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IxrnopucrIoN

"A rock becomes alive to me only when I have grasped its relations to

our planet and its history." This is a quotation from the writings of
Rosenbusch, the founder of petrography, and it establishes a satisfactory
precedent for the interest of petrologists in the interior of the earth.

Geochemists, geologists, and geophysicists have all drawn up hy-
potheses for the constitution and history of the interior of the earth, ad-
justed to fit the facts with which they are familiar and to take account
of those interpretations and principles which seem most cogent to them.
The result is a variety of earth models, seemingly sufficiently diverse
and attractive to fit every taste. Certain pertinent concepts, however,
have been developed in the field of petrology during the present century'
and we may find it interesting and perhaps profitable to review and re-

consider the problem more systematically in the light of these principles
than has been done heretofore.

The concepts referred to are those of fractional crystallization, frac-
tional melting, the systematic nature of the variation which the great
thick mafic stratiform sheets such as the Bushveld, Duluth, and Still-
water have in common, and the necessity for providing a rational
mechanism for the origin of such magmas as are considered primary, or

in the words of Loewinson-Lessing, proto-magmas.

Sunvnv ol 20rrr CBNrunv HvpornnsBs

We may first start with a quick survey of some 20th century hy-
potheses for the constitution of the interior of the earth.

The growth in detailed analysis by geophysicists of certain physical
properties, such as the variation of the velocity of earthquake waves
and of density with depth in the interior of the earth during the 20th

* Presidential address prepared for the twenty-third annual meeting of the Mineralogi-

cal Society of America. Due to the cancellation of the meeting the address was not delivered

orally.
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century, is portrayed in the series of representative models in the upper
row of Figs. 1 and 2 while representative attempts to interpret these in
terms of lithology are shown in the series of diagrams in the lower row.
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Frc. 1. Upper figures show geophysical data as interpreted by difierent authorities;
Iower figures show equivalent lithology as proposed by different men. d:density, V!r:ve-
locity of compressional earthquake wave.

There is almost universal agreement that the most probable material
forming the core of the earth is a nickel-iron comparable in character to
the nickel-iron meteorites.
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A thick sulphide-oxide layer is postulated by Goldschmidt on the basis
of immiscibility of the sulphide melt with silicates and with nickel-iron,
and gravity concentration of chromite, magnetite, ilmenite, etc. This has
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Frc. 2. Upper figures show geophysical data as interpreted by different authorities;
lower figures show equivalent lithology as proposed by different men. d:density,
V ? : velocity of compressional earthquake wave.

been criticized on the basis that it is improbable that so much sulphide
exists in the earth, that if it does it should contain some metallic iron
unless it also contains considerable alkali sulphide, and that trivalent
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iron, such as is present in magnetite, would not be expected to form in
such an environment. The criticism may also be made, by analogy with
the mafic stratiform sheets, that as we shall see, magnetite and ilmenite
would not be expected to crystallize at sufficiently garly a stage from the
mafic silicate magma to yield a concentration of them at its base. A thin
as distinguished from a thick shell of ferrous sulphide, however, may,
as suggested by Merwin (1941), be present as an amorphous or crystalline
shell just outside the main core, since recent geophysical data indicate
a distinct shell about 220 km. thick in this position according to Dahm,
or 20 km. thick according to Gutenberg and Richter (1939). The eclogite
Iayer, postulated by Goldschmidt, is based upon the idea that it is a deep
seated high pressure facies of gabbro or peridotite. This started from the
work of Fermor on the conditions for the formation of garnet and was
especially expanded and developed by Eskola. The field evidence, how-
ever, shows that eclogite tends to occur locally in intensely folded moun-
tain ranges under dynamo-metamorphic conditions and is not a charac-
teristic member of deep seated metamorphic rocks, or of the Archaean
complexes of the shield areas. Petrologists such as Backlund, Korjinsky
and Dunn have raised serious objections to the validity of the concept.

The H. S. Washington model of the earth shows a gradational decrease
in the content of metal through the mantle from the upper border of the
core to the base of the crust. Goldschmidt has raised the objections that
a much cleaner separation of the much heavier immiscible metal from
the lighter liquid silicate would be expected in place of the gradation
proposed by Washington, and also that the geophysical data indicate a
sharper discontinuity for the border of the core.

