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THE COMPOSITION OF THE EARTH’S CRUST.

By F. W. Carke and H. S. WASHINGTON.

INTRODUCTION.!
THE CRUST AND THE INTERIOR.

The term “crust of the earth’’ is a heritage
from the days when the interior of the earth
was generally conceived to be a “sea of molten
rock” at ‘an enormously high temperature
covered with a relatively thin, solid crust of
cooled matter. Various cogent reasons, which
can not be considered here, have led to the
abandonment of this concept, and we now
have reason to hold the following tenets as to
the conditions that exist in the earth’s interior:

1. 'The interior mass is essentially or behaves
essentially like a rigid solid, although it may
possibly have a certain degree of fluidity.

2. The interior is probably hot, but it is of
unknown temperature, and its temperature
probably increases toward the center,. but
through gradients that are undetermined be-
yvond very moderate depths and that are
different in different places.

3. The density of the interior is greater than
that of the known crust, for the mean density
of the earth ‘as a whole is about 5.52, whereas
that of the crust is about 2.79.2 The density
at or near the center may possibly be set down
ns of the order of magnitude of 8 to 10, accord-
ing to the assumptions that are made; or it
may conceivably be even higher. The prob-
lem is at present insoluble, because we know
nothing of the rate of change in density with
depth; nor do we know whether the density
varies continuously with depth, or whether it
becomes constant below a certain depth.

4. The earth as a whole acts in many respects
as a magnet, and as the rocks of the crust in

! This introduction is taken bodily, except for some minor changes
and additions, from a paper by M. S. Washington on ‘‘The chemistry
of the earth’s crust,”” published in the Journal of the Franklin Institute
for December, 1920 (vol. 190, pp. 757-768). .

3 In the paper from which this introduction is taken the density of
tho crust was given as 2.77. Later computations give 2.79. See Wash-
ington, H. 8., Isostasy and rock density: Geol. Soc. America Bull,, vol.
33, pp. 375-410, 1922, .

general are not notably magnetic this action
may be attributed to the character or compo-
sition of the material that forms the interior.

5. From a study of the propagation of the
shocks or waves of earthquakes, we are led to
believe that there is a change in the earth’s
physical properties at a depth of about 0.5 of
its radius, the material below this depth not
transmitting transverse vibrations. Studies
of the compressibility of rocks and minerals
made by Adams and Williamson,® in the geo-
physical laboratory of the Carnegie Institu-
tion, indicate that the high density of the
interior can not be due to compression alone,
so we must conclude that there is also a change
in the actual substance of the earth toward its
center.* o

6. It has often been suggested, and it is
more or less commonly believed, from a con-
sideration - of the density and the magnetic
character of the earth and from a knowledge of
the composition of many meteorites, that part,
at least, of the earth’s interior is composed
largely of iron or of a nickel-iron alloy similar
to that which constitutes the iron meteorites.
An objection commonly made to this view is
that iron loses its magnetism at 785°, but this
objection. is invalidated by our complete ig-
norance as to the magnetic behavior of iron
at the enormous pressures that exist beneath
the outer crust. Furthermore, by analogy
with meteorites, such a metallic core would be
composed of a nickel-iron alloy, not of pure
iron; and it is well known that the nickel-iron
alloys possess magnetic properties that are
very different from those of iron or steel. The
same is true of the manganese-iron alloys. It

|is thus quite within the bounds of reasonable

'3 Adams, L. H.,and Williamson, E. D., The compressibility of minerals
and rocks at high pressures: Franklin Inst. Jour., vol. 195, pp. 475-529,
1923.

+ Williamson, E. D., and Adams, L. H., Density distribution in tho
carth: Washington Acad. Sci. Jour., vol. 13, p. 413, 1923.
1



2 THE COMPOSITION OF THE EARTH’S CRUST.

possibility that the nickel-iron alloys which are
here assumed to compose a zone in the interior
of the earth may retain their magnetic sus-
ceptibility even at the high temperatures that
. are assumed to exist at great depths; and this
possibility is enhanced when we consuler the
“unknown influence of great pressure.

Leaving the ‘interior of the earth for the
- present, we -may concentrate our attention on

- the outer shell—the so-called “crust’—which

is the only part of the earth that is directly
open to our study, and which has been com-
pared, with some reason, to a covering of slag
or scoria over the interior.
this crust we shall consider pr 1msL111y 1ts
chiemical composition. :

The thickness of this crust is u11kn0wn, is
probably mnot uniform, and is presumably
indeterminate. ~ For purposes of computation
we may assume an approximate thickness of
10 miles (16 kilometers), this being about the
sum of the highest elevation of the land and
the greatest depth. of the ocean.

This solid crust is made up almost wholly
of igneous rock—that is, rock that has'solidified
from a hot, liquid (“molten”) condition, either
as ‘“plutonic’ rock, found at different depths
beneath the surface, as dikes or sills filling
crevices, or as lava flows .at the surface.
Assuming a thickness of 10 miles, the composi-
tion of the rocks of the crust is estimated to be
" about as follows:

Proportion of rocks of different classes in the earth’s crust.

Igneousrocks. .................. ... 95
Shales..... .. ... .. i oo 4.0
Sandstones..............oiiiilll. .75
Limestones............co...... . .25
100.00 -

The metamorphic rocks, such as gneiss and
schist, are here included with the igneous rocks.

In a study of the chemistry of the crust as a
whole such relatively small masses as beds of
coal or deposits of salt and ore are negligible,
though their presence is significant, and the
coating of soil is also negligible.

GENERAL FEATURES OF IGNEOUS ROCKS.

Igneous rocks, as has been said, are those that
have solidified from a state of fusion, or prefer-

ably liquidity, for the term fusion implies a
previously solid condition,

In dcalzinv with.

The liquid matter |

that eventually solidifies as a rock is called
technically the “magma,” a term that. is in
frequent use in petrology.

The magma comes up from below; from What
depth we do not know, though there is some
reason for thinkingtha,t the places of its origin
are not very deep. -Nor do we know whether it
arises from the melting of parts of the earth
that are actually solid but potentially liquid
on relief of plessurc or whethe1 it is in general
derived from “reservoirs” of liquid magma.

The igneous magma is usually compared to a
complex solution of salts in water. This com-
parison, which was first suggested by Bunsen
in 1861, has been very fruitful of results in the

study of the origin, formn,tlon, and character

of igneous rocks.

The magma contains gases in solution, much
as spring water contains air in solution, or as
the waters of many mineral springs contain
carbon dioxide, which escapes on relief of
pressure.

Of these magmatic gases the one that has by
far the greatest effect and that is generally the
most abundant is the vapor of water. This va-
por forms the greater part of the clouds that
are given off by volcanoes in eruption and, with
other gases, produces the spongelike structure
seen in pumice and the cavities of vesicular

lavas; an effect cdused by expansion, due to

relief of pressure in the lava as it reaches the
surface. Some glassy lavas contain a rather
large percentage of water, the magma having
solidified so rapidly as not to permit its escape,

and inclusions of water and liquid carbon-
dioxide are visible in the crystals of many
granites and other rocks. The presence of
water in volcanic magmas has been doubted
by Brun and others who followed him, but its
existence in lavas, especially in those of Kilauea,
has been shown conclusively by the researches

-of Day and Shepherd ® and is made evident by

practically every rock analysis and in other
ways, so that the existence of water in magmas
may be regarded as one of the established
truths of the chemistry of igneous rocks.
Volcanic exhalations contain not only the
vapor of water but other gases—carbon dioxide,
carbon monoxide, hydrogen chloride, sulphur
trioxide and dioxide, hydrogen sulphide, carbon .

5 Day, A. L., and Shepherd, E. 8., Water and volcanic activity:
Geol. Soc, America Bull,, vol, 24, p. 573, 1913,
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oxysulphide, hydrogen fluoride, ammonia,
methane and possibly other hydrocarbons,
sulphur vapor, hydrogen, nitrogen, oxygen.

The presence of these gases in the magma
lowers its solidification point, so that a lava,
on coming to the surface, may be and usually is
liquid at a temperature considerably below the
fusing point of the solid rock formed from it,
for during its solidification much of the dlS-
solved gas is lost. Either because of this loss
or because of an increase in fluidity, or in some
other way that is not yet well understood, the
gases in the magma seem to promote the
crystallization of minerals, so that they are
often referred to as “mineralizers.” Some of
these gases also play an important part in the
formation of many ore bodies.

The magma on solidification generally forms
a mixture of minerals, substances of definite
chemical composition and physical character,
just as a solution of salts in water (such as sea
water) forms a mixture of crystals of salts and
ice on freezing. Frequently the magma cools
too rapidly to permit complete crystallization
or (as with obsidian) too rapidly for any
crystallization, so that the rock is composed
partly or wholly of glass.  Such glassy rocks
are found only as surface flows.

MINERAL CONSTITUENTS OF IGNEOUS ROCKS.

It is a very significant and striking fact that
although about a thousand different minerals
are known, yet the number that compose over
99 per cent by weight of igneous rocks is very
small.  Indeed, the minerals that are really
essential to form igneous 100]\3 number less
than a dozen.

These essential minerals are (1) quartz,
silicon dioxide; (2) the feldspars, silicates of
alumina and potash, soda, or lime, including
the potassic orthoclase, the sodic albite, and
the calcic anorthite, with isomorphous mix-
tures of these; (3) the pyroxenes, metasili-
cates of calcium, magnesium, and iron, some-
times with aluminum or sodium; (4) the am-
phiboles, in chemical composition much like
the pyroxenes, but différing in crystal form and
otherwise; (5) the micas, alumino-silicates,
mostly the potassic muscovite or the potas-
sium-iron-magnesium biotite, all containing
hydroxyl; (6) the olivines, orthosilicates of
.iron and magnesium; (7) nephelite, an ortho-
silicate of sodium and aluminum; (8) leucite,
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a metasilicate of potassium and aluminum;
(9) magnetite, ferrosoferric oxide, and ilmenite,
oxide of iron and titanium; and (10) apatite,
a phosphate of calcium containing a little
fluorine or chlorine. Magnetite and apatite are
found in nearly all rocks, but seldom in more
than small amounts. ‘

Certain kinds of igneous rocks contain other
minerals, such as the silicates sodalite, haiiyne,
melilite, zircon, and garnet, and the oxides
tridymite (a second form of silica), hematite,
chromite, spinel, corundum, and rutile. But
in a study of the igneous rocks that form the
whole crust of the earth these minerals are
practically negligible. © Igneous rocks, then,
in general, looked at in the broadest way, are
formed almost wholly of a very few silicates of
aluminum, iron, calcium, magnesium, sodium,
potassium, and hydvoxyl, with or without
quartz (that is, excess of silica), with small
amounts of a phosphate and of free iron oxide,
and with or without traces of other constituents.
Some of the essential minerals enumerated
above (pyroxene, amphibole, mica, olivine, and
magnetite) contain small amounts of manga-
nese and titanium. From such a general survey
of the rock-forming minerals, then, we obtain
a broad conception of the chemical composition
of the earth’s crust as a whole.

Another important fact concerning the min-
erals that form igneous rocks is that, with two
exceptions, any one of them may occur in rocks
with any one or more of the others. The only
echptions are that neither nephelite nor leucite
is known to occur with quartz, and a partial
e\ccptlon is that olivine seldom occurs with
quartz and never in large amount.

Of the minerals named nearly all may be pres-
ent in a rock in widely varying proportions, and
each may be completely absent. We know igne-
ous rocks that are composed entirely of quartz
(northfieldite), feldspar (anorthosite), pyroxene
(websterite), amphibole (hornblendite), or oli-
vine (dunite), and almost entirvely of nephelite
(congressite), leucite (italite), or magnetite
(some iron ores), and some rare igneous rocks
are composed wholly of biotite. Of the essen-
tial rock minerals, only apatite does not form
the whole or almost the Whole of any known
igneous rock.

We also know some igneous rocks that are
composed of two minerals, more that are com-
posed of three, and many that are composed
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of more {than”three, with¥the” widest possible
variations in the proportions of almost all, ex-
cept, as noted above, that quartz does not
" occur with nephelite and leucite and that its
occurrence with olivine is rare..

CHEMICAL CONSTITUENTS OF IGNEOUS‘ROCKS.'

Although, as we have seen, most igneous
rocks are composed of but few essential min-
erals and consequently of but few so-called
“major”’ oxides (in terms of which the chemi-
cal composition of rocks is usually formulated)
yet when we come to study the igneous rocks
in detail we find that some rocks may contain

\

a considerable number of chemical constituents. -

Altogether, about twenty-three are determined
and recoulcd in rock analyses of the better
-class. Indeed, as has been said by Dr. W. F.

Hillebrand, the foremost analyst of rocks, “a
these

sufficiently careful examination of
[igneous] rocks would show them to contain all
or nearly all, the known elements; not neces,

sarily all in a given rock, but more than any-
one has yet found.” Ploper study, therefore,

of the chemistry of igneous rocks and then’
“chemical analysis, if it is to determine all the
constituents probably present, is evidently
somewhat difficult and complicated.

About 1.),000 chemical analyses of rocks have
been made since their analysis was first at-
tempted, near the beginning of the nineteenth
century, and these analyses show us what are
the chemical constituents of rocks and give us
a good idea of their relative abundance and the

ranges in their percentages.

The most abundant or “major’’ constituents,
stated as oxides, in the order in which they are’
stated in the analyses, which is not quite the
order of their abundance, are silica (SiO,),
alumina (Al,O,), ferric oxide (Fe,0,), ferrous
oxide (FeO), magnesia (MgO), lime (Ca0),
soda (N%O),'Apot'ash (K,0), and water (H,0).
These nine oxides together make up about 98
per cent of the igneous rocks, and all occur in
greater or less amount in practically every
vock, so- that the quantity of each must be
determined in every rock analysis that makes
“the slightest pretense to good quality.

As the most abundant and essential rock
‘minerals are either silica or silicates, and as
all igneous rocks except.some rare and small
bodies of iron ore of magmatic origin (some of
which may. not be igneous) are consequently

THE EARTH’S CRUST.

silicate rocks, silica shows easily the highest
maximum and the widest range, both in
extremes ‘and in the usual run of occurrence.
A few igneous rocks are composed almost
entirely of quartz, and the highest percentages
of silica recorded for truly igneous rocks are
in one from Cumberland (England), where the
border facies of a granitic mass shows 96.16;
one from Massachusetts with 93.38; and one
from Arizona with 92.59. In general, how-
ever, the percentage of silica ranges from about

75 to -about 34, and it drops to zero only in

some ‘‘magmatic’”’ iron ores. In nearly all
rocks it is the most abundant constituent.
Veins of quartz are not considered here, as
many of them are of nonigneous origin, in the
ordinary sense of the word igneous.

Alumina, which is almost invariably the
next most abundant constituent, reaches a °
maximum of about 60 per cent in some
corundum- -bearing syenites from Canada and
the Urals and has a general range from about
20 to about. 10. It is wholly absent only in
the “magmatic’’ ores and in some rocks that
are composed largely or entirely of olivine.
The two oxides of iron, of course, reach their
maxima in such rocks as the iron ores already
spoken- of, the highest figures recorded for
Fe,0, bemg 88.41 (Sweden) and 62.39(Ontaxrio),
and the highest for FeO being 34.58 (Sweden)
and 32.92 (Minnesota). Their general range
is from nearly 15 for each (FeO generally
higher than Fe,0,), and but little more than
that for both together in any one rock, to less
than one-half of 1 per cent. Iron is found in
all but a very few rocks.

Magnesia reaches its maximum in the

almost. purely olivine rocks (dunite) of North

Carolina, 48.58, and of New Zealand, 47.38,
but it ranges in general from about 25 to
much less than 1 per cent. Lime is highest
(22.52) in some pyroxenites of the Urals, and
almost as high (about 20) in the anorthosite of
Canada and elsewhere, but it ranges in general
from about 15 per cent to nearly zero.

Of the two alkalies, soda reaches a maximum
of 19.48 in a.rare almost purely nephelite

‘| rock from Canada and of 18.67 in another

from Turkestan, but its general range is from -
about 15 per cent down to nearly zero. It is
entirely absent in only a few rocks. Potash
shows a somewhat -smaller range than soda,

its maximum being 17.94 in an almost purely
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loucitic lava (italite) from Italy, the next highest
figure being 11.91 from Wyoming; but in
general it seldom gets above 10 per cent,
ranging from that down to zero. Its amount
is generally less than that of soda.

As regards water, the last of the major
constituents, a few volcanic glasses, which are
perfectly fresh and undecomposed, contain as
much as 10 per cent, and some fresh crystalline
rocks contain from 3 to 5 per cent. Generally,
however, a rock that contains more than about
2 per cent of H,O has acquired the excess by
alteration, and a few rocks contain no water.

Effusive rocks contain a considerably larger
amount of water than the chemically equiva-
lent intrusive rocks. :

The “minor’’ constituents are generally
found in very small amounts, rarely more than
2 per cent for any one or as much as 5 per cent
for all of them, in any one rock. Of these
minor constituents, three are of special im-
portance, partly because of their almost
constant presence and partly because they are
generally present in largest amount. These
three constituents are titanium dioxide, phos-

_ phorus pentoxide, and manganous oxide, and
in a-good rock analysis all three should be
determined. ' ‘

Titanium dioxide (TiO,) reaches a maximum
in some wvery rave rocks from Virginiiy (69.67
and 65.90) and Quebec (53.35), but 1its per-
centage is seldom- over 5 and generally ranges
from about 2 to nearly zero. Probably not
one of the many rocks of all kinds that have
been andlyzed contained no titanium; in some
rocks the quantity is very small, but in almost
all it is easily determinable. This fact is shown
by the work of Hillebrand 7 and by the work,
as well, probably of every other experienced
analyst of rocks.

‘The maximum’ for phosphorus’ pentoxide
(P,0,) is a little above 16 per cent in some
highly unusual rocks from Sweden and Vir-
ginia that are composed largely of apatite,
with which is found titaniferous magnetite or
rutile. In few rocks, however, is it above 3
per cent, and its general range is from about
0.5 per cent to zero. It does not seem to be
present so constantly as titanium or manganese,
as one occasionally meets a rock that shows no

¢ Washington, H. 8., in Allen, E. T., Chemical aspects of volcanism:
Franklin Inst. Jour., vol. 193, p. 41, 1922, .

7 Hillebrand, W. F., The analysis of silicate and carbonate rocks: U. S.
Geol. Survey Bull. 700, p. 25, 1919.
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trace of it, although’ this may be because of
the more delicate tests required for the other
two. - : ’

Manganese, - as manganous oxide (MnO), is

‘present in practically every rock that has been

analyzed, but its maximum is much lower than
the maxima of titanium and phosphorus oxides.
Some of the high figures reported for it are
almost certainly due to analytical errors, and
the highest recorded trustworthy figures are
1.90 and 1.46, shown by two rocks from Bahia,
Brazil. Its general range is from 0.3 per cent

"to almost zero.

- The - ‘other minor constituents that are -
readily determinable, many of which, indeed,
are determined in good analyses, are car-
bon dioxide (CO,), zirconia (Zr0,), chromium
sesquioxide (Cr,0,), vanadium sesquioxide
(V,0,), the “rare earths” ((Ce,Y),0,), nickel .
oxide (NiO), strontia (SrO), baria (BaO),
lithia (I.i,0), sulphur as both sulphide (S)
and sulphur. trioxide «(SO,), chlorine (CI),
and fluorine (F). To these might be added
boron, cobalt, copper, glucinum, lead, molyb-
denum, nitrogen, and zinc, the quantities
of which, however, are generally so very small

.or the analytical difficulties for the separation

of the trifling quantities of them that occur are

so great that their determination is rarvely

attempted.

The maxima and ranges of some of these
constituents may be briefly stated. Carbon
dioxide may be a component of a few minerals
(such as primary calcite and cancrinite) in
some unaltered rocks, but its presence is gen-
erally due to alteration by weathering or to the
assimilation of limestone by the magma, as
in the nephelite syenite of the Haliburton area,
Ontario,® and probably the:alnéite of Alns."
There are, however, some rocks in which the
calcite is apparently of primary origin, as a
trachyte of Mount Axpe, near Bilbao (unpub-
lished) and a calcite alaskite of Alaska.”® The
Bilbao trachyte contains 7.69 per cent of CO,,
and in rocks with primary cancrinite carbon
dioxide may reach 1.70 per cent, but in general

8 Adams, F. D., and Barlow, A. E., Geology of the Haliburton and
Bancroft areas, Province of Ontario: Canada Gceol. Survey Mem. 6, p.
233, 1910. .

9 Tornebohm, A. E., Melilithbasalt {ran Alnd: Geol. Foren. Stockholm
Forhandl., vol. 6, p. 240, 1882. Hogbom, A. E., Ucher das Nephelin-
syenitgebiet auf der Insel Alnd: Idem, vol. 17, p. 234, 1895.

10 Wright, C. W., Geology and ore deposits of Copper Mountain and
Kasaan Peninsula, Alaska: U. S. Geol. Survey Prof. Paper 87, p. 81,
1915. .
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carbon dioxide is to be regarded as a measure
of the alteration of the rock by weathering or
. otherwise. Broégger ! has recently described a
series of intrusive rocks from Norway that
contain large amounts (up to 80 per cent) of
calcite, which he vegards as primary. :

Zirconia is much less abundant than the
closely related titanic oxide, and, although it
reaches a maximum of nearly 5 per cent in
some rocks in Greenland, its amount is rarely
more than 1 per cent and is usually much
less, and it is quite absent from most rocks. It
forms one of the most striking illustrations of
the concomitant occurrence of elements in
different kinds of rocks:

.Baria and strontia are very commonly
found, although they are seldom determined
in analyses made outside of the United States,
Canada, Great Britain, and Australia. The
amount of baria is almost invariably much
greater than that of strontia, this being an
exception to a general rule as to the occurrence
of related elements. They both reach their
maxima in certain exceptional highly potassic
rocks of Wyoming, which contain about 1 per
cent of baria and 0.3 of strontia; though usually
the percentage of baria amounts to only a few
" tenths of 1 per cent and that of strontia is
measurable in hundredths of 1 per cent.

Sulphur is present as sulphide in amounts
up to about 9 per cent in a peculiar pyrrhotite-
bearing rock from Maine and probably in
similar amounts in some sulphide ore bodies of
magmatic origin in Norway, which have not
been fully investigated, but its amount is
seldom over 1 or 2 per cent, and it is usually
found in tenths of 1 per cent. The highest
~ figures for sulphur trioxide are about 2.5 per
cent, in rocks from-Apulia and Cameroon, and
percentages somewhat lower in rocks from
Tahiti, but sulphur trioxide is usually present
only in tenths orhundredths of 1 percent. Much
the same can be said of chlorine, the highest
figures for which are those for a rock from
Turkestan (about 7), one from Quebec (4.47),
and one from French Guinea, (2.80). It is
present in many rocks, especially lavas, but

only in a few tenths or hundredths of 1 per

cent.
Chromium sesquioxide is present up to about
4 per cent in some ores from Greece, which are
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possibly of magmatic origin, and it is reported .

as forming between 2 and 3 per cent of some
undoubtedly igneous rocks from Baden. ~But
these are highly exceptional, for about 0.5
may- be taken as its usual maximum. It is
generally quite absent. Vanadium sesqui-

-oxide is widely diffused in the igneous rocks

but principally in the more femic kinds. The
oxides of the rare earth metals, chiefly ceria
and yttria, reach a maximum of 1.79 in a rare
type of rock from Madras, 0.6 in one from
Sweden, and 0.4 in one from the islet of Rockall,
but the usual maximum is only one or two
tenths of 1 per cent. They are less often
determined than they should be. Nickel oxide
is present in some rocks up. to about 0.2 per
cent. The maximum amount of each of the
other minor constituents may be placed at
not over 0.2 per-cent, and they are almost
always found only as one or two tenths or still
more often,as hundredths of 1 per cent, or
they are absent. Indeed, for most of the
minor constituents the quantities usually
yielded by analysis are so small as to be
significant only as to their actual presence or
absence. ‘

AVERAGE COMPOSITION OF IGNEOUS ROCKS.
AVERAGES COMPUTED.

More than 30 years ago the senior author of
this paper * attempted to estimate the relative
abundance of the chemical elements by aver-
aging analyses of certain classes. This esti-
mate included the lithosphere (as represented
by igneous rocks), the ocean, and the atmos-
phere. For the igneous rocks 880 analyses
were taken, of which 207 were made in the .
laboratories of the United States Geological
Survey and 673 were made at other places.
These were divided into groups, each group
representing a definite geographic area, and
it was shown that these groups of averages
agreed fairly well with one another. That is,
the composition of the earth’s crust as thus
determined is approximately the same in its
different parts, provided large enough areas

‘are taken to eliminate purely local variations.

Since this first attempt was made other aver-
ages have heen computed with more abundant
data and by different methods. All these
averages may be briefly summarized as follows:

1 Brogger, W. C., Die iEmptivgesteiuc des Kristianiagebietes; IV,
Das Fengebiet in Telemark, Norwegen, Kristiania, 1921,

12 Clarke, F. W., The relative abundance of the chemical elements:
Philos. Soc. Washington Bull., vol. 11, p. 135, 1889.



THE COMPOSITION OF

1. The original average, made as described
above.

2. An average of all the analyses of igneous
rocks, partial or complete, made in the lab-
oratories of the United States Geological
Survey up to October 1, 1918, Some other
averages of the same order were made but
_ need not be' mentioned here.

3. An average, computed by Harker,* of
536 analyses of igneous rocks from British
localities. Many of these analyses were in-
complete, especially with regard to titanium,
phosphorus, and manganese.

4. An average, computed by Washington,
of 1,811 analyses from all parts of the world.

To this method of averaging serious objec-
tions have been raised. All analyses are given
equal weight, without regard to the areas occu-
pied by the rocks analyzed, and therefore to
their relative abundance. One rock, say- a
granite, is exceedingly abundant; another may
be represented by one small dike. The in-
equality is obvious, but what. does it really
signify ? In the first place, the relatively in-
significant rocks vary in composition from
persilicic to subsilicic just as the most abundant
rocks do: In the average these variations tend
to offset one another and so to give an ap-
proximately true mean. Furthermore, the
surface exposure of a rock is no certain measure
of its real volume and mass, for a small ex-
posure may be merely the peak or crest of a
large subterranean body and a large exposure
may represent only a thin layer.

Another objection is that the igneous rocks
of large parts of the earth are quite or almost
-unknown, at least in an exact chemical way.
This is true of the interiors of several of the
continents, notably Asia, Africa, South Amer-
ica, and Australia. The rocks of many coun-
tries, also, are inadequately represented by
chemical analyses. Examples are China, India,
Asia Minor, Arabia, Egypt, Spain, Brazil,
Argentina, Chile, Central America, Mexico,
and northern Canada. In making the average
analysis of the rocks of all such countries it is
tacitly assumed that the whole of the area
(continent or country) is represented by the
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few analyses available. This assumption may
or may not be true; for some countries it
would appear to be decidedly erroneous.

~ Still another objection is that the data con-
sidered include an undue proportion of analyses
of the more “interesting” types of rock and
that, on the other hand, the more ordinary
(and hence less “interesting’’) kinds are not
sufficiently represented. Although this obhjec-
tion is valid, yet it would seem not to be so
serious as has been asserted, for the analyses
of rocks of the satellitic dikes and other small
bodies that are most likely to furnish “interest-
ing” types tend to complement one another
and so to give approximately the true mean.
Again, it is by no means uncommon that
analyses of the more abundant kinds of rocks
in a given district have been made and none
of the small dikes. Furthermore, the more
subsilicic rocks, many of which are of the
more ““interesting’’ types, are most subject to
alteration, so that the analyses of many of
them would be excluded from the data here
used, which include only analyses of fresh,"
unaltered rocks.

Averages based on a quite different method
of computation have also been made. Daly ¢
has made separate averages of many rock
types, and he shows that the mean composition
of an average granite combined with that of
an average basalt is almost identical with the
average given by Washington. Mead,"” apply-
ing a peculiar graphic method to some of
Daly’s - data, concludes that a mixture of 65
per cent of the average granite with 35 per
cent of the average basalt will have a compo-
sition very close to the general average of all
igneous rocks as computed by Clarke. A
similar result is reached by Loewinson-Lessing,®
who regards the crust of the earth as derived
from two fundamental magmas, one granitic
and one gabbroic. These are supposed to
have existed in about equal proportions, and
their mean composition is nearly that here
found for all igneous rocks. :

Such averages as these, however, are arbi-
trary, and the correspondences would seem to
be in reality fortuitous. The same result as,

18 Clarke, F. W., The data of geochemistry, 4th ed.: U. S. Geol. Survey
Bull. 695, p. 26, 1920.

14 Harker, Alfred, Tertiary igneous rocks of the Isle of Skye: United
Kingdom Geol. Survey Mem., p. 416, 1804. .

15 Washington, H. S., Chemical analyses of igneous rocks, published
from 1884 to 1900, with a critical discussion of the character and use of
analyses: U. 8. Geol. Survey Prof. Paper 14, p. 106, 1903.

16 Daly, R. A., Average chemical composition of igneous-rock types:
Am. Acad. Arts and Sci. Proc., vol. 45, p. 211, 1910; and Igneous rocks
and their origin, pp. 19-46, 168-170, New York, 1914.

17 Mead, W. J., The average igneous rock: Jour. Geology, vol. 22, p.
772,1914.

18 Loewinson-Lessing, F., The fundamental problems of petrogenesis:
Geol. Mag., new ser., decade 5, vol. 8, p. 248, 1911.
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let us say, that of Daly may be arrived at by
an infinite variety of combinations of various
kinds of magma. Thus, if one starts with a
mixture of 10 parts of average granite and 1
- part of average basalt, the high silicity and
other peculiar chemical features of the granite
(as contrasted with those of the basalt) may be
counterbalanced by the introduction of appro-
priate portions of, say, peridotite, pyroxenite,
and anorthosite; or these, with possibly a
_little nephelite syenite, might replace the
basalt. entirely and give the same result; and
so -on, ad infinitum. Indeed, the averages
that have been obtained by the method here
adopted illustrate the results of such a proce-
dure. By judicious qualitative and quantita-
tive selection of data one may -arrive at any
‘“average rock’’ desired. Such averages, based
on arbitrarily adjusted selection of data, mean
little, and they would seem to be an 1llog1cal
and unsafe basis for generahzatlons as to the
average composition of rocks.. It is still more
illogical to argue from the coincidence that a
given mixture has the same composition as
that of the general magma, and that the earth
magma is made up of such a mixture of
submagmas.

In order to meet the objection mentioned
above Knopf ** took Daly’s averages for the
various rock types -and weighted each type
by its area, as determined by Daly for the

9 Knopf, Adolph, The composition of the average igneous rock: Jour.
Geology, vol. 24, p. 620, 1916,
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igneous areas in the Appalachian. and Cor-
dilleran regions, as shown in the folios of the
United States Geological Survey, and then
combined the results so determined to form a
general mean. Theoretically, Knopf’s method
.is highly plausible, and it would be the best

purpose of calculating the average of a shell
of any given depth it is open to two-serious
objections; it assigns as much weight to
comparatively thin lava flows as to exposures
of batholithic masses, and also it takes no
cognizance of the igneous rocks that underlie
the sedimentary beds. But in spite of these
 objections this method is a distinet improve-
ment on the original method of obtaining an
earth or regional average. :

Now, if we include the estimates made by
Daly, Loewinson-Lessing, and Knopf, there
are seven averages to be compared. Mead’s
figures are omitted, for the reason that he
 neglected titanium and phosphorus, which
appear in all the others. Manganese, which
is given in the original computations, is re-
jected here but will be considered later, along
with the other minor constituents of the
igneous rocks. Water is also left out of ac-
count for the present, because in too many
analyses there was no discrimination between
extraneous and essential water. In Table 1
the averages are all recalculated to 100 per

cent.

TaBLE 1.—Previously published estimates of the average composition of igneous rocks.

1 2 3 4 . 5 6 7
59. 97 61. 69 60.76 58.96 60. 18 59. 73 62.52
15. 39 15. 47 15. 87 15.99 15. 55 16. 53 15.93
4,03 2.71 4.92 3.37 . 3.56 2. 42 2.95
3. 56 o 3.54 | . 278 3.93 4. 07 3.86 3.30
4. 60 3.87 3.82 - 3.89 3. 57 4. 40 3.01
5. 41 4.98 497 . 528 5. 63 . 6. 67 5.-14
3.28 3.48 | . 3.28 3.96 3.29 2.95 ¢ 3.45
2.971 - 3.14 2.85 3.20 2. 89 2. 50 2.69
. 56 .82 |- .53 1.05 .90 - .68 .74
.23 .30 .22 .37 .36 ..26 | .27
100. 00 100. 00 100. 00 100. 00 | - 100. 00 100. 00 100. 00

. Clarke, 1889.

Clarke United States rocks 1918

Ha.rker British rocks; 1904.

Washmgton, 1903.

Daly, granite-basalt average, 1914.

. Loewinson-Lessing, granite-gabbro average, 1911.
. Knopf, Appalachlan and Cordilleran rocks, 1916.
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if it> could be generally utilized, but for the
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Columns 2 and 4 include the largest number
of trustworthy analyses. They are, however,
not strictly comparable. Column 4 includes
analyses of rocks from all over the earth and
includes only analyses that were nominally
complete and that were made in many labora-
tories by somewhat diverse methods. Col-
umn 2 includes analyses of rocks from the
United States alone, and the aralyses are the
homogeneous work of one laboratory; more-
over, it includes many partial analyses. In
analyses of the simpler salic rocks determina-
tions of silica, lime, and alkalies are sometimes
all that arve ncedcd for petrographic purposes.
The femic rocks are chemically and mineral-
ogically more complex and require more com-
plete analyses. The partial analyses, there-
fore, represent chiefly salic rocks, and their
inclusion in the average tends to raise the pro-
- portion of silica and to lower the proportion
of the other oxides. The salic rocks, however,
are the most abundant, and so the higher figure
for silica given in column 2 seems to be the
more probable.

Though 2 and 4 are alike in t,hen general
fe&tures, et there are some differences notable,
especially in the silica. In this respect 4
resembles 1, which also includes many rocks
from outs1de the United States. Such differ-
ences are due to regional peculiarities. Harker’s
British average, as computed here free from
water and manganese, differs considerably
from bis complete computation, which is given
on page 54. The two averages of Daly and
Loewinson-Lessing have already been discussed
very briefly; they would seem to be more of
interest as coincidences than as of scientific
value. The very high value for silica and
some other minor features shown by Knopf’s
average (column 7) arise from his selection of
analyses from only two mountainous areas in
the United States, the averages of whose rocks
show these special features in & marked degree.

In spite of all divergences, however, the
seven averages are in fair agreement in their
essential features. An absolute agreement is,
of course, not to be expected.  The different
estimates give similar percentages to the impor-
tant constituents of the rocks and so encourage
us to believe that the method of averaging here
adopted is truly representative of the rocks of
-the earth’s crust. With larger masses of data,
however, and with wider geographic range,

better results ought to be obtainable, and as
the data are now at hand their discussion by
geographic groups will be attempted.

In a work compiled by the junior author 2
more than 8,600 analyses of igneous rocks are
brought together and classified, and of these
more than 5,000 are available for present use.
In the work just cited the analyses are rated
as superior, incomplete, and inferior.?* The
inferior analyses we may disregard; their inferi-

‘ority is due to lack of completeness, lack of

accuracy, or to both together. None of them
have been included in the data here considered. -
The superior analyses are those which are
satisfactory (according to certain standards
adopted) as to both completeness and accuracy
and which are therefore deemed to be usable
if the rock analyzed is unaltered. None of the
superior analyses of altered rocks or of tufls

have been used. There is a small group of

analyses which are incomplete as to the deter-

mination of some one constituent but which are

otherwise superior. These can be used, for

they are incomplete only as regards certain

details that do not affect the percentages of

the other constituents. The analyses con-

sidered number 5,159, only 302 of which are

slightly incomplete. The effort has been

made to base averages on good data, the num-

ber of the data used being considered secondary

to their quality.

. In making the averages, determinations of

hygroscopic or unessential water (F,0 —) have

been rejected. If a constituent is definitely

reported as absent, it is given zero value in the

summations. A ‘“trace” of any constituent

has been counted ‘as 0.01 per cent. The term '
“trace,” it should be noted,.is much misused.

It frequently means only that the analyst has’
reason to think that the constituent is present

but has neglected to -determine its amount.

As applied to all constituents except lithium,

the presence of which is usually ascertained

spectroscopically, the amounts covered by

“trace’” are more than 0.01 per cent, which is’
the usual limit of weighing. In the great

majority - of -analyses ‘trace’” means one or

more tenths of 1 per cent and not uncommonly,

especially as to titanium, one-half to possibly

2 Washington, H. S., Chemical analyses of igneous rocks published
from 1884 to 1913, inclusive: U. 8. Geol. Survey Prof. Paper 99, 1917.

21 For a discussion of the “rating” of analyses, the standards of quality
adopted, and the division of the collection of analyses into “superior”
and “inferior” parts, see pp. 18-28 of Professional Paper 99.
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5 per cent. The procedure adopted therefore
gives figures that are too low; that of count-
ing 0.1 per cent for “trace’” would have been

better and would have allowed for the many
nondeterminations. ‘

METHODS OF AVERAGING.

Before the averages.computed are given it is
necessary to consider a very important point—
that is, the method of averaging adopted.
In practically all the analyses that served as the
fundamental data, all the major constituents
were determined. These include silica, alumina,
ferric oxide, ferrous oxide, magnesia, lime,
soda, potash, and water. Indeed, the deter-
mination of all these was essential to admission
of an analysis to the grade of ‘“superior,”
the grade to which attention was confined.
In only a very few of the analyses used were
there exceptions to this rule. They included
a few “incomplete, but otherwise superior”’
analyses, in which the iron oxides had not
been separately determined, and also a few
analyses of ultrafemic rocks (such as dunite)
in which the alkalies were not determined.
The method adopted for obtaining the averages
for these major constituents—that of dividing
the sum of the amounts of any given constit-
uent by the number of its determinations—
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therefore yields results that are practically
free from error, at least so far as the data at
hand are concerned.

In considering the ‘‘minor” constituents,
however, from titanium dioxide down to the
end of the list, the conditions are quite different.
In many analyses some or all of these con-
stituents were not determined, yet their omis-
sion does not exclude 'the incomplete analyses
so rigorously from the ““superior” class as
would the omission of the ‘‘major’’ constit-
uents; out determinations of titanium, phos-
phorus and manganese oxides are requisite for
the best ratings a,nd should always be made in
analyses of rocks in which they are abundant.
Furthermore, the number of determinations of
the minor constituents differ widely, as will be
seen in Table 2, which presents the data con-
cerning the most important minor constituents
shown by the analyses here used. Titanium,
phosphorus, and manganese were determined
in most of the analyses, sulphur and carbon
dioxide .in many, but the other minor con-
stituents were neglected in the great majority
of the analyses made in all countries, especially
those made in continental Europe. Baria, for
example, was determined in few analyses except
those made in the United States, Great Bntam
and Austraha

. TABLE 2.—Awerage percentages of the winor constituents shown by 5,159 analyses.

. Mean of averages 4 and 5.

1 2 3 4 5 6
1 1 (2 - 3,926 76.0 | 4,724.03 1.20 0.91 1.05
7 3,375 65.4 | 1,225.35 . 36 .24 .30
1\an ........................................... 3,016 60.0 481.77 .16 .09 .125
S i 1, 621 3l.4 130. 38 .08 . 025 . 052
T00g e e 1,319 25. 6 258. 94 . 199 .05 . 102
BaO .o 1,160 20.0 104. 29 .09 .02 . 056
857 16.6 82. 55 . 096 . 002 . 048
802 15: 6 30. 23 .038 . 006 .022
631 . 12.2 44.41 .07 . 009 . 039
477 9.2 48.73 .102 . 009 . 065
449 8.7 6.13 014 . 001 . 007
421 8.0 19. 57 . 046 . 004 .025
223 4.3 33.99 .15 . 006 .078
200 3.9 12:37 . 061 . 002 . 026
169 3.3 2.98 .018 .001 . 010
a Includes SOs. .
1. Number of actual determinations. .
2. Percentage of determinations in whole number of analyses considered.
3. Sum of the percentages. ©
4. Sum divided by the number of determinations. (Second method.)
5. Sum divided by the whole number of analyses consxdered that is, 5,159. (Ifirst method.)
6 (Third method.) -
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There are three methods of averaging these
minor constituents. In the oldest method,
which was that originally used by the senior
author,? the sum of the percentages of any
given constituent is divided by the whole
number of analyses, it being assumed that a
constituent is not present if it is not reported
or, in other words, that each analysis is com-
plete. This assumption, however, is not justi-
fied, and the method will give too low results
for the minor constituents and too high re-
sults for the major ones.

