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THE DATA OF GEOCHEMISTRY.
By FW CLARKRE.

INTRODUCTION.
In the crust of the earth, with its liquid and gaseous-envelopes, the

. ocean and the atmosphere, about eighty chemical elements are now

recognized. These elements, the primary units of chemical analysis,
are widely different as regards frequency; some are extremely rare,
others are exceedingly abundant. A few occur in nature uncombined;
but most of them are found only in combination. The compounds
thus generated, the secondary units of geochemistry, :are known
as mineral species; and of these, excluding substances of organic
origin, only about a thousand have yet been identified. By artificial
means innumerable compounds can be formed; but in the chemistry
of the earth’s crust the range of possibility seems to be extremely
limited. From time to time new elements and new mineral species
are discovered ; but it is highly probable that all of them which have
any large importance in the economy of nature are already known.
The rarest substances, however, whether elementary or compound,
supply data for the solution of chemical problems; they can not,

.therefore, be ignored or set to one side as having no significance. In .

scientific investigation all evidence is of value.

By the aggregation of mineral species into large masses rocks are
produced; and these are the fundamental units of geology. Some
rocks, such as quartzite or limestone, consist of one mineral only, more
or less impure; but most rocks are mixtures of species, in which,
either by the microscope or by the naked eye, the individual compo-
nents can be clearly distinguished. Being mixtures, rocks are widely
variable in composition;.and yet certain types are of common occur-
rence, while others are small in quantity and rare. The commonest
rock-forming minerals are naturally the more stable compounds of
the most abundant elements; and the rocks themselves represent the
outcome of relatively simple rather than of complex reactions. Sim-
plicity of constitution seems to be the prevailing rule. An eruptive
rock, for example, may be composed mainly of eight chemical ele-

1 The first cdition of this volume was published in 1908 as Bullctin 330 of the United States Geological
Survey. A sccond edition appeared in 1911 as Bulletin 491, and athird in 1916, as Bulletin 616. The work

* has been revised and enlarged for the present edition.

9



10 DATA OF GEOCHEMISTRY.

ments, namely, oxygen, silicon, aluminum, iron, calcium, magnesium,
sodium, and potassium. These elements are capable of combining so
as to form some hundreds of mineral species; and yet only a few of the

latter appear in the rock mass. The less stable species rarely occur;

the more stable always predominate. The reactions which took place
during the formation of the rock were strivings toward chemical
equilibrium, and a maximum of stability under the existing condi-
tions was the necessary result. The rarer rocks, like many of the
rarer minerals; ‘are the products of exceptional conditions; but the
tendency toward stable equilibrium is always the same. Each rock
may be regarded, for present purposes, as a chemical system, in
which, by various agencies, chemical changes can be brought about.
Every such change implies a disturbance of equilibrium, with the
ultimate formation of a new system, which, under the new conditions,
is itself stable in turn. The study of these changes is the province
of geochemistry. To determine what changes are possible, how and
when they occur, to observe the phenomena which attend them, and
to note their final results are the functions of the geochemist. Analy-
-sis and synthesis are his two chief instruments of research, but they
become effective only when guided by a broad knowledge of chemical
principles, which correlate the data obtained and extract from the
evidence its full meaning. From a geological point of view the solid
“crust of the earth is the main object of study; and the reactions which
take place in it may be conveniently classified under three heads—
first, reactions between the essential constituents of the crust itself;
second, reactions due to its aqueous envelope; and third, reactions
produced by the dgency of the atmosphere. That the three classes

of reactions shade into one another, that they are not sharply defined,-

must be admitted; but the distinction between them is valid enough
to serve a good purposeé in the arrangement and discussion of the
data. Under the first heading the reactions which occur in volcanic
magmas and during their contact with rock masses are studied;
under the second we find the changes due to percolating waters and
" the chemistry of natural waters in general; the essentially surficial
action of the atmosphere forms the subject matter of the third.
Furthermore, for convenience of study, the solid crust of the earth
may be regarded as made up of three shells or layers, which inter-
penetrate one another to some extent, but which are, nevertheless;
definite enough-to consider separately. First and innermost there
is a shell of crystalline or plutonic rocks, of unknown thickness,

which forms the nearest approach to the original material of which -

the crust was composed. Next, overlying this layer, is a shell of
sedimentary and fragmental rocks; and above this is the third layer
of soils, clays, gravels, and the like unconsolidated material. The
second and third shells are relatively thin and consist of material