Daly originally postulated a layer of vitreous basalt as one shell of
the earth and as a source for basaitic magma. In his 1940 model he pro-
posed a vitreous shell supposed to vary in composition from that of
vitreous oceanite (or ankaramite) in the upper part to viterous perido-
tite in the Iower part, and also.states that a relatively thin interrupted
couche of vitreous basalt is not excluded by the geophysical data. No
explanation is given of how such a differentiated vitreous shell was
brought about. A vitreous shell of basaltic composition is still suggested
by him as a possibility during former times.

MaNNnn oF VARTATToN oF SrRATrlonu SuoBts axo Possrsr.B
ANar,ocv ron LavBnBn SrnucrunE oF EARTH's Cnusr

At widely scattered localities in the world there are sheets of igneous
rock which show a layered structure with certain systematic types of
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variation' These sheets have great thickness, for exampre the Duluth,
I to 9 miles thick; the Stillwater, 3 miles with the top not shown; the
Bushveld, 2-3! miles; and the Sierra Leone, about 4 miles thick with
neither base nor top exposed. Here are examples of layered structures
several miles thick of such character and origin that they may be analo-
gous to the layered structure of the crust of the earth itself and which
need to be extrapolated only ten fold or so to be as thick.

our detailed knowledge of the manner of rock and minerar variation
within thick mafic noritic and gabbroic sheets has ail come within the
20th century, and more remains to be done than has yet been accom-
plished. A comparison, however, of the vertical sequence within the dif-
ferent sheets (Table 1) shows that despite much diversity in detail there
are nevertheless certain systematic variations which are common to all.
Numerous hypotheses have been advanced to explain the variation. Two
major ones have been, respectively, fractional crystallization with grav-
ity sorting of crystals, and successive intrusions of magma varying in
composition. whatever the cause, the significant fact is that repeatedly
natural processes have operated in such fashion as to give thick stratiform
sheets with superposed layers having in common certain systematic
variations.

Comparison of the mafic stratiform sheets shows that, in a general
way, on a gross scale there is a common systematic variation from the
bottom up which may be characterized by the following rock types;
at the base a relatively undifferentiated gabbroic or noritic chill facies,
then ultramafic rocks with or without minor chromite layers, norite or
olivine gabbro variable in composition, anorthositic layers with or with-
out minor ilmenite-magnetite layers, quartz- or granophyre-bearing
augite gabbro, granophyre or granite. In the Skaergaard sheet there are
iron-rich ferrogabbros near the top. rn a number of examples there are
Iocal sulphide lenses at or near the base. fn general, from near the base
upwards the plagioclases increase in soda, the olivines and hypersthenes
in iron, olivine diminishes to zero (with the local recurrence in some sheets
at a higher level), the hypersthenes diminish and augite increases, and
interstitial qtartz and granophyre appear in the upper facies. This is of
course a very much simplified scheme for in detail there is a complex
diversification within each of the mafic zones and often extensive small
and moderate scale rhythmic repetition of rocks.

The position of ilmenite-magnetite Iayers in the upper part of some
sheets have been thought by many to be anomalous and out of keeping
with what might, a priori, be expected. The question may be raised as to
whether the extent to which iron-rich Iayers systematicatly occur in the
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CONCEPTS OF THE INTERIOR OF THE EARTE