In the second method, which was used later
by both the senior and the junior author
separately,® the sum of the percentages of
each constituent is divided by the number of
analyses in which it was determined. This
method deals only with the data actually at
hand, the data for the minor constituents being
treated just as those for the major constituents
are treated. The data used are the only per-
tinent data known and are therefore the only
data that can properly be used for this purpose.
The only assumption made in this method is
that the average amount of any constituent
represents the average amount of this con-
stituent in all the analyses in which it was not
determined. This assumption, however, is
also made in any method of determining an
average and is fundamental to the idea of
making averages. It may or may not be true,
and though it is quite valid as to some of the
constituents it is less valid as to others, and it
furnishes an average based solely on known
data.

In the third method the average amount of
any constituent is the mean between those
determined by the two other methods. This
method is based on the justifiable assumption
(or rather the knowledge) that the first method
yields results that are too low and the possibly
justifiable assumption that the second method
yields or may yield results that are too high,

2 Clarke, F. W., Relative abundance of the chemical elements: Philos.
Soc. Washington Bull., vol. 11, p. 131, 1889; Report of work done in the
division of chemistry and physics, mainly during the fiscal year 1889-90:
U. 8. Geol. Survey Bull. 78, p. 34, 1891; Analyses of rocks, with a chapter
on analytical methods: Bull. 148, p. 13, 1897; Analyses of rocks: Bull.
168, p. 15,1800. Also Harker, Alfred, On the average composition of
British igneous rocks: Geol. Mag., new scr., decade 4, vol. 6, p. 220, 1899,
and Tertiary igneous rocks of Skye, p. 416, 1904,

28 Washington, H. S., Chemical analyses of igneous rocks: U. S. Geol.
Survey Prof. Paper 14, p- 106, 1903. Clarke, F. W., Analyses of rocks:
U. 8. Geol. Survey Bull. 228, p. 16, 1904; Analyses of rocks and minerals:
Bull. 419, p. 6, 1910; Analyses of rocks and minerals: Bull. 591, p. 18, 1915,

63359—24- 2

11

so that a mean between them will probably
be nearer the truth than either of them.
Although this conclusion may be true with re-
spect to some constituents, yet it is unquestion-
ably erroneous with respect to others. The
method is fundamentally faulty in bringing in
elements that are unknown and arbitrary.

It would appear, then, that the second
method, that of dividing the sum of the per-
centages by the number of determinations, in
which we use only data actually known and
avoid the introduction of the unknown and the
arbitrary, is the most logical and the safest and
the one which should give the most reliable
averages. It may be said that, even in dealing
with those constituents for which the third
method may yield possibly better approxima-
tions to the truth, the better and safer course

s to use the second method, with the admission

that some constituent may be a little high,
rather than to introduce the admitted uncer-
tainty of the third method. We may leave
the correction of the departure from the truth
to the future accumulation of more data.
The matter is somewhat more complex,
however, than it may appear to be at first
sight. When we consider the data for the
several minor constituents in the light of our
knowledge of the chemical analyses of rocks
and the quantitative and selective distribu-
tion of the various elements among rocks of

-different ‘general chemical character, we find

that, besides the number of determinations,
another factor should be taken into account in
ascertaining correctly the averages of the minor
constituents. . This factor is the unequal or
selective distribution of these elements among
magmas of different general chemical character.
Considered from this point of view the minor
constituents may be refelred to several dif-
ferent categories. :

Some of them are present to a greater or

 less amount and one easily determinable by
|analysis in all or almost all igneous rocks,

whether high or low in silica, whether notably
high in alkalies, lime, magnesia, iron, and so
on. This is preeminently true of titanium,
phosphorus, and manganese, the minor con-
stituents which are almost’ always present in
greatest amount, and in a modified degree of
some others. Other minor constituents are
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selective in their occurrence, one being most
abundant in highly silicic rocks and another in
rocks low in silica, one prevalent in sodic and
another in magnesic rocks, and so on.

As examples to illustrate these differences in
occurrence we may note that molybdenum is
found in highly silicic rocks and that vanadium
is found in the less silicic; that zirconium is
most abundant in sodic rocks but is analytically
absent from highly calcic or magnesic ones;

~and that nickel” especially affects the rocks

rich in iron and magnesia but 1s not found in

* the alkalic ones.

It appears, then, that the second method of
averaging—that of dividing the sum of the
percentages by the number of determinations—
is the most rational one to employ to show the
amounts of the minor constituents that are
contained in all rocks. The data for these
constituents are fairly numerous and cover
rocks of all kinds of chemical character. This
statement applies preeminently to titanium,
phosphorus, and manganese and almost equally
to barium, strontium, sulphur, and fluorine,
and probably to chlorine as well. It would
seem to be justifiable also to use this method
for carbon d10x1de, because, although its

reported presence is due mostly to alteration-

(so that for it the first method mlght seem the
most appropriate),- yet the maximum figure
glven by the second method would cover inclu-

sions of liquid carbon dioxide that would other--

wise be omitted but that should be considered.
" In dealing with the less common minor con-
stituents, of which zirconium may be taken

as an example, it appears that the third method

of averaging (that of taking the mean of the
figures given by the first and second methods)
is the proper one to adopt, because the second

method gives figures that are almost certainly-

high, for this constituent is nowadays deter-
mined mostly in - analyses . of sodic rocks

(nephelité syenite, phonolite, etc.), in which |
its presence is to be expected, whereas the first’

method gives figures that aré unquestionably
low, so that some intermediate figure must

THE COMPOSITION OF THE EARTH’S CRUST.

more nearly represent the truth. DBut the
nondetermination of such a constituent in the
incomplete analysis:- of many rocks in which
the constituent is almost certainly present in
determinable amount, and the assumption
here made that a recorded ““ trace” is equivalent
to a percentage of 0.01, weaken the force of
this argument.

The determination of a truly representative
average is thus complex and difficult and in-
volves the recognition of several factors whose
application may not at first sight be obvious.
The computations of the averages for the con-
tinents and for certain smaller areas were
made by the first method, that of dividing the
sum total of each major constituent and of the

-oxides of titanium, phosphorus, and manga-

nese by the total number of analyses, the
other minor constituents being lumped to- -
gether and their total determined similarly.
The error in the results thus obtained is slight,
and furthermore the data at hand for most of
the minor constituents are too few to be quite
satisfactory. The average for the earth, how-
ever, has been determined by a modification
of this procedure, as will be explained later.

AREAL AVERAGES.*

‘The averages computed for the continents
and for smaller areas include those for only
the major constituents and for TiO,, P,O;, and .

‘MnO, except for areas in the United States

that are represented by a large number of very

detailed and complete analyses that give the

percentages of other minor constituents, espe-
cially ZrO, and BaO.

In order to make the averages. comparable :
all of them have been reduced to the standard
of 100 per cent. The minor constituents are.
lumped together under the caption ““ Inclusive,”

rexcept TiO,, P,O;, MnO, -and (1f they . are

stated) ZrO, and BaO.

2 The areal averages in Tables 3 to 9 (iuélusive) have been pub-

' lished by F. W. Clarke and H. S. Washington (The average chemical

composition of igneous rocks: Nat. Acad. Sci. Proc., vol. 8, pp. 109-111,

| 1922).
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TaBLE 3.—Average composition of the igneous rocks of northern North America.
P

1 2 3 4 5 6
Bi0,. i i 60. 19 57.14 63.31 56. 29 52. 80 58. 34
ALG, T 1576 | 1548 | 16.13| 16.67| 16.38 15.79
Fes0g. - v e ee et 2.87 3.93 2.18 3. 31 4.58 2.21
o0 . . e 3.67 4.72 2. 46 4. 65 5.83 3.99
MEO . i 3.16 1.55 2.25 3.39 3.27 4. 57
Cal. . 4. 80 3.51 5. 05 5. 34 5: 29 5."66
N0, oo it 3.90 6.98 3.85 4.40 4.88 3.54
KO 3.07 3.25 2.82 3.00 2. 65 3.18
O 1.01 1.12 .78 1. 08 1.09 1.14
15 10 P 1.01 1. 50 .77 1.25 2.20 69
2 R 01 12 |eee e
POy i 26 .19 18 .19 21 33
MnG L 110 .21 10 13 17 14
BaO. .o 04 e 04 06 11
Inclusive..... ... ... ... . .15 .30 12 26 | . 59 31
100. 00 100.00 |  100. 00 100. 00 100. 00 100.00

1. North America, including Greenland, Mexico, Central America, and West Indles 1,709 analyses

2. Greenland, 1ncludmg East and West Greenland and Ellesmere fLand 41 analyses

3. Alasgka; 24 analyses

4, Canada including Alaska, East Canada, and British Columbia; 188 analyses.

5. Bast Canada including Ontano Quebec Maritime Provinces, ‘and N ewfoundland 99 analyses.

6. British Columbm including Alberta 60 analyses

TaBLE 4.—Awverage composition of the igneous rocks of the United States.

61. 41 | 62.98 | 57.81 | 58.54 | 60.37 | 60. 03 | 60.09 | 65. 80 | 61.39 | 59.97 | 62.49 | 60.77
15.20 | 14.74 | 15.43 | 16.36 | 15.26 | 16.16"| 15.94 | 15.52 | 16.24 | 15.90 | 15.71 | 15.44-
2.47| 1.8 | 460| 3.74| 253 2.91| 3.41{ 217 | -2.84 | 211} 1.97 2.77

421 | 3.69( 598 236 3.07| 2.44| 2.8 | 1.60| 2.8 | 413 | 3.01 3.46
3.0l | 370 | 3.52| 2.54| 3.77| 8.26| 2.34| 1.52) 2.74| 4.38| 3.67 3.15
4.46| 469 | 464 411 | 480 | 449 | 4.8 | 3.44| 481 | 6.11 | 5 67 4. 82
394, 3.30| 3.60| 535] 3.82| 408| 3.86| 3.49| 418 | 8.71 | 3.57 3.78
3 30| 2.97| 281 468| 899 3.81 | 3.90| 410 3:04| 1.55| 2.03 3.23

.74 .82 .98 1.04| 1.03| 1:49] 112! 1.40 .69 L11| 1.05 1.01

.91 .89 .73 .76 .58 .64 .88 . 55. .72 .66 .45 101

.01 1) O N B 1 O PO .01 L
L11 . 20 ;081 .19 .32 .30 .34 131 .31 17 .15 .29
.09 . 08 .16 .10 .10 .06 1240 .04 L1l . 06 .09 .10
.01 .01 .01 .02 .15 . 08 .07- .05 .04 . 05 .05 . 05
.13 . 06 .15 181 .21 .25 .21 .18 .04 .09 .09 .12

100. 00 [100. 00 [100. 00 [100. 00 [100. 00 [100. 00 [100. 60. [100. 00 [100. 00 [100. 00 {100. 00 | 100. 00

1. New England and New York; 213 analyses.
2 Fpalaciw. (New Jersey and. Pennsylvama to Georgia); 188 analyses.
3 nkian region (Michigan, -Wisconsin, and anesota), 66 aualyses
4. Arkansas-Texas, including Missouri; 50 analyses.
5. Wyommg, mcludmg South Dakota and Yellowstone Park; 134 analyses.
6. Montana, including Idaho; 133 analyses. .
7. Colorado; 171 analyses. ’ :
8. Utah and Nevada; 79 analyses.
9. Arizona and New Memco 79 analyses.
10. Washington and Oregon; 51 analyses.
11. Califorma; 175 analyses
12. United States; 1,351 analyses including figures for 12 hlghly femlc and titaniferous rocks omitted from the -
other columns,
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TaBLE 5.—Awverage composition of the igneous rocks of Central and South America.

1 2 3 4 5 6
59.11 | © 58.70 61. 34 61. 05 61. 85 54. 94
16. 58 18.30 15. 20 15.17 16. 51 16.29

2. 88 2.85 3.03 2.42 3.03 4. 05

4.11 4. 20 3.30 | 4. 07 2.28 3.53

3.07 3.36 3.47 4: 65 2.29 4.33

5.73 7.08 4.88 591 4.55 5. 28

4.10 3.15 4.09 3.29 4.47 5.11

2.32 ~99 2.69 1.74 2. 69 3. 57

1.04 .79 | 1.05 .73 1.11 1.55

.63 .45 .56 | .49 .75 .87
.25 .08 .11 .07 .25 L1l
.06 .02 L12 .18 .22 .37
.12 .03 .16 B
100. 00 100. 00 100. 00 100. 00 100. 00 100. 00

. Mexico and Central America; 47 analyses.
.~ ‘'West Indies; 82 analyses.

South America; 138 analyses.

British Gmana 45 analyses.

. Andes Mountams 56 analyses.

. Eastern Brazil; 20 analyses.

cscnghg.ntol—‘

TABLE 6.—Awverage composition of the igneous récks of Europe.

59.10 | 62.39 | 56.89 | 59.83 | 64.04 | 60.58 | 58.84 | 56.93 | 60.69 | 58.98 | 54.22 | 64.73
13.80 | 15.16 | 15.54 | 16.08 | 14.24 | 16.43 | 14.44 | 15.86 | 14. 67 | 16. 28 | 16.30 | 15. 92

314 2.40| 2.69| 3.65| 3.65| 2.75| 3.35| 3.72| 2.76| 2.563 | 4.28 | 3.15
457 | 3.04| 3.57} 3.21 | 3.41| 2.88| 3.91| 3.78| 3.28| 3.44| 5564 | 228
480 | 3.79| 457 | 2.26| 1.82| 2.16| 463| 415| 456 3.03| 502| 1..76
65,411 3.92| 4.43| 3.64| 3.25| 3.35| 5.56| 6.45| 437 | 516 -7.60 | 4.49
3.556| 3.70 | 4.56 | 510 | 3.70 | 6.11| 3.45| 3.61 | 3.52| 3.72} 2.99| 3.69
2.68| 3.23 | 447 | 3.52| 3.82| 8.96| 3.04| 2.96| 3.56 | 4.67| 1.92| 256
1.44 ) 1.46| 1.19 75 84 71| 1.40| 1.45| 1.68 .94 1.17 | 1.03

.97 .75 1.34| 1.64 73 56 87 . 58 65 85 66 .31

220 12| isa’| laz| les| .or| 29| .2r| 19| 22| .o7| 03
S14 0 .0L| .07 | 10 15| .19°| 04| 14| .03 | .04 .14| .03
18| 03| 34| l10] 10| 05| -18| .10| .04| .14| .09 ..02

100.-00 1100 00 [100: 00 [100: 00 100. 00 |100. 00 {100. 00 [100. 00 [100. 00 {100. 00 [100. 00 [100. 00

1. Europe; 1, 985 analyses.
2. British Is]ands 171 analyses.’ ’
3. France, 1nc1ud1ng Corsica; 163 analyses.

- 4. Iberia. (Spaln and. Portugal); 33 analyses. B
5. Norway, 107 analyses; mcludmg Iceland. -
6. Sweden, including Spltzbelgen 206 analyses.

7. l“mland including Kola; 59 analyses T - "
8. Germa:ny 474 analyses. .
9. Austna.-Hungary -Bohemia, excludmw Tyro] 148 ana,lyses

10. Switzerland, including Tyrol 217 a.nalyses ;

11. Italy, 1ncludmg Slclly, Sardmla, and islands; 276 analvses ’

12. Russia, including Ural region and €aucasus, excludlng Finland and Slbena 98 analyqeq

13. Ba]kama including Greece and Archipelago; 33 analyses. W
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"TaBLE 7.—Average composition of the igneous rocks of Africa and Asia.

1 2 B T . 5 6 7 8
58. 21 54. 67 50. 59 .56.02 61. 92 61. 82 59. 72 61.02
15. 28 16. 21 15.81 | 15. 68 15. 49 15.74 16. 51 15.97
3.52 3.02 4. 44 3.48 3.17 2.07 3.18 2.92
3.73 4.93 5:79 4.41 2.75 4.41 2.95 3.21
3.51 4.21 5.79 4.04 2.63 2. 47 3.03 2.76
5.09 6.51 -7.36 5.87 - 4.50 5.16 5.76 5.17
4.83 4.36 4.27 4. 60 4.10 3.11 3.78 3.69
3.28 3.06 2.31 3.07 3.23 2.561 3.05 2.99
1.26 1.13 1.47 1.25 1.23 1.48 1,11 1.24
.84 1.44 1.3 114 . 68 .76 .50 .62
.20 - .35 .43 .27 .12 .27 .18 .18
.07 .01 .04 .05 .10 .17 .14 .15
.18 .11 .07 .12 .08 .03 .09 .08
100. 00

100. 00 100.00 | . 100.00 100. 00 100. 00 100. 00 100. 00

. Adfrica, continental; 223 analyses.

Madagascar, including Reunion; 140 analyses.

South Atlantic Islands (Azores, Canaries, Madeira, Cape Verde, Ascension, St. Helena); 56 analyses.
. Africa and islands, including Madagascar and Atlantic Islands; 419 analyses.

. Asia, continental; 114 analyses. )

. Japan; 69 analyses. ‘ '

. Malaysia, including Philip}l)vilnes; 129 analyses,

. Asia, including continent, Malaysia, and Japan; 312 analyses.

00N O T GO 0O

TasLe 8.—Average composition of the igneoué rocks of Australasia, Poiynes'ia, and the Antarctic Continent and islands.

1 | 2 3 o4 1 2 3 4
| \
Si0geccviiernaiinnnn. 60.16 ' 58.04 | 50.03 53.66 || HO+......cooneenn 1.19 1.70 1.16 0.93
A],(SB................ 14.74  15.30 | 15.51 16.82 || TiOguuuuuneonan. .. - 101 .71 1.96 .87
TegOg. v ceeeiiot. 2.60  3.83 3.88 4.01 || P,Og. oot | .26 .19 .25 .17
FeO...ooooiiiiiiats 4.41 3.99 6.23 5.34 || MnO........ e .15 .09 .15 .03
MgO...ooiiiat.. 3.76 3.95 6. 62 4.67 || BaO...._....o....... 02 ol
CaO..oeieiiiin.s .. 503 5.39 7.99 7.59 || Inclusive. .......... .14 .10 .12 .01
NagOooooeieeaoaaoo| 3.80 . 3.78 4.00 3.58 -
K, 0..... teeeeaeieadd 3,03 2,98 2.10 2.32 A 100. 00 | 100.00 | 100.00 | 100.00
. | | i
1. Australia, including Tasmania; 287 analyses.
2. New Zealand, including dependent islands; 134 analyses.
3. Polynesia (Hawaiian Islands, etc.); 72 analyses.
4. The Antarctic Continent and adjacent islands; 103 analyses.
TaBLE 9.—Awerage composition of the igneous rocks of the continents and oceanic 1islands and of the earth.
1 2 3 4 5 6 T 8 9 10
G0.19 | 61.34| 59.84 | 58.21 | 50.59 | 61.92 | 60.16 | 50.03 | 53.66 59.12
15.76 | 15.20 | 15.12 | 15.28 | 15.81 | 15.49 | 14.74 | 15.51| 16.82 15. 34
2.87 3.03| 3.17 3.52 4.44 3.17 | -2.60 3.88 4.01 3.08
3.67 |- 3.30 3.67 3.73 5.79 2.75 4.41. 6.23 5.34 3:80
3.16 3.47 3.61 3.51 5.79 2.63 | 3.76 6.62 4.67° 3.49
4. 80 4. 88 4.97 5.09 7.36 4.50 5.03 7.99 7.59 5.08
3.90 4.09 3.73 4.83 4.27 4.10 3.50 4.00 3.58 3.84
3.07 2.69 3.40 3.28 2.31 3.23 3.03 2.10 2.32 3.13
1.0l 1.05 1.24 1.26 |. 1.47 1.23 1.19 1.16 .93 1.15
1.01 .56 .83 .84 1.63 .68 1.01 1.96 .87 1.05
.26 J11 .23 .20 |- .48 .12 .26 .25 .17 .30
.10 .12 .08 .07 .04 .10 .16 .15 .03 .12 .
.20 .16 L1 .18 .07 .08 .16 .12 .01 . 50
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 ; 100.00-| 100.00

. North America, including Greenland, Mexico, Central America, and West Indies; 1,709 analyses.
. South America; 138 analyses. .

. Europe; 1,985 analyses.

Africa, continental; 223 analyses.

South Atlantic Islands; 56 analyses.

Asia, continental; 114 analyses. -

. Australia including Tasmania; 287 analyses.
. Polynesia; 72 analyses.

. Antarctic Continent; 103 analyses. .
. The earth; 5,159 analyses. For a final and more detailed earth average see page 16.

=
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THE GENERAL AVERAGE.?

The final ”ayera,ge given below for the-

chemical composition of the igneous rocks of
the earth’s crust, expressed (with a few excep-
tions) in terms of oxides arranged in the order
in which they are usually given in an analysis
of an igneous rock, has been determined by
assembling all the data presented in the pre-
ceding pages. The averages for the major
constituents, those from SiO,- to H,0+, in-
clusive, were determined by the first method
described above—that of dividing the sum
total of percentages for each constituent by
the total number of analyses. The averages
for the minor constituents (with a few excep-

tions) were determined by the third method—

that of taking the mean of the sum total of
. percentages divided by the total number of
analyses and -the sum total of percentages
divided by the number of determinations.
The averages for the minor constituents are
therefore those given in column 6 of Table 2
(p. 10), but slight changes have been made in
the figure for F (see p. 21), and figures based on
data yet to be considered (see p. 22) are given
for the rare earths ((Ce, Y)2 ) and for zine and
lead. :

This average of the composmon of thei igneous
rocks includes all the constituents that may
be found in weighable amounts (0.01 per cent
or more) in truly igneous rocks, as well as some
rather rare constituents. It is the average on
which further discussions in this paper are
‘based.

* TasBLE 10.—Average chemical composition of igneoits rocks.

Bi0g. e een e 5912 [ Sl . 0.052
AlOg............ 15.34 [ (Ce,Y),05......0..  .020
Fe,05. - o ool 3.08 | Cry0z.ccnnano.... . 055
FeO...... Teeeeas 3.80 [ VyO0pononooo.. . 026
MgO............. 3.49 | MnO............. .124
CaO.eeeenenanot 5.08 | NiO............... . 025
NagOoeeeuennennnnn 3.84 | BaO. . 055
KOuumovoinnnn, 3.13 |S10......c....... J022
£ 0 SO 1.15 | Li;0. . 007

S .102 | Cu... .. 2010
4 5 10 P 1.050 | Zn. . 004
/{0 P L039 | Pbo...o.ll .002
POs. ... ..... . 299

100. 000
() . 048
Foi .030

% The average in Table 10 has been published by F.W.Clarke and
H.S. Washington (The average chemical composition of 1gne9us rocks:
Nat. Acad. Sci. Proc., vol. 8, p. 112, 1922).
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RELATIVL ABUNDANCE OF THE ELEMENTS IN

" THE EARTH’S CRUST.

The figures just given to show the average -
chemical composition of the igneous rocks be-
come more significant when they are restated
to show the composition of the earth’s crust in
terms of the elements and when they are com-
bined with figures showing the composition of
the sedimentary rocks, the hydrosphere, and
the atmosphere. By such a combination we
shall obtain an estimate of the average compo-
sition of the known outer part of the earth—all
of it that is directly accessible to our observa-
tion; but in order to make such a combination
we must assign definite masses or volumes to
the several components.

MASSES OF THE LITHOSPHERE, THE HYDRO-
'SPHERE, AND THE ATMOSPHERE. -

" Mass of the lithosphere—The volume of the
lithosphere, the rocky crust of the earth, calcu-
lated for an assumed thickness of 10 miles (16
kilometers) and a computed mean elevation of
the continents, is given by Dr. R. S. Wood-
ward 2 as 1,633,000,000 cubic. miles, or about
6,811,000,000 cubic kilometers.

Various estimates have been made of the
average density of the rocks of the earth’s crust.
The senior author ¥ has obtained the density
2.737 as the average of 958 determinations of -
the specific gravity of igneous rocks, and the
junior author * has obtained a density of 2.761
as the average of 1,849 similar.determinations.
A calculation ?* made from the average chemi-

| cal composition of the igneous rocks showed a

density of 2.77, and a more recent calculation *
by the same method, made from the 5,159 anal-
yses used for the computation of average chem-
ical composition. here considered, showed a
density of 2.792, which, e‘cpressed as 2.79, may
be accepted here for reasons given in the paper
last cited. In brief, these. reasons are as fol-
lows: The method of determining the density

of rocks by calculating it from their chemical

" % Clarke, F. W., The data of geochemistry, 4th ed.: U. S. Geol. Survey ’

Bull. 695, p. 22, 1920. .
% Clarke, F. W., Some geochemical statistics: Am. Philos. Soc. Proc.,

-vol. 51, p. 226, 1912.

. 28 Washington, H. 8., Isostasy and rock density: Geol. Soc. America

Bull,, vol. 33, p. 402, 1922
2 Washmgton, H. 8., The chemistry of the earth’s crust: Franklin

"Inst. Jour., vol. 190, p. 802, 1920.

% Washington, H. S., Isostasy and rock density: Geol. Soc. America
Bull. ,vol 33, p. 388, 1922.



THE COMPOSITION OF

composition is reliable and gives results con-
cordant with the ascertained densities of com-
pact, holocrystalline plutonic rocks. It elimi-
nates the effects of the presence of glass in ef-
fusive rocks and of alteration and porosity,
which tend to lower the density. For these last
reasons, especially, it gives results that are pre-
sumably more concordant than the other
method with the rocks as they exist at consid-
erable depths. It is based on & much larger
number of data, which pertain to rocks that are
scattered more widely over the surface of the
earth. The higher density is more in accord
with the probability that the density of the
crust increases with depth through pressure
and, to a much greater degree, through change
in composition, whether brought about by
“gravitative adjustment ’’ or not.

By combining the volume of the 10-mile
crust, 6,811,000,000 cubic kilometers, with
the density, 2.79, we find that the mass of the
crust of the c.uLh amounts to 19,002.69 x10'
metric tons.

Mass of the hydrosphere—The estimates of
the total volume of the oceanic waters vary
somewhat widely.®* The earliest reliable esti-
mate is that of Murray,” who gives the volume
323,722,150 cubic miles, or 1,353,806,031 cubic
kilometers. The latest estimate is .that of
Kossinna,® whose estimate is 1,370,323,000
cubic kilometers, or about 327,672,000 cubic
miles. This estimate includes the oceans, the
mediterranean seas, the border seas, and the
gulfs. This estimate of Kossinna is accepted
here. '

The density of sea water * of normal salinity
(35 parts per thousand) at a temperature of 0°
- C. is 1.028. . Grabau * assumes a density of
1.04 in order to take into account the increased
density at the bottom. Dr. E. D. Williamson,
of the Carnegie Geophysical Laboratory, who
has calculated for us the change in’ density
brought about by pressure and the compressi-
bility of sea water, finds that the density at the
bottom would be about 1.04, and estimates
the density of average-sea water as about

3 Clarke, F. W., The data of gcochemlstry, 4thed.: U. S Geol. Survey
Bull. 695, p. 22, 1020

3 Murray, Sir John, On the height of the land and the depth of the
ocean: Scottish Geog. Mag., vol. 4, p. 39, 1888.

8 Kossinna, E., Dic Tiefen des Weltmeeres, pp. 24, 68, Berlin, 1921.

# Cf. Murray, Sir John, and Hjort, Johan, The depths of the ocean,'
p. 239, 1912,

L Gmbnu, AW, Prmuples of straligraphy, p. 3, 1913.
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1.033. We may therefore accept a- density
of 1.03 as approximately correct.

By assuming 1,370,323,000 cubic kilometers
for the total volume of the oceanic waters and
1.03 for the average density, we obtain 1,411.4

X10% metric tons as the total mass of the -
oceans and connected bodies of salt water.

Mass of the atmosphere.—The total mass
of the atmosphere is readily calculated approxi-
mately according to Humphreys * “by the
continued product of the world average height
of the mercurial barometer in centimeters at
the actual surface of the earth, the density of
mercury, and the area of the earth in square
centimeters.” The mass as thus determined
by several authorities ¥ is 5 X 10" metric touns,
but the latest and most careful estimate is that
of Humphreys, who gives as his final result
5.11 X10'** metric tons.

Composition of the crustal mass.—When we
combine the data given above, assuming a
crust 10 miles thick, we obtain the following
percentages:

Muass composttion of the crust of the earth.

Metric l;ous, Per cent;.‘

Lithosphere (10 mlles) ......... 19,002.7X10 1 | 93,06

Hydrosphere. ................ 1,411, 41015 6. 91
Atmosphere........ .. ...... 5.1x10 18 .03 .

' 20,419. 210 15 | 100. 00

This- estimate differs but slightly from the
estimate obtained by Clarke and given by him
in papers already published.

In short, we may regard the surface laycl
of the earth, to a depth of 10 miles, as con-
sisting very nearly of 93 per cent of solid rock
and 7 per cent of water holding salts in solu- -
tion and may treat the atmosphere as a small
correction to be applied as needed.

The figure assigned to the ocean includes the
fresh waters of the globe and the water of the
atmosphere, which are too small in amount to be
estimable directly.. Their insignificance may
be inferred from the fact that a section of the

% Humphreys, W. J., The mass of the atmosphere and of cach of its
more important constituents: Monthly Weather Review, vol. 49, p. 341,
1921,

& Davis, W. M., Elementary meteorology, p: 10, 1894. Chamberlin,
T. C., and Salisbury, R. D., Geology, vol. 1, p. 5, 1904. Clarke, ¥. W.,
The data of geochemistry, 4th ed.: U. 8. Geol. Survey Bull. 695, p. 22,
1920. ’
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earth’s crust 10 miles thick having the surface
area of the United States would represent only
about 1.5 per cent of the entire mass of the
earth’s crust. A quantity of water equivalent
to 1 per cent of the ocean, or 0.07 per cent of
the 10-mile- crust, would cover all the land of
the globe to a depth of 290 feet. Even the
mass of Lake Superior is thus negligible.

The 10-mile crust of the earth is composed

largely of igneous rocks, a considerable part of
which is overlain by a relatively thin covering
of sedimentary rocks. For our purpose we
must make an estimate of the relative amounts
of igneous and sedimentary rocks. It is
almost if not quite impossible to form an esti-
mate of the amount or the composition of the
métamorphic rocks; butinasmuch as they are
either. modified igneous or modified sedimen-
tary rocks their average composition should
be much like the mean of that of the other two
classes. An average gneiss, for example, re-
sembles a granite in chemical composition, and
a slate or mica schist is a metamorphosed
shale.
~ The data and the reasoning by which we
may estimate approximately the relative
amounts of the igneous and sedimentary rocks
in the crust of the earth are presented else-
where (see p. 32), but it may be stated here
that the outer 10 miles of the crust contains
about 95 per cent of igneous and about 5 per cent
of sedimentary rocks. The 5 per cent of sedi-
mentary rocks consists of 4 per cent of shale,
0.75 per cent of sandstone, and 0.25 per cent
of limestone. Van Hise % assigns to the sedi-
mentary rocks of the land portion of the earth
an average thickness of 2 kilometers, or 3.67
per cent of the outer 10-mile crust by volume.
The average thickness of the sedimentary
shell, which completely envelops the globe, is
here estimatéed at about one-half mile, or a
little less than 1 kilometer.

A few words must be said regarding the
thickness of the so-called crust and the
composition of its deeper parts, as these have
important bearing on various geologic and
geogonic theories. In the present paper we
. consider only the rocks that are accessible
to our observation, as we. desire to confine our
data and the averages derived from them to
known facts and to disregard the unknown.
The rocks which are thus considered are nec-

8 Van Hise, C. R., A treatise on metamorphism: U. 8. Geol. Survey
Mon. 47,p 940, 1904 k

'not impossible.
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essarily those that form the outermost layers
of the globe.

In order to have a definite mass of matter
under consideration, and for the purposes of
certain computations in” which the masses of
the hydrosphere and the atmosphere are also
considered, it has been necessary to assume a
definite thickness for this outermost known
part of the lithosphere, the part that is repre-
sented by the analysés used by us. A thick-
ness of 10 miles has been assumed, chiefly
because it corresponds approximately with the
total thickness of known rocks of all kinds
between the extremes of the maximum eleva-
tions above and depressions below sea level.®
This depth of 10 miles is admittedly arbitrary,
but any other assumed depth of material having "~
the composition of the known surface rocks
would also be arbitrary. Many estimates have
been made of the thickness of the numerous
sedimentary deposits that overlie the igneous
crust in different parts of the earth. These es-
timates vary, but according to all of them the
total thickness of the sedimentary beds is
several times 10 miles.® As these sedimentary
rocks have been derived from the upper parts
of the outermost igneous crust, and as the
average composition of the sedimentary rocks
as a whole does not differ greatly from that of
the igneous rocks, the assumption, for pur-
poses of computation, of a 10-mile or even a
20-mile outer crust of approximately constant
composition does not seem to be unreasonable.

If we reject the old idea, advocated by Fisher
and others, of a thin solid crust overlying a
molten, liquid interior, and regard the earth as
sohd any exact limitation of the depth of the

“crust,” or even a definition of what consti-
tutes the ““crust,” becomes very difficult, if
The theory of isostasy, based
on gravity determinations and average rock
densities,* indicates that the “depth of com-
pensation” or “isopiestic level”” is about 96
kilometers (Hayford and Bowie) or 60 kilo-
meters (Washington) beneath the surface.
Other evidence also indicates corresponding
depths for a zone of change of some sort which

# Clarke, F. W., The relative abundance of the chemical elements:
Philos. Soc. Washington Bull., vol. 11, p. 131, 1889.

40 See Pirsson, L. V., and Schuchert, Charles, A- textbook of geology,
Part II, Historical geology, 1915, passim. Schuchert gives an estimate
of 53 milesin Lull, R. 8., and others, The evolution of the earth and its
inhabitants, p. 60, 1919.

4 See Washmgton, H. S., Isostasy and rock density: Geol Soc. Amer-
ica Bull., vol. 33, p. 375, 1922, and references to Hayford, Bowie, and
others there given. See also Daly, R. A., The earth’s crust and its
stability: Am. Jour. Sci., 5th ser., vol. 5, p. 349, 1923.
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is not sharp but rather gradual. However, on
the assumption of a solid earth we seem to be
forced to believe that there is no abrupt break
in continuity of either chemical or physical
conditions, above which is the “crust’” and
below which is the “interior,” but rather that
there is probably a continuous, progressive,
and probably regular change, material and
physical, as the center of the earth is ap-
proached.

As the density of the earth as a whole is
about 5.52 and that of the exterior ‘“crustal”
rocks is about 2.79 the conclusion is obvious
that the density of the rocks increases with
depth. Tt is also known that the material
which makes up the continents is lighter and
that which forms the ocean floors is heavier
than the average known rock. This topic has
been discussed by many writers—Lord Kelvin,
Sir George Darwin, Suess, Wiechert, Daly,
and a host of others; indeed it is so well known
to all students of the earth that it is unneces-
sary to discuss it here. Suffice it to say that
the writers are at one with many others in
the belief that the material of the “crust” and
the ‘material that lies beneath the “crust”
increase in density with depth.

The gradient or rate of increase in density is
unknown, and it is likewise unknown whether
the increase is regular or not, or even whether
there may not be a diminution in density in
some zones or shells. Many factors enter into
the problem, such as temperature, pressure,
‘differences in chemical composition, strength
of materials, flowage, presence of gases, and
possibly radioactivity, none of which can be
evaluated at present, especially for great
depths. It is the opinion of the writers, there-
fore, that the time has not yet come for de-
tailed discussion of the change in physical and
chemical constitution of the ‘“crust” asso-
ciated ‘with change in depth; our knowledge is
inadequate for detailed treatment—it is barely
sufficient for the consideration of .the broader
aspects.

The writers are in general agreement with
Suess’s concept of an outer shell of “sal,”
underlain by one of “sima,” that by one of
“nifesima,” these overlying a nucleus (or at
least a zone) of ‘“nife’”’; and we are also in
general accord with the similar views of Daly,
Mennell, and others that a granitic shell over-
lies one of basalt, or more probably of gabbro,
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although we do not believe with Daly #in a
limited miscibility between granitic and basal-
tic magmas. But even if one is perhaps justi-
fied in indulging in such general speculations
one is not as yet, in our opinion, justified in
making precise statements as to conditions in
depth, such as “the average rock down to.
this depth [20 miles] probably corresponds to
a gabbro, containing about 50 per cent of
silica.”’® . The Italians have a proverb that is
apropos: “Chi va piano va sano.”

Helmert * has calculated that the density
of the matter at the center of the earth is
about 11.2. If this be true it would follow
that the real nucleus of the earth may be
composed chiefly of the heavier metals, such
as silver, gold, lead, thallium, and the metals
of the platinum group, not combined with
other elements, because the densest compound
minerals known have densities considerably
below 11.2, these being sperrylite, platinum
arsenide (10.6); dyscrasite, silver antimonide
(9.4-9.8); uraninite, uranium oxide (9.0-9.7);
thorianite, thorium oxide (9.3); and calaverite,
gold telluride (9.0). It is assumed here that
the effect of pressure is negligible. The sug-
gestion has been made by the junior author #
that “the central core, the real nucleus of the
earth, is composed of the metallogenic elements,
that is, the elements or metals of highest
atomic weight, either as native metals .or
possibly in the form of selenides, tellurides,
arsenides, antimonides, bromides, and iodides.
Above this would be the nickel-iron zone, and
above this the silicate crust.” This arrange-
ment would accord with the principle of
“gravitative adjustment,” also with the great
rarity of the metallogenic elements, the ap-
parently ‘intermediate character of the iron-
cobalt-nickel triad, the magnetism of the
earth, the low melting points of the metal-
logenic ‘sulphides, arsenides, sulpho-salts, and
other compounds, and other facts.

AVERAGE ELEMENTARY COMPOSITION OF -
IGNEOUS ROCKS. .

GENERAL STATEMENT.

The- general average chemical Gomposition
of igneous rocks given in Table 10 (p. 16) in-
cludes the constituents for which enough ana-

43 Daly, R. A., Igncous rocks and their origin, pp. 170, 226, 1914.

8 Crook, Thomas, Nature, vol. 110, p. 255, 1922.

4 Helmert, F. R., Theorien der htheren Geodesie, vol. 2, p. 475, Leip-
zig, 1884.:

4 Washington, H. S., The chemistry of the earth’s crust: Franklin
Inst. Jour., vol. 190, p. 787, 1920.
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lytical determinations have been made to per-

mit us to state an average, as well as a few

others that have been determined quantita-
tively with sufficient accuracy to permit us to

obtain an idea of their approximate relative |

amounts. Other constituents have been de-
tected qualitatively, but most of them are
found in amounts far too small to permit their
easy or frequent quantitative determination.

We can, however, form an estimate of the rela-

tive amounts of many of even these rarer ele-

ments through a knowledge of their associa-

tions and of the comparative rarity or abun-
dance of the minerals in which they occur.

" The average chemical composition of the
igneous-rocks, expressed in elements, is given
‘in Table 11, which is based in‘part on Table 2
(p. 10) and Table 10 (p. 16), and in part on
considerations regarding some of the rarer
elements which will be brought out in the fol-
lowing pages. In Table 11 the elements are
arranged in the order of their abundance, and
the table is divided into two parts. The first
part includés the abundant major elements and
the common minor elements—those to which

definite figures can be assigned froin quantita- |

tive analytical data sufficient to permit us to
form a reasonable estimate of their approxi-
mate amount. These minor constituents are
stated in percentages to three decimal places,

and although the figures in the third place |

mean little they serve to indicate the proper
sequence of the elements in the table. -

The second part includes the less common
elements shown in the first part, from cerium-
yttrium down to the end, which are repeated
here because these are less accurately known
* than the more common elements and because
it makes comparison of them with the rarer
elements more easy. The second part also in-
cludes those rare elements whose percentages
probably or certainly do not reach the third
decimal place but as to. whose position in the
sequence we can form some idea. In the
second part the order of the elements is not
stated in percentages, because a long array of
ciphers is confusing and is not readily intelligi-
ble. . The elements are therefore stated expo-
nenmally, in parts of a gram per gram of rock.
An “n” is used (in place of “x”) toindicate
the h1sb significant though unknown integer.
The positions assigned to these rarer elements
are determined in part by the results of
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studies made by Vogt,® Vernadsky,'“’“ De
Launay,*” Beyschlag,* Lindgren,* Clarke and
Steiger,’® Washington,® and others, and more

recent studies of our own.

