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Of the many and somewhat varied suggestions that
have been made as to the distribution of matter in the
Earth, that which supposes a solid central core of nickel-
iron surrounded by a series of solid progressively vary-
ing silicate shells now meets with the general acceptance
of geophysicists. Such a distribution has been advo-
cated, for example, by Oldham, Wiechert, Gutenberg,
Suess, Daly, Clarke, Adams and Williamson, and the
present writer.! There is difference of opinion as to
details, such as the thickness of the several shells, their
composition in detail, whether they are discontinuous or
intergradient, and so on; but that the constitution of the
Earth is, broadly, as stated above is now the practically
unanimous belief.

This concept of the FKarth’s interior has been arrived
at through several lines of evidence; especially, the veloc-
ity of transmission of earthquake waves through the inte-
rior; analogy with meteorites considered as fragments
of a cosmic body; the density, rigidity, moment of iner-
tia, magnetism, and other physical characters of the
Earth; the compressibility of minerals and rocks; and
the chemical and mineral characters of igneous rocks.
These lines of evidence are convergent and they are
mutually corroborative.

Within the last year or two a more detailed concept
of the interior of the Harth has been arrived at, this
being based more especially on analogy with meteorites,
the velocity of earthquake waves at different depths, the

1Tor a statement of the various characters of the Earth’s interior and
theories as to its constitution see a forthcoming paper by the writer:
‘“The. Interior of the Earth and its Crust,’’ to be published in the Journal
of the Franklin Institute for 1925.
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compressibility of minerals and rocks, and the chemistry
of igneous rocks. The distribution of matter within the
Karth, thus suggested, and as advocated by Adams and
Williamson and the present writer is as follows.? Tt is
illustrated schematically in Figs. 1 and 2, which repre-
sent a section of the Karth, from the center to surface,

F

Fig. 1.—Section through the center of the Earth. The black lines
represent the path of Earthquakes from the focus at F.

2L, H. Adams and E. D. Williamson, The Compressibility of Minerals
and Rocks at high Pressures, Jour. Franklin Inst., 195, 475, 1923;
Williamson and Adams, Density Distribution in the Earth, Jour. Wash-
ington Acad. Sei., 13, 413, 1923; Adams and Washington, The Distribution
of Iron in Meteorites and in the Earth, Jour. Washington Acad Seci., 14,
333, 1924; Washington, The radial Distribution of certain Elements in
the Earth, Jour. Washington Acad. Seci., 14, 435, 1924,
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shown at the Annual Exhibition of the Carnegie Institu-
tion at Washington in 1924, the colored original of Fig.
2 being 10 feet long. ,

At the center of the Karth is a core or nucleus of
nickel-iron, similar in chemical composition and physical
characters to the metal of the siderites or iron meteor-
ites, although with possibly less nickel and more carbon.
This metallic core has a radius of about 3,400 kilometers
and an average density of about 10. It probably, from
analogy with meteorites, contains a considerable amount,
up to about 5 per cent or so, of phosphides (schreiber-
site, (Fe,Ni),P), carbides (cohenite, Fe,C), sulphides
(troilite, F'eS), and carbon (diamond and graphite).

The central core passes, by the presence of magnesium
and iron silicates in gradually increasing amount, into’
an overlying lithosporic® shell, composed mostly of
olivine scattered sporadically (i. e. as discrete particles)
through a sponge or continuum of metallic nickel-iron,
the material resembling the meteoritic pallasites. The
metal and the silicate are supposed (again in analogy
with meteorites) to be present, on the average, in about
equal amount. The average density of the lithosporic
shell is about 8, and its thickness is estimated to be about
700 kilometers.

The lithosporic (pallasitic) shell passes gradually, by
diminution in the amount of metal and increase in that
of silicate, into a ferrosporic® shell, composed chiefly of
olivine and enstatite-hypersthene, and a little oligoclase,
with from 25 to 10 or less per cent of metalli¢ nickel-iron
sporadic in the silicate continuum. In mineral compo-
sition this material resembles the chondritic stone mete-
orites, but it probably differs texturally in the absence
of chondrules and tuffaceous texture. The average den-
sity of this ferrosporic shell is about 6 and its thickness
is about 700 kilometers.

Above and intergradient with the ferrosporic shell,
through gradual disappearance of the metallic nickel-
iron, is a shell composed almost wholly of silicates,
chiefly of iron and magnesium, forming enstatite-hypers-

*The terms ‘‘lithosporic’’ and ‘‘ferrosporic’’ were proposed to denote
material in which, respectively, the silicate is sporadic in a continuum of
nickel-iron and one in which metallic nickel-iron is sporadic in a continuum
of silicate. See Adams and Washington, op. cit. p. 336.
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thene and less olivine, with some calcic pyroxene and
feldspar, chiefly labradorite. This material is essen-
tially peridotite. There is almost no nickel-iron in this
shell, the general composition of which is similar to that
of the achondritic meteorites. The average density of
this peridotitic shell is about 4 and its thickness is 1,500
to 1,600 kilometers. A

In all these more or less silicate shells, there is prob-
ably, by analogy with meteorites, a small percentage. of
non-oxide compounds, chiefly sulphides (troilite and old-
hamite), phosphides (schreibersite), carbides (cohenite),
and chlorides (lawrencite), with some chromite and mag-
netite, and possibly borides and nitrides, in the upper
zones.