upper part of stratiform sheets has been properly appreciated. It will be
recalled, furthermore, that many petrologists have concluded that the
course of crystallization of a basalt leads to a concentration of iron in the
residual liquid. This conclusion may be qualified, at least for one course
of difierentiation and restated as follows: there is one course of difieren-
tiation of basalt and norite, or gabbro, which leads to a concentration of
iron and titanium in the residual liquid up to a maximum in the later
stages of consolidation, followed by a sharp decrease of these constitu-
ents and the development of a salic residuum. This course of differentia-
tion is excellently shown in successive stages in the crystallization of
certain basalts, for example, that of Aziro, Japan, described by Kuno,
where the aggregate of phenocryst (297d has the composition of a by-
townite anorthosite, the crystalline groundmass (59/) the composition
of a gabbro with practically all the iron and titanium, and the interstitial
glass (127d the composition of a quartz diorite with very little iron and
titanium. Many intrusive anorthosite and gabbro masses, other than
sheets, show successive intrusions of more mafic fractions including
melanocratic bodies rich in ilmenite and magnetite or in hyalosiderite,
or in all three as at Split Rock in the Adriondacks; Mine Hill, R. L;
Kusa, U.S.S.R.; and Susimiiki, Finland. The data given by Wager and
Deer for the Skaergaard sheet show that during the consolidation of 60
per cent of the gabbroic magma there was relatively little change in the
composition of the residual liquid, that most of the iron and titanium
crystallized after 75 per cent and before 95 per cent was crystalline, and
that the granophyric residuum amounted to only 5 per cent. The iron-
rich mineral in the Skaergaard mass is an olivine. As Wager and Deer
point out, however, greater oxidation of the iron should produce early
solid fractions relatively enriched in iron ore and magnesium-rich ferro-
magnesian minerals, and this would probably afiect the proportion of
feldspar in the magma in the middle and late stages. If the percentage of
silica remains the same, metasilicates may be expected to form instead of
orthosilicates where the iron is oxidized. Whether ferrogabbro layers rich
in iron-olivine are alternative or successive to anorthosite with inter-
calated ilmenite-magnetite layers, is a problem, but in either case the
course of diversification in mafic stratiform sheets commonly leads to a
maximum concentration of iron and titanium at an intermediate or
relatively late stage.

The data for the variation of the velocity of earthquake waves with
depth in three different sections of the country, experimentally deter-
mined data for the velocity of earthquake waves in difierent kinds of
rock, and a proposed arrangement of rock layers consistent with the
geophysical data and with the arrangement in stratiform sheets is given

t25
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in Table 2. The major new feature introduced as compared with other
models is the layer of bytownite-anorthosite. Ilmenite-magnetite layers
or lenses up to a total of several score of feet in thickness may be inter-
calated in the anorthosite and chromite layers and lenses of similar aggre-
gate in thickness may be associated with the peridotite and dunite. Local
sulphide lenses may also be present in the latter ultramafic horizons.

NarunB aNo VanrauoNs or Mrrponrrns

Analogy with the major kinds of meteorites has played so important
a part in formulating our ideas concerning the nature of the interior of
the earth that it is pertinent first to review their nature and the hy-
potheses as to the manner and cause of their variations. All the major
types of meteorites are presented in Table 3. There are a number of
additional kinds, but for several of these only a single specimen is known,
and others, such as the mesosiderites, have been reasonably interpreted
by Prior as one type injected by another so as to constitute a mechanical
equivalent of our terrestrial migmatites. These are not included. Actu-
ally, nearly all types of meteorites are comprised within those chosen.

We may first see whether the manner of variation of the meteorites
is amenable to interpretation as a product of fractional crystallization
on the basis of our present data on the course of variation of composition
arising from this cause.

r27
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OnrcrN ol VanrerroNs wrrgrN Cnoxpnrrrc MBrnonrrns

We shall first consider the chondritic group of meteorites. The norma-
tive olivine of chondritic meteorites as given in Farrington's (1911) tables
was plotted against the ratio of FeO to MgO in the olivine, and it is
found that in general as the quantity of olivine increases in amount, the
olivine itself is richer in fayalite, varying from forsterite of about Foes
in some of the olivine-poor Cronstad type to hyalosiderite of about Fooa
in the very olivine-rich members of the Soko-Banja type. This is a rela-
tionship which is the opposite of that found in terrestrial stratiform
sheets. The olivine occurring in concentrated masses in the strati-
form sheets is the forsterite-rich olivine, whereas that in concentrated
masses in the chondritic meteorites is a hyalosideritic type. In the mem-
bers of the Soko-Banja meteoritic type, however, there is a wide range
in the percentage of olivine present without a concomitant change in the
fayalite content of the olivine, as though there had been sorting and local
concentration of the hyalosiderite crystals.

Again, Chirvinsky has shown that the percentage of troilite is about
constant in the chondrites and shows no correlation with the variation
in the percentage of metal as would be expected if there had been any
concentration by gravity.

In striking contrast to the iron-rich character of the olivine and
pyroxene of the chondritic olivine-rich rocks, the pyroxene-rich chon-
dritic rocks are enstatolites with an enstatite extraordinarily poor in iron.
There is indeed a general increase in the percentage of magnesia in the
pyroxene with an increase in the amount of pyroxene in the meteorite.
This is the only major relationship which might be considered consistent
with the idea of fractional crystallization.