&
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derived chiefly from the first, in great part through the transforming
agency of waters and of the atmosphere, although organic life has
had some share in bringing about certain of the changes. In addi-
tion to the substances which the two derived layers have received
from the original plutonic mass they contain carbon and oxygen taken
up from the atmosphere, and also a considerable proportion of water
which has become fixed in the clays and shales. Along with this gain
of material there has been a loss of salts leached out into the ocean,
but the factor of increase is the larger. When igneous rocks are
transformed into sedimentary rocks, there is an average net gain of
weight of 8 or 9 per cent, as roughly estimated from the composition
of the various kinds of rock under consideration. To some extent,
then, the ocean and the atmosphere are being slowly absorbed by and
fixed in the solid crust of the earth; although under certain condi-
tions this tendency is reversed, with liberation of water and of gases.

‘A perfect balance of this sort, however, can not be assumed; and how

far the main absorptive process may go it is hardly worth while to
conjecture. The data available for the solution of the problem are
too uncertain.

Upon the subject of geochemistry a vast literature exists, but it is
widely scattered and portions of it are difficult of access. , The
general treatises, like the classical works of Bischof and of Roth,
are not recent, and great masses of modern data are as yet uncor-
related. The American material alone is singularly rich, but most
of it has been accumulated since Roth’s treatise was published.
The science of chemistry, moreover, has undergone great changes
during the last 25 years, and many subjects now appear under new
and generally unfamiliar aspects. The methods and principles of -
physical chemistry are being more and more applied to the solution
of geochemical problems,! as is shown by the well-known researches
of Van’t Hoff upon the Stassfurt salts and the magmatic studies of -
Vogt, Doelter, and others. The great work in progress at the geo-
physical laboratory of the Carnegie Institution is another illustration
of the change now taking place in geochemical investigation. To
bring some of the data together, to formulate a few of the problems
and to present certain general conclusions in their modern form are
the purposes of this memoir. It is not an exhaustive monograph
upon geochemistry, but rather a critical summary of what is now
known, and a guide to the more important literature of the subject.
If it does no more than to make existing data available to the reader,
its preparation will be justified.

! Principles of chemical geology, by J. V. Elsden (London, 1910), is an excellent though brief treatise on
this aspeet ol geochemistry. It covers, however, only a small portion of the field.



CHAPTER 1.

THE CHEMICAL ELEMENTS.
NATURE OF THE ELEMENTS.

Although many thousands of compounds aré known to chemists,
and an almost infinite number are possible, they reduce on analysis
to a small group of substances which are called elements. It is not
necessary for the geologist to speculate on the ultimate nature of
these bodies; it is enough for him to recognize the fact that all the
compounds -found in the earth are formed by their union with one
another and that they are not to any considerable extent reducible
to simpler forms of matter by any means now within our control.
To the geochemist, generally speaking, they are the final results of
analysis, beyond which it is rarely necessary to go. This statement,
however, must not be taken without qualification. It is probable,
as shown by the writer ‘many years ago,! that the elements were
originally developed by a process of evolution from much simpler
forms of matter, as is indicated by the progressive chemical com-
plexity observed in passing from the nebule through the hotter
stars to the cold planets. Changes in the opposite direction have
been discovered through recent investigations upon radioactivity,?
by which an actual breaking down of some elements is proved.
Uranium undergoes a slow metamorphosis to radium, and radium
- in turn passes through a series of changes which ends in the pro-
duction of helium. Thorium ‘also exhibits a similar instability, but
thorium, radium, and uranium are elements of high atomic weight,
and therefore, in all probability, of maximum complexity. It is
conceivable that all the elements may be similarly unstable, but in
so slight a degree that their transmutations have not yet been
detected. Speculations of this order, however, can be left out of
consideration now. For present purposes the recognized elements
are our fundamental chemical units, and the questions of their
origin and transmutability may be neglected.