Above the peridotitic shell, and probably intergradient
with it within narrow limits, is the ‘‘crust’ of the
Earth, the thickness of which is probably about 60 kilo-
meters—almost certainly not over about 100 kilometers.
The lower part of this crust, let us say about 40 kilo-
meters, has a generally basaltic or gabbroic composition,
both chemically and minerally, with a density of about
3.2. This grades upward into the outermost 15 or 20
kilometers, of average granitic or granodioritic compo-
sition and of density about 2.8, which is the only portion
of the globe that is open to our direct inspection. It is
this very thin, 20-kilometer, uppermost shell that has
usually been meant in the numerous discussions of ‘‘the
average igneous rock.”” The overlying strata of sedi-
mentary rocks and the metamorphosed igneous and
sedimentary rocks need not concern us here—they are
both derived ultimately from the igneous rocks and their
total amount is negligible in a discussion of the compo-
sition of the Earth as a whole.

The distribution of matter in the Earth as described
above is, admittedly, tentative and a rough first approxi-
mation; but in its broad lines, and even in considerable
detail, it is supported by so much convergent evidence
(which eannot be stated here), that considerable confi-
dence may be had as to its general correctness. Accept-
ing it provisionally as true, the attempt is made to arrive
at a notion of the general composition of the whole
Earth by utilizing the data presented in the suggested
distribution. :



Central core
Basaltic shell

> Peridotitic shell
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Lithosporic shell

( Granitie shell

Fig. 2.—Sector of the Earth, from center to surface: showing the nickel-
iron core and the gradual increase in silicate toward the surface. (Core is
white or light gray, olivine black, peridotite dark gray.)
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As a preliminary the volumes and the masses of the
core and of the several shells must be known. The
results of my calculations of these are given in Table 1.
The Earth is assumed to be spherical, with a radius of
6,400 kilometers. That the assumed densities and cal-
culated volumes and masses are approximately correct
is indicated by the correspondence between the average
density of the Earth deduced from them, 5.49, and the
known density of the Earth, 5.52; the difference being
about 0.5 per cent.

TasLE 1.

Volumes and Masses of Earth Shells.*

Thick- Volume  Den- Mass Mass
ness km. km®x10"” sity  tonsx10* per cent

" Central core ...... 3400* .1646 10.0 1.646  27.30
Lithosporic shell .. -~ 700 .0641 8.0 513 8.51
Ferrosporic shell .. 700 2345 5.8 1360 2255
Peridotitic shell ... 1540 .6043 4.0 2417  40.08
Basaltic shell ..... 40 .0203 3.2 .065 1.08
Granitic shell ..... 20 .0102 2.8 .029 0.48
‘Whole Earth ..... 6400* 1.0980 549  6.030 100.00

*Radius.

The following assumptions were made in calculating
the composition of each shell. The composition of the
nickel-iron central core was assumed to be that of the
average of 318 iron meteorites, as calculated by Farring-
ton.> In this average, as in most analyses of iron mete-
orites, the percentages of sulphur, phosphorus, and car-
bon shown by the analyses are probably lower than the
truth, because, as a rule, the material analysed does not
include a due proportion of the nodules of troilite,
schreibersite, and graphite which may be present. It
is possible, also, that the amount of nickel as here
assumed is too high and that of carbon too low, since

*The densities of the lithosporie, ferrosporic, and peridotitic shells are
taken from Williamson and Adams’ density-depth curve Jour. Washington
Acad. Sci., 13, 425, Fig. 3, 1923,

® Farrington, Analyses of Stone Meteorites, Field Columbian Mus., Pub.
No. 151, 212, 1911. ' :
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the terrestrial basaltic irons, such as those of Ovifak and
Buhl, contain less nickel and more carbon than is found
in meteoritic irons.

The material of the lithosporic (pallasitic) shell was
assumed to be composed, on the average, of equal
weights of nickel-iron and of olivine, in analogy with
meteoritic pallasite.® The metal was supposed to have
the same composition as that of the central core, and
the olivine the ratio MgO:FeO =5:1, which is about
that of the olivine of pallasite. The results of a study
by Chirvinsky” of pallasitic olivine and of many palla-
sites agree closely with my assumed compositions.