, The relationships between the concentration of olivine and its com-
position, and the constancy in amount of troilite, however, all tend to
emphasize the inapplicability of the hypothesis of fractional crystalliza-
tion to explain the mode of variation of composition of the chondritic
meteorites.

Prior (1916) has made a systematic study of the chondrit ic meteorites
and showed that for them, in general, with a decrease in the total amount
of metal there is correlated an increase in the ratio of nickel to iron in
the metal, and an increase in the ratio of FeO and MgO in the magnesian-
silicates, as if there was a partition of the iron between the silicate and
the metallic portions as a result of increasing oxidation. He drew the
conclusion "that all meteorites have had a common origin from a single
magma which is most nearly represented by that which gave rise to the
Daniel's Kuil type of meteoric stone, and that from this magma all other

129
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types have been produced by progressive oxidation of the nickeliferous
iron." The Daniel's Kuil type of meteorite is predominantly enstatite
and the reaction of ferrous oxide with enstatite would be expected to
yield olivine and a pyroxene richer in iron, and a relationship whereby the
olivine becomes richer in the fayalite molecule as the quantity of olivine
increases. This gives a reasonable explanation for the relationships which
actually obtain in the chondrites.

Prior has postulated that the achondrites, in general, represent a
higher stage of oxidation than the chondritic meteorites. The achondrites
average conspicuously higher in alumina and lime, and markedly poorer
in sulphur and metallic iron than the chondrites, and the hypothesis
that the former are the result of oxidation seems probable.

A striking contrast, however, is found in the mode of variation of
composition within the chondritic and the achondritic meteorites, re-
spectively. The variation within the chondrites is reasonably explained
in terms of increasing degrees of oxidation, whereas the variations within
the achondrites are not reasonably interpreted in terms of increasing
degrees of oxidation but do have systematic relationships comparable to
what would be expected from a process of fractional crystallization.

Coupanrsow ol Nerunp oF VARTATToN rN AcHoNDRTTE METEoRTTES
AND rN Srnerrlonu SnBBrs

The major types of achondrites comprise varieties similar to most
major rock types found in thick stratiform mafic igneous sheets. If, as
has been done in Table 1, we arrange the meteorite varities in comparable
order of superposition and compare in detail the manner of variation
of their minerals from bottom to top, we find a surprising similarity to
that which is found within the terrestrial sheets. For example, in both
meteorites and terrestrial sheets the mafic minerals, olivine and hyper-
sthene, become increasingly richer in the ratio of iron to magnesia from
the dunitic rocks at the base to the basaltic or gabbroic facies near the
top. Also, the monoclinic pyroxenes increase in quantity in the gabbroic
rocks near the top in both cases, commonly pigeonite in the meteoritic
eucrites,and augite in the terrestrial gabbros. Cristobalite and tridymite
occur as interstitial minerals in some eucrites as quartz occurs inter-
stitially in some of the upper gabbros of stratiform sheets. There is also
a relative concentration of ilmenite, magnetite, and apatite in the feld-
spathic rocks as compared with the ultramafics. So far as has been ascer-
tained, however, the plagioclase of the meteorites does not become sys-
tematically of a more sodic variety in progressing from the ultramafic
to the basaltic facies, as it does in most of the terrestrial bodies. The ter-
restrial Duluth sheet, however, is also reported to show little variation
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in the composition of the bytownite plagioclase except in the uppermost
felsic facies, though detailed study of this has yet to be made. ,

As might be expected, there are some meteorites whose relationship is
doubtful. chassignite is commonly classified. as an achondrite. rt is a
hyalosiderite dunite and does not fit into the general pattern of the
achondrites. only one specimen has been described. The amphoterites
(Jelica and Ibbenbiihren) are commonly classified as achondrites. They
have an oligoclase feldspar, however, and are grouped. with the chondrites
by La Croix. The augitic meteorites, El Nakhla and Angra, are also
usually classed as achondrites but they too have a sodic plagioclase and
only one meteorite of each type is known. The enstatolites such as
Bishopville, Busti, Aubres, Shallowater, are classified as achondrites but
do not fit appropriately into the scheme.