At present the elements enumerated in the subjoined-table are
known, all doubtful substances being omitted. The radioactive
elements, polonium, actinium, radiothorium, ionium, etc., are also
disregarded for the reasons that they are imperfectly known and
geologically unimportant. ‘

1F. W. Clarke, Pop. Sci. Monthly, January, 1873. See also the later well-known speculations of
J. Norman Lockyer.
2 This subject will be discussed at length later.

12

.



~—

S

THE CHEMICAL ELEMENTS. 18

The chemacal clements.

A . Atomi
Symbol. \vﬁ?ﬂc, | Symbol. &gﬁ;ﬂ"f’
Al 27.1 Molybdenum........ Mo 96. 0
Sb 120. 2 Neodymium. . ..... Nd.| 1443
A 39.9 Neon.. Ne 20. 2
As 74.96 || Nickel... . ....... Ni | 58 68
Barium. . ......... Ba | 187.37 || Niton............... Nt | 222.4
Bismuth. ......... . Bi 208.0 Nitrogen............ N 14. 008
Boron.............. B 10.9 Osmium. .......... Os 190.9
Bromine. ......... Br 79.92 || Oxygen............ (0] 16. 00
Cadmium. ........ Cd | 112.40 | Palladium.......... Pd | 106.7
Ceesium. .......... Cs | 132.81 Phosphorus ......... P 3104
Calcium........... Ca 40.07 |} Platinum. ......... Pt | 195.2
Carbon............. C 12. 005 || Potassium.......... K 39.10
Cerium............. Ce | 140.25 Praseodymium. ——es Pr 140.9
Chlorine........... Ol 35.46 |l Radium........... Ra | 226.0
Chromium.......... Cr 52.0 Rhodium. ......... Rh | 102.9
Cobalt. ........... Co 58.97 || Rubidium.......... Rb 85. 45
Columbium........ Ch 93.1 Ruthenium. ... ... Ru | 101.7
Copper............. Cu 63.57 |l Samarium.......... Sa | 150.4
Dysprosium........ Dy | 162.5 Scandium........... Sc 44.1
Erbium........... Er 167.7 || Selenium.......... Se 79.2
Turopium......... Eu | 152.0 Silicon...... P Si 28.3
Tluorine. ......... r 19.0 Silver............. Ag | 107.88
Gadolinium. ...... Gd | 157.3 Sodium............. Na 23. 00
Gallium............ Ga 70.1 Strontium.......... ‘ Sr 87.63
Germanium. . ..... Ge 72.5 Sulphur........... S 32.06
Glucinum........_. Gl 9.1 Tantalum........... Ta 181.5
Gold.............. Au | 197.2 Tellurium.......... Te 127.5
Helium............ He 4.00 || Terbium............ Th | 159.2
Holmium.......... Ho | 163.5 Thalium........... TH + 204.0
Hydrogen. ........ H 1.008 || Thorium............ Th  232.15
Indium............ In 114.8 Thulium........... Tm = 168.5
Todine............. I 126.92 || Tin......ccoeeo..... Sn | 1187
Iridivm.._..... ... Ir 193.1 Titanium. _........ Ti | 48.1
Tron........... .. Fe 55.84 [ Tungsten........... W 184.0
Krypton. ......... Kr 82.92 || Uranium............ U 238.2
Lanthanum:....... La 139.0 Vanadium.......... \ 5L.0
Lead.............. Ph | 207.20 || Xenon............. Xe | 130.2
Lithium.........._. Li 6.94 | Ytterbium (Neoyt-
Tutecium.......... Lu | 175.0 terblum) ......... Yb | 173.5
Magnesium. ....... Mg 24.32 || Yttrium.. e Yt 89.3
Manganese. ! ...... Mn 54.93 I Zine............... Zn 65. 37
Mercury............ Hg | 200.6 Zirconium.......... Zr 90.6

DISTRIBUTION OF THE ELEMENTS.!

