pressure is the force immediately con
cerned in the di:ffusion of liquids, just as the pressure cxerted 
by a gas in confinement is the cause of the diffusion of gases. 

The most important case of molecular fiow for the purposes 
of this discussion arises when a homogeneous solution is heated 
at the top. Molecular flow then takes place from the top 

* Tait: Prop. of Matter, 2d ed , p. 275. lt is probable that the osmotic action 
of animal membranes is cxacUy the same in principle as tbat of precipitated ones. 
They are both "atom sieves," ooly the " mesb�s " are of a differeüt size, per
haps. If any "molecular actioo" (whatever that may be) exists in ooe case, it 
probably does in the other also. The evidence of such action is not distioct. 

t Zeitscbr. phys. Chem., vol. i, 181!7, p. 481. 
t The osmotic pressure is inversely proportional to the volume of the fluid in a 

given space. The osmotic pressure at constant volume is proportional to tbe 
absolute temperature. Solutions of equal volume of different substances whicb 
contain equal numbers of molecules at equal temperatures exert equal osmotic 
pressure. These laws correspond to tbose of .l:loyle, Gay-Lussac and Avogadro. 

§ Zeitschr. phys. Chem., vol. ii, 1888, p. 613. 
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towards the bottom, so that a concentration of the substance in  
solution occurs in the lower portion. This fact appears to have 
been observed :first by Mr. 0. Ludwig in 1856* and was subse
quently studied by Mr. Ch. Soret.t The phenomenon has 
been explained by Mr. van't Hoff.:j: The osmotic pressure of 
a substance in solution is proportional to the absolute tempera
ture. Hence there is a resultant pressure in an unequally 
heated fluid which is directed towards the cooler portion, and 
this will not be equilibrated until the osmotic pressure in the 
cooler portion is appropriately increased. N ow the osmotic 
pressure is proportional to the concentration as well as to the 
temperature; and the condition of equilibrium is therefore 
that the concentrations shonld be inversely as the absolute 
temperatures. Thus if a rnagma were heated to T = 1500° at 
the top while the bottom of the mass were kept at T = 14-00°, 
the concentration of the substances dissolved in the magma 
would increase until that at the bottom were 15/14 = l ·07 of 
that at the top. Mr. van't Hoff's theory of this case agrees 
somewhat roughly but substantially witb Mr. Soret's experi
ments. 

Tbe solution of any snbstance in a fluid is attended by a 
change in the total volume. When this change is a decrease 
in volurne, solubility increases with increasing pressure; and 
vice versa. Hence in a deep mass of solution of constant 
ternperature there is bclieved to be a tendency to concentration 
through pressure at the bottom or the top of the mass. The 
cbange of concentration, however, would be so small that 
physicists are not lwpeful of demo11strating it experimenta]ly. 
The thermodynumical discussion of Messr,;. Gouy and Ohap
eron§ seems to sbow that even in vessels 100 meters in depth 
the effect of gravity 011 sodium chloride solution would infl.u
ence concentration only to the extent of a fraction of 1 per 
cent, the concentration being greater at the bottom. lt is 
evident that the process by which concentration is effected is 
molecular flow. Fnrther remarks on the variability of solu
bility with pressnre wi ll be made in discussing the properties 
of immiscible fluids. 

There is no question that molecular flow does play a part in 
lithogenesis. One may often see blebs or smears of matter in 
either granular or porphyritic rocks which have manifestly 
undergone at least superficial solution, the rock around the bleb 
showing an aureole of diffusion. So, too, crystallization in 
many cases is explicable only by the molecular flow of a cer-

* Wien Sitz. Ber., vol. xx, l 856, p. 539. 
t Comptes Rendus, Paris, vol. xci, 1880, p. 289. 
i Zeitschr. phys. Chem, vol. i, l8tS7, p. 487. 
� Ann. de eh. phys. (VI), vol. xii, 1887, p. 384. 
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tain ingredient to one spot from the adjacent mass. There 
is absolutely no theoretical reason why such processes should 
not occur, for at very short distances molecular :flow is a very 
rapid process, as will be explained presently. On the other 
band, it is questionable whether masses of rock of hundreds of 
meters in thickness could be thus separated, even if the time 
allowed for completion of the process were equal to an entire 
geological period. 

Character of dijfusion.-It has been explained above that 
all the processes of molecular :flow are reducible to the same 
elementary action, viz: movements due to differences of 
-0smotic pressnre. This kind of flow is m-0st simply manifested 
in ordinary diffusion, and it is also in the ordinary diffusion of 
concentrated solutions that molecular flow takes place most 
rapidly. lt is possible to bring an indefinitely ]arge mass of 
an absolutely and permanently concentrated liquid in contact 
with another liquid in which the first is thoroughly soluble. 
U nder these conditions, the resultant osmotic pressure being 
proportional to concentration, must have its hi�hest value, and 
molecular :flow (measured by the amount of substance passing 
through a given area in a given time) must be greater than it 
otherwise can be. Think, for example, of a tall vessel at the 
bottom of which is a layer of solid sulphate of copper, tbe 
rest of the vessel being full of pure water. Then a concen
trated solution of the sulphate will form in contact with the 
solid sul phate and this layer will continue concentrated nntil 
solution is complete. Diffusion will then proceed as rapidly as 
it can do at the temperature of the experiment. Under such 
conditions the amount of a dissolved subst.ance which diffuses 
through an area of one square centimeter iri one second, when 
the gradient of concentration (perpendicular to the area) is one 
gram of substance per cubic centimeter of fluid per centi.meter 
-0f distance, is a constant called the "diffusivity" of the sub
stance in water.* In the case of gases .Maxwell showed that a 
simple numerical relation exists between the diffusivity of sub
stance, the diffusivity of energy or heat, and the diffusivity of 
momentum which gives rise to viscosity.t In the case of 
fluids the a prinri determination of these constants is not yet 
possible and they must be found by experiment. 