The composition of the chilled facies of the stratiform sheets, assumed
to represent approximately the undifierentiated magma, differs from the
average of the achondrites primarily in being over twice as rich in plagio-
clase (also somewhat more albitic); otherwise the two are similar. The
more feldspathic nature of the terrestrial magma thus gives a reasonable
explanation for the development of anorthosite layers in the stratiform
sheets, whereas meteorites of the composition of anorthosite have never
been found. The meteoritic eucrites, in general, at least in their later
stages of consolidation also show characters indicative of relatively quick
chilling, so that it is not intended to imply necessarily that they are un-
modified fragments of the upper part of a stratiform body difierentiated
in place through fractional crystallization, but only that material of
comparable composition may so have originated. some of the ultramafic
meteoritic achondrites, on the other hand, are coarse grained and may
actually have originated as crystal accumulates. By analogy with the
chromite layers of terrestrial rocks one might predict it possible that a
meteorite with the composition of chromite may eventually be found,
though because of its small volume the chances would be small.

The important point is that the achondrite meteorites whose average
composition has been taken as equivalent to the upper part of the earth's
mantle, show a kind of diversity which is consistent with the principles
of fractional crystallization and gravity sorting as here assumed to be
exemplified in the terrestrial stratiform sheets, and permits the hypoth-
esis that the variations of stratiform sheets and of achondritic meteor-
ites have had a fundamentally similar mode of origin.

A LavenBn Eanrn Surranlo lon DBnrvarroN or.pnruany Mecues

The structure of the interior of the earth must be such that it will
yield by some reasonable mechanism the primary magmas which have
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been demonstrated to exist. Unfortunately petrologists are in wide dis-

agreement as to how many and what are the primary as distinguished

from secondary magmas. By primary magmas we here mean those

derived by partial or complete melting of, or originating in, the primordial

Iayers of the earth.
DaIy has presented us with such convincing field evidence that basalt

is a major primary magma, and Bowen, on the basis of the work of the

Carnegie Geophysical Laboratory, has with a wealth of experimental

data so logically and ingeniously shown how practically all types of

igneous rock may theoretically be formed as secondary derivatives of

basaltic magma, that the field evidence for the existence of other types

of primary magma tends to be lost sight of or overshadowed.
However, such cogent evidence for the existence of primary magmas

of the composition of peridotite and ultramafic rocks, of gabbroic anortho-

site, as well as of quartz basalt on the one hand and of olivine or alkali-

basalt on the other hand, has recently been presented (Hess 1938;

Buddington 1939; Kennedy 1938) in detailed manner that the concepts
are considered to warrant at least tentative acceptance without further

discussion. We do not have an adequate thoroughgoing discussion of the

hypothesis of possible pyroxenite magmas and for this reason they will

not be considered. The initial magma for many of the great stratiform
sheets was noritic. The proposal has been made that noritic magma orig-
inates from gabbroic magma, through the reaction with, and assimilation
of, aluminous shales or schists. Adequate evidence that this has happened
on so large and uniform a scale as required in each case is yet to be pre-

sented. It seems highly probable that a primordial norite zone lies at the

base of the earth's gabbroic shell, and that primary norite magma would
be derived therefrom. Parenthetically it may be noted that norite for
some reason rarely appears as flows, in this particular being similar to
anorthosite and peridotite. There appears to be no adequate basis for a
decision at present as to whether a primordial granitic layer was formed,
and if so, how thick. If present, its remelting would yield primary granitic
magma.

The principles and results of fractional melting have not been investi-
gated with the same intensity as those of fractional crystallization. One
must exercise caution in attempting to apply directly to geological prob-
lems of the depths only such physico-chemical data as we now have, es-
pecially in view of the fact that there is considerable field evidence which
at present cannot be strictly interpreted in terms of such solidus and
liquidus relationships as have been experimentally determined for the
common mineral compounds. Yet we may proceed to use these data to
see what their implications would be.
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Fractional or partial melting of the diverse primordial layers would be
expected to yield a varied suite of primary magmas, interstitial and
mechanically separable from the crystalline part, if melting does not
proceed too far. Bowen (1928) has discussed in detail the derivation of
gabbroic magma through the partial melting of peridotite. Similarly
partial melting of pyroxenite or melanocratic norite would yield a noritic
magma. Again, fractional melting of bytownite anorthosite to the proper
degree would yield a gabbroic or noritic magma; further melting of such
an anorthosite horizon would yield an andesine or labradorite gabbroic
anorthosite magma without necessarily rendering the whole mass mobile'
Partial melting of olivine gabbro would give a diorite magma, whereas
quartz gabbro would give a quartz dioritic (andesitic) magma' and, as so

adequately discussed by Eskola (1932), a granophyric gabbro would
yield a small amount of primary granitic magma in the early stages of
melting.