For comparison earlier estimates by Clarke,
by Clarke and Washington, and by Vogt are
given. The figures in Table 11 have been re-
calculated from the data in Table 10 and
otherwise revised and. corrected; they super-
sede a table prepared by us.®

TaBLE 11.—A4wverage elementary composition of igneous rocks.
Major and common elements.

1 2 3 4
Oxygen..... 46.59 | 46.41 47.29 | 47.2
Silicon...... 27.72 | 27.58 28.02 | 28.0
Aluminum..; 8.13 | 8.08 7.96 | 8.0
Iron. 5.01 5.08 4.56 | 4.5
Calcmm ..... 3.63 3.61 3.47 1 3.5
Sodium. .... 2.85 2.83 2.50 | 2.5
Potassium...| 2.60 2.58 2.47 | 2.5
Magnesium..| 2.09 2.09 2.29 | 2.5
Titanium....| .63 720 .46 .33
Phosphorus..] .13 . 167 .13 .22
Hydrogen...| .13 .129 .16 .17
Manganese. . .10 J124 .078)  .075
Sulphur.....| .052 .080 .10 .06
Barwum...... . 050 .081 .093] .03 .
Chlorine..... .048 .096 .063] .04-.025
Chromium.. . .037 . 068 .034f .01
Carbon. . .... .032 .051 .13 .22 o
Fluorine. .030 . 030 .10 .04-.025
Z1rcon1um -.026 .052 .017 .02-01
Nickel. ..... .020 .031 .020]  .005
Strontium-. . . .019 .034 .034] .005
Vanadium...[ .017 .04 .017)  .00n
Cerium, -
yttrium. .. .015 L0200 fL....... .00nn
Copper...... -.010 L0100 . ... .000, n.
Uranium. ... . 008 .000,00n |.......[ .000,00n
Tungsten.. . 005 .000.00n |....... . 000, 00n
Lithium.....| .004 . 005 .004] .004
Zinc........ . 004 .004 ...... 000, n
Columbium, )
tantalum. . .003 .000,00n |....... .000,000,n
Hafnium....| 003 |...coooiiii]imennfonnn. PO
Thorium....|- .002 ;000,00 |....... .000,000,n
Lead........ 002 L0022 |....... .000, n
Cobalt. ..... .001 .003  |i...... .00n
Boron........ .001 001 ..., .00n
| Glucinum ...| ~.001 L001 ...l .00n
" 1100. 000 } 100.000 100.000{100. 000

46 Vogt, J. H. L., Ueber die relative Verbreitung der Elemente, beson-
ders der Schwermetalle: Zeitschr. prakt. Geologie, 1898, pp. 226, 315.

4 Vernadsky, V., The relative abundance of the elements: Ref. in
Zeitschr. Kryst., vol 55, p. 173, 1915, (Original in Russian.)

4 De Launay, L., Lascience géologique, p.637, 1905; Tralté de métal-
logénie:” Gites mméraux ot métalliféres, vol. 1, p. 26, 1913
_ 6 Beyschlag, F., Vogt, J. H. L., and Krusch, P., The deposits of the
useful minarals aud rocks, their origin, form, and content (translated by
8. J. Truscott), vol. 1, pp. 147-158, 1914.

4 Lindgren, Waldemar, Mineral deposits, pp. 4-14, 1913,

50 Clarke, F. W., and Steiger, George, The relative abundance of severaj
metallic elements Washington Acad. Sci. Jour., vol. 4, p. 58, 1914.

sl Washington, H. S., The distribution of the elements in igneous rocks:
Am. Tnst. Mining Eng. Trans., 1908, p. 735; The chemistry of the earth’s
crust: Franklin Inst. Jour., vol. 190, p. 777, 1920.

62 Clarke, F. W:,-and Wa.shmgton, H. 8., The average chemical com--

-| position of xgneous rocks: Nat. Acad Sci. Pmc vol. 8 pp. 112, 113, 114,

1922,
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Tasre 11.—Average elementary composition of igneous
' rock—Continued.

Less common and rare elements.

5 6 7

Cerium, yttrium........ 1.5X10*
Copper................. 1X10™
Uranium............... 8X10-5
Tungsten................| 5X10°®
Lithium................ 41078
ZiNC.ee..e i eeeeeennan.| 4X1078
Columbium, tantalum...[ 3X107°

. Hafplum............... 3X10™
Thorium.....-... P 2X107
Lead 2X1078
Cobalt..ceeeneeeaai... 1X1078
Boron.....ceeeeennn... 1X10™®
Glucinum.............. 1X1078
Molybdenum........... nX10-°
Rubidium...............| nX10™®
Arsenic............ nxx10-¢
S S nXx10-¢
Bromine................[ nX10™¢
CaesitM...eennenen.... nX10~7
Scandium.............. nx10~7
Antimony...............| nX10~
Cadmium...............| nX10~7
Mercury.....coocenn.... nx10-7
Todine. ...ooeeueannn... [ nX10~7
Bismuth.... nX10-8
Silver.............. ... nx10-8
Selenium........... nx10-8
Platinum......... nx10-?
Tellurium. nx107° -
Gold... nx10~*
Iridium nx10-1°
Osmium nXx10-1°
Indium nXx10™1
Gallium nX10~1| nXx107t| nx10™
Thallium... nX10~10| nX1071°| nX10™
Rhodium.. veee MXAOTM YLl
Palladium...........o.. nX107M s oo feeeen.as.
Ruthenium.............| aX10~" | . .o .. ..o ...,
Germanium.............| nX10~1| nXx10"12| nX10™'2
Radivm................ nX10%!2| nX1074|..... D

%4 Igneous rocks, Clarke, F. W., and Washington, H. S.,
1924.

2. Igneous rocks, Clarke, I'. W., and Washington, H. S.,
The average chemical composition of igneous rocks: Nat.
Acad. Sci. Proc., vol. 8, p. 112, 1922.

. 8. Igneous rocks, Clarke, F. W,, The data of geochem-
. istry, 4th ed.: U. 8. Geol. Survey Bull. 695, p. 28, 1920.

4. Igneous rocks, Vogt, J. H. L., Ueber die relative
Verbreitung der Elemente, besonders der Schwermetalle:
Zeitschr. prakt. Geologie, 1898, p. 324. :

5. Clarke, I'. W., and Washington, H. S., 1924.

6. Clarke, F. W., and Washington, H. S., op. cit., pp.
113, 114. ~ o

7. Vogt, J. H. L., op. cit., p. 324.

DATA CONSIDERED.

A statement of the grounds on which the less
common and the rarer elements were assigned
to their positions in the table may be of interest.

The figures given for the rarer elements are
not of equal weight. Some of these figures
(as those for copper, zinc, cadmium, cerium-
yttrium, lead, and arsenic) are based on quanti-
tative analytical data and may be regarded as
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approximately correct. Those for uranium,

thorium, and radium are based on determina-
tions by radioactive methods and may be provis-
ionally accepted, although they appear to be at
variance with the general experience of mineral-
ogists as to the relative abundance of the min-
erals that contain these elements as essential
constituents. ~

Other estimates are very rough; some are
scarcely better than guesses based on the general
known or supposed relative rarity or abundance
of the minerals that contain the elements con-
sidered. Others are based on statistics of pro-
duction and like data, and these may be subject
to serious error. Data of these kinds are
obviously imperfect and incomplete, so that
they must be regarded as merely rough first
approximations. They are, further, subject to
great’ changes, many of which are caused by
improvements in analytical methods or by
changes or progress in the arts and industries.
Thus, the invention of the Welsbach mantle and
of certain special steels brought to our knowl-
edge previously unknown or neglected deposits
of thorium and the rare earths and of ores of
vanadium, tungsten, and molybdenum and
led to their development; and the search for
radium has led to the discovery of large bodies
of urapium minerals. Some of these changes.
may be seen by comparing the estimates made
by Vogt in 1898 with ours, uranium being an
example. :

Notwithstanding all these uncertainties, the
figures presented may give a rough idea of the
general sequence or order of magnitude of the
quantities .of the rare elements in the earth’s
crust, but it should be understood that they

‘are by no means highly accurate.

The figures for fluorine shown in Table 2
(p. 10), as determined by the second method
of averaging (0.15) and by the third method
(0.076), are unquestionably too high, whereas
the figure given by the first method (0.006) is
too low. - Fluorine occurs in ‘igneous rocks
chiefly as a constituent of the ubiquitous
apatite, Ca;(PO,),F, which contains also the
‘phosphoric oxide given in Table 10. If the 0.30
per cent of P,0, there given is all carried in
apatite, then the corresponding percentage of
fluorine is only 0.027, which may be rounded
off to 0.030 in order to allow for small amounts
of fluorine contained in a few minerals, such
as hornblende and biotite. The figure 0.030
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has been adopted in the final estimate of the
- composition of the lithosphere. '

Many years ago Hillebrand . showed that
vanadium is present in determinable quantities
in many rocks, especially in the less silicic ones.
The average percentage of V,0, shown by 56
special determinations by Hillebrand was
0.025. Since Hillebrand called attention to
the common presencé of vanadium in rocks it
has been determined rather frequently, mostly
by chemists in the United States, Australia,
and England.

The oxides of the rare-earth metals, those of
the cerium and yttrium groups, were deter-
mined in only about 20 analyses given in Pro-
fessional Paper 99, but analyses since published
have increased the number somewhat. Their
widespread occurrence in small amounts in
" certain minerals, such ‘as acmite,’ indicates
that they are more common in determinable
‘amounts than is usually supposed. The maxi-
mum amount of the rare earths reported, 1.79
per cent, was found in a monchiquite of Ma-
dras,” 0.59 was found in a Swedish nephelite
syenite,® 0.37 in a peculiar granitic rock of the
islet of Rockall,® 0.13 in a Swiss syenite,® and
smaller percentages in alkalic rocks of Texas,®
Wyoming,® Italy,* and other places

The average for (Ce, Y),0, given by the 19
determinations in the superior analyses in
Professional Paper 99 is 0.088 per cent. - This
includes two exceptionally high values, those
for the rocks of Almunge and Rockall; if these
are omitted from the reckoning the average is
0.042. This average is that for highly alkalic,
mostly sodic rocks in which the rare earths
are most abundant, and this average is there-

tain less than basic rocks.
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fore higher than that for all igneous rocks. On
the other hand, there are very few determina-
tions of the rare earths in rock analyses, the
methods used for their determination tend to
yield too low results, and there are some rocks
in which the quantity of the rare earths is
high. A geneéral average of 0.20 may there-
fore "be accepted as an approximation to
the truth as close as we can arrive at from
present data. The cerium metals appear to
be more abundant than the yttrium metals,
and recent chemical analyses of silicate minerals
indicate that lanthanum is ‘leost as abundant
as cerium.

Small amounts of copper have been -deter-
mined in many modern rock analyses, although
the copper reported in some analyses was
probably derived from the copper utensils used,
or was really platinum derived from the
crucibles or basins.®? Some examples are
given of unquestionable determinations of
copper in igneous rocks. The “traps” of the
Lake Superior region ® and those of New
Jersey ® contain an average of about 0.02 per
cent of copper, as do the traps of Wyoming
and the rocks of British Guiana,® and the
average content of copper in the Butte granite
was 0.006.% R. C. Wells found 0.03 in a
‘basalt from Oregon;® Steiger found. 0.0155
per cent of copper in a composite sample of
71 Hawaiian lavas® and 0.01167 per cent of
CuO in a composite,sample of 329 American
rocks.” As Lindgren says,” “From this evi-
dence the conclusmn may be drawn that
probably all igneous rocks contain appreciable
amounts of copper and that acidic rocks con-
The copper is

s2 Hillebrand, W. ¥., Distribution and quantitative occurrence of
vanadium and molybdenum in rocks of the United States: Am. Jour.
Sci., 4th ser.,. vol. 6, p. 209, 1898; The analysis of silicate and carbonate
rocks: U. S. Geol. Survey Bull. 700, p. 184, 1919.

s Unpublished studies by H. S. Washington and H. E. Merwin.

5 Personal communication of J. W. Evans. Sec Washington, H. S.,
Chemical analyses of igneous rocks: U. S. Geol. Survey Prof. Paper 99,
p- 1119, 1917." This analysis was, unfortunately, placed among the
inferior analyses, because of its high summation, but it would be better
placed, because of its interest, among the superior analyses.

5 Quensel, Percy, The alkaline rocks of Almunge: Geol. Inst. Upsala
Bull., vol. 12, p. 179, 1913.

57 Washington, H. S., The composntxon of rockallite: Geol. Soc. London
Quart. Jour., vol. 70, p. 297, 1914. Cf. Lacroix, A L4 signification
des granites alcalines trés riche en soude: Compt. Rend vol. 177
p- 417, 1923.

%8 Weber, ., Ueber den Kalisyenit des Piz Giuf und Umgebung:
Beitr. geol. Karte Schweiz, Lief. 14, p. 43, 1904.

8 Clarke, F. W., Analyses of rocks and minerals: U. $. Geol. Survey
Bull. 591, pp- 60, 61, 1915.

6 Cross, Whitman, Igneous rocks in Wyoming: Am. Jour. Sci., 4th
ser., vol. 4, p. 130, 1897.

6. Washington, H. S., The Roman comagmatic region: Carnegie Inst.
Washington Pub. 57, p. 146, 1906.

6 Hillebrand, W. F., Some principles and methods of analysis applied
to silicate rocks: U. S. Geol. Survey Bull. 148, p..42, 1897; The analysis
of silicate and carbondte rocks: U. 8. Geol. Survey Bull. 700, pp. 27,
136, 1919. Washington, H. S., Manual of the chemical analysis of
rocks, 3d ed., p. 19, 1919.

6 Lane, A. C., Mine waters: Lake Superior Min. Inst. Proc., 1908,
p. 86. Grout, F. F., Keweenawan copper deposits: Econ. Geology,
vol. 5, p. 471, 1910.

6 Lewis, J. V., Copper deposits of the New Jersey Triassic: Econ,
Geology, vol. 2, p 242, 1907.

6 Spencer, A. C., The copper deposits of the Encampment district:
U. S. Geol. Survey Prof Paper 25, p. 49, 1904,

% Harrison, J. B., The geology of the gold fields of British Guiana, pp.
60-62, 76-78, 95-96, 1908

67 Weed, W. H., Geology and ore deposits of the Butte dlstnct, Mont.:
U. S. Geol. Survey Prof. Paper 74, p. 94, 1912.

8 Clarke, F. W., The data of geochemistry, 4th ed.: ‘U, 8. Geol. Survey
Bull. 695, p. 632, "Lo20. .

% Clarke, F. W., idem, p. 632.

© Clarke, F. W., and Steiger, George, The relative abundance of
several metallic elements Washington Acad. Sci. Jour., vol, 4, p 60,
1914,

7 Lindgren, Waldemar, Mineral deposits, p. 9, 1915,
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lmrrely associated w1th the ferromavnesmn
silicates and in the lavas at least it appears to
be present as a silicate.”

Zine and lead have been found in 1gneous
rocks by several chemists. Hillebrand™
found an average of 0.002 per cent of lead
oxide in porphyries from Leadville, Colo., and
two samples contained, respectively, 0.008
and 0.004 per cent of zinc oxide, the samples
being taken from points distant from the ore
bodies. Robertson ” found an average of
0.004 per cent of lead, 0.009 per cent of zinc,
and 0.006 per cent of copper in igneous rocks
of Missouri. Becker ™ detected arsenic, anti-
mony, copper, and lead in fresh granites of
Steamboat Springs, Nev. Warren ”® found
0.71 per cent of zinc in the cumberlandite of
Rhode Island. Zinc has been found in the
granite of Laurion, in Attica, Greece,® one
specimen containing 2.14 per cent of zinc;
and zinc is stated to be common in the eurites
of the district. Lead was looked for but was
not found. Harrison 7 found small amounts
(up to 0.02 per cent) of lead oxide in diabase,
syenite, and schist of British Guiana.  Clarke
and Steiger ® examined large composite
samples of deep-sea clays, river silts, and

igneous rocks, and found copper, zinc, lead,"

nickel, and arsenic in all of them. The per-
centages of metals in 90 gram samples of the
composite of 329 igneous.rocks of the United
States were: CuO, 0.01167; ZnO, 0.00638;
PbO, 0.00081; NiO, 0.00655; As,0,, 0.00074.

The wide distribution and general presence
of uranium, thorium, and radium in most
rocks and many minerals has been established
by the work of many students of radioac-
tnnt.y 7 :

7’ Mlllebrund, W. F., Geology and mining industry of Leadville,
Colo.: U, 8. Geol. Survey Mon. 12, pp. 591-594, 1886.

 Robertson, J. D., Lead and zinc deposits in Missouri: Missouri Geol.
Survey, vol. 7, p. 479, 1894,

74 Becker, G. ¥., Geology of the quicksilver deposits ol the Pacific
slope: U. 8. Gool. Survoy Mon. 13, p. 350,-1888.

1 Warren, C. H., Contributions to the geolpgy of Rhode Island: The
potrography and mmmalogy of Iron Mine Hlll Cumberland Amn. Jour.
Sci., 4th ser., vol. 25, p. 24, 1908. N

(g Lepsms, R., Geologie von Attika, p. 93, Berlin, 1893.

1 Harrison, J. B., The geology of the gold fields of British Guiana,
pp. 61, 77, 95, 1908.

7% Cl'\rko, F. W., and Steiger, George, Tl!e relative abundance of sev-
eral metallic eloments ‘Washington Acad. Sci. Jour., vol. 4, p. 58, 1914,

19 Theliteratureis rather extensive; some of the moreimportant papers
are cited here. Eve, A. 8., and McIntosh, Douglas, Amount of radium
present in typical rocks in the immediate neighborhood of Montreal:
Philos. Mag., vol. 14, p. 231, 1907. Joly, John, On the radioactivity of
cortain lavas: Idem, vol. 18, p. 577, 1909; On the distribution of thorium-
in the earth’s surface materials: Idem, vol. 17, p. 760, 1909, and vol. 18,
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The amounts of thorium and radium were
determined by their radioactivity, and the
amount of uranium was determined by the
equilibrium ratio of radium to uranium; the
latest and probably the best of several con-
cordant determinations of this ratio is 3.40
X10~". A great variety of rocks—igneous,
metamorphic, and sedimentary—as well as
soils, oceanic and spring and river waters,
and the atmosphere have been examined for
thorium and radium, with fairly concordant
results. As stated by Holmes:® ‘“We may
conclude that in general radium shows a
marked preference for alkaline and acid rocks,
and to a less extent for volcanic, as compared
with plutonic rocks. * * * AlthouO'h the
evidence in the case of thorium is less a,bundant
than for radium, it tends to show that similar
statements are equally true of that element.”
Igneous rocks contain in general more radium
than sedimentary rocks. Joly ® arrives at
the average values of 2.5X10-'? gram of
radium per gram of igneous rock,.and 1.5X
10~ gram of radium per gram of sedimentary
rock. He gives ® the following average values
for different classes of rocks, the figures to be
multiplied by 10—*2: Acid rocks, 3.01; in-
termediate rocks, 2.57; basic rocks, 1.28; 7
lavas from Vesuvius, 12.6. This last high
value for rocks rich in potash is noteworthy.
The average amount of uranium in igneous
rocks is calculated to be 8.5X10-% gram per
gram of rock by using the radium-uranium
ratio 3.40x 1077 and the radium value 2.5 X
102, The amount of thorium is estimated
p. 140, 1909. Blane, G. A., On the distribution of thorium in the earth’s
surface materials: Idem, vol. 18, p. 146, 1909. Joly, John, On a mcthod
of investigating the quantity of radium in rocks and minerals: Idem,
vol. 22, p. 134, 1911; Radioactivity of the rocks of the St. Gothard Tunnel:
Idem, vol. 23, p. 201, 1912, The radioactivity of terrestrial surface ma-
terials: Idem, vol. 24, p. 694, 1912. Holmes, Arthur, Radinum and the
evolution of the earth’s crust: Nature, vol. 91, p. 398, 1912; The terres-
trial distribution of the radioelements: Nature, vol. 94, p. 582, 1912; The
terrestrial distribution of radium: Sci. Progress, vol. 9. p. 12, 1915,
Watson, H. E.,and Pal, G., On the radioactivity of the rocks of the Kolar
gold field: Philos. Mag., vol. 28, p. 44,1914. Smith, W. F., and Watson,
H. E., The radioactivity of Archean rocks of Mysore State, South India:
Idem, vol. 35, p. 206, 1918. Poole, J. H. J., Radium content of the rocks
of the Loetschberg Tunnel: Idem, vol. 40, p. 466, 1920. Lind, S. C., and
Roberts, L. D., New determination of the absolute value of the radium-
uranium ratio: Am. Chem. Soc. Jour., vol. 42, p. 1170, 1920. The fol-
lowing more general works may also be consulted: Joly, John, Radio-
activity and geology, an account of the influence of radioactive energy
on terrestrial history, London, 1909. Gockel, A., Die Radioactivitiit
von Boden und Quellen, Brounschweig, 1914,
8 Holmes, Arthur, The terrestrial distribution of radmm Sci. Progress,
vol. 9, p. 19, 1915,
8l Joly, John, The radioactivity of terrestrial surface materials: Philos.

Mag., vol. 24, p. 703, 1912.
8 Idem, p. 697.
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by Holmes * to be 2 X 10-° gram per gram of
rock. These quantltles expressed in per-
centages, are uranium, 0.0085; thorium, 0. 002
radlum, 0.000,000,000,25. :

It Would_thus appear that in general uranium
is nearly as abundant as copper, and thorium
‘is as abundant as lead and nearly as abundant
as zine. To a mineralogist these results appear
very remarkable in view of the facts that the
copper, zinc, and lead minerals; especially the
sulphides, are very common and are widely
spread over the earth and form enormous ore
bodies. The uranium and thorium minerals,
on the other hand, are all rare or very rare,
are localized in their occurrence; and do not
form very extensive ore bodies. The figures
for uranium and thorium given above can
scarcely be doubted, because of the general
concordance between the determinations by
. the many expert physicists who made them,;
but we may be permitted to call attention to
the apparent discrepancy between the values
arrived at by radioactive methods and the
apparent relative abundance :based on. ex-
perience in the occurrence of the minerals con-
taining -the radioactive elements mentioned
above. If the average amounts of uranium
and thorium are really as high as the physicists
would have us believe they should be readily
determinable in many rocks by quantitative
chemical analysis if large portions (say 10 to’
120 grams) are used. The matter seems to be
worthy of investigation.

The position of hafnium,* or celtium, the
recently discovered element No. 72, may be
considered, although any statement concerning
it. must be regarded at present as highly tenta-
tive. According to Coster and Hevesy, its
possible. discoverers, hafnium occurs in zircon-
ium minerals, especially in zircon, and they
variously estimate its average amount as from

5 to 10 per cent of many zirconium minerals

(chiefly zircon) and as “more than 1 part
in 100,000” in the earth’s crust. We have
therefore provisionally assumed its percentage
as 0.003, that is, one-tenth of that of zircon-

ium, and place it in the table immediately after

" columbium-tantalum and preceding thorium.
The previously calculated percentage figure

. 8 Holmes, Arthur, The terrestrial dlStl‘lbllthD of radium: Sei. Prog--
ress, vol. 9, p..20, 1915.

8 Coster, D., and Hevesy, G., On the new element hafmum Nature,
vol. 111, pp. 182, 252 1923, .
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for zirconium, 0.029, must therefore be cor-
rected to 0.026.

To tungsten, columbium, and tantalum have
been tentatively as51gned average values be-
tween those of uranium and thorium. These
assignments are based on our judgment of
what appear to be the relative abundance
and numbers of occurrences of the minerals
that contain these elements.” There are no
known determinations of tungsten in igneous
rocks. -Christensen found 0.30 and 0.45 per
cent of Cb,0; in igneous rocks of the Ilimausak
district in Greenland,® and small amounts of
what is supposed to be largely columbic and
tantalic oxides (called “X’’) have been found
by several analysts®® in igneous rocks of the
Kaiserstuhl, Monte Amiata, Magnet Cove, and
Castle Mountains (Montana).

Thé place of cobalt was determined by the
results of an investigation of the chemistry of

-meteorites by Merrill,*” which included many

excellent analyses by Whitfield. A series of 40
selected analyses of stony meteorites gave the
ratio Ni:Co ::15.90 : 1, and 16 analyses (by
Whitfield) of iron meteorites and the metallic
parts of stony ones gave Ni :Co ::15.79 : 1—
a remarkably close agreement. The average of
these results is Ni:Co ::15.85:1. As Bey-
schlag ® arrives at a closely similar ratio
(8-20 : 1) from 75 analyses of terrestrial and -
meteoric nickel-iron, correborated by analyses
of olivine, the quantitative relation of nickel to
cobalt may be considered as fairly well estab-
lished at about 15 : 1. ‘

There are practically no quantitative data
for the determination of the positions of boron

‘and glucinum, but we have tentatively esti-

mated their average percentages at 0.001,
placing' them after cobalt at the end of the

8 Ussing, N. V., Geology of the country around Julianehaab, Green-
land: Meddelser om Groenland, vol. 38, pp. 175, 182, 1911.

86 Knopf Adolph, Ueber die Augite des Kaiserstuhlgebirges in Bren-
gau (Grossherzogthum Baden) Zeitschr. Kryst., vol. 10, p. 73, 1885.
Williams, J. F., Ueber den Monte Amiata in Toscana und seine Gesteine:
Neues Jahrb., Beilage Bands p: 404, 1887. Williams, J. F., The igneous
rocks of Arkansas (Magnet Cove): Arkansas Geol. Survey Ann. Rept.
for 1890, vol. 2, p. 226, 1801. Pirsson, L. V., Geology of the Castle Moun-
tain mining district, Mont. (Castle Mountains): U. 8. Geol. Survey
Bull. 139, p. 130, 1896. Compare Schoeller, W. R., and Powell, A. R.,
The analysis of minerals and ores of the rarer elements for analytical
chemists, metallurgists, and advanced students, pp. 130 137, London,
1919.

8 Merrill, G. P., Report on researches on the chemical and mineral-
ogical composmon of meteorites, with special reference to their minor
constituents: Nat. Acad. Sci. Mem., vol. 14, Mem. 1, 1916.

8 Beyschlag, F., Vogt, J. H. L., and Krusch, P., The deposits of the
useful minerals and rocks, their ong'ln, form, and content, vol. 1, p. ]
153, 1914. -
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column in the first part of Table 11. Boron
is widespread and must be a common element,
as it occurs in tourmaline, which is rather
common in granitic rocks, and in datolite,
which is frequently present as.a secondary
mineral in basalt and diabase. Boron is also
of rather common occurrence in volcanic
emanations and in hot springs. Glucinum is
the basic element in beryl, a mineral which is
very common and abundant in pegmatites.
It is probable that boron is somewhat more
abundant than glucinum.

A rough but satisfactory estimate of the
order of abundance of molybdenum is fur-
nished by the work ' of Hillebrand,® who
showed quantitatively the presence of this
element. in soime igneous rocks, especially the
more silicic. Ferguson® also found molyb-
denum in basalts of Kilauea. The amounts
found by these chemists were ‘‘traces”’—that
is to say, 0.01 per cent or less—but the deter-
mination- of the occurrence of molybdenum
may be used to illustrate a fairly safe principle
to follow in making such estimates, namely,
that if an element can be determined as present
by quantitative analytical methods it may be
considered common or at least not very rare.

Rubidium is assigned to a high position in
the order of abundance among the rare ele-
ments because of its presence in many speci-
mens of some common minerals, especially
fcldspsus,“‘ micas,” beryl® and leucite. It
is undoubtedly more abundant than caesium,
although caesium is present in some beryl,*® and
we have provisionally assumed the rano
Rb:Cs::10: 1.

8 Hillebrand, W. F., Distribution and quantitative occurrence of
vanadium and molybdenum in rocks of the United States: Am. Jour.
Scl., 4th seor., vol. 6, p. 209, 1898.

9 Jerguson, J. B., The occurrence of molybdenum in rocks, with
spocinl reference to Lhoso of Hawail: Am. Jour. Sci., 4th ser., vol. 37
p- 309, 1914.

9 Vernadsky, W., Sur le microclitie & rubidium: Soe. fran¢. minéra.
logie Bull,, vol. 36, p. 258, 1913; Notes sur la distribution des éléments
chimlques dans I'écorco terrestre: Acad. Sci. Petrograd Bull!, 6th ser.,
vol. §, p. 951, 1914, This last paper Is in Russian.

9 Clarke, I*. W., Researches on the lithia mlcas Am. Jour. Scl 3d
ser., vol. 32, p. 357, 1886.

% Dupare, L., Wunder, M., and Sabot, R Note complémentaire sur
le beryl de Madagascar: Soc. ﬁan(; mméra]ogle Bull,, vol. 34, p. 241, 1911.

¥ Vernadsky, W. J.,, Usber Worobiewit und dle chemische Zusam-
monsotzung der Berylle: Mus. Piorre le Gmnd prés Acad. Imp. Sci. St..

Pétorsbourg T'rav., vol. 2, p. 81, 1908.

9 Penfield, 8. L., On the occurrence of alkalies in beryl: Am. Jour. Sci.,
3d ser., vol. 28, p. 25, 1884. Penfleld, 8. L., and Sperry, E. S., Min-
oralogical notes, 1, Beryl: Am. Jour. Sci., 3d ser., vol. 36, p. 317, 1888.
Lacroix, Alfred, Nouvelles observations sur les minéraux des pegmatites
de Madagascar: Soc. frang. minéralogie Bull., 33, p. 46, 1910. Ford, W.
K., The offect of the presence of alkalles in beryl upon its optical proper-
tles: Am. Jour. Sci., 4th ser., vol. 30, p. 128, 1910. Lacroix, Alfred,
Minéralogie de la France, vol. 4, p. 809, 1910; Minéralogie de Madagascar,
vol. 1, p. 546, 1922,
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The position of arsenic in the table is fairly
well established by the -work of Clarke and
Stei,,er % who found 0.00074 per cent of
As,O; in a composite sample of 329 rocks from
the United States. ‘The value nx 10~ may
therefore be considered as a close approxima-
tion to the truth. ' -

Tin has been  detected by several chemists
in orthoclase, mica, and possibly other silicate
minerals.” Cassiterite, the chief tin ore, is
almost invariably associated with granite, and
Ferguson and Bateman® have thought that in
general the tin-bearing granites are ‘“‘more
potassic than the average granite.” We
believe that tin is . associated with sodic
granites. Its position in the table is tentative.

Dittmar’s -analyses of oceanic salts showed
in them a ratio of chlorine to bromine of about
300 to.1, which we have adopted, although
there is grave doubt whether this ratio will
apply to the solid igneous crust, in which the
relative quantity of bromine is probably less.
Todine is less abundant than bromine and its
quantity may be tentatively put at one-tenth
of that of bromine; there seem to be no satis-
factory data on which to base an even approxi-

| mately correct estimate.

Scandium has been detected spectroscopl-
cally by Crookes® and by Eberhard! in many
common rocks and minerals. As the spectrc-
scopic ‘method used by Eberhard is ““capable
of detecting one part of scandia in twenty thou-
sand,” and as both Crookes and Eberhard found
it widely distributed, a rough idea of its ap-
proximate relative abundance may be had.
Vernadsky? concludes from Eberhard’s observa-
tions that scandium occurs mostly in the min-
erals of granitic and syenitic pegmatites.

" Antimony has seldom been determined in
igneous rocks. Mingaye? found 0.03 and a

9 Clarke, ¥. W., and Steiger, George, The relative abundance of several
metallic elements: Washington Acad. Sci. Jour., vol. 4, p. 60, 1914.

9 Compare Beyschlag, F., Vogt, J. H. L., and Krusch, P., op. cit.,
p. 154.

9 Ferguson, H. G., and Bateman, A. M., Geoiogic feahues of tin
deposits: Econ. Geology, vol. 7, p. 209, 1912.

9 Crookes, Sir William, On scandium: Roy. Soc. London Philos,
Trans., ser. A, vol. 209, p. 15, 1908, and ser. A, vol. 210, p. 359, 1910.

1 Eberhard, G., Ueber die weite Verbreitung des Scandiums auf der
Erde: K.-preuss. Akad. Wiss. Sitzungsber., 1908, p. 851. Sce also Levy,
8. 1., The rare earths, their occurrence, chemistry, and technology,
pp. 3 213, 1915; and Spencer, J. F., The metals of the rare earths, pp. 20,
128, 1919

2Vemadsky, W., Zur I‘rage ueber dxe Verbreltung des Sczmdmms:
Acad. imp. sci. St. -Pétersbourg Bull,, vol. 2, p. 1273, 1908. Referate in
Zeitschr, Kryst., vol. 50, p. 69, 1912,

3 Andrews, E. C., The geology of the New England plateau, with
special reference to the granites of northern New England: New South
Wales Geol. Survey Rec., vol. 8, pp. 217, 218, 1907.
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“trace” of Sb,0, in two granites of New South
Wales, and 0.14 per cent is reported in a Mexi-
can thyolite.* Its rather common occurrence
as an accessory in many ore bodies indicates
that it is fairly widespread. The position
assigned it here must be regarded as tentative.

The place of cadmium is fairly well fixed by
the studies by Clarke and Steiger® of a large
number of technical determinations of cad-
mium in zinc ores, leading to the approximate
ratio Zn : Cd :: 200 : 1. Accordlng to Vogt®
the ratio for most occurrences ranges from
600 1 to 1,000 : 1.

"The position of mercury is difficult to fix,
because the deposits of this metal are peculiar
in many ways, and mercury is seldom accom-
panied by large amounts of other metals, so

that a basis for estimation of its comparative

abundance is lacking.” Mercury has never
been found in any igneous rock, so far as we
know, a fact probably due to its ready vola-
tility. The position assigned it here is tenta-
tive.
with bromine, its relative amount being placed
tentatively at about one-tenth of that of the
latter. Bismuth is unquestionably less abun-
dant than antimony, but there appear to be no
data from which to form a just estimate of its
relative abundance. It is assumed that -bis-
muth is about one-tenth as abundant as
antimony, but-the ratio is probably less than
this. \

Several attempts have been made to esti-
mate the order of abundance of the precious
metals—silver, gold, and platinum ®—bhut be-
cause of the natural concentration of gold and.
platinum in placers, the rarity of the primary
occurrence of these metals in igneous rocks,
and their nondetermination in most rock
analyses, the results are not very satisfactory.
Primary gold and silver have been reported in
a considerable number of igneous rocks, but
the truly primary nature of the metals in

Todine has been mentioned in connection |
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some of them is doubtful. Silver and gold
have been found in very small amounts in
igneous rocks of Nevada and Colorado ® and
of British Guiana! in places where their
derivation from ore bodies seems to have been
impossible. Mallet found silver to the extent
of 1 part in about 100,000 in-the volcanic ash
of Cotopaxi and of Tunguragua.!* Lincoln
decides that although ‘“the data concerning
the primary gold and silver content of igneous
rocks are insufficient to warrant drawing defi-
nite conclusions, thé evidence, such as it is,
tends to show that the igneous rocks contain
minute amounts of gold and silver, distributed
in an extremely irregular manner, * * *
and that the gold favors neither acid nor basic
rocks, while the silver manifests a slight par-
tiality for basic rocks.” Harrison, on the
other hand, inclines toward the belief that in
British Guiana the two metals are associated
with basic rocks, especially gabbro and dia-
base, while Beyschlao and Vogt think that they
show no decided preference or that “at least
no regular rule formulatmcr such preference can
be drafted.”

Silver is undoubtedly much more abundant
than gold, but it is somewhat difficult to arrive
at an exact ratio. Vogt estimates the ratio at
Ag Au ::25-100:1, whlle Lindgren®? is of the
opinion that “sﬂver may constitute 0.000,01
per cent of the crust and gold 0.000,000,5 per
cent—that is, in about the ratio Ag: Au ::20: 1.
Wagoner®® obtained the ratio Ag : Au :: 16 : 1
from a long series of assays of various igneous
rocks. For our purpose, then, the relative
positions of silver and gold may be expressed
by putting gold one decimal place below silver.
We differ with Lindgren, however, in placing
both of them one decimal place lower in the
table than he does.
~ Platinum and the other metals of the plati-
num group * occur mostly as native metals,
the products of magmatic segregation, in olivine
rocks (dunite, peridotite) and in pyroxenite,

4 Farrington, O. C., Observations on the geography and geology of
western Mexico, including an account of the Cerro Mercado: Field Col-
umbian Mus. Pub. 89, Geol. Ser., vol. 2, No. 5, p. 224, 1904.

6 Clarke, F. W. and Steiger, George The relative abu.ndance of several
metallic elements Washington Acad. Sci. Jour., vol. 4, p. 61, 1914,

6 Vogt, J. H, L., Ueber die relative Verbreitung der Elemente, be-
sonders der Schwermetalle: Zeitschr. prakt. Geologie, 1898, p. 386.
Compare Beyschlag, F., Vogt., J. H. L., and Krusch, P., op. cit., p. 162.

7 Compare.Lindgren, Waldemar, Mineral deposits, pp. 458, 472, 1913,

8 Compare. Vogt, J. H. L., Ueber die relative Verbreitung der Ele,
mente, besonders der Schwermetalle: Zeitschr. prakt. Geologie, 1898,
pp. 322,388. Beyschlag, F., Vogt, J. H. L., and Krusch, P., The deposits
of the useful minerals and rocks, vol. 1, p, 155, 1914. Lindgren, Walde-
mar, Mineral deposits, p. 10, 1913. For gold, see Lincoln; F. C., Certain
natural associations of gold: Econ. Geology, vol. 6, p. 250, 1911

9 Clarke, F. W., The data of geochemlstry, 4th ed.: U. S. Geol. Survey
Bull. 695, p. 631, 1020, -

10 Harrison, J. G., The geology: of the gold fields of British Guiana,
pp. 63, 78, 96, 204, London, 1908. ’

1 Mallet, J. W., On the occurrence of silver in volcanic ash from the
eruption of Cotopaxi of July 22 and 23, 1885: Roy. Soc. London Proc.,
vol. 42, p. 1, 1886. )

12 Lindgren, Waldemar, Mineral deposits, p. 14, 1913,

13 Wagoner, Luther, The detection and estimation of small amounts of
gold and silver: Am. Inst. Min. Eng. Trans., vol. 31, p. 798, 1901,
Compare Lindgren, Waldemar, op. cit., p. 11.

14 For the occurrence of platinum, see Kemp, J. F. Geologxcal relations
and distribution of platinum and associated metals U. 8. Geol. Survey
Bull: 193, 1902; Beyschlag, F., Vogt, J. H. L., and Krusch, P., op. cit.,
p. 342; Lindgren, Waldemar, op. cit., p. 744; Dupare, Louis, and Tikono-
wich, M. N., Le platine et les gites platiniféres, Genéve, 1920.
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and rarely in less basic ones. The platinum
arsenide (sperrylite) occurs with copper ores in
Ontario and Wyoming, and ruthenium sulphide
(laurite) is known. Studies by Vogt ** on the
occurrence of gold and platinum in magmatic
nickel pyrrhotite deposits in gabbro in Norway
and at Sudbury show that small quantities of
these metals are normally present in these
gabbros and their basic differentiates, and that
the amount of platinum is consider ably greater
than that of gold, but the difference is probably
not great enouo'h to justify their separation by
a decimal place in the list.

Duparc and Tikonowich ! have estimated
the amount of platinum per cubic meter of
dunite in two of the mining districts of the
Ural Mountains, their calculations being based
on the total volume of rock excavated and the
amounts of metal extracted and stolen and
_remaining. Their figures are 0.1700 and 0.0115

gram of platinum per ton of rock, which corre-
spond to 5 X 10~® and 4 X 10~° gram of platinum
per gram of rock. It would appear, from the
many analyses of platinum that they give and
from other sources, that the relative order of
abundance of the metals of the platinum group
is as follows: Pt, Ir, Os, Pd, Rh, Ru. Plati-
num is by far the most abundant, about ten
to twenty times as abundant as iridium, which

seems to be rather more so than osmium.