The composition of the ferrosporic shell was assumed
to be that of the average of stony meteorites, as calcu-
lated by Merrill,® from 53 analyses. The method of
averaging was that of dividing the sum of the percent-
ages of each constituent by the number of determina-
tions, a method that is preferable to dividing the sum
by the number of analyses.® Merrill’s average includes
seven analyses of achondritic meteorites, but the num-
ber is so small that they do not seriously affect the
result. Prior has called attention to the remarkable uni-
formity in the chemical and mineral composition of
chondritic meteorites.!®

For the composition of the peridotitic shell T caleulated
the average of 20 analyses of achondritic meteorites,
those of fair to good quality being used.!* The method
of averaging was that used by Clarke and Washington
and by Merrill. The average differs considerably from
Daly’s average of terrestrial peridotites,'> and most

¢ The subgroups of siderolites that contain pyroxene with olivine (lodran-
ite and mesosiderite), and those that contain pyroxene with asmanite (tri-
dymite, instead of olivine (siderophyre), are not considered here, because
they are so rare as to be negligible in the general discussion.

" Chirvinsky, The Pallasites, Min. Abstr., 2, 83, 1923,

8 Merrill, Mem. Nat. Acad. Sci.,, 14, No. 1, 28, 1916.

°Cf. Clarke and Washington, The Composition of the Earth’s Crust,
U. 8. Geol. Survey, Prof. Paper 127, 10, 1924.

 Prior, Min. Mag., 17, 33, 1913.

“ The analyses were of: Angra, Binda, Bishopville, Constantinople,
Cumberland (white portion), Frankfort, Ibbenbiihren, Jelica, Juvinas
(Merrill), Manbhoom, Managaon, Missing, Nakhla, Novo Urei, Peramiho,
Petersbusrg, Shalka, Shergotty, Stannern (Merrill), Zmenj. The analysis
of Jonzac by Michel (Tsch. Min, Pet. Mitth., 31, 589, 1912) was, by an
oversight, not included.

* Daly, Igneous Rocks, 1914, 29, No. 70.
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resembles analyses of olivine diabase from New Jersey,
hornblende hypersthenite from Brazil and India, and
olivine basalt from Hawaii.!®

For the lower basaltic shell of the crust the composi-
tion of Daly’s average basalt'* was assumed. For the
composition of the uppermost granitic shell the latest
calculation of the ‘‘average igneous rock’’ was taken.!®
In both of these averages the minor constituents, except
titanium, phosphorus, chromium, sulphur, and manga-
nese, were neglected, as their amounts are negligible
(for present purposes) when referred to the whole
Earth.

The chemical and mineral compositions shown in
Table 2, 3, and 4 are admittedly rough, first approxi-
mations. They are dependent on the assumptions made
as to the masses and the composition of the several
shells, which would seem to be fairly accurate, from the
correspondence in the average density of the Harth.
They are also affected by the difficulties incident to the
analysis of meteorites, arising chiefly from the paucity
of the material and from the irregular distribution of
the constituents. Thus, the percentages given for sul-
phur, phosphorus, and carbon, in the averages for the
core, the lithosporic shell, and the whole Earth, are pre-
sumably below the truth, because these elements occur,
in iron and in lithosporic meteorites, chiefly as commno-
nents of nodules, which are not always included in the
material used for analysis or are not properly allowed
for in the general reckoning. The amount of chlorine
is probably too low, because this constituent is seldom
determined, although it is present (as FeCl,) in many
iron and iron-stone meteorites, to the annoyance of
museum curators. Nickel and cobalt are often not
properly determined or separated, especially in the older
analyses of meteorites, many of which are otherwise
faulty or incomplete, although they may be the only ones
available. Indeed, so many complete, modern analyses
of meteorites are needed that it is to be desired that

© Of, Washington, U, S. Geol. Survey, Prof. Paper 99; Subrang IV.1.2.1.2
(hilose), 707, 1917.

1 Daly, Igneous Rocks, 1914, 27, No. 53.

1 Clarke and Washington, The Composition of the Earth’s Crust, U. S.
Geol. Survey, Prof. Paper 127, 16 and 20, 1924.



Washington—Chemical Composition of the Earth. 359

directors and curators of museums should regard mete-
orites, not as ‘‘specimens’’ to be shown in a glass case,
but as objects to be studied, even if much of the mate-
rial is thereby used up. But, on the whole, in spite of
such errors and defects, the figures given, derived from
analyses of many meteorites, probably present a fairly
correct general idea of the composition of the Earth, if -
this is constituted in general according to the views here
set forth. The textites are left out of account in the
present discussion because their origin, whether mete-
oritic or terrestrial, is still debatable, although it is the
opinion of the writer that they are of meteoritic origin .
and that they represent the outer erust of the (or a)
cosmic body from which meteorites are derived. Their
relative amount is, also, very small, so that they may be
regarded as negligible.