The problem of ultramafic magmas is a peculiarly enigmatic one and
deserves especial consideration. ft has been discussed by many. On the

one hand we have the field evidence which appears to necessitate the
hypothesis of ultramafic magmas as well as ultramafic crystal accumu-
lates, and on the other hand the physico-chemical difficulties of under-
standing how there can be ultramafic magmas with the properties
postulated by the field petrologist. H. H. Hess has recently (1938) dis-

cussed the problem and shown that the ultramafic magmas have a ratio

of MgO/FeO of 9 or 10 to 1 in comparison to a ratio of 5 or 6 to 1 for the

ultramafic crystal accumulate type from gabbroic or noritic magmas. In

other words, the ultramafic magmas are richer in the higher melting

component whereas the evidence is that their temperatures were actually

lower than those of the gabbros and norites. Sosman (1938) has even

suggested 600oC. as the temperature for an alkali peridotite dike at its

site of emplacement.
Many petrologists, trying to get the temperature of ultramafic magmas

as low as possible in order to facilitate their derivation, but mindful of

the high melting point of forsterite-rich olivine have set the ultramafic
magma temperatures as low as, but not lower than 1350"-1500oC. for

surface pressures, (1500'-1600' for depth).
Daly (1940, p. a13) has postulated a vitreous peridotite layer at a

depth of 80 km., more or less (Gutenberg 1939, p. 162 mentions 60-70

km.), which would. have a temperature at complete melting of 1350"C.

for surface pressures or 1590oC. at this depth.
This is unsatisfactory as it would presumably yield a magma at the

place of intrusion with a temperature too hot to be consistent with the

field evidence. The problem is to devise a mechanism for deriving a
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magma of forsteritic composition with a temperature not exceptionally
high. One approach to the problem that leads to an interesting result is
to follow through an hypothesis such as follows for the history of devel-
opment of the earth during its early stages.

Tnrpenrrrn DrrlnnBNrrATroN oN Lrquoracrrort

We will adopt the hypothesis that the earth passed through a liquid
stage by condensation from a gas. Data are not available to specify
the exact course of differentiation during liquefaction and preceding the
beginning of crystalization, but it is perhaps a not unreasonable specu-
Iation to assume that the product was a liquid mass consisting in a very
rough way of a nickel-iron core surrounded by two successive largely
silicate shells each varying in composition, but distinct as a whole from
each other. The composition of the inner silicate shell was essentially
comparable to a mixture of magnesian silicates and nickel-iron, like the
pallasites and chondritic stony meteorites, with increasing degree of
oxidation toward the outer border. while the second outer silicate shell
represented the most intense stage of oxidation and was of noritic com-
position, analogous to but somewhat less melanocratic than the achon-
dritic meteorites, and at most not over 50-70 km. thick. The two silicate
shells did not become homogenized because of lack of time for difiusion
to effect this, and convection currents would be restricted to the respective
shells because of the contrast in densities. The contrasting character of
the three major parts here proposed is paralleled by three groups of
meteoritesl the siderites, the pallasites and chondritic meteorites, and
the achondrites, respectively. True transitional types between these
three groups are efiectively absent. Iron sulphide may have formed a
fourth shell of minor thickness between the nickel-iron core and the
inner silicate shell.

Dtllnnn,rvrrATroN oN Cnysrltllzartox

Crystallization succeeded the initial difierentiation of the liquid
phases and is assumed to have started at or near the base of the inner,
ultra magnesian-rich silicate shell and gradually worked out toward the
surface with some concomitant differentiation as a product of fractional
crystallization and gravity sorting. This results at a"late stage in a resid-
ual bipartite liquid shell, at most a few hundred kilometers thick, con-
sisting of the outer primary shell of noritic magma overlying the remain-
ing uncrystallized portion of the inner shell and now of peridotitic com-
position. It is postulated that crystallization is now initiated at the outer
surface of the noritic shell which is the same as the surface of the earth
itself and consolidation works inward.s at the same time that consolida-
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tion and growth of the peridotitic layer continues to increase outwards.
Concomitant differentiation of the noritic shell yielded a primordial
layered crust comparable to the stratiform sheets. At a certain stage of
consolidation, while the solid peridotite and noritic difierentiated layers
are growing toward each other, the temperature of crystallization of the
upper surface of the peridotitic shell will be reached and we will have the
complex relationship of an upper and lower solid shell growing toward
each other within the peridotitic zone, the upper peridotite layer at the
same time acting as a false bottom for the difierentiating noritic magma