These are about five t6 ten times more abun-
dant than palladium, which is a little more
abundant than rhodium, while ruthenium is
the rarest of all. The order of abundance is
inverse to that of their atomic weights.
Selenium and tellurium are both among the
rarer elements, but selenium is much less rare
than tellurium. “‘In minute- quantities sele-
nium is present in many deposits, particularly
in the pyritic copper deposits, and it is recov-
ered on a rather large scale during the electro-
lytic refining of copper.”'” Selenium occurs
also very generally with sulphur, so that ‘‘it
is found almost regularly in the lead chambers
of sulphuric acid works. In amount, however,
it falls far behind sulphur, the relation between
the two being as 1 to 100,000.”” ** Tellurium

occurs for the most part in combination with |-

gold, and these tellurides generally contain

I8 Vogt, J. H. L., Platingehalt in norwegxschem Nickelerz: Zentschr
prakt. Geologie, 1902 P. 258.

16 Dupare, Louis, and Tikonowich, M. N., op. c;t ) D 210.

17 Lindgren, Waldemar, op. cit., p. 493.

18 Beyschlag, I, Vogt, J H. L., and Krusch, P., op. cit., p. 151,
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to be great.

2f
much more tellurium than gold. For thisreason,
in spite of the relative abundance of free gold,
concentrated in placer deposits through its
high density, tellurium has been placed above
gold in the table. Selenium has been assigned
the value relative to sulphur given it by Bey-
schlag, so that it is probably ten times more
abundant than tellurium.

Traces of gallium, indium, and thallium are
found in rocks and minerals much more often
than was formerly thought, as is shown
especially by the studies of Vernadsky ** and
of Hartley and Ramage,® the last named
having also detected gallium in a meteorite.?
Hartley and Ramage found gallium (spectro-
scopically) in nearly all hematite and limonite
ores, but seldom indium and thallium; in-
dium, but not gallium or thallium in siderite;
gallium in bauxite and kaolin; gallium in
nearly all zinc blende, indium frequently, and
thallium occasionally; indium in all tin ores;
gallium and thallium in manganese ores; in-
dium and thallium in many pyrites, but gal-
lium in only one; no gallium, mdlum, or thal-
lium in galena.

Gallium (alloyed with some mdlum) has
been obtained from spelter of Missouri.?
It is said that 12,000 pounds of spelter con-
tained “a few grams of gallium,” and that 8
grams of ga,lhum were obtained from 100
pounds of zinc oxide, the source of which is
not stated. The quantity of indium in the
Missouri spelter appears to be less than one-
tenth of that of the gallium. A little ger-
manium occurs with the gallium in the zinc
oxide. Thallium is Wldespread in  small
amounts in iron pyrites and other minerals,
which, as Moissan says,® is doubtless the cause
of its presence in many industrial products.

It is somewhat difficult to determine the
order of abundance of these three elements, as
the difference between them does not appear
Vogt 2* places them in the order
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19 See references in recent volumes of Chemical Abstracts. The papers
by Vernadsky are in the Russian language.

2 Hartley, W. N., and Ramage, H., The wide dissemination of some
of the rarer elements and the mode of their association in common ores
and minerals: Chem. Soc. London Jour., vol. 71, p. 533, 1897,

2 Ramage, H., Gallium, its wide distribution .etc.: Chem. News, vol.
13, p. 280, 1913.

28 Hillebrand, W. F., and Scherrer, J. A., Recovery of gallium from
spelter in the United States: Jour. Ind. Eng. Chemistry, vol. 8, p. 225,
1916. Fogg, H. C., and James, C., Extraction of gallium and germanium -
from zinc oxide: Am. Chem. Soc. Jour., vol. 41, p. 947, 1919.

- 38 Moissan, Henri, Traité de chimie minérale, vol. 4, p. 910, 1805.

% Vogt, J. H. L., Platingehalt in norwegischem Nickelerz: Zeitschr.

prakt. Geologie, 1902, p. 325.
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thallium, indium, gallium; Beyschlag ?° states
that a blende rich in indium gave the ratio
In:Zn :: 1 :1,000, and that two other blendes,
rich in gallium, gave the ratio Ga:Zn ::1
30,000. In the Missouri zinc mentioned above
the .content of indium is much less than that
of gallium. Thallium appears to be less
abundant than the other two. We tentatively
place them in the order indium, gallium,
thallium, but with the same decimal place or
exponent.

Germanium is undoubtedly less Wldely dif-
fused and less abundant than any of the pre-
ceding elements. It forms an essential con-
stituent of only two very rare minerals, but is
present in very small amount in many zinc
blendes.?® It is known to occur in notable
amount. in only two districts, Bolivia and
Saxony. Urbain, who studied its distribution, |
obtained 5 grams of the metal from 550 kilo-
grams of Mexican blende.” It is stated that
the germanium produced at-the Freiberg mine
- amounts to about 30 kilograms, which was
_extracted from 325 kilograms of argyrodite.?®

We have tentatively assigned to germanium
a position in the table below thallium, with
one more decimal place.

The position of radium has been brleﬂy
mentioned above (p. 24) in discussing the
. positions of uranium and thorium. It seems
to be clear that the radioactive determinations:
of "the amounts of radium in many igneous
rocks establish its avera,ge amount as n'X 10712
gram per gram of rock, ”’ being -probably
about 2.5.. This places it at the end of the
second part of Table 11. . According to Moore
and Kithill # the. total production of radium
from uranium ores (either extracted or present
in the ores) in 1912 was, in the United States:
about 6.6 grams, and in Austria and. other
countries about 3 grams, making a total actual
or potentml production of about 10 grams ofI
radium in-1912.

It may be of interest to quote the ﬁgures
: exp1ess1ng approx1mately the- relamve abund-

% Beyschlag, F., Vogt, J. H. L.; and Krusch, P., op. cit., p. 163
- 26 Urbain, Georges, L’analyse apectrograpmque de la blende: Compt.’
Rend., vol.'149, p. 602, 1909. Buchanan, G. H., The occurrence of ger-"
manium in zinc materials: Jour. Ind. Eng. Chem., vol. 8, p. 585, 1916.
# Urbain, G., Blondel, M., and Obiedof; 1’ extractlon de germamum
des blendes: Compt Rend., vol 150, p. 1758, 1910.
't % Moissan, Henri, Traité de chimie minérale, vol. 2, p. 560, 1905.
2 Moore, R. B., and Kithill; K. L., A preliminary report on uraniuin,
radium, and vanadium:U. 8. Bur. Mines-Bull. 70, p. 56, 1913.
~ . ' z N . .
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tance of the various elements arrived a
by Beyschlag, Vogt, and Krusch.®*® They are:

500 'oxygen:1 sulphur; 10, 000—100 000 sulphur:1 sele-
nium; 500 sodium:480 potassium; 1 lithium:} rubidium;
5 chlorine:1 fluorine; 2 chlorine:1 fluorine, in the solid
crust; 150 chlorine:1 bromine; f#yiodine: 400 calcium; 1

‘barium:} strontium; 500 magnesium:1 glucinum [beryl-

lium]; 1,000 aluminum:1 barium; 10,000 aluminum:1

cerium, 1 yttrium; 65 silicon:1 titanium; 25 titanium:1

zirconium; 25,000 silicon:1 tin; 60 iron:l manganese; 300
iron:1 chromium; 500 ifon:1 nickel; 10-15 nickel:1cobalt;
500-2,000 lead or copper:1 silver; 25-100 silver:1 gold;
500-1,000 zinc:1 cadmium. :

One very striking fact appears on a survey
of the two parts of Table 11, namely, the very
sharp division into abundant and common
petrogenic elements and rare metallogenic
elements. From oxygen down to and includ-
ing rubidium the elements listed in the order
of their abundance sare petrogenic, with the
three exceptions of copper, zinc, and lead,
the iron-cobalt-nickel triad being considered
petrogenic. On the other hand, from arsenic
down to the end-of the list the elements are
metallogenic, again with three exceptions,
caesium, scandium, and radium, the platinum
metals being considered metallogenic. This is
in striking confirmation of our division of the
periodic table of the elements into the two.
groups shown on page 76.

The exceptions of copper, zinc, lead, and
radium seem to be real, as their positions in

{ the table are based on data of such character

that they can not be far wrong. It may be
that future investigation and further knowledge
may prove the exceptional positions of caesium:
and scandium to be incorrect, and that they
really should be placed farther up, among the
other petrogenic elements. If we leave these
few exceptions aside this sharp division of the
table justiﬁes confidence in the belief that
there is some fundamental difference between
the two groups of elements. _
. AVERAGE COMPOSITION OF SEDIMENTARY
‘ ' ROCKS.

‘We have some good material to show the
composition of the sedimentary rocks, but it
is not comparable in quantity with that from

‘which we have computed the composition of

the igneous rocks. .The sedimentary rocks
represent, however, material that was origi-

| nally igneous but that has been differentiated

@ Beyschlag, F., Vogt, T. H. L., and Krusch, P., op. cit., p. 157

7
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into many forms by natural processes. From
this material salts have been leached into the
ocean, and to it oxygen, water, and carbon
dioxide have been added, mainly from the
atmosphere. Corrections can be made for
these changes, but their effect is very small.
For the present purposes sedimentary rocks
may be divided into shale, sandstone, and
limestone. Few analyses of shale and sand-
stone are available, and the method of averag-
ing adopted for the igneous rocks is not appli-
cable to the sedimentary rocks. A different
procedure has therefore been adopted—that
of analyzing composite samples made up of
many specimens. Average mixtures of a
large number of parts of representative samples
of shale, sandstone, and limestone were pre-
pared, and an analysis was made of each
mixture. The results appear in the following
table, in which the original figures are recal-
culated to 100 per cent. _
 TapLe 12.—Ave7-a§c composition of sedimentary rocks.

05

'l‘mcc

........ Trace. | Trace Trace.-|........
C(zorgamc).. .80 ...l SR .72
100. 00 | 100. 00 | 100.00 | 100.00 | 107.34
o Includes organic matter.
1. Composite analysis of 78 shales. -
2. Composite analysis of 253 sandstones.
3. Composite analysis of 345 limestones.
4. Average composition of sedimentary rocks. (Clarke

and Washington.)

5. Average composition of sedimentary rocks, Leith,
C. K., and Mead, W. J., Metamorphic rreolog,y, a text
book, Table 18, p- 80, New York, I915 No explana,tlon
19 given of ‘the hlgh total.

9 The mixtures were made under the direction of G. K. Gilbert, md
the samples were analyzed by EH. N, Stokes. See Clarke, F. W. Analyses
of rocks and minerals from the laboratory of the United States Geologlcal
Survey, 1880-1914: U. 8. Geol. Survey Bull. 591, p. 23, 1915.

through organic agencies,

.- e .' e N
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In column 4 is given the average composi-
tion of all sedimentary rocks, based on the
figures in -the three preceding columns, the’
classes of sedimentary rocks having been

.weighted as follows: Shale 80 per cent, sand-

stone 15 per .cent, limestone 5 per cent. The
average sedimentary rock shows some resem-
blances to, as well as some significant differences
from, the average igneous rock as given in
Table 10.. In the average for sedimentary
rocks, silica, ferric oxide, lime, and potash
are about the . same as in the average for
igneous rocks; alumina, ferrous oxide, magnesia
and soda are notably less; and water (com-
bined and hygroscopic) and carbon . chomde
are much more. Titanium and phosphoric
oxides are less in the sedimentary rocks, while
the amount of sulphur has increased.

The results of our calculations.as to the
changes' brought about by weathering and
other processes in the production of sedimen-
tary rocks from igneous rocks differ in some
respects from those of Leith and Mead,® yet
the two are in accord as to the most salient
changes, at least in direction. In both com-’
parisons ferric oxide has increased and ferrous
oxide has decreased in the sedimentary rocks;
there is little change in silica, alumina, and
potash; soda has greatly decreased in both
magnesia has decreased and lime increased.
The decrease .in magnesia‘“and especially in
soda may be attributed to*solution and the
consequent presence. of salts of sodium and
magnesiutm in the oceanic waters. Leith and
Mead attribute the retention of lime, one of
the most soluble constituents, to “inaccuracies

in the average analyses employed;”. it seems,

however, more reasonable. to attribute it to
the redeposition .of dissolved lime as limestone
especially animal
agencies. The retention of potash seems to be
rightly attributed to its entry into relatively
stable hydrated minerals; such as sericite, and

| to the ready retention of potassium salts by

clays and other colloids, a feature that is in
marked contrast with the behavior of sodium
salts. The great increase in the.’percentages
of water and carbon dioxide in.the sedimentary

| rocks shown by both comparisons is readily

L)
8 Leith, C. K., and Mead, W. J., Metamorphic geology, & textbook.
pPp. 79-88 and Table 13, New York, 1915. Their relative amounts of
shale, sandstone, and limestone differ somewhat from ours.
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understandable; as hydration and carbonation
are the principal processes in the production
* of sedimentary rocks from igneous rocks.

AVERAGE COMPOSITION OF THE LITHOSPHERE.

In attempting to compare these analyses
with those showing the average composition
of the igneous rocks we must remember that
they do not represent well-defined varieties of
rock, but mixtures that shade into one another.
Most limestones contain some clay and sand;
" most shales contdin some calcium' carbonate.
Furthermore, the samples analyzed do not
include all the products of the decomposition
of the original rock, and they do not represent
the great masses of sediment on the floor of
the ocean; nor do they contain the salts and
the other materials that have been dissolved
and removed from the rocks. -

Partly on these accounts and partly because
the sedimentary rocks contain water and carbon
dioxide, which have been added to the original
igneous material, the composite analyses can
not be .so recombined as to show exactly the

THE COMPOSITION OF

" composition of the original rock. To do this

it would be necessary to allow for the ecceanic
salts, which represent, in pzut at least, losses
from the land. That factor in the problem
however, is perhaps the least embarmssmg,
for its magnitude can easily be estimated, and
the estimate gives'a measure of the extent to
which the igneousrocks have been decomposed.

If all the sodium in the ocean was leached-

from the prlmltlve rocks and if the average‘

composition of those rocks as stated is cor-
rect, the.quantity..of sodium in the hydro-
sphere—the ocean—is very nearly one-thir-
tieth of that in. the 10-mile lithosphére.. That
is, a shell of igneous rock one-third of a:mile
thick, completely enveloping the globe, would
-yield on complete décomposition all the sodium

now in the ocean. Some sodium, however, is’
retained in the sediments, and the analyses:

show that it is about one-third of .the total
original amount in the igneous rocks from which
the sediments were derived. That is,
oceanic sodium represents two-thirds of ‘that
produced by the decomposition of the rocks,
and the estimate must accordingly be in-
creased ene-half.

would yield slightly more sodium than that in
the sea and the sediments.

the -

Therefore, a rock shell half.
‘a mile thick, completely envelopmg the globe,,

-expedition.

THE EARTH’S CRUST.

In order to make this estimate more precise
let us consider the data upon which it is
based. The maximum allowance for sodium
in: the ocean is 1.14 per cent, as shown by
Dittmar’s . analyses made for the Challenger
The maximum is taken rather
than the average, in order to allow for the beds
of salt in the earth’s crust. This maximum is
fully adequate, for if all the saline matter of the
ocean could be collected into one solid block
its volume would be more than 4,800,000
cubic miles, énough to cover the entire United
States-to a depth of about 1.6 miles. In com--
parison with a quantity so great in a calcula-
tion such as ours the known beds of salt in the
crust of the earth become negligible.

The quantity of sodium in the igneous rocks,
as shown in our final average, amounts to 2.85
per cent. Now, assuming that the hydro-
sphere—the ‘ocean—represents 6.9 per cent and
the lithosphere 93.1 per cent of the 10-mile
crust, we find that the ratio between oceanic
sodium and rock sodiumis about 1:35. Hence,
the sodium in the ocean is equivalent to that
contained in one thirty-fifth of all the igneous
rocks of the earth’s crust to a depth of 10
miles, or to 46,500,000 cubic miles of the aver-
age igneous rock.

The amount of sodium left in the sedimen-
tary rocks can be determined from their com-
posite analyses. This sodium is found chiefly
but not entirely in the shales, and it amounts to
less than 1 per cent of the rocks—probably
about 0.90 per cent. This percentage is about
32 per cent of the total sodium in the igneous
rocks, so that the oceanic sodium, which
represents the quantity removed from the
rocks by leaching, amounts to 68 per cent of
the total sodium originally in the rocks. From
this perecentage and the equivalent volume of
igneous rock given above we may derive the

following ratio: 68:100: :46,500,000:68,400,000.

That is, 68,400,000 cubic miles of igneous rock

has undergone decomposition to yield the

sodium in the ocean and that in the sedimen-
tary rocks. An allowance of 10 per cent,
which is perhaps excessive, may be made for
the increase in the volume of the sedimentary

‘rocks by .oxidation, carbonation, and absorp-

tion of water. This allowance will raise the
volume assignable to the sedimentary rocks to
75,200,000 cubic miles. Assuming a thickness
of 10 miles of rock below sea level and in-
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cluding all elevations on the continents, we
may say that the volume of the lithosphere is
1,633,000,000 - cubic miles. Of this volume,
then, a little less than 5 per cent represents
the sedimentary rocks.

The figures thus given differ considerably .

from those found in earlier estimates.® The
difference is due entirely to the higher per-
centage of sodium as given in our final average
for the composition of the -igneous rocks.
That increase, from 2.50 to 2.85 per cent,
lowers the amount of rock needed to supply
the sodium of the ocean and 'so reduces the
thickness assigned to-the sedimentary beds.
It is conceivable that other changes in the fun-
. damental data may modify our conclusions.
If the ocean contained primitive sodium, not
derived from the rocks, the half-mile thickness
must be regarded as a maximum. If the
primeval rocks were richer in sodium than
those of to-day a smaller mass of them would
suffice to account for the salt in the sea; if they
were poorer more would be needed. Of these
two possibilities the former is the more likely,
but neither need be considered. If we assume
that our igneous rocks are not altogether
primary,°but that some of them are re-fused
or metamorphosed sediments, we must con-
clude that they have been partly leached and
" have therefore lost sodium. That is, the origi-
nal matter was richer in sodium, and our half-
mile estimate is consequently too large.

One other uncertainty in our present calcu-
lations must not be ignored. These calcula-
tions are based upon an estimated volume for
the ocean of 302,000,000 cubic miles, having an
average salinity of 3.5 per cent and a specific
gravity of 1.03. But other estimates of the
volume are larger, one of them being as much
as 327,000,000 cubic miles, an increase of about
8 per cent. This is an extremely high esti-

mate, but any increase at all implies that a |

larger quantity of sodium must bé considered
and therefore that a larger volume of rock has
been decomposed., Even with this highest esti-
mate the thickness of a sedimentary shell en-
veloping the entire globe would still be less
than half a mile, the figure that will be re-
tained in our future calculations. To modify
this figure to any extent would be to strain
after unattainable precision. We are dealing

3 See Clarke, F. W., The data of geochemistry, 4th ed.: U. S. (‘eol
Survey Bull. 695, pp. SO 31, 1920.
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with quantities that are not mathematically
exact but thdt are subject to various errors.
These errors, however, do not all tend in one
direction; in part at least they are compensa-
tory. -

The relative proportions of the different
sedimentary rocks in the half-mile shell can be
estimated only approximately. Such an esti-
mate can be best made by studying the average
igneous rock and determining the way in which
it can break down. A statistical examination
of about 700 igneous rocks, which have been
described petrographically, leads to the fol-
lowing rough estimate of their mean mineral
composition:

Average composition of the igneous rocks.

[AT1:1 4 72N 12.0
Feldspars. .coeeee o lviiiaiiiiaiannann 59. 5
Pyroxene and hornblende............ 16.8
MiCR. e et e de it aeaas 3.8
Accessory minerals................... 7.9

100. 0

The average limestone contains 76 per cent
of calcium carbonate, and the composite
analyses of shales and sandstones correspond
to the subjoined percentages of the component,
minerals: :

Average composition of shale and sandstone.

Shale. sst%%%..
(A1) 4 22.3 66. 8
Feldspar....ocooeioimiiiiiaiaaiiaan.. 30.0 1L 5
Clay b.. e 25.0 6.6
Limonite..... 5. 6 18
Carbonates. . e 57 11.1
Other Minerals. ...........o.oooooono.. 11. 4 2.2

100. 0 100. 0

. o The total percentage of free silica.

b Probably sericite in part. In that case the percentage of teldspar
becomes lower.

If, now, we assume that all the igneous
quartz (12 per cent) has become sandstone it

‘will yield 18 per cent of that rock, which is
evidently a maximum, for some quartz has re-

mained in the shales. One hundred parts of
the average igncous rock will form on decom-
position less than 18 per cent of sandstone.
The igneous rocks contain 5.10 per cent of
lime;, mostly in the feldspals and pyroxene
shown in the table given above. This lime
would form 9.10 per cent of calcium carbonate
or, reckoned as an average limestone, 10.9 per
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cent of the crust. But at least half the lime
has remained in sediments other than lime-
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THE EARTH’S GRUST.

TABLE 13.—Awerage composition of the lithosphere—Con.

stone, so that its true proportion can not reach 1 2 3 4 5

6 per cent, or one-third the proportion in the

sandstones. The remainder of the igneous 'S?’{"‘::::: e o5l 'f‘f’ ..... 07 _:83 """ T06

material, plus some water and minus the | (Ce,¥),0, 027 .02

oceanic sodium, has formed the siliceous resi- 22(())3 - ':gg AR Ittt N ‘82

dues that are grouped under the vague title of 11\\41103 s 12 ‘Trace. | Trace. | 05 1

shale. B0, o | Ie| e 0| 0
Broadly, then, we may estlma,te that the S0 ...l .02 .00} .00 .00 .02

lithosphere, within the limits of 10 miles here {j:f?_‘_‘::‘_::: o Tra‘ce Trace Trace. :8}

assumed, contains 95 per cent of igneous rock | C............ .00 80 e .04

and 5 pér cent of sediméntary rock. If we 100.00 | 100.00 | 100.00 | 100.00 | 100.00

assign 4 per cent of the sedimentary rocks to -

the shales, 0.75 per cent to the sandstones, | Average igneous rock (95 per cent).

and 0.25 per cent to the limestones, we shall | 2. Average shale (4 per cent).

come as near the truth as we can with our i- ﬁzemge ??‘ngszgze (g;g per Centt)o

_present data. According to this estimate | 5 We?;ﬁidlgi,emg: fuﬁosg}irieag.mﬂes)l

the sedimentary rocks should consist of 80
per cent of shale, 15 per cent of sandstone, and
5 per cent of hmestone Van Hise * divides
the sedimentary rocks into 65 per cent shales,
30 per cent sandstones, and 5 per cent lime-
stones. Mead,* by a graphic process, divides

the sedimentary rocks into 80 per cent shales,.

11 per cent sandstones, and 9 per cent lime-
stones. In a later paper Mead 3¢ modlﬁes this
estimate somewhat.

The. average composition of the lithosphere,,

“according to the estimate here made, may be
summed up as shown in the following table.
The analyses used have all been recalculated
to 100 per cent.

TasLe 13.—Awverage composition of the lithosphere.

1 2 3 4 5
\

SiOpeennnnnns 59.12 | 58.11| 78.31| 5.19| 59.07
ALG, .l 15.34 | 1540 | 4.76 | .81 | 15.22
FeyOg.nnnnn. 3.08| 402| 1.08 5 { 3.10
FeO.nnnn 3.80 | 2.45| .30 - 3.71
MgO...... .. 349 | 2.44| 1.16| 7.89| 345
Ca0. ... ... 5.08| 3.10| 550 42.57| 5.10
NaOoonnnon 3.84| 1.30| .45 05| 3.71
Ko.. .l 313 | 3.24| 132 .33| 311
‘ Hzo . 1.15 4.99 1.63 77 1.30
Ceh, 10| 2,63 5.04| 41.54 '35
mid,. 1.05 | .65| -.25| .06 1.03

. Zr0,." B O L P B
P,0r ..ol 80 | 08 T 04 .30,
Clo. oo, 05 |...o.... Trace. .02 .05
P 03 |l T 103

% 'Van Hise, C. R ‘A treatise on metamorphxsm U 8. Geol. Survey
Mon. 47, p. 940, 1904.

» Mead, W. J., Redistribution. of elements in the formation of sedl-
mentary rodks: Jour. Geology, vol. 15, p. 238,'1907.

3 Mead, W. J., The average igneous rock: Jour. Geology, vol. 22, p.
772. 1914, .

feet.

The final average is closely similar to that of
the igneous rocks alone, differing from it only
within the limits of uncertainty due to experi-
mental errors and to the assumptions made as
to the relative proportions of the sedlmentary
rocks. ‘

In the preceding table the combined Water of
the rocks is taken into account, but so far the
underground waters, which also belong to the
lithosphere, have been neglected. Extrava-
gant estimates of their quantity have been
made, based upon the fact that all rocks are
more or less porous.*’” Van Hise, however, con-
tends that the pore spaces below a depth of 6
miles are probably closed by the pressure of
the superincumbent strata, a probability that

must be considered. He estimates the volume
“of the underground waters to a depth of 10,000

meters as equal to that of a sheet covering the
continental areas to a depth of 69 meters or 226
Fuller, whose estimate is more complete,
involving a consideration of the relative quan-
tities and average porosities of the sedimentary
and igneous rocks, concludes that the volume

37 Bee Delesse, A., Recherches sur Peau dans P'intérieur de la terre:
Soc. géol. France Bull., 2d ser., vol. 19, p. 64, 1861; Dana, J. D., Manual of
geology, 4th ed., p. 209, 1895; Greenlee, W. B., The amount of water in
the earthi’s crust: Am. Geologist, vol. 18, p. 33, 1896; Keller, O., Satu®-
tion hygrométrique de ’écorce du globe: Annales des mines, 9th ser.,
vol. 12, p. 32, 1897;" Slichter, C. S., The motions of underground waters:
TU. S. Geol: Survey Watér-Supply Paper 67, p. 14, 1902; Chamberlin,
T..C.,and Salisbury, R. D., Geology, vol. 1, p. 209, 1904; Van Hise, C. R.,

| A treatise on metamorphism: U. 8. Geol. Survey Mon. 47, p. 129, 1904,

Fuller, M. L., Total amount of free water in the earth’s crust: U. S. Geol’
Survey Water-Supply Paper 160, p. 59, 1806; Adams, F. D., An experi-
mental contribution to the question of the depth of the zone of flow in
the earth’s crust: Jour. Geology, vol. 20, p. 97, 1912. See also an address
by-J. F. Kemp (The ground waters: Am, Inst, Min. Eng, Trans., vol,
45, p.. 3, 1914), . .
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.of subterranean water is about one one-hun-
dredth of that of the ocean. These conclusions
reached by Van Hise and others evidently re-
quire some modification, for F. D. Adams, by
experiments made in the compression of granite,
has shown that porosity may exist in rocks at a
depth of at least as much as 11 miles. No mat-
ter what may be the depth of porosity, however,
the quantity of underground water is so small

‘relatively that it is negligible, for, if added to the
volume of the hydrosphere it would not appre-
ciably affect the final computation, as it would
increase the proportion of water in known ter-
restrial matter by less than 0.1 per cent.

AVERAGE COMPOSITION OF THE HYDROSPH'ERE.

The composition of the ocean can easily be
determined from data given by Dittmar.®®
The maximum salinity observed by him
amounted to 37.37 grams of salts in a kilo-
gram of water,.and by taking this figure in-
stead of a lower average we make allowance
for saline masses in the solid crust of the earth,
the amount of which would otherwise not be
included in the final estimates. Table 14,
below, shows the composition of the oceanic
salts, expressed in the conventional combina-
tions. By combining the figure given by
Dittmar to show the maximum salinity of the
ocean with his figures showing the average
composition of the oceanic salts we get Table
15, below, showing the elements found in the
water of the ocean. Sea water contains some
other elements, but only in traces so minute
that they need not be considered here; no one
of them would 1each 0.001 per cent of bhe
grand total.

TaBLE 14. —Composmon oj the oceanic salts.
NaCl o o 77.76
MgClo. . v 10. 88
MESO, et e 4.74
CaS0, et 3.60
KaSOy e 2.46
0 .22
Cal0g. - eeie it .34

100. 00

Tanue 15.—Composition of the ocean.
101470 W 85.79
Hydrogen.........c.oooeiiiiiiiia.. 10. 67
Chlorine.......... e 2.07

Sodium. ... ...ttt 1.14
Magnesium.............oo.ooLlLL .14
Caleium. .. ... cooiiiiiiiiiiiiat, .05
Potassium. ... .04
Sulphur. ...l .09
Bromine................oiioilll .008
Carbon. ...c.oooiiiiiiiiiiiiiina... .002

100. 00

% Dittmar, W., Challenger Rept., Physics a.ﬁd chemistry, vol 1, 1884.
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AVERAGE COMPOSITION OF THE ATMOSPHERE.*®

The composition of the atmosphere is prac-
tically constant, except for variations in the
amount of water vapor it contains, and is
almost uniform over the whole surface of the
earth. This constancy, however, persists ver-
tically, through mixture by convection, to a
height of only about 11 kilometers. Above
this layer (the troposphere) lies the isothermal
region, the stratosphere, in which there is almost
no vertical convection and the gases lie in
strata determined by their molecular weights.
The part of the atmosphere that lies below a
height of 11 kilometers, however, constitutes
about 77 per cent of the whole, and as the
composition changes but little up to a height
of 20 kilometers, below which lies about 95
per cent of the atmosphere, ‘no appreciable
error can be made by assuming that the compo-
sition of the atmosphere is that of its surface
portion. Indeed, in comparison with the 10-
mile crust the relative mass of the whole
atmosphere is so small (0.03 per cent) that we
may regard it as composed entirely of nitrogen,
an exaggeration that allows for the traces of
nitrogen found in rocks. The figures given in
Table 16, below, for other elements than
nitrogen and oxygen are inserted chleﬂy to
make the table complete.

Tasry 16.— Volumetric composition of the atmosphere.

[Calculations made by Dr. W. J. Humphreys.]

Per cent. Kilograms.

| Nitrogen.............. 78.03 38,722, 986. 010 11
Oxygen. . ..} 20.99 11, 596, 239. 010 1!
Argon. .. .. .94 623, 925. 010 1!
Water vapor.. eeneeas 132, 600. 010 !
Carbon dioxid .03 21, 658. 010 1
Hydrogen .01 1,291. 010 1
Neon.. . 00123 471. 010 11
Helium . 0004 . 63.0x1o1
Krypton . 00005 64. 010 1
Xenon............... . 000006 11.6Xx10 v
51,100, 000. 010 1

AVERAGE COMPOSITION OF THE EARTH'S
CRUST.

We now have the data requisite for the cal-
culation of the average composition of the
known outer part of the earth—that is, the
10-mile crust, the hydrosphere, and the atmos-

- % For the data given under this heading we are indebted to Dr. W. J.:
Humphreys, Physics of the air, 1920, and The mass of the atmosphere
and of each of its more important constituents: Monthly Weather Re-

. view, vol. 49, p. 341, 1921,
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phere—in terms of its constituent elements.
The percentages of the masses involved are as
follows:

Lithosphere. ... .................... 93
~Hydrosphere....... ... ... ...... 7
Atmosphere..............o....oiL 0. 03

The lithosphere is assumed to be made up as
follows: : :

Igneousrocks........ ... ... ... ... 95. 00
Shale.....oooeeeeo it 4. 00
Sandstone.............. ... ... ... 0.75
Limestone.....ceoiieeeiiiiaaaaan.. 0.25

The results of the calculation are given in
Table 17, below. This table shows also the
calculated composition of a crust 20 miles thick
and the composition of the hydrosphere -and
the atmosphere.

TaBLE 17.—Elements in tha lithosphere, the hydrosphere, and
the atmosphem

1 2 3 4
Oxygen...............| 49.52 | 48.08 | 46.71 46. 59
Silicon.............. 25 75 | 26.72 | 27.69 27.72
Aluminum........... 7.51 7.79 8. 07 8.13
Iron.....ocooeeaiin. 4.70 4, 87 5. 05 5. 01
Calcium............. 3.39 3.52 3.65 3.63
Sodium....oevvennn.n 2. 64 2. 69 2.75 2. 85
Potassium........... 2. 40 2. 49 2. 58 2. 60
Magnesium.......... 1.94 2.01 2.08 | 2.09
Hydrogen.............| .88 .51 .14 1 .13
Titanium............. . 58 .60 . 62 . .63
Chlorine. ............ . 188 . 101 . 045 . 048
Phosphorus....... S L12 .13 .13 .13
Carbon............... . 087 . 091 . 094 . 032
Man, anese ............ .08 .09 .09 .10
Sulphu e . 048 050 . 052 . 052
Banum .............. .. 047 . 048 050 . 050
Chromium........... . 033 . 034 . 035 . 037
Nitrogen.............| .030 LO016 |
Fluorine.............. . 027 . 028 . 029 . 030
Zirconium........... . 023 . 024 . 025 . 026
Nickel.oooeeeaaans . 018 . 018 . 019 . 020
Strontium........... . 017 017 . 018 . 019
Vanadium........... . 016 . 016 . 016 . 017
Cerium, Yttrium. . . 014 . 014 . 014 . 015
Copper............... - 010 . 010 . 010 . 010
Inclusive........ e . 032 . 033 . 033 . 034

100. 000 9100. 000 [100. 000 | 100. 000

1. Average composition 10-mile crust, hydrosphere, and
- atmosphere.
2. Average composition 20-mile crust, hydrosphere, and
atmosphere.
3. Average composition 10-mile crust, 1gneous rocks,
and sedimentary rocks.
4. Average composition 10-mile crust, igneous rocks.

The average composition of the combined
igneous and sedimentary rocks (in a 10-mile
crust) and of the igneous rocks alone are re-

peated for convenience of reference. The order

" tion.
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of statement of the constituent elements is that
found in the combination of the 10-mile crust
with the hydrosphere and the atmosphere.
Under ‘““Inclusive’ are put all the less common
elements from uranium to glucinum as listed in
Table 11, page 20.

The averages in all four of the columns are
much alike, but there are some marked differ-
ences and there is a gradual transition from the

first to the last as the influence of the composi-

tion of the hydrosphere, and above all its water
content, diminishes. It is needless to point out
these and other details here; a careful com-.
parison of the columns will make them suffi-
ciently evident.

AVERAGE COMPOSITION OF STONY
METEORITES.

Merrill was the first to attempt to determine
the average composition of meteorites. In his
estimate,* made in 1909, he used 99 analyses of
stony meteorites. Farrington,* in 1911, pub-
lished estimates of the composition of both
stone and iron meteorites. He wused 125
analyses of stone and 318 of iron meteorites,
and combined the two to get a general average.
In 1916 Merrill ¢ published another estimate
of the average for stony meteorites, using 53
selected analyses, among them 16 analyses
made by Whitfield especially for the investiga-
In computing the averages, Merrill
adopted the second method already mentioned
(p. 11)—that of dividing the sum of the per-
centages. by the number of determinations;
whereas Farrington used the first method—
that of dividing the sum of the percentages
of each constituent by the whole number of
analyses considered.

Harkins # also has calculated the ‘““atomic .
percentage’’ of both stone and iron meteorites,
using Farrington’s data and weighting the
analyses of the two kinds according to the ratio
of stone to iron meteorites shown by the
observed falls—340 stone to 10 iron.* This

40 Merrill, G. P., The composition of stony meteorites compared with
that of terrestrial igneous rocks and considered with reference to their
efficacy in world-making: Am. Jour. Sci., 4th ser., vol. 27, p. 471, 1909.

1 Farrington, O. C., Analyses of stone meteorites: Field Mus. Nat, °
Hist. Pub., Geol. ser., vol. 3, No. 9, pp. 211-213, 1911.

2 Merrill, G. P., Report on résearches on the chemical and mineralog-
ical composition of meteorites, with especial reference to their minor
constituents: Nat. Acad. Sci. Mem., vol. 14, Mem. 1, p. 28, 1916,

8 Harkins, W. D., The evolution of the elements and the stability of
complex atoms: Am. Chem. Soc. Jour., vol. 39, p. 864, 1917.

"4 Farrington, O. C., Meteoritcs, their structure, composition, and ter-
restrial relations, p. 4, 1915.,
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plan is a distinct improvement on that of
averaging indiscriminately all satisfactory anal-
yses of stone and iron meteorites, because, as
both Merrill and Farrington have pointed out,
iron meteorites preponderate largely among
the meteorites found, chiefly because their
weight, density, and metallic appearance call
attention to them, whereas the meteoric stones

are overlooked as ordinary rocks and are more |

likely to decay and disintegrate by weathering.
A more just method would be to estimate, on
observed falls, the average of good analyses of
both stone and iron meteorites, and to weight
each analysis according to the weight of the
meteoric fall it represents.

Table 18 shows, in column 4, the average of
the superior analyses of igneous rocks that be-
long to the dofemane and perfemane classes as
tabulated by the junior author.4

Tanug 18.—Average analyses of stony meteorites.

100. 044

100.000 | 99.82 | 100.186

aln ¥e:0p. b Includes “Ni, Mn, Cu, Sn.”

1. Merrill, G. P., Report on researches on the chemical
and mineralogical composition of meteorites, with especial
reference to their minor constituents: Nat. Acad. Sc1
Mem., vol. 14, Mem. 1, 1916; 53 analyses.

“o Washiugton, H. 8., Chemical analyses of igneous rocks: U.S.Geol.
Survey Prof, Paper 99, 1917,
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2. Merrill, G. P., The composition of stony meteorites
compared with that of terrestrial igneous rocks and con-
sidered with reference to their efficacy in world-making:
Am. Jour. Sci., 4th ser., vol. 27, pp. 469-474, 1909.

3. Farrington, O. C., Analyses of stone meteorites:
Field Mus. Nat. Hist., Geol. ser., vol. 3, No. 9, 1911;
125 analyses.

4. Washington, H. S., Chemlcal analyses of 1gueous
rocks: U. S. Geol. Survey Prof. Paper 99, 1917. Average
of dofemane and perfemane rocks; 57 analyses.

Of the three averages of stony meteorites the
latest, by Merrill (in column 1 of the table),
may be'accepted as the best, as it is based only
on analyses of good quality and the averages of
the several constituents ‘are determined by the
second method. The differences between the

'three, however, are slight.

The average analysis of the terrestrial femic
rocks shows some features that present a strik-
ing contrast to those of the stony meteorites.
The presence of about 13 per cent of metallic
iron and nickel in the meteorites is the most
obvious one. Allowance for this would bring
the percentage of silica in the stony meteorites
considerably above that in the femic igneous
rocks, a fact that lends weight to Farrington’s
suggestion that analyses of stony meteorites
that are practically free from metallic iron
should be used for comparison with analyses
of terrestrial rocks. The much lower alumina

" and titanic oxide and the higher sulphur -of

the meteorites -are also marked and significant.
There seems to be comparatively little difference
in the figures for phosphorus, manganese,
chromium, and other elements.

ACCURACY OF THE ANALYSES.

QUESTIONS TO BE CONSIDERED.

In judging the probable accuracy of the
data on which the rock averages here presented
are based we should consider the analytical
processes employed, the possible errors made,
the probable character or trend of the errors,
and the magnitude of the errors as to each
constituent. As we are dealing here with
averages obtained by many analyses; not by
single analyses, we must consider the general
mfluence of the analytical processes on the
accuracy of the results. We must ask, for
each constituent: Are the average results
reasonably correct, or, keeping clearly in mind
our knowledge of the analytical methods used
and the possible errors made, are we to think
that the averages for various constituents are
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probably too high or too low, and 1f 'S0 by
- about what amount‘? In view of the com-
plexity of these problems, the variety of
methods that have been used by chemists of
many nationalities, and the paucity of our
knowledge as to most of the minor constituents,
it is impossible to make an even approximately
accurate quantitative estimate of the possible
or probable departures from the truth due to
analytical errors; but we can at least get an
idea, more or less justified by experience, as to
the trend or direction of the probable errors so
far as t,hev may affect each constituent, and we
may be able to make a rough estimate of their
‘magnitude. Some aspects and. details of these
problems have been discusséd elsewhere.*
These ploblems differ somewhat from those
discussed in the papers just cited, for we are
now considering the general results obtained,
not, the effects of possible sources of error in
any particular analysis. In the following
matter the phrase “minus error’” denotes that
the figure furnished by the analysis is lower
than the truth, and “plus error” that it is
higher.

PROBABLE
OF

ERRORS
THE

IN THE DETERMINATION
MAJOR CONSTITUENTS.