Let us consider the elements first (Table 2). Four
elements, iron, by far the most abundant, oxygen, silicon,
and magnesium, make up 90.7 per cent of the Karth.
These, with three others, nickel, calcium, and aluminum,
make up 98.2 per cent; and with five others, sulphur,
sodium, cobalt, chromium, and potassium, each in
amount of less than one per cent, make up 99.8 per cent
of the Earth. To this list phosphorus is almost cer-
tainly to be added, to the extent of about 0.1 per cent,
and probably also ecarbon and chlorine, to the extent of
about 0.05 per cent for both. It thus appears that the
whole Iarth is composed almost exclusively of but 12
or 14 elements, and that the percentage of the 80 or 78
others is almost negligible quantitatively, as they, alto-
gether, do not constitute very probably more than about
0.1 per cent of the Earth.

Clarke!® has estimated the composition of the whole
Earth on the assumption of a nickel-iron core sur-
rounded by a lithosphere, the two being of equal volume

~and their masses (as assumed by Clarke) in the ratio
71:29. Clarke’s estimate is shown in Table 3. Far-
rington'” suggests that the composition of the Earth

% Clarke, F. W., The Evolution and Disintegration of Matter, U. S. Geol.
Survey, Prof. Paper 132-D, 76, 1924. Clarke assumes practically the dis-
tribution of Wiechert (Ueber die Massenverteilung im Innern der Erde,
Nachr. Ges. Wiss. Gottingen, 1897, 221. .

" Farrington, Analyses of Stone Meteorites, Field Museum Nat. Hist.,
Publ. No. 151, 213, 1911.
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may be represented by the average composition of
meteorites; and he averages, for this purpose, 318 analy-
ses of iron and 125 of stony meteorites, with the result

shown in Table 3.

TasLe I1.

Composition of the Earth in Terms of Elements.

Harkins'® suggests a modification

Cen- Litho- Ferro- Perid- Basal- Gran-

tral sporie sporie otitie tie itie Whole

core shell shell shell shell shell Earth
Fe(met.) 90.67 45.34 12.18 1.18 31.82
Ni (met. ) 850 4.25 157* 0.33 3.16
Co (met.) 059 030 007 004 .... .... 023
O .......... 21.11 37.10 42.05 44.24 46.59 27.71
Sio...o.aall. 935 1834 23.00 2324 27.72 14.53
Al ......... e 1.55 3.26 8.46 8.13 1.79
Fe(sil.) 6.18 1037 12.33 8.86 5.01 **7.94
Mg ........ 13.36 13.88 10.91 3.78 2.09 8.69
Ca cee 1.72 5.09 6.51 3.63 2.52
Na 0.65 0.50 2.35 2.85 0.39
K .......... 0.14 0.22 1.28 2.60 0.14
Ti ......... ceen e 0.83 0.63 0.02
Cr 0.34 0.31 ... 0.04 0.20
Mn ........ e cen ceen 0.18 0.25 0.10 0.07
S .......... 0.04 0.01 1.82 0.54 ....T 0.05 0.64
P o.......... 0.17 0.09 0.12 0.06 0.20 0.13 0.11
C ... 0.03 0.01 0.15 . cee 0.09 0.04
Inecl 034 ....

100.00 100.00

100.00 100.00 100.00 100.00. 100.00

* Includes Ni of NiO. +Probably about 0.10: not reckoned ‘by Daly.
** Total Fe — 39.76.

of Farrington’s estimate, based on the relative number
of falls, and expressed in atomic percentages. Chir-
vinsky'® has suggested a supposititious ‘‘terrium,’’ or

a &, Linck (Aufbau des Erdballes, Jena, 1924, p. 15) estimates the
composition of the Earth to be: Fe 50, O 22, 8i 11.5, Mg 9, Ni 6, Ca 1.3,
Al 0.6, S 0.5-1.0, Na 0.1-0.2, K 0.1, H (max) 1.0. Added during reading
of proof.

¥ Harking, W. D., The Evolution of the Elements, Jour. Amer. Chem.
Soc., 39, 864, 1917.

© Chirvinsky, On the Question of the Laws of Formation of the chemical
Elements in the Universe, Abstr. in Min. Abstr.,, 2, 84, 1923, (original in
Russian).
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primordial matter, representing the composition of the
- Earth as a whole. These estimates resemble each other
in. their broad features, but differ from mine in their
assumed much greater proportion of iron, because of the
different (somewhat arbitrary) basal assumptions.*®*
The most abundant elements in the Earth, then, as
well as those most abundant in the crust, are all of low

TasrLe IITM™

Composition of the Earth as a whole.
Washington  Farrington Clarke

1925 1911 1924
Iron (metal) ........ e 31.82 68.43 67.20
Nickel (metal) ............. 3.16 6.50 6.04
Cobalt (metal) ............. 0.23 0.44 0.41
OXygen ....coceveieiennenns 27.71 10.10 12.77
Silicon ....veeiiiiiiiiiinn, 14.53 5.20 6.98
Magnesium ................. 8.69 3.80 2.13
Iron (silicate) ............. 7.94 3.63 in metal
Caleium ..........ccovuunn.. 2.52 0.46 1.12
Aluminum ................. 1.79 0.39 1.86
Sulphur ................... 0.64 0.49 0.96*
Sodium ............ ... ... 0.39 0.17 0.58
Chromium .................. 0.20 0.09 0.07
Potassium .................. 0.14 0.04 0.39
Phosphorus ................ 0.11 ©0.14 0.16
Manganese ................. 0.07 0.03 0.08
Carbon ..........coociinn.. 0.04 0.04 LU
Titanium ................... 0.02 e 0.15