When this constant called diffusivitv of substance is deter
mined, the process of diff usion can be accurately predicted 
under uniform conditions of temperature and pressure at least 
for weak solutions. In 1855 Prof. A. Fick:!: advanced the 
hypothesis that the time rate at which a salt diffuses through a 

*Tait: Prop. of Matter, 2d ed., 1890, p. 271. 
t Theory of Heat, 189!, p. �32, and Nature, vol. viii. 
t Pogg. Ann., vol. Iciv, 1855, p. 59. 
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stated area is proportional to the di:fference bctween the con
centrations of two areas infinitely near one another. This is, 
mutatis mutandis, the sarne law which underlies Fourier's 
treatment of heat conduction. * Very extended researches by 
many physicists have confirmed Fick's law, excepting for very 
strong solutions, and therefore also the applicabilit.Y of Fourier's 
mathematical developments concerning conduction to the 
elucidation of diffusion. lt can be shown that Fick's hypothesis 
would be strictly applicable to solutions of any concentration 
if Pfe:ffer's law, that osmotic pressnre and eoncentration are 
proportional, were exact. But this law ('Orresponds to Boyle's 
law tliat gaseous pressnre and volnme arc inversely propor
tiunal, and this, as every one knows, is exact only when the 
nnmber of molecules per nnit volume iR not too great. At 
least two influcnces tend to render Pfe:ffer's law and Fick's 
hypothesis inexuct for high concentration. There is a tcndency 
to change of rnolecnlar weight with increasin,g concentration, 
a species of poly m erization, and this woulJ be attendcd by 
decreased di:ffusibility. When there is no such aggregation 
there is an increase of diffmiibility, due, it is thought, to the 
attraction betwcen the solvent and the dissolved substance. 

While it is proper to point out the deviation of very strong 
solutions nndergoing diffnsion frorn the law of Fick, this devia
tion is of importance only near the contact from which di:ffn
sion takes place, and not al ways then. For if a solvent 
dissolves a salt only to a lirnited cxtent, evcn a saturated soln
tion may be a weak one, and dissolved molecules will not be so 
crowded as to show irregular behavior. Thus in the case of 
magmas undergoin� molecular fiow, Fick':> law will be valid at 
least to within a short distance from contacts and may hold 
absolutely up to the contact. In tbe differentiation of a homo
geneous magrna into consanguineous portions it is hardly sup
posable that the rnolecules undergoing transfer are densely 
crowded. Oonsanguineous rocks do not di:ffer very greatly in 
composition, so that no extensive transfer of material is callcd 
for. Furthermore, magmas must be regarded as solutions of a 
series of very similar substances, and it is known that in such 
cases the solubility of each is diminished by the presence of 
the others. This was fir:>t pointed out by Mr. Nernst and has 
been confirmed on experimental and theoretical grounds by Dr. 

* If 11 is tbe quantity of substance in solution per unit volume in Fick's case (or 
tbe temperature in Fourier's), 1f :i; is Lhe distance measured in the sin11:le direJtion 
in which diffusion is supposed to take place, and 1f "1s the diffusivity regarded 
as constant, then in either problem 

dv d'v 
di= "dz'' 
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A. A. Noyes.* Thns the solubility of lead chloride is reduced 
by the presence of otber chlorides to something like one-half 
of its separate solubility. lt appears substantially certain 
therefore that a series of silicates in solution mnst restrict the 
solubility of each. Consequently conclusions drawn from the 
assumption that Fick's hypothesis is exact will be applicable to 
the process of di:fferentiation. 

lt is interesting and extremely important to observe that the 
problem of determining the distribution of a di:ffusing Java is 
formally tbe same as that of finding the distribution of tem
perature in a cooling globe of large radius. This last is a sub
ject which has hecome familiar to geologists through Lord 
Kelvin's application of the results in estimating tbe age of the 
earth. 

The diffusivity of a snbstance is inversely proportional to 
the molecnlar friction which tbe molecnlcs or the ions experi
ence. Tims if r, and r, are the frictional resistances of the 
ions of an electrolyte, 0 the osmotic pressure and D the dif
fusivity, then, as was shown by N ernst: 

0 
D=-

r, +r, 

This internal friction is usually knowrf in English as vis
cosity. The viscosity of liqnids so far as is known increases 
with the pressure to which they are subjected, with the excep
tion of water, which at ordinary temperatures becomes less 
viscous with increasing pressure. Of course water at ternpera
tures approaching its freezing point is an anomalous liquid. 
According to Amagat, the anomalons expansion of water ceases 
at 50° C. and Tarnmann suggests that the exceptional relation 
between viscosity and pressure is probably confined to the 
same limit. 

Rate of dijfusion.-If two miscible solutions are brought in 
contact and a time t, measured in seconds, is allowed to elapse, 
the fluid at a distance of w centirneters from the contact will 
contain a certain amount of the diffusing fluid per cubic centi
meter, which may be called s. One of the fl.uids may -be sup
posed kept at constant composition, as in the case of a solid 
dissolving in a solvent. Then this same concentration s will 
be found at nx centimeters after the lapse of n•t seconds. For 
example, if common salt is brought in contact with water, the 
water in immediate con tact with the salt will soon become 
saturated. At the distance of 1 cm the solution will be half satu
rated in about one day ; at 2cm it will be semi-saturated in four 
days and at 10ocm in 1002 = 10,000 days; at 100 meters the 

* Zeitsch. pbys. Chemie, vol. ix, 1892, p. 623. 
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water would contain half as much salt as it could dissolve after 
10,000X10,000 days, some 270,000 years. 

lt is because of these relations that stirring is so efficaceous 
in assisting solution. If a mass of fluid consisting of equal 
but separate parts of concentrated brine and water were so 
stirred that the streaks of each were not more than a couple of 
centimeters in thickness, a day would complete by diffusion a 
homogeneity which unassisted di:ffusion conld accomplish only 
after hundreds of thousands of years. 