Silica.—The analytical errors incident to
the determination of silica, which is by far the
most abundant constituent of igneous rocks,
are of small magnitude and of relatively small
importance. Though there may be a slight
tendency to small minus errors, it has been
found, in appraising several thousand analyses
of rocks, that the determinations of silica and
of lime are the ones in which the most confi-
dence may be placed, even in analyses of in-
ferior quality. Therefore the errors.to which
its determination are liable are negligible; the
figures shown by the averages determined from
the analyses may be regarded as closely approx-
imating to the truth. :

A genera,l source of error that apphes to
many rocks is the. inevitable thouGh slight loss
of dust* that occurs while the rock. is being

"+ Washington, H. §., Chemical analyses of igneous rocks: U, S-
Geol. Survey Prof. Paper 99, pp. 13-21, 1917; - Manual of. the chemical
analysis of rocks, 3d ed., pp. 120-124, 139-220, 1919,

6 Cf. Washington, H. S., Chemical analyses of igneous rocks: U. §.:
Geol. Survey Prof. Paper 99, p. 12, 1917; Manual of the chemical analysis
of rocks, pp. 66-67, 71, 1919; also Zaleski, Stanislaus, Ueber den Kiesel.
sdure- und Quarzgehalt mancher Granite: Min. pol, Mitt., vol. 14, P,
350, 1895, . i

‘phibole,
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pulverized for analysis. If the rock is a
practically homogeneous glass, an obsidian,
say, or is very fine grained and aphanitic,
though - crystalline, as are most basalts, the
dust will be all of one kind, so that the loss of
any part of it will not aifect the composition
of the powder to be analyzed.

Minerals differ much in toughness, however,
and the brittle onhes yield more powder than
those that are tough. The powder lost during
pulverization will thelefore consist in greater
part of the brittle minerals than of the tough
ones. The powder of medium-grained to
coarse-grained or porphyritic rocks will there-.
fore contain somewhat less of the brittle
quartz, feldspar, nephelite, or leucite and
somewhat more of the tough pyroxene, am-
and biotite than thé rock itself."
This error is aggravated by the fact that the
more brittle minerals are of lower density
than the tough ones. As a consequence, most
rock analyses show slightly too low figures for
silica, alumina, soda, and potash, and slightly
too high figures for the iron oxides, magnesia,
titanium, and possibly lime. The actual error
from this source is very small, affecting no one -
constituent more than a few hundredths of 1
per cent, but it is a real error, though it is one

to Whlch little attention has been paid.

The analysis of the femic and subsﬂlcm rocks
involves greater complexities and difficulties
than the analysis of the more silicic and feld-
spathic rocks, and many of the analyses of
rocks of the kind first named are therefore poor.
We have accordingly omitted from our data
a large number of these poor analyses. More-
over, as the femic and subsilicic rocks have a
greater tendency to alteration, many.analyses
of them may not represent the original unal-
tered rock. -This discrimination between good
and poor analyses, unfortunate but unavoid-
able, would seem to give figures for silica that
are soméwhat too high: On the other hand,
however, large areas and masses of the more
silicic rocks, such as the gramtes are no doubt
madequately represented in the analyses, a
fact that would make the figures for silica
rather low. It is difficult, if not impossible,
however, to determine accurately the relative
effect of errors arising from these two sources,
but the inadequate representatldn of the silicic
and. feldspathic rocks is probably a source of -
more serious error than the exclusion of the
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many poor analyses of the femic and subsilicic
rocks. On the whole, therefore, it may be said
that the average figures for-silica should be
highér than those given here by 1 per cent
of the whole rock. This qualification applies
especially to analyses of rocks from the con-
tinental masses. In the analyses of rocks from
the oceanic islands, on the other hand, the
figures given for silica are probably too high,
possibly also by about.1 per cent. The result
as regards the average for the whole earth
would be that the percentage of silica given is
somewhat too low; it should probably be about
one-half of 1 per cent higher.

Alumina.—The determination of alumina is
more subject to error, in both variety and
magnitude, than that of any other constituent,
partly because we have no simple and direct
method for separating and weighing it indi-
vidually, for a number of other constituents are
precipitated and weighed with it. These con-
stituents ave TiO,, ZrO,, P,0;, Fe,0,, Cr,0,,
V,0,, (Ce, Y),0,, and a little SiO, and MnO,
each of which is or. should be determined
separately, and their total weight deducted
from the weight of the sample analyzed.
The alumina is thus determined by difference,
and any errors incident to the determination
of the other constituents fall on it. Also the
nondetermination of any of these constituents
increases by its amount the apparent per-
centage of alumina, an error that may be serious
in incomplete analyses, especially and most
often because of the nondetermination of TiO,
and P,0,. Many analyses that are othervwse
good show that amounts up to as much as 5 per
cent of TiO,, or several tenths of 1 per cent . of
P,0,, have not been determined, thus raising
by a corresponding amount the percentage of
alumina stated. Although we have endeavored
to exclude all such seriously defective analyses
from our tables, it was impracticable to avoid
the inclusion of some in which small amounts
of TiO, or P,0; had not been determined, so
that the stated average percentages for -Al,O,
must be regarded as a little too high. It is
difficult to estimate the amount of this plus
error, which ‘is slightly counterbalanced by
the probably too small representation of the
granitic and granodioritic rocks just mentioned
under the heading ‘‘Silica.” At a venture,
however, we might say that in all or nearly
all the averages given here the ALO, is too
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high by possibly as much as 0.5 per cent of
the rock. :

A second serious error ‘to whlch the deter-
mination of alumina is liable, especially at. the
hands of beginners and incompetent analysts, .
is that caused by the precipitation of magnesia
with.it. Such coprecipitation will occur unless
the conditions are carefully adjusted and unless
precipitation is repeated once or twice. The
apparent percentage of alumina would thus be
too high and that of magnesia too low by the
same amount. This might be and in many
inferior analyses is indeed a very serious plus
error, but it is one that is likely to occur only
with poor analysts. It is furthermore one that
may be detected in most analyses, and it is also
very likely to be connected with other serious’
and obvious analytlcal errors, such as incorrect
summation. We believe that we have ex-
ctluded from our data practically all analyses
in which this plus error for alumina is large, so
that this source of error may be neglected.

Ferric oxide.—In the determination of ferric
oxide there are several sources of error, partly
chemical and partly mechanical, the results of
which tend to produce a shght .minus error.
On the other hand, there is tendency toward a
minus error in the determination of ferrous
oxide, and as the percentage of ferric oxide
determined is dependent upon that of ferrous
oxide this tendency would be likely to produce
a corresponding plus error in that of ferric
oxide. This' error is less serious in modern
analyses than in those made twenty or more
years ago. It is very difficult properly to
balance these two opposing tendencies, but
in view of the high standard of analytical work
we have fixed for our data the average error
for Fe,O, should not be serious. We may
therefore assume that, in the averages of
superior analyses we have used, analyses made
by careful analysts and in which the ferrous
oxide has been.correctly: determined, the aver-
age figures for Fe,0, may be regarded as
fairly reliable, including probably a minus error
of, say, 0.05 to 0.10 per cent of the rock.

Ferrous oxide.—In the earlier days. of rock
analysis the. determination of ferrous oxide

"was that which was most fraught with diffi-

culty—at least of an obvious kind—because

‘of the ready oxidizability of ferrous iron and

the difficulty of decomposing the very stable,
refractory compounds into which it enters in
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“seriously invalidate the final averages.

silicates without such oxidation during the
process as seriously to invalidate the results of
the determination. More recently, however,
a very simple, rapid, and reliable method for
the determination of ferrous oxide has come
into use which, in the hands of careful workers,
is capable of yielding very accurate results, as
we have found by many years of analytical
work. At the same time, however, the ten-
dency to oxidation is still a very real danger to
a careless analyst, and a number of analyses
that are otherwise good and that are included
among our data because of the difficulty of
detecting’ their possible error as to FeO are
open to suspicion in this respect. They are
not numerous, however, nor does their inclusion
As has
been said above, this tendency to a minus
error in FeO leads to a plus error in Fe,0,.
Balancing up the probabilities roughly, it may
be said that in the averages the probable
percentage for FeO should be about 0.1 more
than that given here.

Lime.—To a careful analyst the determina-
tion of lime involves little if any serious error.
The nondetermination of strontia (which is
weighed with lime) is negligible, as this con-
stituent is nearly always found in practically
insignificant amount. Even in otherwise in-
ferior analyses the figures for lime and for
silica are those in which we can place most
confidence. In the averages, therefore, the
percentages of CaO may be regarded as free
from analytical error.

Magnesia.—The fact that magnesia.is likely
to be precipitated with alumina, except in the
presence of sufficient ammonium salts, has
already been mentioned as affecting not only
the apparent percentage of magnesia but that
of alumina. It is believed, however, that this

source of error has here been eliminated by the

selection of superior analyses. Apart from this
possible error those incident to the determina-
tion of magnesia are few and of small magni-
tude, and as they tend to be either plus or
minus, the figures for magnesia given in the
averages are no doubt closely approx1mate to
the truth.

Soda and potash —With such proper care as
is assumed to have been taken in making the
analyses here used for soda and potash, espe-
cially as since the Lawrence Smith method is
now generally employed, there is little liability

THE COMPOSITION OF THE EARTH’S CRUST.

to error in their determination, so that, so far
as the analyses are concerned, we may consider
the averages for them very trustworthy.

Water.—The old method for the determina-
tion of water by ‘‘ignition’ is generally con-
sidered unreliable, for it is one that- generally
gives too low percentages, because of the oxi-
dation, partial or complete, of the ferrous oxide
in the rock analyzed. A method by which.the
water is collected and weighed, such as the
simple, rapid, and accurate one devised by
Penfield, is now always used in superior work.
Although the method of ignition was employed
in a large number of the analyses we used to
obtain our averages, yet- the error can not be.
considered serious in view of the comparative
unimportance of this .constituent. As a con-
sequence of our inclusion of such earlier anal-
yses, however, the average percentages for
water given here are no doubt a trifle too low.
If the water had been determined by ignition
in all the analyses used and if all the ferrous
oxide in each rock had been fully oxidized the
maximum possible error would be about 0.4
per cent. Neither of these suppositions is true,
and the water averages here given are probably
too low by about 0.1 per cent of the rock.

It is unnecessary here to go into the question
of the deternnnatlon of ‘‘combined’’ and “hy-
groscopic” water, that is, the water which is
given off above and below about 110°. This
question has been discussed by Hillebrand,+
and one of us.*® In our averages we have con-
sidered only the ‘‘combined” water, as this is
essentially that which is an integral constituent
of the rock. _

Titanium drozide.—It is now well known,
chiefly because of the examples set by the
chemists of the United States Geological Sur-
vey in making complete rock analyses, that
titanium is one of the most abundant elements
of igneous rocks—the ninth in abundance.
Unfortunately it was not determined in many
of the older analyses and is not stated even in
some of the modern ones, especially those made
in Europe. As has been explained above, its

nondetermination makes the apparent percent-
age of alumina too high by the amount of TiO,
in the rock analyzed. In many of the older
analyses the amount of TiO, is reported as a

47 Hillebrand, W.F., The analysis of silicate and carbonate rocks: U, S, -
Geol. Survey Bull. 700, p. 72, 1919.

L Washmgton H.S: , Manual of the chemical analysis of rocks, pp. 12,
208, 1019,
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‘“trace,” a very misleading term, because in
many such analyses, especially those of the
femic or less silicic rocks, we may be sure that
the so-called ‘‘trace’ of TiO, is really a very
considerable percentage, as much as 1 or 2 per
cent, or, in some analyses, even 4 or 5 per cent.
We have excluded many such analyses from
our data, but we have been obliged to include
a very considerable number in which this error
occurs, especially analyses of the more silicic
and feldspathic rocks. Fortunately the
amounts of TiO, in such rocks are never very
large. It is, however, quite certain that the
average figures for TiO,, which have been ob-
tained by dividing the total titanium dioxide
by the number of analyses, are slightly too low.
It is difficult to estimate accurately the amount
of this minus error, but it probably ranges
from 0.1 to 0.2 per.cent of the total rock. The
analytical error in the determination of tita-
nium may be regarded as negligible.
Phosphorus pentoxide.—In dealing with phos-
phorus we meet the same difficulty that we
met with in dealing with titanium, namely,
that its nondetermination will affect the
apparent percentage of alumina. Although
the consequent error is very much less than

that with titanium, yet it must be considered. |

A rough estimate would indicate that the
average figures for P,0; here given should be
increased by at least one-tenth of their amount,
or, roughly, by 0.03 per cent of the total rock.
The analytical errors in the determination of
phosphorus are negligible.

Manganese oxide.—The nondetermination of
manganese oxide in many rock analyses, or its
statement as a ‘‘trace,”’ involves a slight
minus error. This error is offset to some extent
by the inclusion in our data of some earlier
analyses in which the amount of MnO is
undoubtedly too high because of the common
and probable error incident to its gravimetric
determination by the basic acetate method,
in which a little alumina may be precipitated
and weighed with the manganese. The aver-
age errors arising from these two sources—

errors ‘that tend in opposite directions—are

not great absolutely, but may be considerable
relatively. It is difficult to determine their
respective magnitudes, but we may say that,
on the whole, they involve an increase of the
average figures for MnO by about one-tenth.
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PROBABLE ERRORS IN THE DETERMINATION

OF THE MINOR CONSTITUENTS.

We have been considering the 12 chemical
constituents of igneous rocks that should be
and are assumed to be determined in every
superior analysis, so that their averages are
obtained by dividing their total amounts by
the number of analyses made. We have to-
consider now the minor constituents, which are
determined in but few analyses and only in
those of the highest class, especially in those
made by American, British, Canadian, and
Australian chemists. In analyses made to
determine these constituents the methods
employed are generally rather complicated,
but as they deal with only small quantities the
errors made, although absolutely small, may be
relatively great. As Hillebrand has said, it is
more important to know whether one of these
minor constituents is or is not present than to
know the exact percentage.

The average for each of these minor con-
stituents has been determined by taking the
mean between the quotient obtained by divid-
ing the sum of the percentages for the con-
stituent by the number of analyses in which it
was determined and the quotient obtained by
dividing the sum of the percentages by the
total number of analyses made. From our
general knowledge of the chemistry of igneous
rocks, however, and from the tendency of
certain elements to be associated with others
or with rock magmas of certain kinds, we may
form a fairly correct idea of the direction if not
of the magnitude of the corrections that should
be applied to the average figures that we
derived from the imperfect data at our com-
mand.

Zirconsa.—The oxide df zirconium occurs as
a constituent of silicate minerals in igneous
rocks much more frequently than is generally
thought, and it is not determined as often as
it should be. It is found chiefly in the more
sodic rocks, such as nephelite. syenite, phono-
lite, and tinguaite, but it occurs also as zircon in
manygranites. Furthermore, the oldermethods
for its determination are likely to yield per-
centages that are too low. On the other hand,
the rocks in which zirconia is most abundant
are comparatively rare. Balancing the several
considerations, we may say that the average
figures for zirconia are undoubtedly slightly
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low and that they should be increased by

. probably one-fifth of the amount here stated.
As this amount is small, however, only about
0.04 per cent of the rock, the difference is not
very great, nor does it affect seriously the aver-
age figure for the much more abundant alumina,
which is changed in a plus direction by the non-
determination of zirconia. _

Rare earths.—Ceria and the other rare earths
are determined in rock analyses even less often
than zirconia, yet we know, from the occurrence
of minerals containing them, such as allanite
and monazite, . that ceria, lanthana, and
yttria occur in many rocks, especially the

~more sodic rocks, insmall but readily determina-

ble amounts. Indeed, several analyses show
quantities of ceria and yttria amounting to 0.10
to 0.60° per cent. We have therefore good
reason to believe that the igneous rocks may
contain greater quantities of the rare earths
than those indicated by the few determinations
now available.

Sulphur.—Although sulphur occursinigneous
rocks both as sulphate and sulphide, it is not
generally determined; yet it is determined
more frequently than zirconia and other minor
constituents.. The sulphide sulphur is often
stated as SO,. . The average figures for sul-
phur are no doubt fairly correct, although they
are a trifle low, for we know that sulphur and
its oxides are among the most common con-
stituents of volcanic emanations.

Chlorine.—Hydrogen chloride, like sulphur,
is one of the most common constituents of
volcanic gases, and chlorine is found in some
igneous rocks, although it i not determined
as often as it should be. The average figures'
for chlorine are probably too low, although
this deficiency is in part counterbalanced by
its presence in rocks which have been collected
near the sea and Whi'ch_havek derived it from
sea water. Chlorine is also found in a few
silicates, such as the scapolites and sodalite.

Fluorine—The analytlcal determination of
fluorine, especially in the extremely small
amounts in which it occurs in igneous rocks, is

- difficult, and the results are not very dccurate.
The fluorine found is in large part a constituent
of the almost ever-present apatite, although
it occurs in small amounts in other minerals,
especially in the micas and hornblendes. A
fair estimate of the amount of fluorine in a
rock, or at least an estimate showing its mini-
mum amount, may ‘be made by considering
the amount of phosphoric oxide found, for
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are not represented among our data.
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most of the apatite in igneous rocks ‘is
fluorapatite. The. average fluorine should be
about one-tenth that of the phosphoric oxide.
Although. this percentage is somewhat higher
than that found in normal apatite, the slight
excess will cover the small amount of fluorine
in the other minerals just mentioned. The
percentage of fluorine shown in the averages
is therefore almost certainly too high—perhaps
double its correct amount. It has been cor-
rected in the final average for the earth.

Chromiwin sesquiozide.—Many igneous rocks,
especially the more magnesic and less silicic
rocks, contain a small amount of chromium,
but it is seldom determined. For these small
amounts ‘the colorimetric method gives very
accurate results, more so than gravimetric
methods. . As chromium is most abundant in
the peridotites and other olivine-bearing rocks,
which are especially liable to alteration to
serpentine, etc., many analyses of such rocks
The
average figures for it are no doubt too low;
they should be increased possxbly by 50 or 100°
per cent..

Vanadium sesquiozide.—The determination
of vanadium, because of analytical difficulties
and the very small amounts dealt with, is
attempted less often than that of chromium,
although Hillebrand and others have shown
that it is’ common in very small amounts in
the more femic igneous rocks. It has recently
been reported as present in quantities amount:
ing to several hundredths of 1 per cent in a
series of basalts from the Arctic. On the other.
hand, it seems to be absent from the more
5111c1c and feldspathic rocks.

Nickel oxide.—Nickel, like chromlum a,nd
vanadium, occurs most commonly in the more
femic rocks, especially those high in iron, but
its determination is complex -and is seldom
attempted. It has been reported, in quantities
amounting to a few hundredths of 1 per cent
in a number of rocks from Western States that
were analyzed many years ago by a chemist
then connected’ with the Geological Survey,
but his reported “nickel” was probably plati-
num derived from the basins and crucibles used
in the analyses. Nickel is no doubt widely dis-
tributed among-femic igneous rocks, but it has
not been determined as frequently as it should
be; yet because of the errors made in its rela-

4 Holmes, Arthur, The basaltic rocks of the Arctic region: Mineralog 4
‘Mag., vol. 18, p. 180, 1918.
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tively numerous determinations the average
figure deduced by us from the data at hand is
probably too high.

Baria. 50-—Ba,rlum is regulmly determined in
analyses of igneous rocks only by the chemists
of the United States, Canada, and Australis,
by Harrison in British Guiana, and (in recent
years) by chemists in England. "Its distribu-
tion is undoubtedly much wider than that
indicated by its nondetermination in analyses
made by the chemists of other countries. The
average figure for.baria is doubtless fairly
correct, as its determination involves no serious
sources of error.

Strontia.—Strontia is less often determlned
than baria, being rarely recorded except in the
-analyses made by the chemists of the countries
just mentioned. The few determinations made
indicate that it, like several other minor con-
stituents, is more widely diffused than is gen-
erally supposed. The average given by us 1s
probably nearly correct.

Lithia.—Although the spectroscope and min-
eral occurrences show that lithia is widely dis-
tributed in igneous rocks, particularly in the
more alkalic and especially sodic varieties, it
occurs in amounts so small, and the ‘analytical
difficulties in its determination are so great,
that it is seldom recorded in analyses except
as a “ trace,” determined with the spectroscope.
The amount stated in our average may be
slightly too high, although the absolute per-
centage is so small that, bhe difference is
mswmﬁcant

, C’opper —Small amounts of copper occur in
igneous rocks, especially the more femic ones,
but some of the figures reported for it,.like those
reported for nickel, are due to copper taken up
in the course of analysis or to platinum derived
from the utensils employed. All things con-
sidered, the figure for copper given in our tables
of average composition is no doubt approxi-
mately correct.

GEOGRAPHIC RESUME AND CHARACTERIZA-
TION OF THE DATA.

ORDER OF PRESENTATION.

. To understand the value of the data from
which the averages for the areas heré con-
sidered have been calculated, and especially
to determine the extent to which the averages,

6 I.‘ho uame baria is here used for BaO, instead of baryta, the usual,
name, because it is analogous to the names of other o'ndes such as ceria,
strontia, Lhorm and zirconia. -
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are really representative, we shall state briefly
the degree to which the analytical data repre-
sent the whole complex of igneous rocks of the
areas whose averages have been calculated.
We shall not consider here generally the quality
of the analyses; we have already said that
we have used in our computations only good
or excellent fairly complete aua,lyses (““supe-
rior” analyses) of unaltered rocks.

Most of the smaller regions or areas for
which averages are here given are political
divisions whose limits are determined by State
or national lines rather than truly comagmatic
regions, determined by the cognate petrologlc
cha,ract;er of their rocks.

We shall here take up each area for which
the average has been calculated, indicate the
prominent chemical -features of the average,
and show briefly how far the average is deter-
mined or affected by some special attention
that may have been paid by petrologists to

certain parts of it and the consequently greater
number of analyses of rocks from those parts.
We may thus determine the degree to which
each region—large or small—is represented
by its analyses and their average and shall dis-
cover which areas may be regarded as well
known and which may especlally require furthel,
study.

The continental and oceanic divisions will be
considered in the following order: Nor'th
America, South' America, Durope Africa, the
Atlantic Islands, Asia, Australasm the P&clﬁc
Islands, and the Antarctic Contment and
islands. . Within each of these major areas we
shall consider first the averages for the smaller
areal units, next the averages for the continent
or oceanic basin to whlch the smaller units
belong, ‘and finally the average for the whole
earth. Most of the smaller areas will be con-
sidered in the order in which the junior author
has already considered them elsewhere.5*

The authorities cited will include only
authors who have published many analyses
for a given area or those who have made

notable studies of certain distxjicts.

NORTH AMERICA.
The average for North America is derived

| from 1,709 analyses,: which represent rocks.

dlstrlbut.ed as shown below.
Greenland.—The average = for Greenland,
which includes Ellesmere Land, is character-.

61Washmgtcm, H. 8., Chemical analyses of igneous rocks: U. S

I 'Geol. Survey Prof. Paper 99, p. 29, 1917.
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ized chemically by rather low silica but espe-
cially by high iron oxides, very high soda, high
zirconia and titanic oxide, and low magnesia
and lime. The total soda and alkalies are the
maxima among all the averages. The rela-
tions of silica and the alkalies are clearly shown
by the presence in the norm of about 4 per cent
of nephelite, a noteworthy amount, as only
" two other areal averages show normative
nephelite and both show less than the average

for Greenland. Nearly all the others show

‘normative quartz—that is, an excess of silica.

Average and morm for rocks of Greenland (41 analyses).

Average. ’ Norm

3 (0 XU 57.14 | Oreeeeeii . 19. 46
AlOgeecenienanaa... 15.48 |Ab. .. o.oL.l.. 51. 35
Fe,O5. . cviiiaoitn. 393 An. ...l 111
FeO.. ... 4.73 |Ne.oooenniiionnt 4.26
MgO.......o..o.... 1.564 | Di. ..., 12. 80
CaO.eeeennee 3.5 0L, . 66
Na,Ooooooiiina... 6.99 | Mt 5. 57
KO ool 3.25 | Thoooeee e, 2.89
HO............... LI2Ap. ol .34
TiOg. o oo 1.49
ZrOg. oo, J12 Symbol, I1.5.1.4. .
PoOge e eeeaaannnns .19
MnO............... .21
Inclusive........... © .30

100. 00

Greenland and Ellesmere La,nd are covered
almost entirely with ice, so that their igneous
tocks are accessible only along the narrow
coastal zone. Few of the specimens of igneous
rocks brought back by Arctic explorers- have
been studied petrographically or analysed. -

The district of Julianehaab, in the extreme
southwest corner, of Greenland, is the best
known and has been fully described by Ussing,
who gives 29 excellent analyses, almost three-
fourths of the whole number available for the
Greenland average.
therefore a decidedly preponderating influence
on the character of the average; and as most of
the rocks of Julianehaab are very high in'soda,
iron and titanic oxides, and zirconia and are
low in silica, magnesia, and lime, the peculiari-
ties of the average for Greenland must be
attributed in great part to them..

Ordinary granitic, dioritic, and basaltic
rocks, of which we have only a few analyses,
occur farther north, on both the east and west
“coasts of Greenland and on Ellesmere Land, and
it would seem, from the scanty information
_available, that such rocks are common in Green-
land. There are especially several large areas

of plateau basalts, some of which contain’

This' small district has |
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native iron. - On the other hand, we have
evidence, such as that afforded by the cryolite
deposits of Ivigtut and the sodic hornblende
kaersutite on the Nugsuaks Peninsula, that
highly sodic rocks occur along the west coast
elsewhere than at:Julianehaab. So small a
proportion of the igneous rocks of Greenland
are accessible, and they have been so little
studied, that our present knowledge of the
character of the whole is largely con]ectura,l

The average for Greenland, then, is probably
too hlgh in soda, iron and titanic oxides, and
zirconia and too low in magnesia and lime
and possibly in silica, but it doubtless shows the

| general tendency of the average for the area

as contrasted with most of the other averages.

East Canada. — The area here called East
Canada includes Ontario, Quebec, New Bruns-
wick, Nova Scotia, Newfoundland, and Labra-
dor. The average is very low in silica, the
averages for only the Atlantic and Pacific
Islands showing lower percentages of this
constituent and that for the Antarctic Conti-
nent being but slightly more. Soda is rather
high, but not sufficiently so to yield nephelite
in the norm, in spite of the low silicity. Alu-
mina is somewhat above the average. An
interesting minor feature is presented by the
very high ﬁgures for chlorine (0.20), sulphur
(0.16), nickel oxide (0. 13), baria (0.06), and
strontia (0.03), among the minor constituents.

Awerage and norm for rocks of East Canada (99 analyses.)

Average. | . Norm.

SiO0g. oo 52.74 | Oreeneene e 16.12
ALO; ..o 16.40 V Ab....ooiiiaiiil. 41. 39
Fe,Op.ciinni. .. 459 | An................. 14.73
FeO..oo....o.o..... 5.8 | Di.. ... 7.82
MgO............... 327 | Hy. ... 3.99
CaO. . ... 530101 ................. 2. 81
Na,O. .. .......... 4.8 | Mt....o ... 6.73
KOl 215 B ) 4. 26
H,O. ............... LOYAp. ..ot .67
TiOgeenoeiaiii ... 2.20 i
PO .21 Symbol, 11.5.277.4.
MnO............... .17
Inclusive........... .65

100. 00

The chief areas that should go to make up
this average are the following: The areas of
anorthosite in Labrador, Newfoundland, Chi-
bougamau, Saguenay, Morin, and elsewhere;
the areas of granite and gneiss, with diabase
dikes, in the vast expanse in the north around
Hudson Bay and in New Brunswick and Nova
Scotia; small areas of dominantly sodic rocks
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in Quebec, as at Montreal and in the Monte-
regian Hills; areas of alkalic (generally sodic)
rocks, some of them corundum-bearing, in
Ontario, as in the Haliburton-Bancroft dis-
trict; the norite-granite area of Sudbury; and
" areas composed chiefly of diabase, as at Rainy
Lake and Cobalt, which, with Sudbury, might
be included in the Algonkian area. There are
some others, but we have either few or no anal-
yses of their rocks, and for the present they
must be disregarded.

Of the general areas enumerated, that of the
- granitic rocks around Hudson Bay is by far the
largest; but these rocks are almost unstudied
and ave wholly unrepresented by analyses.
There are but few analyses of the rocks of the
Maritime Provinces, Newfoundland, or Labra-
dor, and these are not very satisfactory. The
areas of anorthosite would probably come next
in extent to those of granite, but analyses
. of anorthosite are woefully few. The Sud-
bury, Cobalt, and Rainy Lake areas are
much better known through a very con-
siderable number of good analyses; the
alkalic areas in Quebec and Ontario are best
represented by the largest number of analyses.
The average is influenced most by the Monte-
regian Hills and the Haliburton-Bancroft dis-
trict; and Sudbury, Rainy Lake, and Cobalt,
together, are of almost equal weight with them,
the scattering analyses of the other localities
being almost mnegligible. The areally most
abundant granitic and anorthosite masses are
almost unrepresented. The present average
is probably rather too low in silica and lime
‘and too high in soda. In view of the vast
extent of petrographically unknown country
in the north the state of our knowledge of the
chemistry of the igneous rocks of East Canada
can not be regarded as satisfactory.

Alaska.—The Yukon should be included
with Alaska, but we have no analyses of its

rocks; yet they would présumably resemble |;
those of the adjacent United States territory. |.

The average for Alaska is characterized chiefly
by its high silica and rather low alkalies, by
soda dominant over potash, and relatively high
lime.. As is seen from the norm the average
falls almost in persalane and the high lime
makes it alkalicalcic. In general it much
resembles the averages for the California and
New Mexico-Arizona areas. There is 0.04 per
cent of baria.
63359—24——4

Washington-Oregon average.
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Average and morm for rocks of Alaska (24 analyses.)

Average. Norm.
SiOg.iiiiiieeiiiias 68831 Qu e .l ... 16.98
ALOg cieiiii .. 1613 |O0r.. ...l 16. 68
| I 218 |Ab. oo 32. 49
FeO..oooo.... 246 |An. ............... 18. 35
MgO.............. 2.25 | Diueeenaiaaane. .. 4.64
(02Yo JUUUUT 5.05 | Hy.........o...... 4.86
Na,0. 3.85 |Mt................ 3.25
KO 2.82 [ Ileeeeeeeennnoaann. 1. 52
HO. ..o T8 AD. el .34
TiOg. o e, 77
PO, oo 18| Symbol, (I)IL.47/.73.7/4,
MnO.............. .10
Inclusive.......... .12

100. 00

There are not many analyses of Alaskan
rocks, and most of those analyzed are volcanic
lavas, chiefly rhyolites and andesites—very few
plutonic rocks. No analyses of such femic
rocks as the basalt or diabase of Alaska have
been published, but the average is doubtless
closely approximate to the truth.

British Columbia.—The area of British Co-
lumbia that has been studied from the data
available covers only the southern part of the
Province, including Vancouver Island. The
northern half, toward the Yukon, is almost
unknown chemically. Analyses of rocks from
southern Alberta are included. For petrologic
and comagmatic reasons the area might be
separated into an eastern and a western divi-
sion, but this is scarcely practicable at present.

The average presents no. specially peculiar
features;it resembles rather closely the averages
for Washington-Oregon and the United States,
as well as that for the North American areas,
which are normal. The ratio of potash to soda
is closer to unity in British Columbia than in the
The very high
figures for baria (0.11) and strontia (0.06) should
be noted, as they are exceptional and are sur-
passed only by those for the Montana area. '

Average and norm for rocks of British Columbia (60 analyses).

Average. Norm.

Si0p . v iiiiiian. 58.34 1 Q.. ..., 7. 44
AlLO, 15.79]0r. ..ot 18. 90
FepOye o ovveiiinann 221 |Ab. .l 29. 34
FeO.. ..., 399 |An. ...l 18. 07
MgO~............. 457 [ Di.. ... 6. 48
Ca0. 566 | Hy................ 12. 90
Na,0 854 | Mt................ 3.25
KO.ooiiiiiiaaaan 318 [ Ileeoiiioiiaa..., 1. 37
HO.oooeoee. . L14[AD. o, .67
TiOy e enneen ol .69 .
PO .. "33 | Symbol, IL (4)5./3.3 (4).
MnO.............. .14

BaO.. L11

Inclusive. ......... .31
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The average for British Columbia is made up
of a large number of analyses of rocks that
occur along the international boundary, de-
scribed by Daly; analyses of rocks from Van-
couver Island; and a rather large number of
analyses of rocks from scattered mining dis-
tricts. The analyses are good, are numerous
for the extent of territory covered, and are
fairly well distributed, so that the average for
southern British Columbia may be considered
as representative of the area. Study of the
analyses in connection with the distribution of
the rocks and their relations to those of the
areas immediately to the south points to the
conclusion that there are two or parts of two
comagmatic regions in southern British Colum-
bia, one at the southwest, which closely re-
sembles the Washington-Oregon area to the
south, and the other at the southeast, which is
very like the Montana area.

Canada.—The average for Canada here given
includes the average for Alaska and the aver-
ages for East Canada and British Columbia.
Its only noteworthy difference from the Cana-
dian average given in Table 3 is that this
average, which includes Alaska, has about
1 per cent more silica. The average resem-
bles that for East Canada, except that the
silica is about 3 per cent higher and the iron
oxides and the alkalies are a little lower.

Average and norm for rocks of Canada (188 analyses).

. Average. Norm.
13510 P 56.29 | Q. eieiniiia... 3.06
AlLOgo oot 16.67{Or. . .............. 17.79
Fe,03. 0 cveiaina.. 3.3L|Ab. ... ... 37.20
FeO........... ... 4.65|An. ... ..., 16. 96
MgO...ceeeeennnns 3.839|Di................ 6. 96
(0:1 0 5.34 | Hy. ...oooooo.... 9.10
NaOooeeeiiaanons 4.40 | Mt. ... ... 4. 87
KO 3.00 | Moeeee .. 2.43
HyOuoooooeaaaannns LOS|Ap.eeeaann . .84
TiO. . o e 1. 25 .
) o T .19 | Symbol, I1.5.2(3).4.
MnO.............. .13 .
BaO. . .04
Inclusive.......... .26

100. 00

The analyses of rocks from Alaska are so
small in number that their influence is almost
negligible, although they do raise the percent-
age of silica a trifle. The large number of
“analyses of rocks from East Canada gives that
area a somewhat greater influence than Brit-
ish Columbia; as between the two the aver-
age represents more nearly Iast Canada.
‘Because of our ignorance. of the vast expanse
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of country north of the areas whose rocks are -
known, the average is not representative of
the northern half of North America and is of
little significance as a whole, although the
averages of its component areas are of con-
siderable interest. B '
New England-New York.—The average for
the New England-New York area is almost a
duplicate of that for the whole United States,
and it resembles also closely that of the earth,
although the average of the small area is slightly
higher insilica. The average therefore presents
no features that call for comment except that,
in contrast with some other areas, the very
small amount of baria (0.01) may be noted.

Average and norm for rocks of New IEngland-New York
(2138 analyses).

Average. Norm

SiOp. el 61.41 | Q. vveee . 11.10
Al O, 15.20[{Or.cveei .. 19. 46
Fe0p. o oot 2,47 1 Ab. ..ol 33.54 .
FeO............... 4.2 | An. ... ... ... 13. 90
MgO.. ... ... 3.0 | Di. ..ol 6. 09
Ca0.. 4. 46 Hy................ 8.90
Na,O 394 I Mt . .............. 3.48
KO i 3.830 | Ileeonee L. 1. 67
HO............... T4 APl .34
TiO, ceveeeinaao.. .91 ’
POy, .11 ] Symbol, I1.4(5).27.(3)4.
MnO.............. .09
Inclusive.......... .15

100. 00

The average of the New England-New York
area is made up chiefly of analyses of rocks
from four petrologically distinct districts—
extensive areas of granitic rocks; the Triassic
trap areas; several small, sporadic areas of
decidédly alkalic (sodic) rocks in Maine, New
Hampshire, and Massachusetts; the grano-
syenite-anorthosite area of the Adirondacks.
There are other smaller areas, some of them
of rocks of much petrologic interest, such as
the cortlandtite areas of New York and Con-
necticut, the cumberlandite area in Rhode

Island, and many peculiar scattered dikes, but

few analyses of these rocks are available.
The total extent of the granitic areas is un-
questionably the largest, and these are repre-
sented by the largest number of analyses.
The next area in size is that of the Triassic
traps, and although there are comparatively
few analyses-of these, their scarcity is compen-
sated for by some analyses of diabasic dikes
that accompany the granites.: The alkalic
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areas, although small individually, are of much
petrologic importance, and their analyses are
rather numerous but probably not inordinately
s0. The Adirondack anorthosite area is proba-
bly not so well represented quantitatively as it
should be; but the cortlandtite and other such
small areas are probably fairly well represented.
The . distribution of the analyses over the
whole area is probably equitable, although the
rocks of Maine have been somewhat neglected.
On the whole, it is reasonable to suppose that
the average given here is a close approxima-
tion to the truth.

Appalachia.—The designation Appalachia is
used here for the row of States—or rather for

the piedmont and mountainous parts of them—

that extend along the Atlantic seaboard from
Pennsylvania to Gemgla, inclusive. The more
northerly part of this region has been included
in the New IEngland-New York area. The
Appalachian average is decidedly high in silica
and, in view of this fact, is rather high in lime.
It tends to be sodic rather than potassic.
"These features have a bearing on the composi-
tion of the waters of the area, discussed by the
senior author elsewhere.” The average resem-
bles that for Alaska in a general way, though
it is somewhat more femic.

Awverage and norm for rocks of Appalachia (188 analyses).

Average. Norm.

Si0,. - 6298 Q..o 16. 68
Alzos 14.73|Or. Lol 17.79
FegOge o v oveeeannns 1.86|Ab............... 27.77
FeO...oveervnnnns 8.69(An................ 16. 40
MgO....ooiiinann 3.70 | Di. ..ol 4.91
CaO. ... .. 4.69 | Hy.....c.......... 10. 77
Na,0 3.3 {Mt................ 2.78
KOoooiiooiiiinn 2.97 | I1.. 1. 67
H O oot . 82_ Ap..oiillL. .34
TiOg. o v eeevennnn. .89
PyOge e oeeneannnnn 90| Symbol, IT.4.7/3.3(4).
MoO.............. .08
Inclusive.......... .08

100. 00

Two factors dominate the Appalachian aver-
age—the many masses of granite, which ex-
tend along the whole zone but which seem to be
most abundant toward the southern end, and
the areas of Triassic traps and diabase dikes,
which seem to be most abundant toward the
northern end of the zone. There are a few

% Clarke, F. W.,
‘United States: U. 8. Geol. Survey Prof. Paper 135, 1924,

The composition of the river and lake waters of the |
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small areas of alkalic rocks in New Jersey, Vir-
ginia, and North Carolina, and Virginia has a
few bodies of very unusual rocks, but the analy-
ses that represent them have a very slight
effect on the average. The analyses of the
granites are by far the most numerous, espe-
cially those of the granites of Georgia, described
by Watson, and of South Carolina, though
there are not so many analyses of the granites
of this State. These analyses are, indeed, so
numerous that they must represent very well
the general characters of the granites of.the
whole area. Analyses of the basaltic rocks,
most of them of the sheets and flows of New
Jersey, described by Lewis, are not so numer-
ous as the analyses of the granites, but they -
are probably sufficient in number to be repre-
sentative, in view of the smaller areas and
lesser thickness of the sheets of femic rock.-
On the whole, it may be said that the Appa-
lachian average represents the area fairly well.

Algonkian region.—The Algonkian region
includes the States of Michigan, Wisconsin, and
Minnesota. The average is decidedly low in
silica, lower than that for any other area in
either North or South America, Greenland, and
East Canada. The most strlkmg feature of the
average is the very -high percentage of the total

| iron oxides, which surpasses that of all the other

averages, even of the salfemic. (basaltic) aver-
ages of the Atlantic and Pacific islands. The
figures for the other constituents require no
special comment, though attention should be
called to-the high figures for chromium (0.05)
and vanadium (0.06) oxides. In view of the
general character of the magma the percentage

of titania seems low.
Average and norm for rocks of the Algonlcmn region (66
analyses).
Average. Norm.