The elements differ widely in their abundance and in their mode of
distribution in nature. Under the latter heading the more important
data may be summarized as follows:

Aluminum.—The most abundant of all the metals. An essential
constituent of all important rocks except the sandstones and lime-
stones, and even in these its compounds are common impurities.
Being easily oxidized, it nowhere occurs native. Found chiefly in

! For an carly table showing distribution, sec Elie de Beaumont, Bull. Soc. géol. France, 2d ser., vol.4,
1846-47, p. 1333,




14 DATA OF GEOCHEMISTRY.

silicates, such as the feldspars, micas, clays, etc.; but also as the
oxide, corundum; the hydroxide, bauxite; as fluoride in cryolite; and
in various phosphates and sulphates. With the exception of the
fluorides, only oxidized compounds of aluminum are known to exist
in nature.

Antimony.—Common, but neither abundant nor widely diffused.
Found native, more frequently as the sulphide, stibnite, also in vari-
ous antimonides and sulphantimonides of the heavy metals, and as
oxides of secondary origin. The minerals of antimony are generally
found in metalliferous veins, but the amorphous sulphide has been
observed as a deposit upon sinter at Steamboat Springs, Nevada.

Argon.—An inert gas that forms nearly 1 per cent of the atmos-
phere, and is also found in some mineral springs. No compounds of
argon are known.

Arsenic.—Found native, in two sulphides, in various arsenides and
sulpharsenides of the heavy metals, as oxide, and in a considerable
number of arsenates. - Arsenopyrite is the commonest arsenical min-
eral. Arsenic is very widely diffused, and traces of it exist normally
even in organic matter. It is not an uncommon ingredient in min-
eral, especially thermal, springs. In its chemical relations it is
regarded as nonmetallic and closely allied to phosphorus.

Barium.—Widely distributed in small quantities throughout the
igneous rocks, probably as a minor constituent of the feldspars and
micas, although other silicates containing barium are known. Com-
monly found concentrated as the sulphate, barite, or as the carbonate,
witherite. This element occurs only in oxidized compounds.!

Bismuth.—Resembles antimony in its modes of occurrence, but is -

less common. Native bismuth and the sulphide, bismuthinite, are its
chief ores. Two silicates of bismuth, several sulphobismuthides, and
the telluride, oxide, carbonate, molybdate, vanadate, and arsenate
exist as relatively rare mineral species. '
Boron.—An essential constituent of several silicates, notably of
tourmaline and datolite. Its compounds are obtained commercially
from borates, such as borax, ulexite, and colemanite, or from native
orthoboric acid, sassolite, which is found in the waters of certain
volcanic springs. Some alkaline lakes qr lagoons, especially in Cali-
fornia and Tibet, yield borax in large quantities. _
Bromine.—Found in natural waters in the form of bromides. Sea
water contains it in appreciable quantities, and much bromine has
been extracted from the brine wells of West Virginia and Michigan.
The bromide and chlorobromide of silver are well-known ores.
Cadmium.—A relatively rare metal found in association with zine,
which it resembles. Occurs usually as the sulphide, greenockite.

10n lJari‘um in soils, see G. H. Failyer, Bull. Bur. Soils No. 72, U. 8. Dept. Agr., 1910.