100.00 100.00+  100.00

¥ ¢“Sulphur, carbon, copper.’”’ -+Includes ‘‘other elements 0.05.7’

(but not the lowest) atomic weight and atomic number;
the highest atomic weight represented is 59 (ecobalt) and
the highest atomic number is that of nickel (28). Oddo2°
and Harkins* have called attention to the fact that in

2 An average composition of meteorites based on that of known falls of
iron and stone meteorites is invalidated by the faet that iron meteorites are
more easily recognized as meteorites and are less subject to weathering
than are stone meteorites, as has been pointed out by Merrill and others.
Such an average would, thus, be presumably higher in iron than the truth.

*Qddo, G. Die Molekularstruktur der radioaktiven Atome, Zeitschr.
Inorg. Chem., 87, 266, 1914. Cf, Vernadsky, La Géochemie, Paris, 1924, 18.

“ Harking,  W. D., The Evolution of the Elements, Jour. Amer. Chem.
Soe. 39, 877, 1917. ‘ '
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the erust and in the Earth the elements of even atomic
number are many times more abundant than are those
of odd atomic number, a feature that Harkins considers
to be confirmatory of the hydrogen-helium structure of
the atoms, but on which Oddo reserves opinion.

The composition of the whole Ifarth is specially nota-

TasLe IV.
Composition of the Earth in Terms of Oxides, ete.

Cen-  Litho- Ferro- Perid- Basal- Gran- Whole
tral sporie sporie otitic tie itie Earth

core shell shell shell  shell shell
Fe(met.) ... 90.67 4534 12.15 1.18 31.82
Ni(met.) ... 8.50 4.25 1.57 0.33 3.16
Co(met.) ... 0.59 0.30 0.07 0.04 .... ceen 0.23
Si0, ....... oo 1990 39.24  48.93 49.06 59.12 30.94
ALO; ...... cee 2.92 6.15 15.70 15.34 3.27
Fe,O; ...... e cee e 5.38 3.08 0.07
FeO ....... 7.95 1479 15.86 6.37 3.80 10.47
MgO ....... 22.15 2299 18.17 6.17 3.49 1443
CaO ....... cees 2.45 712 8.95 5.08 3.53
Na,O 0.89 0.67 3.11 3.84 052
K,O0 ....... 0.21 0.27 1.52 3.13 0.20
HO ....... e 1.62 1.15 0.03
TiO, ....... Ceee e 136 1.056  0.02
Cr,0, ...... 0.48 0.45 e 0.06 0.29
PO, ....... 0.27 cee 0.45 0.30 0.11
MnO .. e ceen e 0.23 0.31 0.12 0.12
S ... 0.04 0.01 1.82 0.54 . 0.05 0.64
P ... 0.17 0.09 cee 0.06 e 0.11
C.......... 0.03 0.01 0.15 0.10* 0.04

Inel cees 0.29
o 100.00 100.00 100.00 100.00 100.00 100.00 100.00

* CO0.. :

ble for the very small amount of some of the elements
that are among the most abundant in the crust, notably
aluminum, sodium, potasqlum titanium, and manganese;
oxygen, s1hcon and iron (in silicates) are about the only
ones that are present in about the same relative amounts
and order in the whole Earth and in its crust.

The composition of the whole Earth in terms of oxides
and minerals (Tables 4 and 5) need not detain us long
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here. The general features of distribution that are
shown by the elements are shown by the oxides, except
that ferric oxide is practically non-existent in the Earth
as a whole, the iron oxide being almost wholly ferrous.
The mineral composition of the four outer shells (Table
5) are based on the norms calculated from the data in

TaBLE V.

Composition of the Earth in Terms of Minerals.

Cen- Litho- Ferro- Perid- Basal- Gran-

tral  sporic  sporic  otitie tie itic = .Whole

core shell shell shell shell shell Earth
Fe,,(Ni,Co) ........ 98.3¢ 49.24 10.55* 1.57* ... 34.03°
2(Mg,Fe)0.8i0, .... 50.00 42.20 12.82 048 .... 18.92
(Mg,Fe)0SiO, ..... ... 2326 4392 1288 878 23.03
Ca0.(Mg,Fe)0.28i0, 559 18.33 14.11 656  8.79
Ca0.A1,0,.28i0, .... 3.34 1323 2510 1554 6.39
Na,0.A1,0,.68i0, ... 734 583 26.80 33.12 445
K,0.A,0,6810, .... .... ..... 111 169 895 1865 112
FeS ... 012 0.03 499 153 .... e 1.77
(FeNi),P .......... 112 059 .... 040 0.52
Fe,C ...t 042 014 .... .... 0.22
Fe0.Cr,0p «ovvnn... ceee ... 070 068 .... .... 043
FeO.Fe, 0, .......... ceeeo... 1067 6.49%  0.15¢
Apatite ............ 0.67 1.01 0.68 0.13
Si0, (free) ........ ceen 10.18  0.05

1 Fey(Ni, Co).

100.00 100.00 100.00°100.00 100.00 100.00 100.00

2 Fe, (Ni,C0).

3 ey (Ni, Co).