Now salt (in common with other haloids) is a highly diffu
sive substance. The oxygen salts, such as the sulphates of zinc, 
copper and magnesium, are more analogous to the silicates 
which compose magmas. Of these the magnesian salt diffuses 
fastest and the zinc ,;alt the slowest. As an illustration, the 
copper salt may be taken. lts di:ffusivity has been determined 
by Mr. T. Schuhmeister at 0·00000243 in square centimeters 
per second. With this datum it is easy to compute the distri
bution of the di:ffusing salt at any time.* The following table 
is computed for one year and for 1000 years from the com
mencement of di:ffusion. The distances are measured in centi
meters from the contact, and nnder "saturation" the quantity 
of sulphate of copper per unit volume of the substance at cor
responding distance is given, the strength of the original undif
fused sulphate solution being taken as unity: 

Distance Distance 
Saturation. in centimeters ; in meters; 

time l year. time 1 000 years. 

l·OOO o· 0. 

•750 3•96°m l •25m 

•500 8•36 2·77 

·250 14•24 4-.50 

·100 20•37 6•44 

·050 24"45 7"73 

•025 27•76 8•78 

·010 31 •91 10•19 

·oo5 35·04 lt ·08 

Diffusion of CuSO, at the end of 1 year and of 1000 years [or of hypothetical 
lava at tbe end of 50 times these periods; or of heat in underground strata after 
2h 8m and of 89 days ]. 

The last number in this table shows only half of 1 per cent 
of the original solution and this may be taken as the limit of 
sensible di:ffusion. lt is easy to deri ve from this table the 
figures for any other time. Thus after a hundred years the 
distances answering to the given saturations will be ten times as 
great ; sensible di:ffusion will cease at 350°m and semi-saturation 

* For the necessary Information on this computation see Kelvin's Math. and 
Phys. Paper8, vol. iii, p. 432, or Brit. Assoc. Rep., 1888. 
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will occur at 34cm from the original contact. After 10,000 
years tl1e distances just stated will each be multiplied by 10. 
At tbe expiration of a million years tbe water would be just 
sensibly discolored by bluestone at 350m and semi-saturation 
would have reached to a distance of some 84m. 

Viscosity of lavas.-Lavas are assuredly far less diffusible 
and far rnore viscous substances tban sulphate of copper solu
tion.* There is no means of determining with any approach 
to accuracy what the di:ffusivity of lava really is, but there is 
some reason to thin k that the viscosity of even the most fluid 
lavas is more than 50 times as great as that of water.t If one 

* lt is of course needless to call attention to the difference bt"tween fusibility 
and fluidity. A mass may be easily fusible but very viscous when fused, or it 
may fuse with great difficuJty and when fused be very fluid. That a Java is very 
flmd does not indicate that it is considerably euperheated. Water at 0° C. is 
sensibJy as mobile as at 100°, though refined cxperiments reveal a difference. 

t The viscosity of lavas is evinced by the slowness with which Java streams 
advance. Thus in the KilauPa eruption of 184.0 the lava flowed eleven miles 
down a declivity of 1244 feet in two days, yet according to Wilkes and Dana 
(Characteristics of VoJcanoes, 1890, p. 63) in this case the stream was fed from 
several fissures along its whole course instead of berng an overflow from a singJe 
opening. The heat of the stream must have l.>een pretty weil maintained by such 
accessions. The average rate of flow of this lava down a 2 per cent slope was 
about t mile per hour or 22 feet per minnte. Now water in a stream of such a 
cross section on such a grade would flow at about 6 miles per hour or about 24 
times as fast. Since lava is about 2·5 times as dense as water, these data roughJy 
indicate for the kinetic viscosity 2·5 x 24 or 60 times the viscosity of water. 

In the case of gases Maxwell shows that the diffus·vity of mass is J ·5435 the 
kinetic viscosity (Theory of Beat, chapter 22) and that ihe ratio of diffusivity to 
viscosity in the case of liquids is much smaller than in gases. Hence it seems 
safe to assume the diffusivity of Java as not rnore than lr:; of that of a soJution 
like that of bluestone. 

In the more recent literature I have not met with inveAtigations which throw 
light on the relations between diffusivity and viscusity. The resistance which 
molecules, atoms or ions meet when undergoiag diffusion Ostwald illustrates by 
the slow subsideace of pulverized solids in air (Lehrbuch der Allgem. Chemie. 
vol. i, 189:, p. 698). This slowness is due, at least in part, to the VJscosity of the 
air. and Stokes in 1851 showed that the resistance of spherical particles is pro
portional to the radius. As has been meutioned, viscosity is a resistance 
due to the diffusion of momentum. That viscosity impedes ditfusion of 
matter appears evident, for example, from the behavior of sealing wax, which is 
an ultra·viscous fluid. Sticks of wax of different colors which have become 
adherent during hot weather do not diffuse into one another Rensibly even after 
months of contact. On the other hand diffusion of crystalloids takes place in 
quasi-solid 11:eJatine jelly at the same rate as in a fluid (Graham). This, however, 
I take to be not comparabJe to the action of a viscous fluid, but to the behavior of 
a colloid septum such as bJadder, but of great thickness. The jelly seems to me 
to have a �tructure similar to a sponge of very fine grain preventing coavection 
but not the diffusion of crystalloids. Colloids do not diffuse in such a jelly. 