<,/.~,/
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THE CHEMICAL ELEMENTS. 15

Casium.—A rare metal of the alkaline group, allied to potassium
Often found in lepidolite, and in the waters of some mineral sprmgs.
The very rare mineral pollucite is a silicate of aluminum and cesium.

Calcium.—One of the most abundant metals, but never found in
nature uncombined. An essential constituent of many rock-forming
minerals, especially of anorthite, garnet, epidote, the amphiboles,
the pyroxenes, and scapolite. Limestone is the carbonate, fluorspar
is the fluoride, and gypsum is the sulphate of calcium. Apatite is
the fluophosphate or chlorophosphate of this metal. Many other
mineral species also contain calcium, and it is found in nearly all
natural waters and in connection with organized life, as in bones

" and shells. Calcium sulphide has been identified in meteorites.

Carbon.—The characteristic element of organic matter. In the
mineral kingdom carbon is found crystallized as graphite and dia-
mond and also amorphous.in coal. Carbon dioxide is a normal
constituent.of atmospheric air. Natural gas, petroleum, and bitumen
are essentially hydrocarbons. Carbonic acid and carbonates exist
in most natural waters, and great rock masses are composed of carbon-
ates of calcium, magnesium, and iron. A few silicates contain car-
bon, but of these, cancrinite is the only species having petrographic
importance.

Cerium.—One of the group of elements known as the metals of the
rare earths. These substances are generally found in- granites or
eleolite syenites, or in gravels derived therefrom. Cerium exists
in a considerable number of mineral species, but the phosphate,
monazite, and the silicates, cerite and allanite, are all that need be
mentioned here.

Chlorine.—The most abundant element of -the halogen group.
Commonly found as sodium chloride, as in sea water and rock salt.
Also in certain rock-forming minerals, such as sodalite and the
scapolites, and in a variety of other minerals of greater or less im-
portance. Silver chloride, for example, is a well-known ore, and
carnallite is valuable for the potassium which it contains.

Chromium.—Very widely diffused, generally in the form of chro-
mite, and most commonly in magnesian rocks. A few chromates and
several silicates containing chromium are also known, but as rela-
tively rare minerals.

Oobalt.—Less abundant than nickel, with which it is generally

" associated. Usually found as sulphide or arsenide, or in oxidized

salts derived from those compounds.

Columbium.'—A rare acid-forming element resembling and associ-
ated with tantalum. Both form salts with iron, manganese, calcium,
uranium, and the rare-earth metals, the minerals columbite, tantalite,

! Also known as “niobium.” The name columbiu:n has more than 40 years’ priority.
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and samarskite being typlca,l examples. All these minerals are
most abundant in pegmatite veins.

Copper.—Minute traces of this metal are often detected in igneous
rocks, although they are rarely determined quantitatively. Also
present in sea water in very small amounts. Its chief ores are
native copper, several sulphides, two oxides, and two carbonates.
The arsenides, arsenates, antimonides, phosphates, sulphates, and
silicates also exist in nature, but are less important. In chalco-
pyrite and bornite, copper is associated with iron.

Dysprosium.—A little-known metal of the rare earths.

Erbium.—One of the 1are-earth metals of the yttrium group. See

“Yttrium.”

Buropium.—Another metal of the rare earths, of sllght importance.

Fluorine.—The most characteristic minerals of fluorine are cal-
cium fluoride (fluor spar) and cryolite, a fluoride of aluminum and
sodium. Apatlte is a phosphate containing fluorine, and the element
is also found in a goodly number of silicates, such as topaz, tourma-
line, the micas, etc. Fluorine, therefore, is commonly present in
igneous rocks, although in sma,ll quantities. '

Gadolinium.—One of the metals of the rare earths. See ‘‘Cerium”’
and ‘“Y ttrium.” .

Galliwum.—A very rare metal whose salts resemble those of alu-
minum. Found in traces in many zinc blendes. Always present
in spectroscopic traces in bauxite and in nearly all aluminous
minerals.