*Includes FeO.TiO..

5 Includes 0.15 C.

Table 4. This is so, in part, because no sufficiently exact
or concordant modal data are available, and in part
because the compositions of the different shells are, thus,
better compared with one another, being referred to the
same mineral constituents.

‘When the figures given in Tables 2, 3, and 4 are con-
sidered, some fairly definite and regular progressions in
the amounts and kinds of the different constituents from
the center to the surface of the Earth are evident—a
feature to which I have called attention in a brief note,*?
for which the present detailed data were not available.

2 Washington, The radial Distribution of certain Elements in the Earth,
Jour. Washington Acad. Sei., 14, 435, 1924,
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These progressive distributions apply especially to the
most abundant constituents, and they appear to have
some bearing on our interpretation of the general con-
stitution of the Earth and of how its structure origi-
nated. It may be said preliminarily that the present
detailed figures confirm the previous conclusions.

The amount of metallic nickel-iron decreases steadily
from almost totality at the center to disappearance in
the peridotitic shell and in the crust. Concomitantly, the
silicates, which begin to appear in the outer part of the
core, increase at first rapidly in the lithosporic shell, then
more slowly to a maximum of practical totality in the
peridotitic shell, beyond which in the crust they slightly
decrease, because of the entrance of magnetite and
quartz into the composition.

Of the minor non-oxide constituents, iron sulphide
(troilite) is apparently at a maximum in the ferrosporic
shell, below and above which it decreases gradually;
nickel-iron phosphide (schreibersite) and iron carbide
(cohenite) both decrease from the center outward; while
chromite increases outward to a maximum in the perid-
otitic shell. These progressions are in harmony with the
relative abundance of these minerals in meteorites;
schreibersite, cohenite, and graphite being most common
in the irons, chromite in the stones, and troilite common
in both kinds.

Of the silicates, the orthosilicate olivine decreases stead-
ily from a maximum in the lithosporic (pallasitic) shell
outward to the basaltic; in the ferrosporic shell it is
partly replaced by the metasilicate pyroxene, which
almost entirely replaces olivine in the basaltic shell and
- wholly so in the granitic shell. At the same time, there

is a gradual outward increase in the amount of diopside
relative to that of hypersthene, and still more so relative
_to that of olivine. The feldspars appear in small amount
in the ferrosporic shell, whence outwardly they increase
steadily, becoming dominant in the granitic shell. In the
ferrosporic shell albite dominates over anorthite, the
usual feldspar in the chondritic meteorites being oligo-
clase; in the next outer shell anorthite dominates over
albite the common feldspar of the achondritic meteorites
being labradorite above which albite increases rapidly.?

» Michel, H., Die Feldspite der Meteoriten, Tsch. Min. Petr. Mitth.,,
31, 563, 1912 Farrmgton, Meteorites, 1915, 169.
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Orthoclase, which is scarcely present in the ferrosporie
shell, increases steadily upward, until it becomes abun-
dant in the granitic ecrust. Quartz, an abundant mineral
in the granitic crust, is an exceptional rarity in meteor-
ites,2* although asmanite (tridymite) is occasionally
present in rare iron-stone meteorites.

These various mineral progressions are evident also
in the distribution of the elements and oxides. Iron,
both as metal and as silicate, is by far the most abundant
element near the center, but its amount decreases
steadily outward until it is the fourth most abundant
element in the granitic crust, having disappeared as
metal in the peridotitic shell. Oxygen, which is not
present in the central core, rapidly assumes second place
in the lithosporic shell, and thence outward is the most
abundant element, although with a very slightly increas-
ing gradient. It is highly noteworthy that ferric oxide,
Fe,0,, is not present in meteorites, stone or iron, except
as an alteration product, the chief oxide of iron being
FeO, with rarely Fe,O,. Parallel with these inverse
progressions of metallic iron and oxygen are the occur-
rence and apparently gradual decrease of non-oxide com-
pounds (schreibersite, cohenite, graphite) in the core and
in the lithosporic shell, and the appearance of oxides
(chromite, magnetite) in the ferrosporic and more out-
ward shells, quartz appearing in the outermost, granitic
shell. The sulphides occupy a position intermediate
between the phosphides and carbides and the oxides,
daubréelite (FeS.Cr,S;) occurring only in irons, troilite
(FeS) in both irons and stones, and oldhamite (CaS)
only and rarely in stones.