In discussmg lavas it should not be forgotten that high temperature accelerates 
diffusion, which adds to the difficulty of making any estimate of the diffusiv1ty of 
rock magmas. 

In choosing as an illustration of diffusion an hypothetical magma with lrr of the 
ditfusivity of blue•tone, 1 have been guided in part by observation on lavas. 
Lavas with this diffusivity mingled in thin layers; like banded rhyolite, would dif
fuse into approximate uniformity in a few hours. No oae can doubt that the 
rbyolitic bands have been in contact for at least a few hours in the fluid state and 
that they must, therefore, be less diffusible than my hypothetical lava. Similar 
banding is not infrequent in andesites though it is Jess common than in rhyolite. 
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supposes the diffusivity of such a Java to be -r;1ij' tliat of sulphate 
of copper solution, then the time needful to give a certain satura
tion at a certain point will be 50 times as great. lt wonld 
take 50 years instead of 1 to establish tlie, conditions given in 
the second colnmn of the table. A million yeal's is 20,000 X 
50 or 141•X50 and cotisequently in this vast period sensible 
impregnation of the la\'a would have extended to only about 
49m from contact (i. e. 141X35cm) and semi-satnration to 
some 12m. 

It may seem to some readers that l have exaggerated the 
viscogity of Java. Certainly literatnre contains some accounts 
of lavas said to "run like water," bnt l have been able to find 
no approximately precise data indicating such flnidity. That 
most Java streams, those of Vesnvins, for example, adva11ce 
even on steep decli vities at a small fraction of a mile an honr 
is certain. lt will be seen, however, that the arguments of 
this paper would not be essentially changed if lava were snp
posed no more viscons than a bluestone solution. But it may 
also be asked why even gl'eater fluidity may not be assurned in 
lavas prior to ernption, a flui<lity sufficient to allow of segrega
tion in a moderate time. There seem to me abundant grounds 
for refusing assent to such an assnmptio.n. Hypogeal magmas 
must be under great pressure and they must be close to their 
melting points; for if they were considerably superheated the 
surrounding rock masses would melt and the temperature 
would fall to the melting point. To bring about considerable 
superheating would be almost as difficult as to boil water in a 
vessel of ice. The less viscous the magma the more difficult 
wonld superheating be. N ow liqnids which, like lava, condense 
in solidifying are most viscous at the melting point, and pres
sure increases their viscosity. Hence hypogeal Javas must be 
more viscous than they are when they reach the surface. The 
relief of pressure is equivalent to superheating. lt is, there
fore, irrational to assume that Javas prior to ern ption are at all 
more fluid than they are at eruption. All indications point to 
the opposite conclusion. 

These illnstrations sbow that diffusion of fluids, particnlarly 
viscous ones, is an excessively slow process. lt is instrnctive 
to compare its rate with that of the diffusion of heat. Accord
ing to Lord Kelvin, the time required for the diffnsion of com
mon salt in water to be represented by a given curve is more 
than 870 times as long as tliat needful to diffuse heat through 
underground strata in such a way as to be represented by the 
same curve.* Copper sulphate requires :five times as much time 

* The diffusivity of beat in underground strata bes an average value of O·Ol. 
In Lord Kelvin's art1cle on beat, Enc, Brit, 9th ed., vol. XT, p. 582, Table B (auto· 
grapb issue), the time required for tbe diffusion of beat in underground strata 
should be given as 3, 170,000 years instead of as -h of this period. 



Becker-8ome Queries on Rock .Differentiation. 31 

as salt and the hypothetical lava 50 times as much as the sul
phate. Diffusion of matter in the Java, therefore, takes over 
200,000 times as long as the diffusion of heat in solid rock at 
ordinary temperatures. Even if melted Java conducts heat 
many thousand times worse than solid rock, so that the con
<luctivity of the fluid might be neglected, the temperature in 
an unequally heated mass of melted Java would be sensibly 
equalized by the conduction of the solid walls of the reservoir 
before any tendency to molecuJar flow which difference of tem
pcratnre might have induced would have had time to produce 
sensible effects. 

Now in any casc of the segregation of homogeneous, mis
<Jible, fluid magmas by molecular fiow, the available osmotic 
force is only the difference between two osrnotic forces, and the 
transfer of a given quantity of matter to a given distance witl 
be much slower than in simple diffnsion. Hence, so far as I 
-0an see, a mass of lava·of volnrne, say 1 cnbic kilometer, would 
not have had time to seµ:regate into distinctly different rocks 
by molecnJar fiow if it had been kept melted since the cJose of 
the Archrean, even if the tcmperature of the top conJd have 
been kept sen>:ibly above the temperature of the bottom. But 
it is very difficult to imagine how a mase of Java couJd be 
more highly heated at the top than at the bottom, since in 
general temperature increases witb depth. If tlw bottom 
were more highly heated than the top, of course convection 
currents would be set up and those would effectually prevent 
any sc>gregation on Soret's method. 1 do not think this method 
should be invoked in explanation of rock differences unless 
it can be shown how heating from thc top can occur. 