Germanium.—A very rare metal allied to tin. The mineral argy-
rodite is a sulphide of germanium and silver.

Glucinum.—A relatively rare metal, first discovered in beryl, from
which the alternative name beryllium is derived. Found also in the
aluminate, chrysoberyl; in several rare silicates and phosphates;
and in a borate, hambergite. As a rule the minerals of glucinum
occur in granitic rocks. '

Gold.—Found in nature as the free metal and in tellurides. Very
widely distributed and under a great variety of conditions, but
almost invariably associated with quartz or pyrite. Gold has been
observed in process of deposition, probably from solution in alkaline
- sulphides, at Steamboat Springs, Nevada. Itis also present, in very
small traces, in sea water.

Helium.—An inert gas obtained from uraninite. The largest
quantities are derived from the Ceylonese thorianite and the highly
crystalline uraninite found in pegmatite. The massive mineral from

metalliferous veins contains little or no helium. Traces of helium .

also exist in the atmosphere, in spring waters, and in some samples
. of natural gas. ’
Holmium.—One of the rare-earth metals. Little known.

—

i

}_‘/"\'\/_ .



{
3 '
g

THE CHEMICAL ELEMENTS. . 17

Hydrogen.—This element forms about one-ninth part by weight
of water, and therefore it occurs almost everywhere in nature. In
a majority of all mineral species, and therefore in practically all
rocks, it is found, either as occluded moisture, as water of crystal-
lization, or combined as hydroxyl. All organic matter contains
hydrogen, and hence it is an essential constituent of such derived
substances as natural gas, petroleum, asphaltum, and coal. The

~free gas has been detected in the atmosphere, but in very minute

quantities,

Indiwm.—A rare metal, found in very small quantities in certain
zinc blendes. Spectroscopic traces of it can be detected in many
minerals, especially in iron ores.

ITodine.—The least abundant element of the halogen group. Found
in sea water, in certain mineral springs, and in a few rare minerals,
especially the iodides of silver, copper, and lead. Calcium iodate,
lautarite, exists in the Chilean nitrate beds. ‘

Iridiwm.—A metal of the platinum group. See ‘‘Platinum.”

Iron.—Next to aluminum, the most abundant metal, although
native iron is rare. Found in greater or less amount in practically
all rocks, especially in those which contain amphiboles, pyroxenes,
micas, or olivine. Magnetite and hematite are oxides of iron, limon-
ite is a hydroxide, pyrite and marcasite are sulphides, siderite is
the carbonate, and there are also many silicates, phosphates, arse-
nates, etc., which contain this element. The mineral species of which
iron is a normal constituent are numbered by hundreds.

Krypton.—An inert gas of the argon group, found in small quanti-
ties in the atmosphere. o

Lanthanum.—A metal of the rare-earth group, almost invariably
associated with cerium, ¢. v. Lanthanite is the carbonate of
lanthanum. ‘

Lead.—Found chiefly in the sulphide, galena, from which, by
alteration, various oxides, the sulphate, and the carbonate are derived.
Native lead is rare. A number of sulphosalts are known, several
silicates, and also a phosphate, an arsenate, and some vanadates.
Galena is frequently associated with pyrite, marcasite, and sphalerite.
 Lithium.—One of the alkaline metals. Traces of it are found in
nearly all igneous rocks, and in the waters of many mineral springs.
The more important lithia minerals are lepidolite, spodumene, petal-
ite, amblygonite, triphylite, and the lithia tourmalines.

Lutecium.—One of the rare-carth minerals. See ‘‘Yttrium and
ytterbium.”’ '

Magnesium.—One of the most abundant metals. In igneous rocks
it is represented by amphiboles, pyroxenes, micas, and olivine. Talc,
chlorite, and serpentine are common magnesian silicates, and
dolomite, the carbonate of magnesia and lime, is also found in

113750°—19—Bull. 695——2



18 . DATA OF GEOCHEMISTRY. -

enormous quantities.” Magnesium compounds occur in sea water and
in' many mineral springs. The metal is not found native.