Frc. 3. schematic diagram showing possibility for two liquid shells in outer part of
earth at one stage of cooling. Blank areas between the two curves represent partly or wholly
crystalline materiai.

shell above (Fig.3). The crystallization of the peridotitic shell may be
expected to result in a concentration of hyperfusibles (substances of low
or exceptionally low melting temperatures, such as albite, water, etc.)
within the last residual liquid fraction, and similarly there may be ex-
pected a concentration of hyperfusibles in the last part of the noritic
shell to consolidate.

., 
Pn'nrnorrre Macua Rrcu rN HypBnrusrsr,E,s

What would be the nature of the hyperfusibles in the peridotitic
magma? The chondritic meteorites average about 10 per cent oligoclase.
some sodic compounds may well have been concentrated in the residual
peridotitic magma. The processes of fractional crystallization and gravity
sorting would probably result in an increase of ferrous iron relative to
magnesia, and a MgO/FeO ratio in the peridotite somewhat less than
that found by Hess for the ultramafic magmas. The probable percentage
of volatiles and their nature is extremely speculative, but there seems
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considerable basis for the validity of the concept of their concentration,

The nature of the dissolved gases does deserve some consideration.

however, as it may be that they play a significant role in the formation

of a forsterite-rich melt such as characterizes the ultramafic magmas.

The principle that there is a qualitative similitude in the chemical com-

position of the sun, earth, and other members of the solar system is a

currently accepted hypothesis. Hydrogen has been found to be a most

important element quantitatively in the sun, stars, and the atmosphere

of Jupiter and the larger planets. Russell (1942) estimates that onpresent

data hydrogen forms at a minimum 35 per cent by weight and at a

maximum 61 per cent of the sun, and that the sun now contains nearly

as much helium as hydrogen. Hydrogen and carbon dioxide are the

major constituents of the gases obtained at high temperatures from stony

meteorities (Farrington, 1915) and laggar (1940)' on the basis of studies

of the composition of the gases in the liquid Iava at Kilauea, has strongly

urged the probable quantitative significance of hydrogen and carbon

dioxide in primary magmatic gases. It is recognized, however, that the

evidence for the presence of hydrogen as such instead of as compounds

is suggestive only rather than proof. At the high temperatures assumed

to prevail during the condensation of matter to form the earth, hydrogen

would tend to escape from a mass of its size. Yet this would take time

and it seems probable that some hydrogen would be dissolved and re-

tained in the liquid mass of the earth. Part of this would in turn be sub-

sequently lost, part may enter into reactions to yield new minerals but

part would be expected to remain to be concentrated in the residual

Iiquid peridotitic layer protected by the crystalline shell. This retained

hydrogen could react with part of the ferrous iron of fayalite to yield a

more forsterite-rich magma and a few per cent of bronzite and metallic

iron. The latter would sink and rarely appear in an intrusive magma.

Part of the hydrogen will become oxidized to HzO.
Tamman (1924) has calculated that if the whole of the water, ice and

snow at present on the earth were put back to the temperature we may

imagine prevailing at the time when the earth was still hot and the crust
had not formed, its vaporization would yield a partial pressure of water

vapor of about 270 atmospheres and there would be enough water mole-

cules dissociated to provide all the free oxygen at present in the earth's

atmosphere. The earth during its condensation to a liquid would cer-

tainly have had an opportunity to dissolve gases under conditions of

high gas pressure.
The proposed hypothesis wouid thus account for a residual layer of

forsterite-rich olivine peridotite, at a relatively low temperature because

of a high percentage of dissolved volatiles and other hyperfusibles, and
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semi-vitreous to vitreous because it was at a temperature above that

prevail ing for the depth (Fig. 3).
If difierentiation of the noritic shell yielded a granitic layer beneath

an outer solidified gabbroic shell, the arrangement would be unstable,

the granitic magma would flow to and rise through local fractured areas

in the heavier overlying gabbro and the possibility for the segregation

of continentallike sial masses would be intiated'