No such difficulties present thernsel ves in such cases as that 
of the growth of a crystal. A supersaturated solution of a 
given substance cannot exist in immediate contact with the 
solid form of the same substance, but a solution may be super
saturated at a very short distance from the solid mass. In 
cases of crystallization there is th us an osmotic pressnre-dif
ference directed toward the growing crystaJ, and molecnlar 
flow resuJts. The molecnlar fl.ow attending the formation of 
phenocrysts is usually confined to distancfls of a few milli
meters, or at most a few centimeters, and is clearly a process 
involving no unreasonable amount of time. Similarly the 
formation of aureoles of diffnsion around blebs to distances of 
a few centimeters is not a very leugthened process. Thus if 
such a bleb bad the properties of the hypothetical Java dis
cussed above, an aureole 5°111 in depth might form around it in 
about a year, and sensible diffusion would extend to a distance 
-0f tmm in the comparatively short period of 3} hours. 

Oonvection unavoidable.-lt has been shown above that 
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segregation of magmas by the method of Ludwig and Soret 
would occupy a stnpendous time even if a mass of melted lava 
could be kept free from convection currents. This freedom, 
however, could only be secured by permanent, regular decrease 
of temperatnre from the upper surface of the magma down
wards. In any fluid of only moderate viscosity even a very 
small rise of temperature at the bottom would cause convec
tion currents which in a day would nndo the segregation it had 
taken thousands of years to accomplish by Soret's method. 
Lavas of very great viscosity would also mingle by convection 
far more rapidly than the most diffnsible solutions could segre
gate through differences of temperature. Mingling again 
might occur in the absence of bottom-heating by any mechan· 
ieal distnrbance of surronnding rock masses. 

That in general the temperature of the globe increases with 
depth is perhaps the best established generalization of geology. 
Hence even if it be granted for the sake of argument that in 
some particular locality the t1:>mperatnre decreases with depth, 
it is clear that such a thermal distribution is a case of unstable 
equilibrium. lt can, therefore, only be temporary and it 
would surely be a strange exception were such an abnormal 
distribution of temperature to last for 1000 years. Y et in that 
time no segregation worth mentioning as an origin of rock 
differences could occur. The normal condition of a hypogeal 
molten magma must be that in which temperature increases 
with depth and in which convection effectua.lly precludes any 
procer:;s of segregation by molecular :flow. 

Immisciblefluids.-Another method of segregation, which 
is quite distinct from that discussed above, depends upon 
changes in the mutual solubility of :fluids. Some flnids which 
at certain temperatures mingle in all proportions dissolve one 
another only in certain proportions at other temperatures. 
Thus benzol and acetic acid mix without limit at 15°, but below 
this temperature separate out into two layers, one of which con
tains nearly twice as much acetic acid as the other. So, too, 
phenol and water mingle freely above 69°, but not below this 
temperature ; and there are many similar instances. The phe
nomena were studied by Mr. Alexejew, who concluded that in 
all cases where the solutions do not react chemically upon one 
another they become miscible above a certain temperature. * 

Though Mr. Alexejew studied some of the physical relations 
of solutions of fluids in fluids, he did not determine whether 
the passage from complete to partial miscibility is accompanied 
by expansion or contraction. This step, however, has been 
taken by Mr. Herman Pfeiffer in Prof. Ostwald's laboratory. 
He finds that this change is accompanied by a sudden sharp 

* Wied. Ann., vol. xxviii, 1886, p. 321. 
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contraction of volume.* It appears to follow of necessity that 
at the temperature of complete miscibility under a given pres
sure an increase of pressure would resol ve the homogeneous 
fluid into immiscible portions. 

In close relation to this separation of a hornogeneous fluid 
into different layers is the precipitation of a solid from a fluid. 
The process of solution of a solid is one in vol ving the absorp
tion of heat, and in general the sol ubility of solids increases 
with the temperature. Anomalous cases appear to be referable 
to changes in molecular aggregation, the formation of hydrates 
and like causes. The influence of pressure on the solubility of 
solids was first carefully investigated by Dr. Sorbyt, and Mr. 
F. Braun:j: has more recently made a very t.horough study of 
the subject. Experiments have naturally dealt almost exclu
sively with aqueous solutions at ordinary temperatures, and it 
must be borne in mind that as water is a fluid of very excep
tional properties the direct results of experiments on solutions 
in water are not imrnediately applicable to other fluids such as 
Javas. Most snbstances dissolve in water under contraction of 
volume and only about half a dozen compounds are known 
which undergo dilatation during solution. N ow when con
traction takes place increase of pressure will and does assist 
solution. If contraction were a universal concomitant of solu
tion the interior of the earth would be fluid. But Mr. Braun 
gives apparently sound reasons for believing that even in aque
ous solntions under high pressnre and temperature, dilatation 
and not contraction would attend solu tion. The in vestigations 
of Prof: Oa.rl Barus§ and others and some observations of mine 
on dikes[[ show that lavas contract in solidifying. The fre
quent corrosion of phenocrysts is seemingly due to increase of 
solubility attending relief of pressure. Thns for magmas it 
appears that increase of pressure promotes precipitation of 
solids as well as segregation into distinct fluids. 

Segregation by immiscibUity.-In fluids which, though origi
nally homogeneous, tend to break up into two or rnore immiscible 
parts, two distinguishable modes of separation may be followed. 
As the temperature of separation is approached, the walls of 
the vessel being cooler than the fluid, any component about to 
separate out will separate to some extent on the containing 
walls much as frost or dew forms on good conductors. lt does 
not appear that any large part of a large mass of even a mod
erately viscous fluid could be segregated in this way, for the 
process involves molecular :fl.ow from the interior of the fluid. 

* Zeitschr. phys. Chemie, vol. ix, 1892, p. 469. 
t Proc. R. S„ vol. xii, l 863, p. 638. 
t Wied. Ann., vol. xxx, 1887, p. 250. 
§ This Journal, vol. :tliii, 1892, p. 56; vol. xlv, 1!193, p. l. 
II North Amer. Rev., April, 1893. 