SiOg. e v iviiiaio 57.811Q. ... 11. 28
AlLOg. ... ... 15.43)O0r. .. ............ 13.34
FeO,. . oiiiilll 4.60Ab. ... ........... 30.39
FeO...o..o...t.. 5.98 (An................ 19.18
MgO.............. 3.52|Diceneiiia.... 2.51
Ca0: 4.64 | Hy................ 13.78
Na,0 3.60 | Mt................ 6.73
KO 2.31 | II. . 1.37
HO...oooi.... L9881 Ap. Ll .34
TiOg. . oot .73 :
0 J .08 Symbol, 11.4(5).3.4.
MnO.............. .16 .
Inclusive.......... .16

100. 00
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The uontrollmg factor in this average is the
great abundance of salfemic rocks, chiefly
gabbro, diabase, and basalt, which are asso-
ciated with the iron ores of the region. The
exceptionally high figures for iron oxides are
interesting and significant. There are some
granitic rocks in the area, but not many
analyses of them have been made and they are
not sufficiently represented. The few small
- areas of rather alkalic syenites are 1ns1gn1ﬁ-
cant in the average.
- The Algonkian region, then, as the average
indicates, is composed largely of gabbro, dia-

base, and basalt, though the presence of con- |;

siderable quartz in the norm may be somewhat
unexpected. It is now becoming recognized,
however, that many such salfemic rocks carry
small amounts of modal quartz. The data
from which the average has been computed
are not wholly satisfactory. In view of the
-general uniformity of the rocks of the region,
the comparatively small number of analyses
is not a very serious fault except for the
paucity of analyses of granitic rocks, but many
of the rocks about Lake Superior are more or
less altered, and the analyses of these were not
included among those used in obtaining the
average. [Furthermore, a very considerable
proportion of the analyses of the rocks of this
region are so poor that they were rejected,
even some that represented fresh rocks. The
omission of these analyses has perhaps not
seriously affected the average, yet if all the
analyses available had been well made and rep-
resented . fresh, unaltered material the true
average would probably be more femic and
would show less silica and more ferrous oxide,
magnesia, and lime. But the change would
not be great, and the average may be regarded
as approximately correct. "

Arkansas-Texas.—The Arkansas-Texas re-
gion contains bodies of igneous rocks in
Missouri, Arkansas, Oklahoma, and Texas.
No analyses of igneous rocks from Louisiana
are known.

. This average is rather lower in silica than the
average for the United States, and it is also
low in magnesia and lime. Its most striking
peculiarity is the large amount of alkalies, as it
shows the maximum for both total alkalies
and for potash. The averages for Greenland
and Finland are the only ones that approach
it in total alkalies, and it surpasses in potash
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even the average for Italy, with its many
leucitic rocks. As a consequence of these high
alkalies the average is almost peralkalic, and
there is but a very small amount of excess
silica. Apart from thése features the average
is not especially noteworthy except that the
amount of baria, though small, is greater than
that in the averages for the States east of the
Mississippi.

Average and norm for rocks of the Arkansas-Texas region

(50 analyses).

Average. . Norm

0 58.53 | Quueennnnnn. AU 0. 06
ALO ... .. 16.36 (| Oreemeeeene .. 27. 80
Fe,Op v 374 | Abue oo i, 45. 06
FeO..ooovneenn. ... 2.86 | ADueeeniiaan. .. 6. 67
MgO................. 2.54 1 Dio i 9. 87
(07:1 6 D 411 |Hy.......o......... 1.90
Na,O. oo ... 5.85 | Mbt..eoeeeaannann. .. 5. 34
KO, 4.69 [ Ih.................l. 137
HyOuoiiiiiiiiiie, 104 | Apeeeeiiiiieiiiana., .34
PaoL T e Symbol, s (2.3
MnO......ooeeio .. .10
BaO .. ..., .02
Inclusive............ .21

100. 00

This area is not very clearly defined and the
exposures of igneous rocks in it are sporadic and
most of them are small, the greater part of the
area being covered by thick sedimentary beds.
The rocks, too, are heterogeneous, and their
heterogeneity seems to imply the absence of
close genetic relations between many of them.

Small and widely scattered exposures of
granitic rocks in. Missouri and Oklahoma, even
though they are few, indicate the presence of
much granite at great depths. The best known
districts of ‘igneous rocks are in Arkansas,
where exposures of sodic syenite, nephelite
syenite, and accompanying dikes have been
studied by J. F. Williams, who gives many good
analyses. Analyses of the generally sodic
rocks of the trans-Pecos and Uvalde districts
in Texas are rather numerous. There are few
analyses of rocks of the area outside of these
Arkansas and Texas districts, the granites being
represented by only about 10 analyses.
~ The average for the area is therefore deter-
mined almost entirely by the analyses of the
Arkansas and Texas rocks already mentioned,
which make it appear highly alkalic. If it were
possible to study more of the deep-lying granites
of the area the average would undoubtedly be
considerably  higher in. silica, but the few
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analyses of the granites that are at hand indi-
cate that there would probably be but little
change in the relative amounts of the other
constituents. The granites of Missouri re-
semble those of Appalachia and are probably
comagmatic, but the more alkalic rocks of
Arkansas and Texas evidently belong to a
distinct region.

Montana-Idaho.—It is doubtful whether the
rocks of Idaho should be included with those
of Montana, as they probably belong to a dif-
ferent comagmatic region and are more likely
connected with those of Washington and
Oregon. The number of analyses of rocks from
Idaho is, however, so few (only 11) that their
influence on the average is negligible.

The Montana average resembles that of the
whole United States in its percentage of silica
and of most of the other constituents, except
that potash is notably higher and the average is
more decidedly alkalic. The Montana average
is remarkable for its high percentage of baria
(0.15), the highest known; in this respect it
resembles the average for west Canada, as we
have seen. The stron tia also is high (0.04).

Awerage and norm for rocks of Montcma and Idaho (138
analyses).

. Avcrage. . Norm
Si0peevviiiiaat 60.36 | Queveeneniaa 8. 58
ALO . oot 1526/ Oreooovennaio.. 23.91
FeOyeeennnnannann. 253 Ab................. 31. 96
PeO. .. ..., 307 [An................. 12.51
MgO...oooooiit. 37T | Dice. 7. 66
00 e 4.81 | Hy. 8. 45
370 J 382 | Mbo..o 3.71
KO.....oooiii 399 (0. ..ol 1. 06
HO.............. LO3[Ap-ceeeee .67
bop I | svmbel sz
MnO.........o.... .10
BaO...coooiean.. .15
S10. o .04
Inclusive........... .17

100. 60

The rocks of this region that are of most
interest petrologically are those of what
Pirsson called the Central Montana provmce
which were described by him and Weed in a
long series of classic papers. With these are
to be classed the rocks of the Crazy Mountains,
many of which have been analyzed but whlch
are not yet described. These rocks include
both plutonic and effusive kinds, and their 80
- analyses comprise about two-thirds of all-the
analyses of rocks from Montana. Chemically
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they are distinctly alkalic, but they contain .
about as much potash as soda, the potash even
dominating the soda in the less silicic rocks.
There are also a considerable number of rocks
of more ordinary characters from mining
centers, such as Butte and Marysville, and a
few from other places. The influence of the

rocks from central Montana on the average

for the region is marked, but the average as
here given is no doubt fairly representatlve
of the rocks of Montana.

Wyoming-South Dakota.—The average for
the rocks of the Wyoming-South Dakota
region, which includes the Yellowstone National
Park, is very similar to that of Montana; the
alumma and soda are a trifle higher, and the
ferrous oxide is slightly lower, but there is no
other significant difference. The rocks of this
area contain an unusually large percentage of
baria (0.08), approaching that of the rocks in
the Montana and west Canada areas, north of
it. They contain also some strontia (0.02
per cent). . '

Average and norm for rocks of Wyoming- South Dakota (134

analyses).

Average. Norm
Si0g. v veeeene. 60.00| Q... 8.82
ALOge e eennn.. 16.17 | Or. oo 22. 24
Fe,0p. .. ieien.t 292 |Ab. ...l 34. 58
FeO.ooovvniannn.n. 244 |An. ... 14.73
MgO...coieen... 3.26|Di.eeneinnanan... 4.18
(610 TN 4.50 | Hy...oooeeinan... 7.32
Na,0. 4.08 | Mtowooooiiion... 4.18
)0 FOUO 380 | Thooicei . 1.22
2 o TR 149 |Ap..eiiii i .67
pop, 1 Tag| Symbol, “IL (052500
MnO.............. . 06
BaO......... ... .08 |.

Inclusive.......... .25
100. 00

This average is essentially that of the Yellow-

stone Park, as the data affording it include

only 14 analyses of rocks from Wyoming out-’
side of the park and only 6 analyses of rocks
from South Dakota, nearly all from the Black
Hills. The analyses of the rocks from Yellow-
stone. Park, which have been described chiefly
by Iddings, are so numerous and cover so
many varieties that the average given may
be regarded as fully representative of this
region. The occurrence of the very peculiar,
highly potassic rocks of the Leucite Hills,
which lie farther south in' Wyoming, and that
of phonolitic rocks in the Black Hills area
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indicate that the Yellowstone Park is sur-
rounded by decidedly alkalic rocks, but in
the aggregate these rocks would probably
have much less relative effect in influencing
the average than those of the park, so that
the average given for Wyoming may be
considered reasonably representative.

Colorado.—The average for Colorado resem-
bles the two preceding ones, although it shows
a little more normative quartz (excess silica).
It is somewhat unusual in the ratio of potash
to soda, for the percentage of potash slightly
exceeds that of soda, so that the average is
sodipotassic. The percentage of baria (0.07),
“is almost the same as that of Wyoming.
Hillebrand % pointed out years ago that the
igneous rocks along the east slope of the
Rocky Mountains are exceptionally high in
‘barium. The averages here given indicate
that the northern part of this zone is highest
in barium, and that there is a steady and
fairly regular decrease in this element as we
go south from west Canada and Montana
through Wyoming to Colorado and beyond
into New Mexico and Arizona.

Average and norm , Jor rocks of Colorado (171 analyses).

Average. Norm. :
Si0,. cveieiieaaa 60.07 | Q... .... 10.38
ALO, 15.94 | Or:o oo, 22. 80
Fe;Og- v onennn.. 3410 Ab. ... 33.01
FeO...ooo... 2.86 |An................ 14. 46
MgO. ... 234 | Di. . uiieiii.. 5.88
[0 I 4.85 | Hy. ..., 4.59
NayOeoeenoeeann. .. 387 [ Mbteo oo, 4.87
KO 391 Tl 1. 67
1 X0 U LI2Ap. oo .67
Bor L | Symbol TLag)
MnO.............. .12
BaO................ .07
Inclusive.......... .22
100. 00

The analyses of rocks from Colorado, for
the study of most of which we are indebted
-to Whitman Cross, are numerous, and they
cover the State very well. From their num-
ber and quality, and from the distribution
of the rocks analyzed, we may say that the
Colorado average is exceptionally good and
that it is satisfactorily representative of the
area.

% Hillebrand, W. F., Some principles and methods. of rock analysis:
U. 8. Geol. Survey Bull. 176, p. 17, 1800. ’
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Utah-Nevada.—The average for Utah and
Nevada is unusual in its high percentage of
silica—the highest ayerage for any region
in the United States and exceeded in all the
world only by that of the Balkan Peninsula.
Tt is also unusual in showing a very high ratio
of potash to soda, being surpassed in this re-
spect only by the average of Italy. The amount
of baria is small but appreciable. The Utah-
Nevada and Balkan rocks are the only ones
that fall in the persalane class.

Average and norm for rocks of Ulah-Nevada (79 analyses).

Average. . Norm.

10 65.78 1 Q. vieiieiiian 20.76
ALO, 15.52 | Or. ool 24. 46
FesOge o oo, 217 [Ab. oL 29. 34
FeO............... 1.60 | An................ 14. 46
MgO. .. ........... Lo2{Di. ..ot 1.51
Cal..cooovenen. .. 3.44 | Hy. ... ........... 3.23
NayOoooooooono . 350 | Mb. .. . 3.25
KO 409 | T o 1. 06
HOooon .. 141 [ Ap. ... .34
poL U | symbe, 1004273
MnO... ........... .04
BaO... .05
Inclusive.......... .20

100. 00

The analyses that represent the rocks of
Utah-Nevada are not very numerous, but
the rocks analyzed are fairly well scattered
over the region. It would appear, however,
that the average is subject to a decidedly
serious error, for the rocks analyzed are nearly
all from mining districts, in which the more
salic and silicic varieties are common, and
include very few basalts and other more femic
rocks, although extensive sheets and other
occurrences of so-called basalt are very com-
mon in the region. If we could make proper

.| correction - for these the average would be

distinctly more femic—that is, it would be
lower in silica and alkalies (especially potash),
and higher in iron oxides, magnesia, and lime.
The change, however, would probably not be
great, but it would make the average more
femic than that of Colorado. '

New Mexico-Arizona.—The average for the .
New Mexico-Arizona region resembles closely
that of Colorado but it is slightly higher in
silica and lower in potash. The percentage of
baria (0.04) is a little below that for Colorado
and that for Utah-Nevada.
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Average and norm for rocks of New Meaico-Arizona (79

analyses).
Average. Norm

$i0,. . 61.30 | Q.vnveeneaiaantn, 11. 82
ALOg. o oveinnn, 16.24 | Or. ..o, 17.79
K O 284 | Ab ..l 35. 63
FeO...o.oooiia. 2.8 (An................ 16.40
MgO ...l 274 | Di. .ol 5.31
(0710 2 4.8 Hy................ 6.35
Na,Oooooeeieil 4108 | Mt .o 4.18
KOl 304 ) oo 1.37
0o B AP - 67
pop. I | Svmbel, 4@ 2004
MnO.....ooooat, 1 )
BaQ.....ooiint. .04
Inclusive.......... .04 !

100. 00

"The number of analyses is so small that the
average may not represent the area satisfac-
torily. Most of the rocks from Arizona were
obtained from mining districts; most of those
from New Mexico were more Wldely scattered.
The numerous basaltic rocks of the area are
probably not sufficiently represented, so that
the average given is somewhat too high in silica
and concmlly too salic but perhaps by small
amounts.

Washington-Oregon.—When we rea.ch the
Washington-Oregon area, on the Pacific coast,
we come upon a decided change in the charac-
ter of the averages. The percentage of silica
remains about the same as in the averages for
the Rocky Mountain States, but there is a
decided increase in the amounts of iron oxides,
magnesia, and lime, and a diminution in the
percentage of potash, that of soda remaining
almost unchanged. The average is thus dis-
tinctly move femic, falling centrally in dosalane,
and it is also alkalicalcic and dosodic. We
may note again here the presence of a small

but perceptible amount of-baria.
Awverage (md norm for rocks of Washington-Oregon (51
analyses).
Average. Norm .
S0y e BT Q. 12. 36
ALOy. .ol 15,90 [Or. . .....ooool.Lt. 9.45
Fe,04 . voneannnnns 211 |Ab.. 31. 44
FeO....ooooooit 4. 131 An ... 21. 96
MgO...ooviniinnt 4.38 | Di.. ...l 6. 05
(671 6 S 6 1L {Hy. . .......o....... 12. 96
NagO.oooeeiotn 7L IME. L 3.02
) (0 B a5 [Tl 1.22
¢ 10 SN LIL[Ap.ceciii .. .34
pos LI | Symbol s
MO . .oeiennn .06
BaO........oo... .05
Inclusive.......... .09
100. 00
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The average for the area is probably not

_| quite satisfactory, for the analyses are too few

and represent rocks that are not widely scat-
tered over the area, which needs much further
study.

Of the 35 analyses of the rocks of Oregon

made in the laboratory of the Geological Sur-

vey, 15 are analyses of lavas of Crater Lake
described by Diller. The extensive flows of
the plateau basalts of Columbia and Snake
rivers are represented by only two analyses,
and these are of somewhat abnormal types,
exceptionally high in silica. On the other
hand, part of the Washington-Oregon area may -
be regarded as a continuation of that of Cali-
fornia, which is higher in silica. It may be
said that the Washington-Oregon average is
based on too few analyses, and that it should
be somewhat more femic and lower in silica, so
that it is not very satisfactory.

C'al?,forma —The average for Cahfomm Te-
sembles in general that for . Washington-
Oregon, immediately to the north, though it is -
slightly. higher in silica. It falls centrally in
tonalose (I1.4.3.4). The small content of
titanic oxide and of baria may be noted as
minor characters.

Average and norm forlrocks' of California (175 analyses).

Average. Norm.

5 {0 62.49 | Q.. ......LL. 16. 74
ALO . oo, 15700 11. 68
FeyOq.nooneanenn.n. L97|Ab. ... 30. 39
FeO....oooooooo. 301 |An. ..., 20. 85
MgO...ooovonn... 367 Di. .o 5.13
CaO. . ..ol 5.67 | Hy................ 9.91
Na,O. ..ol 357 | Mt ...l 3.02
00 T 203 | I .91
HyOoooreiaiea LO5 ) Ap. et .34
pop I | svmbel tnass
MnO.......... ... .09
BaO............... .05
Inclusive........... .09

100. 00

Although the area of Califdrnia is large, the
analyses are numerous and are well distributed .
over, the State. The rocks analyzed come not
only or chiefly from mining districts but many
of them from volcanic cones, lava flows, and
intrusive bodies. JIndeed, the volcanoes -of
Lassen Peak and Shasta, not yet fully de-
scribed, but concerning ‘which Diller gives
some brief notes, are exceptionally well repre-
sented. The avemge for California, like that
for Colorado, is no doubt thoroughly represen -
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_ tative, and it is probably one of the most satis-
factory and truly representative areal averages
among all those considered in this paper.

United States.—The average for the United

States is an almost exact duplicate of that for
the earth as a whole. The slight difference
shown by the higher silica for the United States
is insignificant, and the agreement between the
two as regards the other constituents is re-
markably close. We may note here the pres-
ence in the general average of 0.05 per cent of
‘baria and of 0.02 per cent of strontia.

Average and nmorm for rocks of the United States (1,851

analyses).
Average. Norm.

STT0 U 60.77 | Q- .ot 12. 66
AlLOgeeenniii il 15,44 |Or. .. ............. 18.90
FeyOg0 v cviveenann 27T Ab. oLl 31. 96
FeO............... 346 | An. ... ... 15. 57
MgO...ooeeenno... 315 | Di................ 5.10
(6710 T 4.82 | Hy................ 7.85
Na,Oooooooenno .. 378 | Mt ... ... 4.18
000 JU 323 | Tl 1.98
HO............... LOL|Ap ..l .67
pop I Y| smbal et @
MnO.............. .10 '
BaO............c... .05
SrO. ....ooooil.l. .02
Inclusive.......... .10

100. 00

The average for the United States is deter-

mined from a large number of analyses, most |

of them extremely good, and the rocks ana-
lyzed are well distributed over the area, so
that the average may be considered thoroughly
representative. Areas here and there may
need some correction, but probably none of
. great magnitude, and they unquestionably
tend to compensate one another, so that they
may be regarded as negligible.

The average is probably not notably domi-
nated or determined by any one or by several
sets of the analyses used. We may assume
that the number of analyses for each area
should be roughly proportional to the size or
extent of the area, and although this assump-
tion is not strictly justifiable, it may afford a
rough measure for want of a better. On com-
paring the percentages of numbers of analyses
with the sizes of the areas they represent we
find that the proportions are closely alike only
for Appalachia and for the Montana and New
Mexico-Arizona areas. The number of analyses
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is proportionately much greater than the rela-
tive areal extent for the New Ingland-New
York, Wyoming, Colorado, and California .
areas, and it-is less for the Lake Superior, Mis-
souri-Texas, Utah-Nevada, and Washington-
Oregon areas. The greatest discrepancies are
in the New England-New York area, where

‘the ratio of analyses to areal extent is 3 to 1;

and in the Arkansas-Texas area, where the
percentage of areal extent is about five times
that .of the number of analyses. Taken as a
whole, however, the several ratios so compen-
sate each other that we are justified in thinking
that the general average for the United States
is fairly representative. :

Mexico-Central America.—The average for
Mexico-Central America, a small but interesting
area; closely resembles that of California and
especially that of Washington-Oregon. The
percentage of silica is almost exactly that of
the Washington-Oregon area, and although the
alkalies in the average for Mexico and Central ~
America are slightly higher, all three averages.
are_alkalicalcic and dosodic.

Average and norm for rocks of Mezico-Central America (47

analyses).
' Average. Norm

Si0peeee e, 59111 Q. .. L. U 10. 14
AlLOgeeeeeee oo 16.58 0T, .. Ll 13. 34
Fe,05. .o i... 2.8 | Ab. ...l 34. 58
FeO.....oo....... 4.1 | An. ... ... 20. 29
MgO............... 3.07 | Di.ooviiiiiioian 5. 01
(61 & JU 573 | Hy................ 9.34
Na,Ooooeviiiiiiits 4.10 | Mt ..o 4.18
KO..........i.... 232 1ol 1.37
H,O.. ... .. LC4 | Ap. .. .. . 67
TiO,.. .63 :
POy oot .25 Symbol, 1I.(4)5.3.4.
MnO.............. .06
Inclusive.......... .12

100. 00

The number of analyses that represent this
area is small, and only six of them represent
Central America. Most of the rocks analyzed
are volcanic lavas, chiefly rhyolites and ba-
salts; there are only aboutsix analyses of plu-
tonic rocks—granodiorite, nephelite syenite,
and tinguaite. The two highly sodic rocks

Jast named are doubtless disproportionately
represented. In spite of the small number of

analyses, however, this area is perhaps fairly
well represented. . '

West Indies.—The average for the West
Indies is exceptional in several respects. It
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resembles the earth average and that of the
United States in the percentages of silica, the
iron oxides, magnesia, and soda, but it shows

the maximum percentage for alumina among’

all the averages and much the highest per-
centage of lime among rocks having so high a
content of silica, being exceeded in lime only by
the averages for Antarctica and the Atlantic
and Pacific islands, the percentages of silica
for which are much lower. It also shows the
minimum figure for potash. Because of these
features it is the only average that is docalcic,
and the only one which contains so little potash
that it shows a decided tendency to be persodic,
the ratio of soda to potash being the maximum.
A rather large proportion of Japanese lavas
are chemically much like those of the West
Indies, although the average for all the Japan-

ese rocks is more normal in being less calcic |

and less sodic.

Average and norm for rocks of the West Indies (82 analyses).
Average. Norm.

SO R 58.70 | Quueeennnl.. .. 2.58
ALOge oo, 18.30 [Or...oooeeo .. 6.12
Fe,Og..ciiiiin. 2.85 | Ab.oooeai Ll 26. 72
FeO.ooooiiiiil. 420 Aneo Ll 32.80
MgO.............. 336 | Di....oo. 2. 04
CaO. ... ... 7.08 | Hy..oov oL 11. 89
NaO.oooeenn. .. 315 | Mboeooee oo, 4.18
KO.eeei oLt CO9 M .01
FLO oo .79 ‘
TiOgeevveeenen... .45 Symbol, 114”(3)44/’
PO; . . 08
MnO.......... .02
Inclusive.......... .03

100. 00

The West Indies average is determined very
largely by analyses of the lavas from Mar-
tinique (most of them from Mont Pelée),
which number 49, and of 10 from St. Vincent
and 5 from Guadeloupe. Most of  these lavas
have been described by Lacroix. There are
4 from Grenada, and the rest are scattered;
some of them represent plutonic rocks, and
some of these are not very good.

Although ‘the average is thus largely con-
trolled by analyses that represent but one
volcano, yet study of the rocks from elsewhere
in the area indicates that the general character
of the West Indian lavas is probably fairly
represented by the average given, with the
minor exception that the percentage of man-
ganous oxide should be about 0.17 instead of
0.02, as it appears in the stated average.
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Average far North America.—The average
for the whole of North America, including
Greenland and the West Indies, is an almost
exact duplicate of the average for the United
States, and both of them closely resemble the
general earth average, though this last is a
trifle lower in silica and otherwise very slightly
more femic. :

Average and norm for the rocks of North Americu (1,709

analyses).

Average. Norm.
Si0y..onn... eeeee 6019 | Qe 11. 34
ALOg oo 15.76 [ Ore. .o 18. 35
FeyOgevonnnnn... 2.88 | Abo....ii . 33.01
FeO...o....o ... 3.67 Ao ... L. 16. 40
MgO. ... 316 (Di...o.ol 4. 45
CaOQ.............. 481 [ Hy..oovooll 8. 54
Na,O.......oo... 390 | Mbeoe oo 4.18
KOuioeen ... 307 [T ..o 1.98
HyO.ooooooi ool LOL|Apeceaenaal . 67
pop L1 g symbel, 1Ll
MnO.............. .10 .

BaO.............. .04
Inclusive.......... .14
100. 00

The average of North America is dominated
by that for the United States, almost to the
exclusion of the averages for other areas of the
continent, as the analyses of rocks of the
United States (excluding Alaska) make up 79
per cent of the total. The others tend to com-
pensate each other in various ways. Thus the
highly alkalic character of the Gureenland

| average is offset by the calcic character of that

of the West Indies.” The analyses that repre-
sent Canada and Mexico-Central America are
so few and so compensatory that they are of
little influence on the average. As we have
seen, the Canadian average should be more
silicic, so that the average for North America
may be considered a close approximation to
the truth. :

SOUTH AMERICA.

The average for South America is derived
from 138 analyses, which represent rocks dis-
tributed as shown below.

British Guiana.—There are so few analyses of
South American rocks that it is practicable at
present to consider the averages of only three
separate areas. We may begin with that of
British Guiana, the most northerly. This

‘average presents no specially remarkable fea-

tures. On the whole it is much like' those of
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Washington-Oregon and of California but also
shows some aflinities with that of Appalachia.
The presence of a notable amount of baria
(0.09), and that of a distinct trace of copper,
among the minor constituents, may be men-
tioned as of interest. :

Avemge and morm. for rocks of British Guiana (45 analyses).

Average. Norm.
10, e 6106 | Qoceveiene i 15. 24
ALOg. .ot 15.17 '/ Oreeeiiie i 10. 01
B N 0 SO 242 Ab..ioei 27.77
FeO...ooeaviot, 4.07 |An.....o....... 21. 68
MgO..ooeiiiiaanas 4.65 | Di....o...l... 6.05
(0710 2. 591 Hy.ooooviiioooae 13.82
Na,O..ooovvinnnnann 3.29 | Mt i 3.48
KOoooiiiiiioi L7410 ... 91
HO. ..ot .73
510 U 49 Symbol, 11.4.3.4.
POgeeeee e 07
MnO.......oovenn.. 18
BaO....coooeoan... 09
Inclusive............ 13
100. 00

This average is based entirely on a series of
excellent analyses by J. B. Harrison, to whom
we are indebted for almost the only knowledge
that we possess of the petrology of this part of
northern South America. The variety of
rocks represented is not great, but the average
is of interest on that account. Quartz por-
phyries and granitic rocks, with basal gneisses,
are most abundant, with some quartz diorite
and’ diorite, a little syenite, and considerable
gabbro and diabase. The general character of
t.hc area seems to be very uniform within
these limits, and apparently highly alkalic
rocks are abscnt Although most of the
specimens ‘malyaed were necess‘mly collected
along the rivers they are fairly well distributed,
so far as the country is known, and the analyses
are sufficiently numerous and concordant.
The average of British Guiana may therefore
be regarded as very satisfactory. '

The. Andes—The average for the Andes
includes the analyses of only the volcanic
rocks, but none of the plutonic pedestal on
which the volcanoes stand. It resembles those
of Washington-Oregon and California and
rather more closely that of Mexico, although the
lime in the Andean average is a little lower.
This correspondence indicates, as is evident
from other cons1derat10ns, that the line of the
Andean volcanoes is a continuation of .the
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volcanic zone farther north,in Mexico and along
the Cordilleras in the western United States.
It thus confirms the observation to the same
general effect made 30 years ago by Iddings,*
who pointed out the resemblance between the
rocks of the Andes and those of the Great Basin
and the Cordilleras. - '

Avwerage and norm Jor rocks of the Andes (56 analyses).

Average. Norm.

8i0y e 6185 | Qe 12. 66
ALOs. oo ... 16.51 | Or...ooooii . 16.12
Fe,05ccneeiannnnn.. 3.08 | Ab...ooo L 38.25
FeO..ooemnenn .. 2.28 |An..oooao . 16. 68
MgO.............0... 2.29 | Di . .............. 3.09
CaO. ...t 455 Hy. oooeeaiitn 6.16
Na,O...o.ooiinn... 447 | Mbo........ .. 4.41
KO 2.60 | Il.................. 1.37
HyOuooooee . LI AP 67
pop I T Symbal QT
MnO................ 22

100. 00

The number of analyses of Andean lavas is
small-—probably too small to be truly repre-
sentative of this long line of gigantic volcanoes.
Most of the analyses, indeed nearly all, are those
published by Kiich, Belowsky, and others who
studied the large collections made by Reiss and
Stibel many years ago. Those published by
them are nearly all analyses of rocks from the
north end of the volcanic zone, in Colombia
and Ecuador, but they had at their command
about 18,000 specimens from localities extend-
ing from Colombia into Chile. Our knowledge
of the lavas of the more southerly volcanoes
and of the few analyses of them that are avail-
able leads us to believe that the average is quite
representative of the whole line of the Andean
volcanoes. It would be of great interest to
have chemical analyses of the rocks of the ped-
estal ridge on which the Andean volcanoes
stand. These rocks are probably mostly gran-
ite, but they include some quartz diorite and
diorite, and their average would probably not
differ much from that of the volcanic lavas.

East Brazil—The area called East Brazil
(Bahia, Siao Paulo, and Rio Janeiro) includes
Paraguay and East Argentina. The rocks are
imperfectly known and the analyses are few,
but a brief consideration of them in connection
with the averages for other areas may be of
interest.

- s Iddings, J. P., The volcanic rocks of the Andes: Jour. Géology, vol,
1,D. 164,1893.
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" The average is much lower in silica than
nearly all the averages that we have been con-
sidering, and it is especially notable for the high
content of alkalies, both soda and potash. In-
deed, the alkalies are so high that, in combina-
tion with the rather low silica, a little nephelite
appears in the norm. This average is strikingly
similar to those of Greenland and East Canada,
for the rocks of East Canada contain about 4
per cent of normative nephelite. This occur-
rence of three similar highly alkalic areas along

the eastern coast of the Americas 1s of great
interest.
Awerage and norm for rocks of East Brazil (20 analyses).

Average. Norm. ’
Si0z- + o v e 54.94 [ Or................. 21.13
AlOg. oo oiiiain. 16.29 | Ab. ... 39.82
FegOg. o cveveeaan 405\ An.. . ... 11.12
TeO. . oo 3.52 [ Neiveeeneennnnn..n 1.70
MgO.....o.coenan 433 | Di. ...l 11.45
(0716 J . 5,28 Ol .. ..., 5. 67
NeO.ooeneeeneenes 5.1 | Mt..ooeoiiiiii.. .. 5.80
L 357 | Tleeeeeeeii . 1.67
HO. .o 185 | Ape e ieeaiaann .34
TiOg. oo veeaeaannn .88 ‘
Pigs ________________ 11| Symbol, I15.2.4.
MnO............... .37

100. 00

A consideration of the rocks of the area and
of the kinds of rocks analyzed shows that the
analyses were mostly confined to “interesting”’
distinctly alkalic rocks and therefore do not
fairly represent the whole region. TFurther-
more, they are too few to be fully representa-
tive. On the whole, however, the average is
of interest as showing that there is a distinct
sodic tendency in the rocks along the east coast
of South America, which is superposed, so to
speak, on the-tendency or trend of the prob-
ably more prevalent granitic, dioritic, and gab-
broic rocks, which show relations here analo-
gous to those of eastern North America. The
average can not be considered as indicative of
more than' this regional tendency and is very
unsatisfactory.

Average for South Amemca -—The average
for South America resembles that for North
America in its general features, but it is notable
in showing the highest silica found in all the
continental averages. It has also the highest
ratio of soda to potash, and, except for the
Antarctic Continent, the lowest percentage.
of potash among the continental averages.
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In these two respects the averages of only the
Pacific and Atlantic islands surpass it. The
low figures for titanic and phosphoric oxides
may probably be ascribed to -the incomplete-
ness of most of the analyses of South American
recks, particularly those of the Andes, as re-
gards the minor constituents.

" N
Average and norm for rocks of South America (188 analyses).

Avefagc. Norm.

S105. oo 61.36 1 Q.o oo 12. 30
ALO,.............. 15.20 | Or. .o oo, 16.12
Fe,Of oo, 3.03 | Ab. ...l ... 34.58
FeO............... 3.30 |An. ............... 15.01
MgO. ... 3.47 | Di..ooiiiill 6.89
Ca0.............. 4.88 {Hy....oooeeiiia... 8.31-
Na,0 4.08 | Mbe o ooeeeeeea. .. 4.41
KO oo, 2.69 | Tloieeeeoee ... 1.06
HO0.. ... 1.04 |Ap. ool .34
pol ] symbol Lava@)a,
MnO.............. J12
Inclusive. ......... .16

100. 00

The average for South America is made
up almost wholly of analyses of rocks from
three areas—the Andes (56 analyses), British
Guiana (42 analyses), and the East Brazil
area (20 analyses), in all 118 analyses. The
other rocks are from scattered localities—
Madeira River, western Argentina, and south-
western. Patagonia. These analyses are so
few that they have but a negligible effect on
the general average. The averages for the
Andes and Guiana therefore practically deter-
mine the whole average. It is seen that we
know the chemistry of the South American
rocks only from the coastal districts; we are
practically ignorant of those of the vast ex-
panse of the interior. From:such slight infor-
mation of a general character as is Vouchsafed
us by the remmks of travelers and some
geologic studies,”® we gather, however, that
granitic rocks predommate in the interior of
the continent. We therefore seem to be jus-
tified in believing that the average for South
America here given is approximately correct,
at least in its main features, in spite of the
small number of analyses and the paucity of
our knowledge

55 Compare Branner, J. C., Outlines of the geology of Brazil to accom-
pany the geologic map of Brazil: Geol. Soc. America Bull., vol. 30,
pp. 189-338, 1919; Stelzner, A., Beitriige zur Geologic und Palacontologie
der argontinischen Republik, vol. 1, 1885,
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EUROPE.

The analyses of rocks from Europe number
1,985, and the rocks are distributed as shown
below.

Great Britain and Ireland.—The average for.

Great Britain and Ireland is somewhat differ- |

ent from most of those that we have been
examining. The silica is distinctly lower, as
are the alumina and the alkalies; the iron:
. oxides, magnesia, and lime are somewhat
higher than in" the general earth average, in
that of the United States, or in that of Europe.
" The last may be regarded as the standard of
comparison for the European averages. The
British average is therefore distinctly femic.

Awerages and norm for rocks of Great Britain and Ireland
- (171 analyses). ’

Average. Norm
1. 2. Qi 10. 56
S10,. ... ... 59.12 59.18 | Or............. ... 16.12
AlLOg. ..o 13.81 15.46 | Ab.........o....... 29. 87
Fe,05. .. ... 3.13 4.80 | An................ 13. 62
FeO........ 4.56 270 | Di. ..l 8.93
MgO 4.80 3.72 Hy.........o.l.. 12.33
CaO......... 5.41 4.85 Mt................. 4.41
Na,O........ 3.54 319 o 1.82
KO........ 2.68 277 APl .67
HO........ 1.44 2.18 .
'PiOZ. . 97 .52 Syn]bo], 11.(4)5 2(3).”4..
POs....... .22 .21
MnO.....:.. .14 .41
Inclusive. .. 18 ...,
100.00 -100.00
1. Clarke and Washington.
2. Harker. :

The igneous rocks of this area have been
described by so many petrologists and the
localities represented are so well distributed
that no particular area greatly dominates the
average, although it would appear that there
are rather more analyses of Scotch rocks than
of IEnglish and that the rocks of Ireland are
somewhat inadequately represented. There
are more analyses of volcanic than of plutonic
rocks. The abundance of basaltic lavas, how-
ever, would indicate that the number of anal-
yses of them is not unduly large. Analyses
of the peculiar alkalic rocks of Sutherland in
Scotland, of Wales, and of other places, are
rather numerous, but although the areas occu-
pied- by these rocks .are small the employ-
ment of their analyses probably does not in-
troduce any serious error. . Any possible error
due to this source and to the probably rather
too small number of analyses of granitic rocks
is compensated by the fact that there are among

Harker some years ago.®

recent ones.

| with France.
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our data few or no analyses of the basalts of the °
outlying Orkney, Shetland, and Faroe Islands.
The British average, then, may be regarded as
probably approximately correct and as sub-
ject to only minor changes in the future.

It is of interest to compare this recently
calculated average of the rocks of Great
Britain and Ireland with that calculated by
The figures for
silica, total iron oxides, lime, soda, and potash
are much alike. In the.older average, how-
ever, alumina is decidedly higher, and mag-
nesia_is lower by about the same amount,
which leads to the thought that in many of

"| these earlier analyses the common. analytical

error of weighing some magnesia with the
alumina has been committed, and that it
has been avoided by better work and better
methods in the recent analyses. The inverse
relations of the iron oxides also makes one
suspect that the earlier determinations of
ferrous oxide were not so accurate as the more
Titanium dioxide was not de-
termined as frequently in. the older analyses

.| as now, and the older figure for manganese
-oxide looks suspiciously high.

France.—The Island of Corsica is included
Except that the silica is higher
by about 3 per cent (of the total rock), the
French average corresponds very well with that
of Burope. It is higher in silica than any other -
European average, except the Balkan. The
very low figure for manganese is to be attrib-
uted to the fact that this minor constituent is
seldom determined in French rock analyses, a
remark that applies also to the other minor con-
stituents, except titanic and phosphoric oxides.

Average and normfor the rocks of France (163 analyses).

Average. . Norm.

Si0p. i 62.38 1 Qe 14. 52
Al Oy oot 15,15 |Oreeeee il 18. 90
FeyOgeeveiioan. .. 241 Abo L. 31. 44
FeO...ooooi... 304 An. ...l 15. 01
MgO............... 379 i Di. Ll 2. 87
CaO............... 392 | Hy. ...l 10. 51
Na,O.. ... 370 [ Mboooooioiii Ll 3. 49
KOoooioaiii 324 (11, ... .. 1. 37
HO. ......o........ L46 | Apeeeeae i .34
por I | Smb, s (s
MnO............... .01
Inclusive........... .03

100. 00

. %6 Harker, Alfred, On the average composition of British igneous
rocks: Geol. Mag., new ser., decade 4, vol. 6, p. 220, 1899; The Tertiary
igneous rocks of Skye, p. 416, 1904.
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The average for France is made up chiefly of
analyses of rocks from the Auvergne (described
by Fouqué and Lacroix), Brittany (described
by Vandernotte), the Pyrenees (Lacroix), and
Corsica (Deprat), of somewhat fewer analyses
of rocks from Dauphiny (Termier), Esterel
(Michel-Lévy), La Creuse (De Launay), Lyon-
nais (Michel-Lévy), and the Vosges and of some
from other scattered localities. The principal
aveas of igneous rock in France would seem
to be fairly well represented, but the analyses
of the Corsican rocks, which are not quite
satisfactory, are rather too prominent. As
most of these rocks are decidedly sodic, we
might be inclined to consider the whole average
a trifle too sodic; but we must take into ac-
count a very considerable number of analyses
of rocks from Auvergne that have been pub-
lished recently by Lacroix and that are not in-
cluded in our estimate. As these rocks are dis-
tinctly sodic, their omission tends to counter-
balance the possibly undue prominence of the
Corsican rocks. The fairly abundant basalts
of Languedoc and Provence, in southern
France, are perhaps worthy of larger recogni-
tion than they have received. The very femic
rocks of the Pyrenees area appear to be of
small total amount, less than would seem to
justify the number of analyses of them that are
included in our data. But, on the whole, it
would appear that the average for Trance
(from which the rocks of Corsica should be
excluded) is satisfactorily representative.