Goldschmidt®*® and Tammann?® suggest the presence of
an intermediate shell, of about the combined thickness
and depths of my supposed lithosporic and ferrosporic
shells, but composed mostly of sulphides with some
oxides. I cannot accept the very great importance and
abundance thus attributed to sulphur, because it does not
seem to me to conform to the evidence of igneous rocks
and other geological observations, or to be in harmony
with the analogy with meteorites. '

* Cf. Merrill, Quartz in meteoric stones, Amer. Mineral., 9, 112, 1924,

* Goldsechmidt, Der Stoffwechsel der Erde, Vid.-selsk. Skrifter, 1922, No.

11, and Geochemische Verteilungsgesetze der Elemente, idem, 1923, No. 3.

19’2°3Tammann, Zur Analyse des Erdinnern, Zeitschr. Anorg. Chem., 131, 96,
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Silicon follows a course almost exactly parallel to that
of oxygen, the progressive increase in silica being, of
course, very similar. Near the center, in the lithosporie
shell, the silicate is practically all orthosﬂlcate olivine,
2(Mg,Fe)0.Si0,, in which there is (molecularly) twice
as much basic oxide as there is silica. The metasilicate
pyroxene, (Mg,Fe)0.Si0O,, then begins to enter promi-
nently, its amount being about three times that of
olivine (with metasilicate diopside four times) in the
peridotitic shell, until olivine almost vanishes in the
granitic crust. A similar relative progression in the
feldspars, between -orthosilicate anorthite and polysili-
cates albite and orthoclase, will also be noted although
albite seems to be more abundant than anorthite in the
deep ferrosporic shell.

The relations of magnesium and iron (in the silicates)
are especially noteworthy Together, they are at a maxi-
mum of 39 per cent in the hthospouc shell, whence they
decrease steadily to the outermost, granitic shell. Con-
comitantly with this decrease outwardly the molecular
ratio %‘g steadily decreases in the outwardly successive
shells, as follows: 5.05, 3.07, 2.07, 1.00, 0.97, the ratio in
the whole Earth being 2.54. Thus, the amount of fer-
rous oxide in the meteoritic pyroxenes is greater than in
the olivines, and the amount of iron relative to that of
magnesium increases with the inerease in the amount of
pyroxene relative to that of olivine. To give some illus-
trations:?? the average ratio Mg:Fe in pallasitic olivines
is about 7:1, that in chondritic olivines is more variable
but, on the average, is about 3:1. The ratio in the ortho-
rhombic pyroxenes of chondrites is so variable, and it
is so difficult to separate the material in sufficient purity
for analysis that the data are unsatisfactory, but the
average may be placed at 6:1 to 4:1.

Prior?® has shown by many analyses that ‘‘the less the
amount of nickel-iron in chondritic stones, the richer it
[the metal] is in nickel and the richer in iron are the

# For analytical data on these points see: Cohen, Meteoritenkunde, Heft
1, pp. 263, 266, 281, 284, 1894; and Prior, On the Genetic Relationship
and Classification of Meteorites, Min. Mag. 18, 27-36, 1916.

2 Prior, On the genetic Relationship and Classification of Meteorites, Min.
Mag., 18, 26, 1916; and The Classification of Meteorites, Min. Mag., 19,
51, 1920.
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magnesium silicates.”” He attributes this to a progres-
sive oxidation and silication, in which ‘‘the nickel
escaped oxidation so long as any iron remained in the
metallic state and consequently this residual iron became
increasingly enriched in nickel,”” the silicates becoming
concomitantly richer in iron. This conclusion of Prior
is in harmony with the broad progressions that have
been set forth above. The greater tendency of iron over
nickel to oxidise and form silicates has also been invoked
by Wahl?® and by Farrington® to explain the fact that
meteoritic olivine is lacking in nickel, whereas much ter-
restrial olivine carries small amounts of nickel. The
absence of nickel from meteoritic olivine is especially
remarkable in view of the abundance of nickel in the
meteoritic metal.

Other progressions, such as those shown by aluminum,
by sodium, and by potassium, may be noted, but they
need not be discussed here.

On the basis of the assumed constitution, the Earth, as
regards its material composition, may be compared to
the mass of slag and pig iron in a cooled blast furnace—
a comparison that has often been suggested. The
presence of metallic iron in the smelted mass is brought
about by the reduction of the iron oxide ore by carbon,
the silica and alumina of the slag coming from the ore,
the limestone, and the ash of the coke. This comparison
introduces the topic of the origin of the nickel-iron in
meteorites or, rather, in the cosmic body of which they
are (supposedly) fragments, and, ex hypothese, in the
interior of the Karth. Is the meteoritic and intratelluric
nickel-iron due to the reduction of original iron silicate,
let us say, or did it, in metallic form, make up part of
the original mass that finally consolidated into the
Farth?

An origin for meteoritic iron, by reduction or desilica-
tion, has been urged by Daubrée,3* Meunier,32 Merrill 33

* Wahl, W. Beitriige zur Chemie der Meteoriten, Zeitschr. Anorg. Chem.,,
69, 70, 1911.