AM. JovB. Sa1.-Fot1BT!I SBBIEB, VoL. III, No. 13.-JANtTARY, 1897. 
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Thus in a spherical mass of 10om radius, if half of a compo
nent were thus to be depositcd on the walls, a portion of this 
deposit would have traversed a distance of nearly 2tm by 
molecular flow, which would take thonsands of years even in 
the case of a solution of bluestone in water. 

If the separating fluid does not condense on the sides of the 
enclosing cavity, it must condense somewhat like fog in the 
mass of the fluid. N ow in a very fluid rnass, like water, the 
]arger drops of such a fluid will rise or sink more rapidly than 
the srnaller ones, coalef'cence will occur and the lighter fluid 
may separate out in a layer. Bnt even in the case of a foreign 
matf!rial suspended in air viscosity greatly delays such separa· 
tion. The clonds are substantially aggregates of small water 
drops which, because of the viscosity of the air, fall so slowly 
that the slightest current sweeps them along. So, too, dust 
remains snspended in the atmosphere because air is viscous.* 
In fluids such as lava it scarcely seems credible that any exten
sive separation of a precipitated immiscible liquid should occnr. 
lt may be that spherulites and perhaps some phenocrysts are 
crystallized from drops of such liquids. However this may 
be, it is certain tliat many of the phenocrysts form before 
eruption and remain suspended in the magma in spite of densi
ties differing considerably from tbat of the medium.t Tims 
even in the process of the separation of fluids into irnmiscible 
-Or partially rniscible fractions I can see no adequate explana
tion of rock segregation. Furthermore, if, as seerns to follow 
from the law of fusion, magmas are not heated much above 
the melting point, there is bnt a small range of temperature 
within which such separations could occur and they wonld be 
correspondingly rare. 

Heterogeneity of the earth.-If the physical theory of solu
tion fails to account for rock segregation, two alternatives are 
left. Either segregation takes place in accordance with some 
principle of physics as yet undiscovered (ignotum per ignotius), 
or the facts which have led to the hypothesis of segregation 
are capable of a different interpretation not at variance with 
the known properties of matter and compatible with reason
able limits to geological time. 

So far as I know, all geologists and astronomers are in unison 

* The vi8cosity of media is probably only one of the influences affecting the sub
sidence of dieseminated fluid or solid partwles. 

t lt is weil known that phenocrysts in fresh suriace-flows are often bent and 
even broken. l"ometimes black borders have formed about hornblendes thus frac
tured. t:luch fractures must have happened during eruption. The lithologist will 
not reqmre to be reminded that phenocrysts of augite and of amphibole with a 
density of say 3•25 are often of about the same size as those of feldspar with a 
densi1y of say 2·65, yet there is as a rule no tendency to the separatlon of the 

Jighter and heavier phenocrysts into distinct layers. 
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in the belief that the earth has been fluid, not indeed at any 
-0ne time from center to its present surface, but at least to a 
great depth from the temporary surface of the growing globe. 
Y et the earth is clearly not a homogeneous mass, nor is it a 
system of concentric shells, each homogeneous. The mere 
fact that one hemisphere is almost entirely covered by water 
shows that the globe is of greater density below this great 
-0cean than beneath the opposite continental surface. Were 
the shells homogeneous no continents could protrude above the 
sea. W ere the earth of uniform composition no mouutain 
ranges conld stand above the plains. W ere the material below 
the plains uniformly distribnted there could be no anomalies 
-0f gravity sueh as occur near Moscow, in Kansas, and else
where. Tbe distribution of feldspars in the western part of 
this continent shows Jack of homogeneity, for on the Pacific 
slope potash feldspars are marvelously rare. No trach,yte and 
extremely little typical granite fa known from the W ahoatcb 
range to the Pacific ocean. The distribution of metallic ores 
shows heterogeneity. Mnch more than 90 per cent of the 
known tin ores of the world lie in a belt stretching from tbe 
straits of Malacca to Tasmania. There has beeu deposition of 
mercurial ores in tbis belt also; but their quantity is ins!gnifi
eant. A belt of quicksil ver deposits extends from British 
Colnmbia to Chili. In this belt there is tiustone at many 
points, but the total fn·odnct of tin on this belt is scarcely 
worth mentioning. can only infer from these facts that 
quicksilver is an extremely subordinate component of the earth 
in the Australasian region and that the globe contains little tin 
along the Cordilleran belt. lt is necdless to observe tliat in 
almost any small area the rocks show markcd variations or that 
two band specimens from the same locality are rarcly indis
tinguishable. Deserving of special mention, however, are the 
striped rhyolites, tbe banded gabbros studied by Sir Archibald 
Geikie aud Mr. Teall, and the ribbou gneisses so abundant, for 
example, in the southern Appalachians. The rhyolite at least 
has been fluid, and most geologists consider gabbroitic and 
granitic magrnas as :fluids. The diffusion exhibited in these 
cases is slight and sornetimes hardly perceptible to the naked 
eye, yet it is scarcely impposable that these bands were not in 
coutact for days 11t least in their mobile state. N ow my hypo
thetical lava would diffuse to the depth of a millimeter in three 
or four hours. Hence these sharply banded rocks must be 
much less diffusible than rny assnmed lava and the diffusivity 
of the granular rocks and their fluidity would scarcely exceed 
zero.* Thus from the snrface of the globe to its minutest 

* Banding such as is found in gueiss and rhyolite couid not result directly from 
segregat1on on Soret's methods or by d.ifierence of pressure, for these processes 
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portions there are clear indications of heterogeneity, notwith
standing that similar rocks and similar series of rocks occur in 
widely dispersed localities. 