CoNcrusrorcs

The preceding discussion of the nature of the interior of the earth

has thus led to proposals for modification of current earth models

whereby there is a layer of bytownite-anorthosite at or near a depth of

25 to 30 kilometers, and probably a relatively thin vitreous peridotitic

or d,unitic shell rich in hydrogen and other hyperfusibles beginning at a

depth around 60-80 kilometers, of unknown thickness but not over a

few hundred kilometers at a maximum and perhaps much thinner. The

modified model thus proposed is shown in Fig. 4'

we may now proceed further and see what the consequences might

be in the way of production of primary magmas from such an earth.

Kennedy and, Anderson (1933) have given us a most stimulating dis-

cussion of how different kinds of magma may originate, dependent upon

the interrelationship between the fusion curves for different types of

rocks at their appropriate depths, and the temperature-depth curves' A

modification and expansion of one of their diagrams constructed to fit

the ideas developed here is given in Fig. 5. The temperature-depth curves

will very likely have been d.ifferent at difierent periods of earth history

and in different structural units and will not have the'smooth curve

pictured. Local d"istortion may arise from the different conductivity

of and difierent intensities of radio-thermal heating in difierent layers,

and so forth. fn orogenic belts there may be at ieast temporary thick-

ening of the sial with a consequent local rise of the temperature in

the upper part of the crust due to the multiplication of this relatively
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raised relatively to and lies above the line (fusion curve) for the respective
kind of rock, the appropriate magma will be formed.

I t  O a b b r o  e  G o b b r o
l a r n i t a  A n o r l h o s i r a

Ol iv in .  Oabbro  E lVor i t .
o x a n i r a

d o l i  l c

O u n i t e

c 7Oh n. -  - lY i l rcous  csr ido l i rc  cn l i che  d
I l in ly pcrluti blcs'bos. u n cc r toin
norddat  in lo  c r t t ta l l inc

- 1 l p . . i d o t i t .  a b o r c  &  b c l o d .tSOOhm

Cr!  s ta l l inc  Pcr  i  do l i  l c

S imi lo r  compos i t ion  lo

C h o n d r i l c  m 3 t c o r i t e t

S in i td r  comPos i l ioo  lo

P a t l o s i r c  m c t a o . i t c s

t2900
t2920 l r o n  S u l D h i d c

Frc. 4' Sector of earth beneath continents to illustrate proposed hypothesis for consti-
tution of interior of the earth. Depths of shell boundaries are largely based on data by
Gutenberg and Richter. The anorthosite zone may be expected to contain thin intercalated
Iayers of ilmenite-magnetite, and the first (tg8 to +20 km.) peridotite and dunite zone
thin layers of chromite and Ienses of sulphide.

From'the relationships shown we would. anticipate that gabbroic (or
basaltic) magma would be a dominant and recurrent type, inasmuch as
it may form throughout such a very wide range of environment. A perido-
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tite magma would be expected to rise only under exceptional structural
dynamics. This is consistent with the evidence. An andesine or lab-
radorite gabbroic anorthosite magma may originate through partial
melting of bytownite anorthosite. The relationships of the anorthosite
shell are such that anorthositic magma should also be expected to form
only under extra exceptional conditions, and that melting sufficient to
render the entire mass eruptible would scarcely occur. This is pre-
eminently true, for rocks formed from intrusive anorthositic magma have
been found almost exclusively in the pre-Cambrian and they are andesine
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to labradorite types. It may also be noted that magmas derived by par-
tial melting may be formed but once from a given mass for only the
constituents of higher melting intervals remain as a residue. Again, we
see that there are potentialities for the coexistence of two or more pri-
mary magmas of different compositions formed at different levels. Such
primary magmas if injected at similar horizons in the crust would con-
solidate in the same order of succession as members of a magma series
differentiated from a single common type and might give rise to a set of
similar structural phenomena. The granitic magma derived from melting
of the sial may, by definition, be primary only if part of the sial were
primordial.
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The picture postulated is admittedly highly speculative and schematic.

Yet it may have value in emphasizing the possibilities for genesis and

diversity of composition of primary magmas and for relating different

types of magma to difierent structural dynamics'
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