* Farrington, Meteorites, 1915, 187.

* Daubrée, Géologie Experimentale, Paris, 1879, 517-523, 580, 596.

# Meunier, Météorites, Paris, 1884, 346.

® Merrill, The Cumberland Falls Meteorite, Proc. U. S. Nat. Museum,
57, 100, 1920; Notes on the Meteorite of Estherville, ditto, 58, 368, 1920;
§)$;121Meta.morphism in Meteorites, Bull. Geol. Soc. America, 32, 412, 414,

Awm. Jour, Scr.—Fr1rra SERIES, VoL. IX, No. 53.—May, 1925.
25
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and others. This applies especially to the iron of the
stony (chondritic) meteorites, and also probably to that
of siderites and siderolites. Daubrée obtained grains of
metallic iron and, it is to be noted, erystals of enstatite
on fusing olivine and peridotite in a graphite crucible.
Merrill: gives examples of metallic iron in chondritic
meteorites for which no other than a secondary origin,
by reduction, seems to be possible, Daubrée and Meunier
suggest both’ carbon and hydrogen as the reducing agent,
while Merrill favors hydrogen and thinks that the iron
of chondritic stones. is derived from lawrencite (FeCl,),
rather than from iron silicates.

That carbon and hydrogen are possible, if not the most
probable, reducing agents, if the presence of metallic
iron has been brought about by reduction, is suggested
by the following considerations. Carbon, as diamond,
graphite, and cohenite (Fe,C), is common in the iron and
siderolitic meteorites and, to a less extent, partly as
hydrocarbons, in the stony meteorites. In the Karth
carbon is abundant at the surface, chiefly as calcium (and
magnesium) carbonate in limestone and dolomite, as car-
bon dioxide in the atmosphere, and in springs and vol-
canic emanations, in coal and other organic matter.
Hydrogen is the most abundant gas, with less carbon
monoxide, occluded in iron meteorites, whereas carbon
dioxide, with less hydrogen, is the most abundant in the
stony meteorites.** On the Earth, hydrogen is abundant
in the surface region; as water and hydroxyl in rocks, as
water in the hydrosphere and in voleanic gases, as the
element in the atmosphere, and in organic matter.
Neither water nor hydroxyl are present n meteorites,
either iron or stone, except through alteration after
reaching the Earth.

Sulphur and phosphorus also suggest themselves as
possible reducing agents. They are present in consider-
able amount in meteorites, the phosphide, schreibersite,
especially in the irons, and the sulphide, troilite, in both
stones and irons. At the surface of the Earth the phos-
phate, apatite, is ubiquitous, although in very small
amount, in igneous rocks; sulphides are present in

* Cohen, Meteoritenkunde, 1, 169, 1894; Chamberlin, R. T., The Gases

in Meteontes, Carnegie Inst. Publ No. 106 1908. Farrmgton Meteorites,
190, 1915.
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igneous rocks and as magmatic segregations, sulphur
gases are common at volecanoes and in hot springs, and
calcium sulphate, gypsum, is a common secondary
mineral. These elements are not considered by the
authors mentioned above and, so far as I know, the
reducing action of sulphur or phosphorus on iron silicate
has not been investigated. Vogt?*® does not consider it in
his studies of the solubility of suphides in silicate mag-
mas. Wahl®*® suggests as the origin of the rare old-
hamite, CaS, that calecium has withdrawn sulphur from
ferrous sulphide (troilite). It seems to be highly
improbable that either sulphur or phosphorus could
reduce ferrous silicate to metallic iron, the heat of forma-
tion of ferrous sulphide being much lower than that of
ferrous oxide, so that by the action of sulphur or phos-
phorus on ferrous silicate ferrous sulphide or phosphide
would be formed and not metallic iron. In any case, in
the absence of experimental proof or theoretical discus-
sion, and in view of the above suggestion, neither sul-
phur nor phosphorus will here be further considered as
reducing agents in producing meteoritic or intratelluric
metallic iron.

To return to.carbon and hydrogen, it is well known
experimentally and theoretically that they are both
capable of reducing the iron of ferrous oxide or silicate
to the metallic state. As regards meteorites or the
interior of the Earth, this action may be accepted quali-
tatively. But the data now at hand render it possible to
study the matter quantitatively as to the Earth, so as to
decide the question whether all or part of the metallic
iron®’ was originally present as such or was present as
ferrous silicate.

It is purposed to consider the following questions.
(1) Is there sufficient silica available in the whole Earth
to combine with the metallic iron to form ferrous sili-
cate? (2). Is there sufficient oxygen available in the
whole Earth to form ferrous oxide from the metallic

»Vogt, Die Sulfid-Silikatschmelzlosungen, Norsk Geol. Tidsskr. 4, 151,
1917 and Videnskaps selsk. Skr., 1918, No. 1, 1919.

® Wahl, Beitriige zur Chemie der Met