Spain-Portugal.—The average for the Iberian
Peninsula is remarkable among the European
averages. It is the lowest in silica, except the
average for Russia, and the highest in total
alkulies, except the average for Finland. It
also has the distinction of being the highest in
both titanic and phosphoric oxides. The com-
" bination of low silica and high alkalies gives it a
norm in which a little olivine appears; so that
it is the only European areal average in which
thereis a deficiency in silica, all the others show-
ing more or less normative quartz. Apart from
the amount of silica and the alkalies, with their
normative consequences, the amounts of the
other constituents are about normal—that is,
they ave about the same as in the whole Kuro-
pean average.
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Average and norm for rocks of Spain and Porluqal (38

‘analyses).
. Average. Norm

Si0,. .o 56.88 | Or. ..o 26. 69
AlLOg. ...l 15.85 | Ab.........oo.L. 38.77
FeyOy. oot 2.69 | An........ ... 8.34
FeO...o.ooiil. 357 Di................ 9.23
MgO...o.o....l . 4.57 | Hy..cooooooiiaiiil 6.02
CaO.oooiiinian.. 4.43 |0l ..ol 2.23
NaO. ..ot 4.56 | Mt. ...l 3.94
KO ... 447 | T ..ol 2. 58
L& PO IO LI9 | Ap.ceaeaiot. .67
TiOg..oeoiiiiin.n. 1. 34
PO ..ol .34 | Symbol, 11.5.2.3(4).
MnO.....oooooiian. .07 |
Inclusive........... .34

100. 00

It is obvious at a glance that the number of
analyses is inadequate to represent the large
and somewhat complex Iberian Peninsula.
Furthermore, the analyses are all of rocks from
localities near or on the coast; none represent
the interior. The average is made up practi-
cally of but three subareas—that of the basa-
nitic volcanoes near Olot, in Catalonia, de-
scribed by the junior author; the highly sodic
and potassic rocks of Almeria and Murcia, in
southeastern Spain, described by Osann; and
the sodic rocks of southern Portugal. Apart
from these but three scattered areas are repre-
sented. The peculiar features of the average
obviously arise from the peculiarities of the few
data available. We know from the publica-
tions of Calderén and Navarro that granites and
quartz porphyries, apparently sodlc rather than
potassic, as well as dikes of diabase of ordinary
types, are very abundant throughout the inte-
rior plateau of Spain and are perhaps the pre-
vailing igneous rocks, there being few syenites,
nephelite syenites, or diorites. There seems to
be but one (a Spanish) analysis of these gran-
ites, and that is not included among our data.

From the above discussion it is clear that the
average represents ‘only the coastal fringe of
alkalic and generally sodic rocks, whereas the
much greater mass of ordinary granitic and-
fewer basaltic rocks of the interior is not repre-
sented. The average for Spain and Portugal
must, therefore, be regarded as quite unrepre-
sentative of the area.

Norway.—The analyses of rocks from Born-

'holm and Iceland are included in the average -
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for Norway, but they are so few that the aver-
age is essgntially that of Norway alone. The
average resembles that of Europe in general
~ but differs from it notably in having higher soda
and lower lime, so that it is almost in persalane,
and is - distinctly more alkalic and more sodic
relative to potash. Titanic oxide is consider-
ably higher. If more of the analyses were com-
plete the average might show a little zirconia
and possibly some baria.

Average and norm for Norway (107 analyses).
Average. . ‘ Norm.

SiOgeiiiiiiiiniann. 59.83 Q. coviiiii 7.50
ALOg ol 16.081O0r.......o..o..o... 20. 57
N 3.65 | Ab ...l 42.97
FeO...ioeninen. 321 | An. .. 10. 84
MgO. ...l 2,26 | Di... ... ..., 4.97
(0770 I 3.64 | Hy................. 3.43
NagO..oooeieaeanne. 500 | Mt. ..., 5. 34
KyO.ooiiiiiia ot 3.62 | Th................. 3.19
HO. .o I AP L .34
b0 U T | Symbol, ks 4
MnO............... .10 :
Inclusive........... .10
100. 00

In considering the factors that make up the

average for Norway we may eliminate the
analyses of rocks from Denmark and Iceland.
The analyses for Bornholm Island (the only
Danish locality) number but six, and all are
analyses of granite. Only four analyses of rocks
from Iceland were considered sufficiently good
to use; three were analyses of rhyolites and
one an analysis of a basalt. The lavas of
- Iceland are overwhelmingly basaltic, yet the
~number of analyses of rhyolitic rocks of the
island .so far published greatly outnumber
those of basalts.

The average for Norway is made up almost
entirely of analyses of rocks from but two dis-
tricts, that of Christiania, described by Brogger,
and that of Bergen, described by Kolderup.
There are a few analyses of rocks from the
Lofoten Islands and scattered localities, but

- they are of little influence. - The. analyses of
the rocks of the Christiania district far out-
~number those of Bergen; they are also much
more varied in character, although their. com-
mon dominant characteristic is high soda.
The rocks of Bergen, on the other hand, are
highly calcic.  The Norway average, then,
may be regarded as essentially that of the
. dominantly sodic Christiania district slightly
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modified by the calcic Bergen ™ district. . A
considerable number of poor analyses of rocks
from Norway have not been used in.our com- .
putations. A study of the general petrographic
character of the Scandinavian Peninsula,
especially as exemplified in the average for
Sweden, makes it quite certain that the
abundant granites of Norway are inade-
quately represented in the average, which
must be regarded as subject to future re-

| vision.

‘Sweden.—A few analyses of rocks from Spitz-
bergen are included with those of rocks from
Sweden. The average for Sweden is very high
in silica, being exceeded in this respect only by
the averages for Utah-Nevada and the Bal-
kans. It is decidedly alkalic, and the percent-
age of potash slightly exceeds that of soda, so
that it is almost sodipotassic. Among all.the
European averages it has the lowest percent- -
age of lime and next to the lowest percentage -
of magnesia. In these two points also it re-

- sembles the averages for Utah-Nevada and the

Balkans. '
Awverage and norm for the rocks of Sweden (,2?)6' analyses).
Average. Norm.

Si0g.cceciiiiina... 64.04 | Queeennniiiiiil 18.84
ALOj. o oeenennnn. 14.24 | Oreeoooeeoi o 22.24
FeyOg. oot 3.65 | Ab....... . ......... 31.44
FeO. . 341 [An.................0 10.84
MgO...ooiiit 1.82 | Di.............o... 2.69
(6710 JE 3.26 | Hy................ 5.55
NaO...oeviiann.. 3.70 [ Mt 5.34
K,0.. 32 | P 1.37
H,O............... 84 | Apeeee L .67
TiOgeeinnannnnnn. .73 :
PyOsenoomeeeenn 25 Symbol, “1].4.2.3(4).
MnO......ocvennnen .15
Inclusive............ .10

100. 00

Most of the Swedish rocks analyzed are
granitic. They are described by Holmgquist
and ~others arnd are fairly well distributed,
although they represent best the southern
part of Sweden. The districts of Smaland
and Nordingra, in the granitic areas, are repre-
sented by the most analyses, and the some-
what sodic syenitic Kiruna district is also
well represented. As there seems to be lit-
tle, difference between the southern and the -
northern' granitic rocks of Sweden, the pre-
dominance of analyses from southern localities
is of small consequence. The few analyses
of highly sodic rocks, as those of Alné and
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Almunge, have no appreciable influence on
the average. Our data include only nine
analyses of rocks from Spitzbergen, so that
their influence is negligible, even though
most of them are analyses of basalts. The
average for Sweden is among the few that
are based largely on many analyses of the
most common rocks; they represent few of the
most ‘‘interesting”’ and uncommon kinds, and
the average may be considered as highly rep-
resentative of the character of the area.

Finland.—The igneous areas ‘of. the Kola
Peninsula are included with Finland, because
the rocks there seem to belong to the same gen-
eral comagmatic region and are quite distinct
from most of the other rocks of Russia.
Tectonically, also, the Kola massif appears to
be connected with Finland. The average for
Finland, although it shows about the normal
percentage of silica and slightly low percentages
of most other constituents, is very high in
soda, being surpassed in this respect only by
the average for Greenland. The minor con-
stituents, except titanium, phosphorus, .and
manganese oxides, were not determined, un-
fortunately, in the analyses for Finland and
Kola, but 1t is almost certain that, were the
analyses complete, the average would have
shown very appreciable, though small, amounts
of zirconia, baria, and other constituents.

Awerage and norm for rocks of Finland (59 analyses).

Average. Norm.

ST P 60.58 | Quereerennnnnnnt. 1.38
AlOg.ceeiain.nn. 16.43 | Oreeoonoia... 23. 35
(-6 2.75 | Ab...oooolLL. 51. 35
PeO....ooinnnnnn. 2.88 | An................. 5. 84
MgO........ooo... 216 Di................ 7.17
CaO .o 3.35 | Hy. 4.45
NaOoooevniiaao 6.11 | Mb.ooeooooaaa.... 3.94
KOooiniiinat. 396 | Il . ... ... 1.06
H0.. 71| Ap. . 67
TiOgeeeeieaaana.. .56 | .
1 .27 Symbol, 7’I1.5.(1)2.74.
MnO............... .19
Inclusive...........- 05

100. 00

The analyses show that the rocks of Finland
consist mostly of somewhat sodic granite but
include some quartz diorite, syenite, gabbro,
and diabase. They outnumber -slightly the
analyses of the rocks of the Kola Peninsula,
which are mainly highly sodic rocks, rich in
nephelite. Most of these rocks have been de-
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scribed by Ramsay and Hackmann. The
analyses are confined mostly torocks of southern
Finland, the more northern granitic areas
being almost unrepresented, and the com-
paratively small sodic igneous area of the
Kola Peninsula is represented by what seems
to be a disproportionate number of analyses,
so that the average for Finland is somewhat
too alkalic and especially too sodic and too low
in silica.

Fennoscandia.—As the Scandinavian Penin-
sula, Finland, Kola, and Russian Karelia
form parts of one connected tectonic mass, to
which the name Fennoscandia was given first
by Ramsay, its average has been calculated '
from the data obtained for its- separate parts.
It is higher in silica and both alkalies and
lower in magnesia and lime than the average
for Europe, and it has about the same per-

.centages of alumina and iron oxides.

Average and norm for rocks of Fennoscandia (372 analyses).

Average. Norm.

S0 62.30 [ Qo 11.94
ALOy ... ... 15.90 [ Or.. oo 22.24
FeOg.ecvieiiinL 3.50 | Ab................. 38.25
FeO.. ... ....... 3.26 AN ... 12.51
MgO............... 2.00 | Di...o.... 2.00
CaO............... 3.37T | Hy...... ool 5.49
Na,O. ool 4.48 | Mt ... L. 5.10
KO.oooooiooot 378 [ e i i 1.82
H0uoeeenn T | APt .67
mor LI | Symbel, (DILa@-2) 4
MnO.....oo.ooo.... 14
Inclusive........... .09

100.00

This average is no doubt fairly representative
of the Fennoscandian area, although the abun-
dant granitic rocks are possibly too little
represented and the interesting. alkalic rocks

| are somewhat overemphasized. The depart-

ures from- the truth that these criticisms in-
volve, however, ‘are probably not serious, so
that the average may be accepted as
satisfactory.

Germany.—The average for Germany resem-
bles that for the whole of Europe except that
it is decidedly more femic, as is shown in the'
lower silica and alkalies and the higher iron
oxides, magnesia, and lime. It is also brought
out clearly in the larger proportion of femic
minerals shown in the norm. If the German
analyses generally were of better quality the
average would be much more distinetly femic.
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Average and norm for rocks of Germany (474 analyées).

Average. Norm.

S0 58.84 | Queuenneeanns 10.20
ALO, .. ........... 14.44 |Or........... 17.79
FesOp.ovvonnenn... 3.35 [Ab.ooo 29.34
FeO. ... ... 3.9 |An. ... 14.73
MgO. . oo ... 4.63 |Di................ 8.65
Cal. ..o 5.56 | Hy.......coo...... 10.41
NagO......ic...... 3.45 | Mt 4.87
KOs 3.04 | Il................. 1.67
TT0. i, 1.40 | Ap.oooieeiii . .67
B0 I | Symbol, I @4
MnO............... .04
Inclusive........... .18

100.00

- The average for Germany is not very satis-
factory. It represents a large number of
analyses and many kinds of rocks, which are
pretty well distributed over the country, so
that it should be representative, but the
quality of many of the analyses is so poor that
they yield correspondingly untrustworthy fig-
ures for the average.

Most- of the German analyses that we have
been able to use are. of mediocre quahty and
are rated as “fair” and “good.”” Very few of
them are “excellent,” and a very large pro-
portion of a,ll of them, say 30 per cent, must
be rated as “poor” or “bad.” The minor con-
stituents, except titanium and phosphorus,
are seldom determined, even manganese being
mostly omitted; and such minor constituents
as zirconia, baria, strontia, chromium, and
nickel are determined only very exceptionally.
This is the more unfortunate because most of
the igneous rocks of Germany are decidedly
femic and there is a considerable proportion
of somewhat alkalic rocks. The femic rocks
_ should contain notable amounts of titanium,
phosphorus, and probably chromium and
nickel, and the more alkalic ones should prob~
ably contain easily determinable quantities of
zirconia and other minor constituents. Con-
sidered as a whole German analyses of rocks
from Germany as well as of those from other
countries present a dreary monotony of medi-
ocre work, which is not creditable to German
chemists or petrographers. We may see in
this, possibly, the influence of Rosenbusch,
who was profoundly ignorant of the chemistry
of igneous rocks® and disregarded it.

51 It should be remembered that the ratings of analyses in U. 8. Geol.
Survey Prof. Papers 14 (1903) and 99 (1917) were made before the World
War. The remarks as to the ratings of German analyses in Prof. Paper
99 apply equally to those in Prof. Paper 14.
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As a consequence of this poor work the Ger-
man average is not so femic as a representative
assemblage of good analyses would show it to be.
It is comparatwely easy to make a passable
analysisof a granite, but an analysis of a diabase,
basalt, or tephrite demands greater analytlcal
The German average is dis-
tinctly femic, but this fact.is not sufficiently
shown by the number of good analyses that
can be used. Furthermore, we have practi-
cally no knowledge as to the amounts or the
distribution of most of the minor constituents,
which is to be deplored because of the number

‘| of comagmatic regions in the German area and

their considerable variety and interest. On
the whole, therefore, the average for Germany
must be regarded as not properly representa-
tive and thus not satisfactory. o

Austria- Hungary.—The area now to be con- .
sidered includes the Empire of Austria-Hun-
gary as it was before the war, with Bohemia
but not the Austrian Tyrol, which is grouped
with Switzerland. Therocks of Bosnia-Herze-
govina are regarded as in the Balkan Peninsula.

The Austrian average is low in silica, lower
than that of Germany as calculated from our
data, and is exceeded in this respect, among .
the European averages, only by the average
for European Russia. Apart from this it
presents no especially noteworthy features.
The almost total lack of determinations of the
rarer minor constituents may be mentioned,
but as this is common to nearly all European
analyses it is no novelty

Awerage and norm for rocks of Austria- Hungary
(148 analyses).

Average. Norm )

13310 J AR 56.93 | Queee e i e e 6.30
ALO . e 15.86{O0r.. ...t 17.79
Fe,Ogcccnennnnnnn 3.72 | Ab. - 30.39
FeO..... oo ooot. 3.78 | An. 18. 35
MgO....oooiinannnn 4:15 | Diceeceeeieinnns 9.13
CaO... 6.45 | Hy..oooiiainiaans 9. 44
Na,O. 3.61 | Mt.. 5. 34
KOooeoeiiaii et 2.96 Il..r ............... 1. 06
12 10 DO 1.45 | Ap.. .67
TiOg.oceeeieannn .58
POs.. il .27 Symbol, 11.7/5.773.74.
MnO............... .14
Inclusive............ .10

100. 00

The number of analyses availlable to represent
the former Austrian Empire is not very large,

| not so large proportionately as the number for
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Germany, for though Austria has about half
the avea of Germany it is represented by less
than one-third the number of analyses. The
analyses seem to be fairly well distributed.
(;hough some well-known districts” (as that of
Schemnitz) are not represented among recent
analyses. A considerable number (41) are of
Bohemian rocks, rather sodic, described by
Hibsch. There would seem to be an insufficient
number of granitic rocks represented, but, on
the whole, the Austrian average is more satis-
Tactory than that of Germany and may be
considered as more representative, although it
15 In need of thorough revision by means of
more and better analyses.

Switzerland- Tyrol.—The average for Switzer-
land is very like that for Europe. It shows
about the same amount of silica and of most of
the other constituents but a little more potash,
so that it is sedipotassic instead of dosadic, as
is the Luropean average. The chemical uni-
formity of the rocks of Switzerland and the
Tyrol, and the comparatively narrow limits of
variation for most of the rocks are perhaps the
most striking features. Most of the rocks are
granitic.

Awverage and norm for rocks of Switzerland-Tyrol
(217 analyses).

Average. Norm.

Si0;.. 60.69 ) Queeveeee i 1110
Al Q4. . .14.67 | Or.. 21.13
Ie,04.. 2.76 | Ab.. 29. 34
FeO............... 3.28 | An.. 13.90
MgO. 4.56 | Di.. 5.75
(070 I 4.37 | Hy....o.ooooo.. 11. 44
Na,Oooeonioaaetn 3.52 | Mt.. 3.94
KO oo 017 I O U 1.22
HO. ..ol 1.68 | Ap. .34
Ti0,.. .65 .
P,0;.. .19 Symbol, T1.4(5).27.3(4).
MnO. .03
Inclusive............ .04

100. 00

This average is made up of rocks from
Switzerland and the Tyrol. -About 70 per
cent of the analyses represent Swiss rocks, and
the remaining 30 per cent is about equally
‘divided between the Monzoni-Predazzo massifs
and the rest of the Tyrol. Most of the analyses
of Swiss rocks were made by the late Friulein
Hezner and have been or are being published
by Grubenmann.. These analyses are of excep-
tionally high average quality except for the
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deplorable paucity of determinations of the
minor constituents. The proportion of inferior
analyses is lower than that for almost any
other country. They are of much better
quality than the analyses of Austrian rocks.
The area is remarkably uniform in chemical
character. Most of the rocks are granitic, yet

 there are a few small areas of rocks with a

decidedly sodic cast, notably those of Monzoni-
Predazzo, but dikes of diabase and such femic
rocks do not seem to be abundant. Although
the rocks of the Monzoni center have been the
object of special interest and much study,
their analyses are probably not unduly repre-
sented in the averagé. The average for the
Switzerland-Tyrol area may be considered
representative—easily the most representative
among the European averages. It is, indeed,
among the half dozen best averages here con-
sidered except—it must be repeated—for the
deplorable neglect of the minor constituents,
the determination. of which would have been
of great interest.

Italy—The analyses of the rocks of Sicily,
Sardinia, Pantelleria, and Linosa are included
with those of the peninsula of Italy. The
average for Italy shows rather high alumina,
very high potash, and a high ratio of potash to
soda, its potash percentage being equaled only
by that of the Arkansas-Texas area. The

titanic oxide is about that of the LEuropean
average, but there are perceptible though small
amounts of zirconia and baria. The percent-
age of manganese is much too low.

Awerage and norm for rocks of Italy (276 analyses).

. Average. Norm. .
S$i05.+c v veeenn. 58,98 | Qo 5.52
ALOgeovneeiennes 16.28 | Oreu oo 27.80
FeOp v veennen... 2.53 | Ab. ..o, 31. 44
FeO............... 344 | An. ... Ll 13.90
MgO............. 3.03 | Di................ 7.82
Ca0... 5.16 | Hy..*............ 6.62
NagOooooooeene . 3.72 | Mt 3.71
KO.......o....... 487 | ool 1.67
HO. . .oo.ooi.. 94 L Ap. Lo .67
TiOy- - v voeennins .85
POg v .99 Symbol, I1.775.2.3.
MnO.............. .04
Inclusive.......... .14

100. 00

The most important areal factors that go to
make up the Italian average are the Eocene
gabbroic rocks of Liguria, Tuscany, and other
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parts of northwestern Italy; numerous intru-
sions of granitic rocks in northern Italy, at
Elba and other coastal islands, along the

“Apennines, and in southern Italy; the so-called |
Roman region, embracing the row of volcanoes-
from Lake Bolsena (and possibly from Monte |

‘Amiata) to Vesuvius, the lavas of which are

mostly leucitic, including many trachytes, and’

'some andesites - and basalts; the basaltic
subareas of Etna and Val di Noto on Sicily
and the basaltic-rhyolitic Aeolian Islands; the
island ‘of Sardinia, which is composed princi-
pally of large areas of granitic rocks that have
been little studied and many extinect volcanoes,
large and smaill, the rocks of which are de-
cidedly sodic; the island of Pantelleria, with
its highly sodic rocks; and the small basaltic
island of Linosa. Corsica should probably be

included in the Italian average, rather than in’
that of France. The rocks of the Euganean and.

Berici hills and of Monte Vulture and the

Ponza Islands are inadequately represented.
Reckoning up roughly the relative im-

portance and number of analyses of the rocks

of the chief districts of Italy, we find that they
are very unevenly represented. There are a’'

few usable analyses of the early gabbroic rocks,

and there is a fairly representative number of
the granitic rocks of north Italy, but there are.
none of these rocks of southern Italy. The,
main western row of volcanoes is by far the

best represented, many analyses of their lavas

having been published by the junior author
There is a fair.
number of analyses of the lavas of the Sar-:

and by Lacroix (Vesuvius).

dinian volcanoes, but none of its abundant
_granitic rocks. The basalts of Sicily are inade-

quately represented, but there are many |

analyses of the lavas of the Aeolian Islands,

and the number for Pantelleria and Linosa |

are ample for.the size of the areas. There

are many gaps, some areas are overrepresented, |.

and some areas are underrepresented.

It is rather difficult to decide whether the
average for Italy is fairly representative or not,

That a part of the area is potassic is evident

from the abundance of leucitic and trachytic

rocks in the Roman region, and this fact Iis

shown in the average as its most characteristic
The normatively high silica, which-

feature.
seems to be inconsistent with the abundance
of leucite, is in harmony with the number of
granitic rocks, and their aggregate amount is
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so great that the average silica might justly be"
even slightly higher. On the whole, we are
meclined to think that the average for Italy
shows fairly well the general character of the
whole rather heterogeneous area.

Russia.—The area included in Russia as here
considered comprises the Ural Mountains, the
Caucasus, the Crimea, and some scattered dis-
tricts. It does not include Finland and the
Kola Peninsula, which are considered ' else-
where. :

The average is markedly different from the -
other European averages. The silica is the
lowest: the iron oxides, magnesia, and lime are
high, and the alkalies are low. Here, again,
the minor constituents are almost wholly neg-
lected, and it would have been interesting to
have data as to some of them in connection
with a general average that is so peculiar.” The

TRussian average resembles most.closely that of

the Antarctic Continent, and although its con-

| tent of silica is about the same as that in the

averages for Canada and Madagascar, these-are
much higher in alkalies and lower in iron oxides,
magnesia, and lime. The norm shows that the
average is near salfemane and is almost do-
calcic.

Awerage and morm for rocks of. Russia (98 analyses).

Average.

Norm.

ST IS 54.22 | Q. oeeiiiiiinas 5.88
ALO, . .. ..... . 16.30 | Or. . .............. 11.12
FesOpevoavannnnnn. 4.28 [Ab. ... 25.15
FeO..ooeeeiannn.. 5.54 [ An................ 25. 58
MgO.............. 5.02[Di....ooooia... 9.88
(7Y o JOTT 7.60 | Hy.oooeeeiean.n. 13. 62
Na0 2.99 | Mt. ..ol 6.26
KO.oooooennn. 192 [Tl i i, 1.22
ro, I Tag| smbel tnsa
PyOs.coeineannn. .07
MnO.............. .14
Inclusive.......... .09

100. 00

The Russian average is dominated by the
analyses of rocks from the Ural Mountains,
which have been described by Duparc and his
collaborators. These analyses number forty-
nine, about one-half of the whole. These Ural
rocks are mostly gabbros, pyroxenites, dunites,
and other highly femic kinds; they include very
few granites, syenites, anorthosites, and nephe-
lite syenites. The used analyses of rocks from
the Caucasus represent granite, dacite, and
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andesite, but the good .analyses of them num-
ber only 11. The Caucasus area should prob-
ably be placed with the Balkans, not with
Russia. The Caucasus rocks thus have little
effect on the average; those of the Crimea, of
which the analyses are still fewer, have still less.

There are large areas of granitic rocks in
Russia, especially in its northern part, and
of these there are an inadequate number of
analyses among our data. Many analyses of
Russian rocks have been published only in the
Russian language, and few of these have been
used here.

The aver age for Russia must be 1ecrmded as
unsatlsfactmy and not 1cplescntat1ve, for sev-
eral reasons. The area covered is very large
and is divisible into at least five chief comag-
matic regions; the granitic region of northern
Russia; the Ural Mountains (possibly divisible
into at least two subregions); the Crimea and
Mariupol (which is probably a separate region);
the pliuns of southern Russia (including Vol-
hynia), in which exposures of igneous rocks are
rare but sufficient to indicate their existence;
and the Caucasus, which may best be referred
to some Anatolian connection. None of these
i1s sufficiently represented except the Ural
Mountains, studied by Duparc, and even many
of the analyses for those mountains are not
exceptionally good, and in almost none of
the analyses of Russian rocks are the minor
constituents determined. :

The average, if regarded as one for the Urals,
is probably fairly representative, but it can not
be accepted as o satisfactory average for the
whole of European Russia. It is probably too
low in silica, too calcic, and otherwise not
representative.

Balkan Peninsula.—The islands of the Greek
Archipelago and a few localities in western
Asia Minor are here included with the penin-
- sular countries, the Balkan States and Greece,
The average for this region presents a striking
contrast to that for Russia, as it is the highest
in silica-among all the European averages
and in this respect stands next to that of
Utah-Nevada among all the averages. With
this high content of silica it is naturally low
in the other constituerits, which occur in much
the same proportions as in the European aver-
age. The norm shows that it falls in persalane,
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as does also that for Utah-Nevada, the two
lesembhncr each other in many 1espects

Average and norm for rocks of the Balkan Peninsula (33-

analyses).
Average. Norm

Si0,. ..ol 64.73 1 Qeenne e 21. 06
AlLO;. ...l 15.92 1 0r. i 15. 57
Fe,04. 3L Ab. 31. 44
FeO........oool.. 2.28 |An.............L 18.90
MgO....oooiiinnn. 176 | Diooe ... 2.65
Cal...ooeeeo... 4.49 [Hy................ 4.19
Na,O.oooonaee . 369 Mb. ... 4. 64’
KO 256 1T oo .61
vio, I | sl tanasa
PO;. ...l .03, '
MnO.............. .03
Inclusive.......... .02

100. 00

The analyses of rocks from the Balkan area
are sp few as to be, perhaps, not quite repre-
sentative, yet the rocks of the area are. on the
whole so generally alike that this factor is of
less moment than it would be with a larger area.

The largest groups of analyses are eleven
from Aegina and Methana (not of very satis-
factory quality), six from Santorini, and five
from Asia Minor. A few of the granites of the
Greek mainland are represented, but none of the
rather abundant gabbros, all the analyses pub-
lished by Lepsius being of altered rocks so that
they are not included among our data. The
lavas of Milos and Nisyros, and other small
volcanic islands are not represented. 'There
are two analyses each of Rumanian and Mon-
tenegrin rocks, but none of those of Bosnia,
Bulgaria, or Serbia. On the whole, however,
in spite of its manifest defects, the average for
the Balkans probably represents very wcll the
chemical character of the rocks of the area. It
should be noted that the analyses, with scarcely
an exception, represent volcanic lavas, most
of them somewhat glassy, a fact that has a
bearing on some other problems.

Awerage for Europe.—The average for Eur ope
is almost a rephca of that for the whole earth—
that is, it is a thoroughly average average.
It also resembles closely that for North
America, which, however, is very slightly
more sodic, although the three are in sub-
stanma,l agreement.
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Awerage and norm for rocks of Europe (1,985 analyses).

Average. . Norm
SiOgeceicice i 59,84 | Qo 10. 50
AlLOg. .. oollL 15,12 |Or. ..ol 20. 02
Fe,O0p. . ool 317 |Ab .ol 31.44
FeO...............: 3.67 |An...... ... ........ 14. 46
MgO............... 3.61 | Di... ... 6. 67
CaO. .ot 4.97 |Hy......ooooooii 8.71
NaO.ooeeie ot .73 Mt . ol 4. 64
KOl 3,40 | Il..o.o..o.ooolL. 1.52
HyO oo 1.24 | Ap .o .67
TiOg. o ceeeeeaan. .

;28: _______________ gg Symbol, T1.(4)5.2(3).(3)4.
MnO................. .08
Inclusive........... L1

100. 00

The average for Europe can not be said to.
be greatly dominated by the analyses for any
one country. Those of Germany are the
most numerous, forming about 24 per cent
and with the Awustrian about 31 per cent.
These averages are not quite femic enough
and are slightly too high in silica. The next
most numerous group, that of Fennoscandia,
forms about 19 per cent, and then come Italy,
Switzerland, Great Britain, and France in the
order named, with the quotas of Russia, Spain,
and the Balkans practically negligible and
more or less mutually compensatory.

The averages for Great Britain, France,
Fennoscandia, Switzerland, and Italy are
fairly representative.of their respective areas
and as these together make up just 60 per
cent of the analyses for Europe, and as the 9
per cent of analyses of the smaller groups is
negligible, the averages of the five countries
named largely compensate for the defects
of the German and Austrian averages, espe-
cially as the Austrian, average is probably
‘not very far astray. The compensation is,
however, probably not quite complete, so that
the average for- Europe must be regarded as
fairly representative but somewhat too salic
and too high in silica. It is also deficient in
that the minor constituents are not properly
represented, titanic oxide and manganese
being too low and the others being almost
entirely neglected. It is unfortunate that
80 good an opportunity for a study of the
distribution of the. rarer elements as was
afforded by the numerous and varied European
analyses has been passed by—an opportunity
that will probably never return.

THE EARTH’S CRUST.

AFRICA.

The analyses of the rocks of Africa number
223 and are distributed as shown below. They
are so few for so large a continent and they
represent areas so widely scattered that we
have not. yet calculated the averages for
different areas within the continental area,
although we have calculated that for Mada-

| gascar and Reunion.

Madagascar.—The analyses of rocks from
Reunion are included in this average. The
average is different from almost all those
that we have been examining, although it'
shows some resemblance to those of Greenland,

| East Canada, and East Brazil. The low silica

and ‘its distinctly alkalic and dominantly
sodic characters are well marked. " An inter-
esting minor feature in the complete average
is the notable percentage (0.09) of zirconia,
which reminds us of that of the Greenland
average. Baria unfortunately was not deter-
mined, and manganese, of which there were
only seven determinations, is much too low.
The norm shows that this average is among
the few in which there is no excess of silica -
but a little olivine, although there is no
normative nephelite.

Average and norm for rocks of Madagascar (140 analyses).

Avérage. Norm.

15710 2SR 54.67 |Oro. ... ... .. ... 18.35
ALO,. ..o 16.21 | Ab.ceeeiienaa... 36. 68
) 0 302 An. ..., 15. 57
FeO. 493 Dic..ioii., 11.15
MgO.ooooiananannn. 421 | Hyeeeaieeaaeaaaiaa 8.14
(67X 2 6.51|Ol........i......... . 80
NagO . oovvomananns 4.36 | Moo 4.41
) 0 SO LS | D 2.74
H,0.. 118 | ADeecneneeniiennns 1.01
moy L[ oy | symbol 10520
PyOgcneneaneanennnn .35
MnO................ .01
Inclusive............ 02

100. 00

We owe our knowledge of the chemistry of
the rocks of Madagascar and of Reunion almost
wholly to Lacroix. Since the analyses that we
have used were published, Lacroix has had
made and has published many more analyses
of ‘the rocks of Madagascar, so that this island
is probably the one .noncontinental area for
which we have a great.number of data. It is
not practicable nor necessary here to divide the
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island of Madagascar into separate regions.
The inclusion of thc 28 analyses of the rocks of
Reunion has but a very slight effect. They
form only 20 per cent of the whole number of
analyses, and nearly all of them have their
counterparts among those . of Madagascar.,
The rocks of Reunion are somewhat more basal-
tic than those of Madagascar, so that the aver-
age as given here is slightly lower in silica, more
femic, and less alkalic than it should be. But
the difference can be but slight, and is probably
quite negligible, so that the average for Mada-
gascar is among the best and most representa-
tive of those here given.

Awerage for continental Africe.—For reasons
given above, the continent of Africa will be
considered here as a whole, without division
into separate small areas. The averages for
Madagascar and the islands to the west will
not be considered.

The average for Africa is lower in sﬂlca than
most of the othels and is notably alkalic and
sodic. It most resembles that of Norway, and
it is also somewhat close to that of East Brazil,
but it is altogether unsatisfactory. The com-
plete average includes some zirconia, and the
manganese is notably low because of .its non-
determination in many analyses. '

. Awerage and morm. for rocks of continental Africa (228

analyses).
Average. Norm.

Si0,. - 58.21 1 Q. 3.66
Al O;, 1528 [Or. ..ot 19. 46
TegOg. oo oviennnnn. 8.52|Ab. ... 40. 87
FeO..oooiiiiiiints 3.73 | An. ..l 10. 29
MgO... ...l 351 | Di.o. ., 11.34
(07:1 6 D 509 | Hy.. ... 6.02
Na,O 4.83 | Mt. ..ol 5.10
KO ool 3.28 | 1leeeoiiiiiiiiant, 1.52
HO. .ol L26 | Ap.ceeeiniaiin, .34
TiOge v v vininannn .84 .
ZrOg. o vviivinnnns. .02 | Symbol, I1.5.2.4.
POg.ooviiiaa. .20 :
MnO... ........... .07
Inclusive.......... .16

100. 00

We have little or no exact information as
to the chemistry or even the petrography of
the rocks of the interior of the African conti-
nent, nearly all the specimens analyzed having
been collected near the coast. We may, how-
ever, glean some approximate knowledge of
the rocks of the interior from incidental
remarks in narratives of travel and from some
more exact statements as to the rocks, although
without analyses, that are found in geologic
papers. The petrology of the continent of
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Africa, therefore, like that of most of the other
continents, is very imperfectly known.
The analyses used for the average of Africa
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‘are fairly numerous, about twice as many as

those for the much larger continent of Asia,
and considerably more than those for South
America. Most of them represent localities
near the coast, yet they are rather well dis-
tributed along it, although there are some very
notable gaps.

Of areas along the Ethiopian Rift Vallcy the
analyses represent especially rocks from Abys-
sinia: (4 analyses), described by Prior; Eritrea
(28), - described by Manasse; French Somali
(14), described by Arsandaux; British Fast
Africa (5) described by Prior; and the districts
of Lake Kivu (19) and Kilimanjaro (9), in
Tanganyika Territory, formerly German East
Africa, described by Finckh. All these rocks
are very alkalic and dominantly sodic. There
is a long interval of unknown rocks along the
east coast, extending from British Somali to
Lourenco Marques, including Zanzibar and
Mozambique.

In South Africa the best—lmown areas are
those of highly sodic rocks in the Transvaal,
described by Brouwer, who gives us 13 good
analyses. There are some 28 usable analyses
from other localities in.the Transvaal, Cape
Colony, and Natal. Altogether there are about
40 from South Africa—not a large number of
good analyses from such a large, unportant
and divérsified area.

We find among our data no analyses to
represent German Southwest Africa, Angola,
Belgian Congo, or the coastal portion of French
Congo. There are 10 analyses from two dis-
tricts in the Cameroon (described by -Isch) and
about 30 from French Guinea (including: the
Los Islands) and the Ivory Coast, described by
Lacroix. There are four from the district of
Lake Chad in the interior. There are five
from Cape Verde in French Senegal, but none
from Mauretania, farther north, and but two
or three from Morocco.  Practically all these
rocks along the west coast are smongly alkahc,
and most of them are sodic.

When we come to the northern coast of
Africa we meet another serious gap. Duparc
gives us 39 analyses of rocks from one district
in Algeria, of which only 14 are usable,
although the others are closely similar in
character. There are but two from Tripoli,
and these do not appear to represent the com-
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mon rocks of this region. We have none from
the Cyrenaica, and only 16 from . Egypt and
Kordofan. These rocks of north Africa, it may
be noted, are distinctly more silicic and less
sodic. (except those between the Nile and the
Red Sea) than those on or near the east and
west coasts. ' _

The average for Africa is thus made up
almost entirely of analyses of rocks from the
coast; it is without adequate representation of
the interior; but even for rocks along the coast
there are loncr gaps in the data. The average
is therefore not very satisfactory; it is almost
undoubtedly too alkalic and too sodie and is
probably too low in silica and the femic con-
stituents. Many more data are needed for
Africa, even for some of its well-known parts.

ATLANTIC ISLANDS.
The average for the islands in the Atlantic

“Ocean mcludes analyses of rocks from the

Azores, Madeira, Canary, Cape Verde, Ascen-
sion, and St. Helena islands. It differs widely
from those already given in its low silica,
rather high iron oxides, magnesia, and lime,
and it includes a notable amount of the two
alkalies. It is almost basaltic, and the femic

* constituents are so high that, as shown by the

norm, it is nearly in salfemane. At the same
time, the norm shows a little normative neph-
elite, the average resembling in "this respect
those of the Pacific Islands and Greenland, the
only others that show the same feature. The
average suffers from the defect already men-
tioned, that of neglect in the determination of
the minor constituents. For this reason, man-
ganese is unquestionably too low, and prob-
ably titanic oxide also. The average shows
that no attention has been paid to baria or to
strontia. It also shows, however, some chlorme
and sulphur trioxide.

Awverage and norm for rocks of the Atlanmc Islands (56

analyses).
Average. X Norm

IS) (0 P 50.59 | Or........... e 13. 34
ALO, 15.81 | Ab..ooeneeeea 33.80
Fe,Og.cnenennlo. .. 4.44 | An..o.... 18.35
FeO. . ..........0l.. 5.79 [ Newoewreiien .. 1.28
MgO..oooooiiiiiiil, 579 | Dieeoeieeiin s 12: 20
Ca0. 7.36 | Olooe i 9.35
NagOoooieee s 4.27 | Mt 6.50
KO 2.3 Thoeee il 3.04
H,0. oo, 14T | ApPeeenene ol 1.39
por I | syimbel, w5
MnO.....oooooaa... .04

Inclusive........... .07
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The average for the Atlantic islands is clearly
dominated by the 32 analyses of rocks from
Madeira, described by Gagel. The analyses of
rocks from the Azores, Canary, Cape Verde,
and Ascension islands consist of small groups
of four to seven, and there is one each from
St. Helena and Gough’s Island. There may
perhaps be a slightly undue representation of
“interesting” sodic rocks, which gives the
average its distinctly alkalic and sodic cast.
This is true of the rocks of Madeira, of which-
there is a fairly adequate representation, and
this cast may be considered a marked character
of the Atlantic islands rocks. To complete
the average for the Atlantic islands analyses
of rocks from Fernando Noronha and from St.
Paul’s Rocks should be included. But these
islands are small, and their omission is not a
serious defect. On the whole, the average

may be considered fairly satisfactory, but we
are much in need of more analyses from the
large islands and 1sland groups.

ASIA.

The data for Asia are like those for Africa in
that the analyses which represent the continen-
tal mass are so few and inadequate that no av-
erages can be calculated for any separate areas
on the continent. Indeed, the total number
of analyses (114) for Asia, in spite of its much
greater size, is fewer than that of Africa. We
have, however, two groups of fairly numerous
analyses to represent the adjacent island areas -
of Japan and Malaysia, which we shall consider
separately before taking up the Asiatic con-
tinent.

" Japan.—The average for Japan belongs to
the group of those which are high in silica, such
as those for Appalachia, Alaska, Utah-Nevada,
and the Andes. The content of normative
quartz. and that of the feldspars is indeed so
high that the average is almost in the persalane
class, as are those just mentioned. It differs,
however, from most of these in its lower alka-
lies and relatively higher lime, so that it is dis-
tinctly alkalicalcic. It resembles most the
averages for Alaska and the Andes, although.
the Japanese average is somewhat lower in

"alkalies, and it also bears a marked similarity

to the average for the West Indies, although
that is distinctly hlghcl in lime and lower in .
s1hca
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Average and norm for rocks of Japan (69 analyses).

Average. Norm.
Si0geneuieaenaaann.. 61811 Q... ... 18.24
ALOg.eeeeniias 15.73 | Or.. . 15.01
FegOgeeenaeanaaaannns 207 {Ab. ..o 26. 20
FeO. ..ot 441 [An. ..o 21. 41,
MgO.oeueeiineannnn. 2.49 | Di. 1.83
Ca0. 5.16 | Hy................. 10. 58
NagO.ooooieaniintn 30 Mt 3.02
e JOUT 251 | Thooeeie e, 1.52
) 0 TN 148 | Ap. oo, .67
bor T | sy, LS @
MnO..ooeveeeaaa. 17
Inclusive........... .03

100. 00 |.