Is there any valid indication that uniforrnity ever reigned � 
lt used to be thought that the Archrean rocks were uniform, 
but it is weil known now that they are not so. The early 
eruptions and intrnsions seem quite as diverse as the modern 
ones, excepting so far as original di:fferences are masked by 
metamorphism. The tbeory of the pe1:manence of continental 
areas has many very strong supporters, and that land areas have 
existed since the Cambrian seems certain. The mountain sys
tem of the world in its ]arger features appears to have been 
outlined during the Archman, and there are observations indi
cating a highly accentuated topography even in those days. 
Were the indications of beterogeneous composition confined to 
the immediate neighborhood of the earth's surface, it might be 
maintained that these inequalities had been brought about since 
consolidation, but everything tends to show that only the shell 
of the earth next to the surface and a few miles in depth par
take sensibly in orogenic movements, while several of the evi· 
dences of heterogeneity point to inequalities at great depth. 

U11iformity unattainable.-If the earth condensed from a 
nebnlous ring, it is fairly inconceivable that the successive 
shells of the growing mass should each have been uniform in  
composition ; and i f  the origin of the earth is a ring thrown 
o:ff from the sun, the coalescence of this ring to a globe can
not have resulted immediately in uniform distribution of mat
ter. The sun spots show that the sun is not even yet an 
aggregate of shel ls each uniform in  composition. The exterior 
layer of the globe must have retained such fluidity as it pos
sessed for a very long time, and must have passed by insensible 
gradations through every temperature between the initial one 
and that of consolidation. Had the varions .component por
tions of this layer been of ]arge size, of low viscosity, and not 
miscible with one another, they would have arranged them
selves in the order of density quite irrespective of chemical 
composition. If the masses were viscons, however, nothing 
like a perfect separation according to density could occur in 

can lead only to very gradual trans1tions. Banding might oonceivably result from 
such a segregation followed by acti ve stirring. but only on condition that stirring 
was immediately followed by solidification, for otherwise diffusion would restore 
homogeneity. Separation of a magma into immiscible portions followed by active 
stirring might also produce banding, but again only on condition of immediate 
consolidation, since otherwise separation into two layers would again take place 
and much more rapidly than at first. 

Miscible substances in contact which do not diffuse at a finite rate can have no 
sensible vapor tension and must be solids or ultra viscous fiuids. Immiscible 
fluids must have a perfectly sharp contact like Lhat between a lead button in au 
assayer's crucible and the enveloping slag. 
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tbis way and only a rude approximation to regularity would be 
attained. 

If tbe melted masses were partially or wholly miscible, much 
the same arrangement wonld take place at first because diffn
sion on any !arge scale is at best a relatively slow process. 
Then diffusion and convection would come in play, tending to 
equalize the composition. 

On the other hand, nnless the originally heterogeneous 
masses had very different propcrties frorn those of remelted 
rocks, whether of Algonkian or modern time, they cannot 
have diffnsed on any ]arge scale, and uniformity along eqnipo
tential surfaces cannot have been attained even if fiftv mi l lion 
years were allowed for tbe process, unless the conve�tion cur
rents were so powerful and universal as to break up tbe original 
masses into strcaks of a few meters in width. I see no cause 
for convection so active as this. In tbe nebulous state the 
material of the earth mnst have assumed some approach to 
convecti_ve equilibrium of temperature, and though here and 
there the solidifying globe may have been affected by dis
t urbances of frightful intensity, analogous to sun spots, a 
.general diversity of temperature su:fficicnt to stir the whole or 
most of the melted layer into uniformity seems utterly 
im probable. 

What is known of the properties of matter seems to me to 
point to the hypothesis that thf\ material of the earth is rudely 
arranged by density irrespective of chemical composition, the 
different masses mingling for a few meters or scores of meters 
along their common boundaries, this structure being due to 
original heterogeneity. If segregation took place at all, prior 
to the consolidation of such a globe, tbis process would be lim
ited to particular masses and would tend to still greater betero· 
geneity. 

Hypogeal rifusion.-Consider now the effect of the refu
sion of any portion of the earth's mass. Unless the tempera
ture of the magma were raised essentially above the initial 
temperature of the molten globe, or unless it were melted at a 
very different pressure, the magma would simply be restored to 
the condition in which it existed before the pri1nal consolida
tion. There is no indication that Javas prior to eruption are 
really raised to temperatures greatly above that of fusion, for 
almost all of them bring solid phenocrysts to the smface, nor 
is it easy to see how they could be heated mncb above the 
melting point, for so long as there was unfused material of a 
similar character in the neighborhood of the subterranean mass 
undergoing fusion, any heat increment would of course melt 
more rock instead of raising the temperature of that already 
fused. Thus it is substantially certain that in the molten globe 
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a given rnagma passed very gradually tbrougb the temperature 
at wbich it has more recently been remelted. As for the 
pressure, i t  seems possible tliat under continental areas a given 
fusing subterranean mass may exist under a somewhat smaller 
load than that to which it was subjected at primal consolida
tion, for the general tendency of continents is to upheaval and 
degradation by erosion. lf this change of pressure is of any 
consequence at all, it will tend to make the refusing mass more 
fusible and more miscihle. 

If now the mass were both homogeneous and in molecular 
equilibrium before the primal consolidation, it may be in equi
librium after refnsion. If tbe pressure is srnaller than the 
original one, this difference would have no tendency to promote 
segregation. If by some almost inconceivable coincidence, the 
u pper portion of the refnsed mass were heated to a high er 
temperatnre than the lower part, this temperature would be 
cqualized by couduction through the walls, if not through tbe 
liquid, before any sensible segregation could occnr. 