The analyses on which the Japanese average
is based ave fairly numerous and seem to be
well distributed over nearly all the chief areas.
Most of them, however, are analyses of volcanic
rocks; the abundant granites are not quite
sufficiently well represented. The inclusion of
more analyses ‘of granitic rocks, however,
would probably not have a very disturbing
effect on the average, which may be considered
fairly representative, especially in view of the
apparent and rather remarkable general uni-
formity among Japanese igneous rocks.

Malaysia.—Malaysia is made up of the large
islands of the Dutch ISast Indies (Sumatra,
Java, Timor, Borneo, and Celebes) and a few
smaller, dependent islands (as Bawean), the
Moluccas, and the Philippines.

The average for Malaysia differs Wldely from
that for anzm and is almost identical with
those for Europe and the earth. The most
interesting features are shown among the
minor constituents, and for their determina-
tion we are indebted to the long series of
excellent and very complete analyses of rocks
from the Dutch East Indies made by Dr. E. W.
Morley for Iddings. These analyses show that
in this area zirconia is almost entirely absent,
being present in traces (up to 0.02) in only a
few. of the more salic and sodic rocks. .On the
other hand, the analyses show large amounts
of baria and strontia, up to about 0.25 per cent.
The amount of chromium is small, smaller than
that in the Pacific Islands. The possibility of
estabhshlng such relations as these among the
minor constituents emphasizes the need of
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determining these chemical constituents, whlch
are so frequently neglected.

THE

Avcmge and norm for rocks of Malaysia (129 analyses).
© Average. Norm.
Si0gceeeiiia 59.72 | Queeneneianiiia 9.42
ALOg .ol 16.51 | Or.. 17.79
FeuOq omeennn ... 818 [Abueureeieiiinn.. 31. 96
FeO. ... ... 2.95 | An. ... 19.18
MgO..ceenieann... 3.03 | Di. 6. 86
CaO. 576 |Hy. . ..ooooo .. 7.18
NagOuuoraeennn, 378 | Mb.i e 4.64
KOoooiiioaiiain. 8.05 | Muueeeennnaiiaa. .91
HO LI Ap.e oo .34
Pion I | Symbl s
MnO.........0....... L4 |
BaO.. .03
Inclusive. .......... .06
100. 00

In view of the number of volcanoes in Malay-
sia and the variety of their lavas, the total
number of analyses of lavas is not so great as
might be desired. Several large series of anal-
yses of rocks from different islands of Malaysia
have recently been made by Morley and pub-
lished by Iddings, and these will be invaluable
for a future estimate or study of the rocks of
the region. A few of these analyses have been
included in the data. The analyses used are
fairly well distributed, although those repre-
senting Sumatra are the most numerous (37),
but many of them are not of the best quality.
After Sumatra come Java, the Moluccas,
Celebes, and the Philippines, each with about
the same number of analyses. Only six repre-
sent rocks from Borneo. Although many more
analyses are needed, the average is fairly satis-
factory and probably shows well the general
character of the rocks of the area.

Average for continental Asta.—The immense
continent of Asia is represented by remarkably
few analyses. The averages for J apan and
Malaysia are considered abovc

The average is very high in silica, like the
averages for Japan, Alaska, Utah-Nevada, and
the Andes, but it is otherwise not especially
noteworthy except that it is relatively so high
in alkalies as to be domalkalic, like the Utah-
Nevada average, and not alkalicalcic, like
those of Japan, Alaska, and the Andes. It is
also one of the few. that are almost in the
persalane class.
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Awerage and norm for rocks of continental Asia (114 analyses).

Average. Norm.

Si0ge i 6L92 | Q.o 13.32
ALOg .ol 15.49 | Ore.ooeeeneen o 18. 90
FeOq.evnennnnnn .. 317 Ab. ... 34,58
FeO................ 2.75 | An. . ... 14.73
17710 R 2,63 | Di.ooeeneeneen .. 5.31
(o Yo J, 4.50 [Hy................. 5. 66
Na,0.. 420 [ Mt oo 4.64
KOoooeaaiain, 3.23 [ Tloeeeii ... 1.22
12 %0 JURUR 123 | Ap.ueineie . .34
I I G OR
MnO..oooevveeaa... .10 '
Inclusive........... .08 |

100. 00

The average for continental Asia is not
dominated especially by the analyses of any
one district except Siberia. The rocks of Asia
are so little known petrographically and chemi-

" cally that safe generalizations concerning them
are scarcely possible. We find, for instance,
that the great plateau of Pamir and Tibet is
unrepresented, and that the vast expanse of
Siberia is represented, at least in our data,
by only 51 analyses, a number quite inade-
quate. There are no analyses of the extensive
flows that constitute the traps of Siberia and
only scattering analyses of the other funda-
mental igneous rocks of this area. Similarly,
there are among our data but eight mostly
rather indifferent analyses to represent the
great peninsula of India, and mnot a single
analysis of the enormous flows of the Dekkan
traps, which cover about one-seventh of the
area.’ Of the rocks of Turkestan we have six
analyses, and Lacroix has recently published
a few analyses of the rocks near Trebizond.
Of the rocks of Afghanistan and the.adjacent
regions there are no analyses. Of the igneous
rocks of the vast expanse of China the analyses
are lamentably few (21) and they are unsafis-
factory as to quality. Of the rocks of Arabia
we have a few—six of those of the volcano of
Aden published by Manasse. Asia Minor, with
its many distinet and interesting comagmatic
regions, is represented by but six analyses, and
much the same may be said of Indo-China.
In fact-the whole continent of Asia is petro-
logically and chemically unknown.

AUSTRALASIA.

The term Australasia includes Australia,
Tasmania, New Zealand, and a few small ad-

572 Washington, H. S., Deccan traps and other plateau basalts: Geol.
Soc. America Bull., vol. 33, p. 765, 1922.
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jacent island groups. The-analyses available
number 421.. We shall discuss here separately
the averages for Australia and for New Zea-
land, but not the combined average for the
two.

Australia.—The average for Australia in-
cludes the few analyses of rocks from Tas-
mania, which is structurally a part of the larger
mass. The average is much like those of
Furope and of the earth, differing only in the
slightly lower amount of alkalies. The anal-
yses show small amounts of zirconia, nickel,
and baria. '

Average and norm for rocks of Australia (287 analyses).

‘Average. Norm.
SiOgeceeeciananannann 60.16 | Q-. ceiee.. 12,48
AlLOs. ool 14.74 | Or. R L A £ ]
Fe,0pcvrnannan. .. 260 bAb. ... 29. 34
FeO... .. .......... 4,41 An_ ... 15. 57
MgO.oovniiiiii o 3.76 | Di..ooooooill 5.88
Ca0. 503 | Hy................. 10. 77
Na,O 3.50 | Mt.....oooooi.il. 3.71
KOooooiio 3.03 | ..ol 1.98
HO.. ... L19 |Ap . . 67
ggz: """"""" b gé Symbol, I1.47.3.(3)4.
MnO............... .15
Inclusive........_.. .16

100. 00

The average for Australia resembles the
averages for South America, Africa, and Asia
in being based almost exclusively on analyses
of rocks from areas near the coast. The east
coast 1s best represented, the analyses of rocks
from New South Wales being the most numer-
ous, although those of rocks from Victoria and
Queensland are almost as numerous. South
Australia has only 13, and Western Australia
only 27. The Northern Territory and Central
Australia seem to be unrepresented. Tas-
mania is represented by but 11 analyses.
The rocks of the eastern coast of Australia
are distinctly more alkalic and sodic than
those of Western Australia, which are more
alkalicalcic and probably rather higher in
silica. The rocks of Tasmania resemble those
of the eastern coast.

The analyses of Australian rocks are of very
good quality—most of them are excellent—
and in a large proportion of them the minor
constituents are determined with great com-
pleteness. Indeed, the analyses of the rocks
of Australia in general and most of those of
the rocks of the United States, those of the
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- rocks of British- Guiana (by Harrison), and
the more recent analyses of the rocks of
Canada and Great Britain stand in a class
apart in this respect. The greater number of
the analyses of European rocks suffer by com-
parison with them. ‘

The analyses of Australian rocks are numer-
ous in comparison with the areas they repre-
sent and, in view of their excellent quality,
may be called very fully representative. The
trend of the rocks of the interior and the
less studied areas in the north and west would
seem to indicate that the final average for the
whole continent will probably be somewhat
higher in silica and lower in alkalies.

New Zealand.—The average for New Zealand
includes the results of a few analyses of rocks
of the neighboring islands, such as Auckland
and Antipodes. The average resembles that
of Australia but differs from it in slight though
probably significant respects. It is lower
in silica. by 2 per cent, so that there is much
less quartz in the norm, and the average is
perfelic, not quardofelic, like that of Australia.
Although it shows about the same amount of
alkalies as the average for Australia, the
average for New Zealand shows a little more
soda, so that it is distinctly more sodie, which
compensates for the slightly higher lime. The
minor constituents have not been determined
as' frequently in the analyses of the rocks of
New Zealand as in those of Australia, but the
rocks of New Zealand contain 0.04 per cent of
chromium sesquioxide, which is not found in
the rocks of Australin. The titanic oxide
should probably be a trifle higher, and its
incrense would decrease by that amount the
apparently high alumina.

Awerage and norm for rocks of New Zealand (134 analyscs).

Average, Norm.

1o 58.04 | Q. v, 8.70
ALOg. oo, 15.30 [ Or. oo, 17. 24
10 Y 3.83 | Ab.oeoeiii 31.96
FeO.oeeeneaea... 399 | An. ... 16. 40
MgO .. orieaeannns 3.95 | Di..oieeeaneanne.. 7.53
Ca0. 5.39 [ Hy...ooeeeeennnn.. 9.34
NagOouereennnannns 3.78 | Mb..oooiannnnn.. 5. 57
KO eeneeaneannens 293 [ Tleeeeeenneaneaen.. 1.37
15 0 JO T I 7 .34
b0r 11 Tig| Symbol IL(p 8
MnO......ooooies .09
Inclusive........... .10

100. 00
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The North and South islands of New Zea-
land seem to be almost equally represented .
by analyses. There is a slight preponderance
of those from the South Island, where the
province of Otago, and especially the neigh-
borhood of Dunedin, is represented by the
most analyses. In the North Island the

‘Hauraki district is represented by the most

analyses. The few analyses of rocks from the
neighboring islands have no appreciable effect
on the average. The analyses for New Zea-
land are not as complete as those for Australia,
but they are of good quality, are fairly numer-
ous, and are pretty well distributed, although
most of the rocks analyzed are those of mining
regions and not many are from the New Zea-
land volcanoes. The average probably repre-
sents the general character of the area.

POLYNESIA.

The islands in the Pacific Ocean are here
grouped under the name Polynesia, although
the average given includes a few analyses of
rocks from islands in Melanesia and Micronesia.
The analyses available number 72.

The average is strikingly different from
nearly all the others, except that for the Atlan-
tic islands. The silica in the-Polynesian aver-
age is lower than that in any other, and the
whole character of the average is that of a
nearly typical basalt. The norm shows that
it is almost in salfemane, even nearer the bor-
der than the average for the Atlantic islands.
This fact is in harmony with the detailed chem-
ical character, the Polynesian average showing
about the same amount of iron oxide, a little
more magnesia, lime, and titanic oxide, and a
little less of the alkalies: There is a small
amount of chromium; that shown in the aver-
age (0.01) is almost certainly too low.

Average and norm for rocks of Polynesia (72 analyses).

Average. Norm.
SiOg.ceeecuiennnnnn. 50.03 | Or. 12.23
AlLOgoceiiciaaa.. 15,61 | Abeeceeaeaniao.. 30. 65
Fezoa ............... 3. 88 ADeeniii . 18. 07
FeO..uuaaiaannn. 6.23 | Neweervrovrnnnnn... 1.85
MgO.oooiieiiaiat 6.62 | Di.ecvvnennnnninn.an 15. 76
CaO.oceeanao... 7.99 |0 ... 10.01
Na,0 4.00 | Mt. . .............. 5.57
KO.oovivinaiaonn b2 [ § 3.80
)2 0 JO 116 [ APeueeenanannn... .87
Por L i) Symba s
MnO.......... feeen .15
Inclusive. ......... .12
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The analyses that were included in the data
used by us—that is, all those of good quality
in Professional Paper 99—are nelther numerous
nor well distributed. Those for the Hawaiian

Islands (43) make up about 60 per cent. |.

There are 19 for the Society Islands (nearly all
from Tahiti), 5 from Samoa, and the rest are
scattered. A rather large proportion of the
analyses for Hawaii and most of those for

Tahiti are decidedly alkalic, and are therefore |

especially “interesting,” and these analyses
therefore have a very marked effect on the
average. This fact was pointed out some

years ago by Iddings,”® who suggested that the |

average for the whole of the Pacific islands is
truly much more basaltic—that- is, it should
be more calcic and generally femic (though

distinctly less alkalic.

Iddings’s suggestion is sustained by ‘the
rather numerous analyses of rocks from the
Pacific 1slands that have recently been pub-
lished, many of ‘them by Lacroix and Iddings,
as Well as by a series of analyses of Hawaiian
and Samoan rocks that are now being made by
the junior author of this paper. The analyses
for the Society Islands, for example, are thus
brought up from 19 to 47, those for Samoa
from 5 to 20, those for Fiji from 1 to 11, and
soon. The total number of good published
analyses of rocks from the Pacific now amounts
to about 150, more than twice as many as we
had at our disposal. The usable analyses of
rocks from Hawaii now number 56.

These new data, then, make it clear that the

true Pacific average should be changed some-

what in accordance with Iddings’s suggestion,
and we shall probably soon be able to calculate
a new average for the Pacific islands. The
evidence at hand, however, shows that alkalic
and more specially sodic rocks are rather
abundant in the. Pacific islands, a point on
which Lacroix® lays specml stress, so that
their effect on a new average will not be
entirely negligible and may be considerably
greater than was supposed by Iddings. The

present condition of our knowledge of the
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chemistry of ‘the rocks of the Pacific islands
has been recently described.*

THE ANTARCTIC CONTINENT AND ISLANDS.

‘The Antarctic average includes the resuits of
analyses of rocks from some adjacent islands as
well as of those from the continental mass
itself. The analyses number 103. The aver-

‘age is notable for its low silica and its generally

somewhat femic character, so that it approaches
the salfemane class, as shown by the norm.

At the same time the alkalies are high. In
‘these respects the average is like that for East

Canada and is not far from that for Greenland,
although the alkalies in the rocks of Greenland
are much higher; indeed, we may say that the

Antarctic average is about halfway between

with about the same amount of s1hca), and  the average for Greenland and those for the

Atlantic and Pacific islands. The norm shows
that, ‘although there is no normative nephelite
(indicating a deficiency of silica), as there is in

 these three, yet that the Antarctic average

shows but a slight excess of silica, very much

less than in most of the averages.

Awverage and norm for rocks of Antarctic Continent and
1slands (108 analyses).

Average. Norm

110 M 53.66 | Quovreennnnnnan... 1. 86
AL, 16.82 | Ore e oo 13.34
FeyOg oooooannnn. 401 {Ab................ 30.39
FeO.ooee .. 5. 34 An. ..o ... 23.07
MgO..oeeeen. . 4.67 | Dioeeoiiiinn. 11.18
CaO. 7.89 | Hy.ovviaiiiianns 11. 33
Na,0 3.58 | Mt.eouenainannn.. 5. 80
KpOuuooeiann PIELED | I 1.67
12 0 SO 93 | ADe i .34
o T Symbol, T84,
MnO..oeeeoeoooa .. .03
Inclusive. ......... .01

100. 00

The Antarctic average is under the same dis-
advantage as that for Greenland; the interior is
so thickly covered with ice that nearly all the
rock exposures lie near the coast. On this ac-
count we know and probably shall always know
less of its interior than of the interior of South
America, Africa, Asia, or Australia.

The analyses are pretty evenly divided be-
tween the Victoria quadrant (30) and the Wed-

% Iddings, J. P., Relative densities of igneous rocks calculated from
their norms: Am. Jour. Sci., 4th ser., vol. 49, p. 365, 1920; ‘The problem
of volcanism, p. 125, 1914.

% Lacroix, A., Les roches alcalines de Ta]uu Soc géol. France Bull.,
4th ser., ‘vol. 10, p. 124, 1910.

6 Washington, H. S., The chemistry of the. Pacific volcanoes; the
limitations of our knowledge: First Pan-Pacific Sci. Conference Proc.,
Bernice P. Bishop Mus. Sp. Pub. 7, pt. 2, pp. 325-345, 1921; Petrology
of the Hawaiian islands: Am. Jour Sci., 5th ser., vol. 5 pp. 465-502 et
seq., 1923
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dell quadrant (37). . Only about four are from
the Gaussberg, in the Enderby quadrant, and
o few are from small scattered islands. Some
analyses of rocks from parts of the Antarctic
have recently been published, but they are not
considered here. The average probably repre-
sents rather well the characters of the border, | ¢
but many more data are to be desired.

The rocks in the Victoria quadrant, which
lies south of the Pacific and of eastern Aus-
tralia, are generally strongly alkalic and sodic;
those in the Weddell quadrant, south of South
America and of the western Atlantic, are much
less sodic and much more calcic—that is, they
are much more like the most common kinds

“such as we find along the Andes. We have so
few analyses of rocks from the Enderby quad-
rant (only the few from the Gaussberg) that

. they may not be significant in showing the

relations of this area to the areas in the Indmn

Occsm which lies to the north.

AVERAGE FOR THE EARTH.

The final average for the igneous rocks of
the earth, as calculated from the 5,159 analyses
used, is repeated here. To make it comparable
with the areal averages discussed in the pre-
ceding pages the percentages of Ti0,, P,O;, and
MnO are given, but the percentages of all the
other minor constituents given in Table 10 are
added together and are mcludcd in their sum.

This bei.ng the average of all known igneous
rocks analyzed, and used by us, we can not
well say that any constituent is either ‘‘high”
or ‘“‘low.”
constituent may be regarded as the standard
to which those in other averages of rock
analyses may be referred.

Awerage and norm for rocks of the earth (5,159 analyses).

Average. Norm.

S0y e i 85912 | Qe 10. 02
AlOy. oo 01534 | Or. o 18.35
FegOy. . oovennnis, 3.08 |LAb.......... S 32.49
FeO.. .o ... 380 An... ... 15.29
MgO... ..ol 349 | Di................. 6.45
CaO. 5.08 | Hy.........coooon. 8. 64
Na,O 3.8 | Mt ..., 4.41
KOoovoiiaa. B TR T T § O S, 1.98
HO. ool LIS | Apeeo .67
TiOg. o ovvenean. 1.05 .
PuOs. v, .30 Symbol, 11.4(5).2(3).”4.
MnO.....ooooe... .. .12
Inclusive........... .50

100. 00

The percentage given for each:
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The average for the earth resembles most
closely the averages for Europe and North
America and slightly. less the average for
Australia.

The percentage of silica corresponds closely
with the mean of the silica in the so-called

‘intermediate,” ‘‘medium,”
rocks, the silica limits.of Whlch range from 66
or 65 to 55 or 52 per cent. It would thus ap-
pear that the rough idea of what constitutes
an average rock based on general, largely quali-
tative knowledge is corroborated by more exact
quantitative statistical study. The percent-
ages of the two iron oxides are nearly alike, as
are those of the two alkalies, and the ferrous
oxide and soda are, respectively, the higher in
each. Oddly enough, each pair is almost a
duplicate of the other. Magnesia falls in be-
tween the extremes of each of these pairs, and
the percentage of lime is distinctly higher.
The percentage of water would seem to be a
little high in view of the fact that analyses of

only supposedly fresh rocks have been used.’

The notably large amount of titanium is con-
sidered elsewhere.

The average for the earth -is clearly domi-
nated by the averages for Europe and for
North America, the two continents that have
been most carefully studied.

The relative proportions of the analyses rep-
resenting the main geographic divisions and
the corresponding areas are shown in Table 19.
The percentage of the analyses for Europe
(38.48) and for North. America (33.12) to-
gether make up 71.60 per cent of all the analy-
ses used. The percentages of the analyses
from the other areas are small and do not differ
greatly, Australasia having about 8, Africa
(including Madagascar) about 7, and Asia
(including Japan and Malaysia) about 6, and
so on, down to 1 per cent for the Atlantic
islands. The resemblance between the average
for the earth and the average for Europe and
North America is thus readily understandable.

This resemblance is strengthened by the facts -

that a few of the averages (as that for Aus-
tralia) are much like thé average for the earth
and that several of the averages compensate
each other, as that for Asia compensates the
two for the oceanic islands.

or ‘‘medio-silicic ”.
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TaBLE 19.—Comparison of analyses used and areas represented. -
Areain
Percentage
. Numb Percent th d
Area. Quality of average. ‘or aggiygés. or(ggg?yggi o]f:;s?si?‘rzos or(}?ggﬁfa
North America.................| Excellent............................. 1,709 | 3312 | 8544 15.14
South America................" Fair; too few analyses; chiefly border, 138 |, 2. 67 6, 861 12.16
) ) -interior little known. i

EUIOPC. « -t ceemenn o ien. Good. oo JOU sl 1,985 38. 48 3,736 6. 62
Africa Continent............... Poor; too few analyses; chiefly margin. . 223 4. 32 11, 093 19. 66
e Madagasear............. Excellent.................. ... 0. 140 2.72 221 .39
Atlanticislands.............: .| Fair; too few analyses................. 56 1.08 b6 .01
“[Continent...............|..... do. e 114 2.21 16, 369 29. 02
AsiadJapan................ ... Good. ... 69 1.34 141 .25
' Ma,lays‘i‘it ..... N & i .do... o APRTARRAEEES 129 2. 50 1,092 1.95
: ustralia........... ast excellent, west good, center poor.. 287 5.56 3, 045 5.40
A“Stmlam{New Zealand. ... GOOA - - eo oL 134 2. 60 110 19
Polynesia..................... Fair............ e eeiseeseiieaaas 72 1.40 c75 .13
The Antarctic Continent...... Not representative; margin only........ 103 2.00 a5,122 9. 08
5, 159 100. 00 56, 415 100. 00

. aThe areas (expressed in thousands of square miles) are taken from Sir John Murray (On the height of the land 5nd the depth of the ocean:
Scottish Geog. Mag., vol. 4, p%l 3-7, 1888) with the exception of those cited below.

b Lippincott’s Gazetteer (Heilprin, editor), 1906.

¢ Estithate by R. A. Daly (Problems of the Pacific Islands: Am. Jour. Sci., 4th ser., vol. 41, p. 158, 1916).
d Estimate of Sir John Murray and Johan Hjort (The depths of the ocean, i,ondon, 1912).

The areas given in Table 19 include areas of
sedimentary and metamorphic as well as
‘igneous rocks, but it is not now practicable
to calculate them separately.- But everywhere
the thin veneer of sedimentary rocks is under-
lain by igneous masses, so that the areas con-
sidered represent the deeper-lying parts of the
continents. _ : .

Adopting for the moment the suggestion of

Daly and Knopf that proportionality between | K

areal extent and numbers of analyses is essen-
tial to representativeness, we may admit that
the figures given in Table 19 may not be repre-
sentative. The discrepancies between the two
kinds of percentage are striking. The only
area concerning which they are accordant is
Australia; the analytical percentage for all
the others is either much higher than the areal,
or the reverse. The most striking example

" is continental Asia, which, although'it has by |

far the largest area, is represented by one of
the smallest relative number of analyses.
The contrary is. true of ILurope, which, al-
though it is represented by the highest per-
centage of analyses, has but a relatively small
area. As compared with Asia, Kurope has
eighteen times as many analyses, but only
two-ninths of the area.

The figures given in Table 20 below show the
results of weighting the analyses of each
major division of the earth according to its
area. ' o

TaBLE 20.—Awerages for the earth obtained by different

methods.
1 2 3

S10geecee i 59.12 59. 68 -54.79
ALOg. ool 15.34 15.49 15.38
FeyOgcceeenaiii .. 3.08 3.22 3.67
FeO .. .. ... .. ... 3.80 3.57 4.86
MgO.oeee 3.49 3.33 4.93
Caeeieii 5.08 5.00 6.56
NagOooeoo it 3.84 4.03 4.04
P 3.13 3.08 2.56
HO. .. .. 1.15 1.15 1.17
TiOgceeeeeeeeeeaaann 1.05 .79 1.32
PoOgeeene it .30 .17 .23
MnO.....o....cooai... .12 .09 .11
Inclusive............... .50 .40 .38
100. 00 100. 00 100. 00

1. Earth average calculated from analyses, uncorrected
for areas.

2. Earth average, weighted for areas, South Atlantic
and Pacific islands. i

3. Farth average, weighted for areas, South Atlantic
and Pacific oceans.

Column 2 represents only the land masses of

| the earth; in the Atlantic and Pacific areas,

therefore, only the islands and their areal
extensions are reckoned. The original aver-
age (column 1) closely resembles this areally
weighted average. This concordance may be
attributed in part to compensatory factors, no-
tably that of the large area of Asia, which has
a percentage of silica considerably above the
mean and which compensates the small area of
the oceanic islands, which has very low silica.
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The close agreement between the two averages
indicates that the average in column 1, which
was obtained by simply averaging all the avail-
able analyses, corresponds closely with the
average composition of the igneous rocks of the
earth’s crust above sea level. _

Column 3 shows the result of a tentative
calculation in which are reckoned the areas of
the whole Pacific and the South- Atlantic
oceans instead of the areas of the islands in
them. The North Atlantic, Indian, and Arc-
tic oceans were not considered in this, because
sufficient separate data for them were lacking.
The figures are only provisional and suggestive,
for they are not based on sufficient data and
recalculations will be made when the results of
more analyses can be tabulated. The greater
weight assigned to the basaltic oceanic aver-
ages on the assumption that they represent
the ocean floors of course tends to make the
results more femic.

The average shows too much silica, soda, and
potash for a true basalt, and rather too little
silica and alumina and too much iron oxides,
magnesia, and alkalies for a normal diorite or
andesite. It possibly comes nearest to No. 31
of Daly’s ®* averaged types, “Diorite, excluding
quartz diorite.” '

. ASSOCIATION AND DISTRIBUTION OF THE
- ELEMENTS.

NOTEWORTHY FEATURES SHOWN BY THE
ANALYSES.

The tables of analyses already given show
that about 99.5 per cent of the solid, outer
crust of the earth is made up of the compounds
of thirteen elements. These elements, named
in the order of their abundance, are oxygen,
silicon, aluminum, iron, calcium, sodium, po-
tassium, magnesium, titanium, phosphorus,
hydrogen, carbon, and manganese, which are
combined in various ways to form silicates and
oxides and smaller quantities of carbonates,
phosphates, and other salts. The carbonates
are found almost entirely in the sedimentary
rocks. For the present we may limit ourselves
to a consideration of the igneous rocks—those
which are formed from molten magmas.

In order to frame an idea of the actual rock
that would be formed under normal conditions

ot Daly, R. A., Average chemical composition of igneous rock types:
Am, Acad. Arts. and Sci. Proc., vol. 44, p. 223, 1910.
N
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from a magma of the average composition
shown in Table 10 we must calculate its pre-
sumable mineral composition—its “mode.” A
magma may have solidified under either of two
general conditions, which determined the prod-
‘ucts of its solidification. It may have solidi-
fied at considerable depth, slowly and under
great pressure, as an intrusive rock, or it may
have solidified on the surface, rapidly and
under low pressure, as a lava, and the dif-
ference in the conditions of solidification would
produce differences in the mineral composition
of the rock formed. The intrusive rock would
be a granite, a diorite, a. granodiorite, or a
gabbro, and the lava would be a rhyolite, an
andesite, or a basalt. ' ‘

The results of our calculation can be only
approximately correct, for variations in the
mode, of slight extent but of different effect,
may be brought about by variations in the
conditions of solidification. A granodiorite is
a rather coarse grained holocrystalline rock
composed of feldspar (orthoclase and andesine),
quartz, hornblende,. biotite, and very small
amounts of magnetite- and apatite. . An
andesite is generally a rather fine grained,
porphyritic lava containing phenocrysts of
hornblende, pyroxene, and feldspar, and possi-
bly of biotite, in a dense groundmass. The
groundmass is composed of feldspar, pyroxene
(or hornblende), probably a little quartz, and
small grains of magnetite and apatite. It
contains some or no glass, its content of glass
depénding on the rapidity with which it cooled.

Stated quantitatively in terms of the modal
,or actual minerals the average plutonic rock
and the average lava would probably have
approximately the following composition:

' Granodio- | sngesite.
QUAIEZ . oo et e 11 10
Andesine (soda-lime feldspar)...... 47 47
Orthoclase (potash feldspar)........ 16 18
Hornblende and biotite............ 20 } 19
Pyroxene.... .. ..ol
Magnetite........................ 5
Apatite......oooiiiiiiia 1

5
1

Whether it is a granodiorite or an andesite
the average rock, as might be expected, is
composed entirely of the most common min-

erals. Olivine, nephelite, and leucite, though



T2
they may be called common, are not formed in

rocks that contain much silica, which is abun-
dant in the average rock. As most igneous

rocks were formed at some depth beneath the:
surface ‘the average ignéous crust may be con-
sidered a  granodiorite having the general
character and mineral composition stated.,

Locally, of ‘course, as has already been stated,
‘the crustal rock shows-wide variations in both:
chemical and mineral character.  We are:
considering here only the average composition.
of the outer, visible part of the crust as a whole.

The table giving the relative abundance of
the elements (Table 12, p. 29) shows some
striking facts. The first is the presence

among the elements most commonly deter-.

mined of some’ that are generally considered
rare.  Titanium, for example, occupies the
ninth place on the list, although it is generally
supposed to be rare and is to many absolutely
unknown. Barium, chromium, lithium, nickel,
strontium, vanadium, and zirconium are also
widely - distributed through the crust of the
earth and are determined in many of the

analyses made in the laboratory of the United.

~ States Geological Survey. Copper is deter-
mined in fewer analyses, but it is generally
- found in small traces. Boron, glucinum, and
~ the rare-earth metals are seldom looked for,
but they must be present in many rocks in
more than mere traces. = The credit of having
.'proved the importance of determining the less
common elements in making analyses of igne-
ous rocks is due to Dr. W. F. Hillebrand.

Another noteworthy fact is that, of the
metals in daily and common use, only alumi-
num, iron, manganese, chromium, vanadium,
copper, and nickel appear among the elements
that occur in the .igneous rocks in sufficient
amounts to be easily determined by the usual
methods of analysis. Common and “every-
day”’ metals like zinc, lead, tin, mercury,
silver, gold, platinum, arsenic, antlmony, and
blsmuth—metals that are essentlal ‘to our
civilization and our daily needs—are found in
igneous rocks, if at all; in scarcely detectable
amounts. Although they are derived ulti-
mately from the igneous rocks they are made
available for our use only by natural processes
of concentration into ore bodies.

2 Hillebrand, W. F,, A plea for greater completeness in chemical rock
analyses: Am. Chem. Soc. Jour., vol. 16, 1. 90,.1894; Analyses of rocks,
with a chapter on analytical methods* 7J. S. Geol. Survey Bull. 148, p. 16,
1897. .

“barium,

‘aluminum, scandium, yttrium);
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PETROGENIC AND METALLOGENIC ELEMENTS.

As has been often pointed out, the most
abundant elements in the earth’s crust are, .
on the whole, those of low atomic weight; the
rarer ones are, in general, those higher in the
scale. "It is also evident that, though the first
member of any vertical group in the periodic

-table of the elements is comparativély rare,

the second and third are the most abundant
(the oxygen group being the only-exception),
and that the members' become rarer with
increase of atomic weight. This fact is well

seen, for example in group 1 (lithium, sodium,
potassium, rubidium, caesium); in. group 2
(glucinum, magnesium, calcium, strontium,
radium), although here we have
inversions of the rule in the relative abundance
of magnesium and calcium, and of strontium
and barium. It is also seen in group 3 (boron,
.in group 4
(carbon, silicon, titanium, zirconium, cerium);
in group 5 (nitrogen, phosphorus, vanadium,
arsenic, antimony, bismuth); in group 6
(oxygen, sulphur, selenium, tellurium, here
again there being an inversion of the first and
second members); and in group 7 (fluorine,
chlorine, bromine, iodine). We are evidently
dealing here with a tendency whose meaning
is yet to be discovered. That the abundance
and the associations of the elements are con-
nected with their positions in the perlodlc
table seems, however, to be clear; the coinci-
dences are many, the exceptlons are com-

|| paratively few.

We find, therefore, that the elements may be
divided into two groups as regards their occur-
rence in the rocks of the earth’s crust, its
ocean waters, and its atmosphere, and it may
be added, in meteorites, either stony or iron.
To the one group belong the elements that are
most abundant in the crust, the ocean, and the
atmosphere (though this group includes some
that are less abundant), and all or most of
which are readily determined and are regularly
reported: in analyses. These elements, which
are characteristic of rocks, we may call the
“rock” or “petrogenic’’ elements. The others
are present in igneous rocks either in .non-
determinable or extremely small amounts, or
they are wholly absent, but they occur almost
entirely in ore bodies, of which they are the-
characteristic elements and those for which
the bodies are exploited. These eleménts we
may call the “ore’”’ or ““metallogenic’ elements.



TaBLE 21.—Periodic classification of the elements.

Series. | Group 0. Group 1. Group 2. . Group 3. ’ 'Group 4. Group 5: Group 6. Group 7.
1 H
1
2 | He Li Gl B C N (0] F
4 7 9.1 11 12 14 16 1'9
3 | Ne Na Mg Al Si P S Cl
20 23 24. 4 27 28. 1 31 32 35.5 _
4] A X Ca Sc Ti v Cr Mi - g 559
39.9 39.1 40. 1 45 48. 1 51 52.1 55 Ni 58. 7
5| — Cu Zn Ga Ge As Se Br
) 63. 6 65. 4 70 72..5 - 75 79.2 . 79.9 .
6 | Kr Rb’ Sr’ Y Zr Cb Mo B— %ﬁ i(o)é"
82.9 85. 5 87.6 | . 88.7 90. 6 93.5 96 Pd 106.
7| — Ag cd ' In Sn Sb Te I. ‘
107.9 112. 4 . 115 118. 7 120. 2 127. 5 126. 9.
8 | Xe Cs. Ba La Ce —_— _ o
130. 2 132. 9 137. 4 138. 9 140. 3
9| — — S ‘ S — - —_
’ -Rare-earth elements.
10— | — — — Hi Ta W — 9s 191
178 (?) 181 184 Pt 195
117 — Au Hg Tl Pb Bi _ — }
197. 2 200. 6 204 R 207. 2 209
12 | Nt —_— Ra - —_— Th —_— U
222 226 232. 5 238. 2
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A general comparative study of these two
groups of elements reveals the fact that, apart
from differences in abundance or occurrence, the
two show marked differences in their chemical
and chemico-mineralogical relations. These
differences are, in general, so profound and so
universal as to indicate the possibility that in so

far, at least, as their chemico-mineralogical rela- |

tions are concerned, there may be some funda-
mental distinction between the two. These
differences we shall now point out, presenting
as well in some detail the mmeraloglcal data on
which they are based. Before doing this,
however, we shall for the sake of clarity, present
the relations of the petrogenic and the metal-
logenic elements as shown in the periodic table.
~ In the periodic table as here given the classi-
fication of theelements is slightly modified
in order to bring out the division of the ele-
ments into the two groups.® The atomic
weights are rounded off, and most of the
elements of the “rare earths” and those of the
isotopic elements are omitted. A heavy line
separates the petrogenic from the metallo-
genic elements.

The symbols for the more abundant elements
of the earth’s crust—most of which are of
low atomic weight (or of low atomic num-
ber)—are in the upper part of the table. ~ These

* symbols and those in the downward extensions
from this part of the table represent the petro-
genic elements. The symbols for the metallo-
genic elements are in the lower part of the table,
in the short columns that interdigitate with
the downward extensions of the symbols for
the rarer petrogenic elements, from which they
are separated by a heavy line.

To the left is the column comprising group
0, which includes the inert gases. To the right
is the column comprising group 8, which includes
the triads. Of these triads the members of the
first—iron, cobalt, and nickel—are regarded
as petrogenic, and the members of the two
triads of platinum metals are regarded as
metallogenic. The true relations of these
triads, however, are somewhat doubtful.

The relations and contrasts between the two
groups of elements may also be brought out
by using another arrangement of the periodic

6 This table differs slightly from that originally presented by the
junior author (The chemistry of the earth’s crust: Franklin Inst. Jour.,
vol. 190, p. 780, 1920), having been modified, or rather intensified, as a

_ result of further study. .
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table, suggested by Prof. T. M. Lowry * and
given below, in which the elements are arranged
in a form of tabulation that was first suggested
by Mendeleeff.® Most of the rare- earth ele-
ments are omitted.

* TaBLE 22.—Periodic arrangement of the elements.

H

LiGlB C NOF
NaMgAl 8i P 8§ Cl
A K CaScTi V Cr Mn

Fe Co Ni | Cu Zn Ga Ge As Se Br

Kr | RbSr Y Zr Cb Mo. Ru Rh Pd | AgCdIn Sn Sh Tel
Xe |[Cs BalaCe .. .. ..
.. e o v .. TaW.. |OsIr Pt | AuHgTl PbBi. -
Nt -Ra.. Th.. U

Petrogenic elements. Eighth group. Metallegenic elements.

This arrangement brings all the petrogenic
elements on the left side of the table and the
metallogenic elements on the right, leaving the

triad elements between them, to be considered . .

as members of either one or the other group
or as members of intermediate or transitional
groups. The inert gases are probably best
separated from the petrogenic elements, as
they form mno compounds, but they would

'seem to be more closely related to the petro-

genic than to the metallogenic elements.” In
effect, the table above is the arrangement
shown in the preceding table, modified only by
moving the elements in the short columns to
the right and leaving at the left those in the
upper left part of the table and in the long
columns. The groups of triads thus come
between the two.

Another arrangement is that used. by
Walker ¢ in which the metallogenic elements
together occupy the lower right-hand part of
the table. Walker points out the metallogenic
character of the heavy metals (among which
he includes those of the iron and platinum

‘triads) but does not include with them the

electronegative "elements (As to I) immedi-
ately below them.

The two d1v131ons of the elements in the
earth’s crust—the “rock elements,” called
petrogenic, and the ‘“ore elements,” called
metallogenic—are distinguished not only by
differences in their relative abundance in the
igneous rocks or in the ores of the earth’s

64 Letter to Dr. Arthur L. Day, dated April 2, 1921.

6 Cf. Roscoe, H. E., and Schorlemmer, C., A treatise on chemxstry,
vol. 2, pp. 54, 55, 1907.

6 Walker, James, Introduchon to physical chemistry, 7th ed., p. 44,
1913.

'
i
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crust but by very definite and distinctive
differences in their general chemical relations,
which are shown by their combinations to form
minerals. The differences are not only quan-
titative but qualitative.

Some of the differences here studied have
been already stated by others, although their

statements had escaped notice at the time the.

distinction between the petrogenic and the
metallogenic elements was first pointed out
by the junior author.” Thus, in 1884 Car-
nelley,® in considering the chemlcal differences
between the elements of the odd and of the
even series of the periodic table as shown by
their occurrences in nature, says, among other
things: “Elements belonging to odd series
usually occur in nature as sulphides or double
sulphides (also as selenides, tellurides, and
arsenides), and only in very few cases as oxides,
whereas elements belonging to even series, on
the other hand, usually occur as oxides or
double oxides (forming silicates, carbonates,
sulphates, aluminates, etc.), and never with
two exceptions) as sulphides.” ITmerson® sim-
ilarly pointed out the difference in the forma-
tion in nature of oxides (the silicates are not
mentioned) and of sulphides, and their occur-
rence or nonoccurrence as native metals,
apparently without knowledge of Carnelley’s
suggestions. Neither of these authors, how-
ever, brought out the fact that the one group
of elements is most abundant in and character-
istic of igneous rocks, and that the other is
abundant in and characteristic of ores.

The distribution of the elements in the
earth’s crust is discussed by De Launay in the
introduction to his treatise on metallogeny.”
e refers the elements to seven groups accord-
ing to the various parts of the crust where they
are most abundant and most characteristi-
cally present. These are:

1. Primitive and peripheric atmosphere (H, He).

2. Atmosphere (O, N, A, Kr, Ne, Xe, C).
3. Silicate