If the mass were heterogeneous in conscquence of primal 
segregation, fusion would again tend to restore molecular equi
librinm and the only chance of a new segregation would lie in 
the possible difference between primitive and ultimate pressure, 
which, if positive, would tend to mixture rather than to separa
tion. 

If the mass were heterogeneous because the primal fusion 
bad not continued long enough to bring about homogeneity, 
refusion would be accompanied by a tendency to continne the 
process of molecular flow and to decrease the· heterogeneity of 
the mass ; but even if the refused mass were kept molten for a 
million years, this tendency would probably have only insig 
nificant resnlts. 

Mfr!Jturre by eruption. -Little or nothing is known of the 
process of refusion of subterranean masses to eruptive magmas. 
Supposing a mass which is fused and near its melting point 
to remain in its subterranean reservoir, it must in general 
receive or lose heat. In the latter case it will reconsolidate, in 
the former the mass of melted material will increase. In the 
case of rocks, fusion is accompanied by expansion and the 
magma must have more space than it oecnpied in a solid con
dition. Any elastic strains in surrounding masses will also 
tend to expel it and it would seem to me most probable that 
magmas are expelled as soon as the mass of melted material 
bad increased to a certain limit dependent upon local condi
tions. If so, there must be little time for the fulfillmeut on a 
large scale of a process so slow as molecular fiow. Doubtless 
fusion may be confined to a nearly homogeneous portion of the 
earth's lithoid shell. If the hypothesis explained above of 
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primitive, unmingled, unsegregated rnasses is correct, a good 
many of these must have the composition of augite-andesite ; 
for this as well as several other simple rock types has issued at 
most distant points with almost constant characteristics. Fusion 
may, however, also aflect two or more diverse masses and tben 
eruption tends to mingle them. Ejection through pipes or fis
sures must indeed be a most efficient stirring process, and since 
relief of pressure is accompanied by depression of the melting 
point, different magmas thus ejected are superheated and may 
mingle to an observable extent by diffusion before they finally 
consolidate. In such cases one would probably find two (or 
more ) rock types accompanied by mixtures of variable compo
sition. Again, a fissure througb which different types were 
extruded successivcl.r or in mixture might at the close of the 
eruption be filled with a sinS'le type or with a mixture. If 
such a mixture were at all int1mate, diffusion would mask the 
original differences and the case would be one of apparent tran
sition.* 

Possibly some of the observed occurrences which have led 
to the hypothesis of differentiation are really of this character, 
for I think it has been shown in the foregoing pages both that 
transitions can be explained on the hypothesis of primitive 
heterogeneity and that the explanation of differentiation itself 
presents formidable difficulties. I do not see why it should be 
necessary or desirable to assume that in the early history of tbe 
globe the vast shell from which eruptions issue was reduced to 
substantial uniformity. Experience affords no analogy in sup
port of such an assumption nor has any theory been propounded 
which will account for it. 

If primitive heterogeneity is still an important feature in 
the earth's structure, and if  unmingled magmas represent 
primitive differences, the labors of lithologists would naturally 
be directed to detecting these original types. These would 
probably be recognizable by their wide distribtltion and con
stant character. Then areas of rapid variation would be 
regarded as representing mere mixtures and it might be possi
ble to reduce instead of increasing the number of rock species. 

Abstraot.-All known processes b.Y which the segregation or 
differentiation of a fütid magma could take place involve 

* The order of mixture and extrusion would seem t-0 d�pend on many circum
stances, among others on the shape of the subterranean reservoirs. If this were 
a cone with its vertex nearest the surface, the disposition of tbe ejecta would be 
very different from that which would be observed if tbe reservoir were a ftat
tened Jens with its edge horizontal and a vent ou one surface. If each eruption 
represents a separate melting, still other dispositions will result. lt appears to 
me anything but remarkable that different observers find eruptions in different 
areas taking different orders. Gradual solidification from fissure walls of dike 
magmas circulatrng by conv<Jction may lead to preponderance of less fns1ble in
gredients near the edges of a solid dike. 
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molecular flow. This is demonstrably an excessively slow 
process excepting for distances not exceeding a few centimeters. 
Soret's method of segregation, even if it were not too slow, 
seems inapplicable because it in vol ves a temperature unaccount
ably decreasing with depth. The normal variation of tem
perature, an increase with distance from the surface, would be 
fatal to such segregation. The least objectionable method of 
segregation would be the separation of a magma into immisci
ble fractions ; but this seems to involve a superheated, very 
fluid magma, while the Iaw of fusion and the distribution of 
phenocrysts in rocks indicate that magmas prior to eruption 
a�e not superheated to any considerable extent and are very 
VISCOUS. 

Tbe homogeneity of vast subterranean masses called for by 
the hypothesis of differentiation is unproved and improbable. 
The di:fferences between well-defined rock types are more prob
ably due to original and persistent heterogeneity in the compo
sition of the globe. Hypogeal fusion and eruption tend rather 
to mingling than to segregation, and transitional rock varieties 
are not improbably mere fortnitous mixtures of the diverse 
primitive, relatively small masses of which the lithoid shell of 
the earth was built up.* 

Washington, D. 0., October, 1 896. 

* I owe thanks to Dr. Arthur A. Noyes of the Mass. Institute of Technology 
for kindly exarnining the manuscript of this paper. Dr. Noyes's reputation as an 
investigator in osmotic questions gives his approval of my argument great value. 
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