- Manganese.—Widely diffused in small quantities. Found in most
rocks and in some mineral waters. Never native. Occurs commonly
in silicates, oxides, and carbonates, less frequently in sulphides,
phosphates, tungstates, columbates, etc. The dioxide, pyrolusite,
and the hydroxide, psilomelane, are the commonest manganese
minerals.

Mercury.—This metal is neither abundant nor widely diffused.
Exists as native mereury, but is usually found, locally concentrated,
in the form of the sulphide, cinnabar. Chlorides of mercury, the
oxide, the selenide, and the telluride, are relatively rare minerals.

Cinnabar has been observed in process of deposition by solfataric

action at Sulphur Bank, California; and Steamboat Springs, Nevada.

Molybdenum.—One of the rarer metals. Most frequently found in
granite in the form of the sulphide, molybdenite. The molybdates
of iron, caleium, bismuth, and lead ard also known as mineral species.

Neodymium.—One of the rare-earth metals associated with cerium.

Neon.—An inert. gas of the argon group, found in minute traces in
the atmosphere.

Nickel—Closely allied to eobalt. Found native, alloyed with
iron, in meteorifes and in the terrestrial minerals awaruite and
josephinite. Very frequently detected in igneous rocks, probably
as a constituent. of olivine. Occurs primarily in silicates, sulphides,
arsenides, antimonides, and as telluride, and -secondarily in several
other minerals. = The presence of nickel is especially characteristic
of magnesian igneous rocks, and it is generally associated in them
with chromium.

Niton.—The gaseous emanation of radium. It is the highest
member of the argon group.

Nitrogen.—The predominant element of the atmosphere, in which
it is uncombined. Also abundant in organie matter, and in such
derived substances as coal. Nitrates are found in the soil and in
cave earth; and in some arid regions, as in Chile, they exist i
enormous quantities. Seme voleanic waters contain nitregen in the
form of ammonium compounds.

Osmium.—A metal of the platinum group. See ‘‘Platinum.”

Oxygen.—TFhe most abundant of the elements, forming about one-
half of all known terrestrial matter. In the free state it constitutes
about one-fifth of the atmosphere; and in water it is the chief ele-
ment of the ocean. All important rocks contain oxygen in propor-
tions ranging from 45 to 53 per cent.

Palladium.—A metal of the platinum group.

Phosphorus—Found in nearly all igneous rocks, generally as a
constituent of apatite. With one or two minor exceptions, it exists
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in the mineral kingdom only in the form of phosphates, of which a
large number are known. An iron phosphide occurs in meteorites.
Phosphorus is also an essential constituent of living matter, espe-
cially of boncs, and certain large deposits of calcium phosphate are
of organic origin.

Platinum.—Platinum, iridium, osmium, ruthenium, rhodium, and
palladium constitute a group of metals of which the first named is
the most important. As a rule they are found associated together,
and generally uncombined. To the latter statement there are two
known exceptions—sperrylite is platinum arsenide, and laurite is
ruthenium sulphide. Native platinum, platiniridium, 1r1dosm1ne,
and native palladium are all reckoned as definite mineral species. The
metals of this group are commonly found associated with magnesian
rocks, or in gravels derived from them. Chromite often accompanies
platinum, and so also do the ores of nickel. Sperrylite is found in
the nickeliferous deposits at Sudbury, Canada; and has also been
identified in the sulphide ores of the Rambler mine in Wyoming. In
the latter ores palladium is present .also, and possibly, like the
platinum, as arsenide.

Potassium.—An abundant metal of the alkaline group Found in
many rocks, especially as a constituent of the feldspars, micas, and
leucite. Nearly all terrestrial waters contain potassium, and the
saline beds near Stassfurt, Germany, are peculiarly rich in it.

" Praseodymium.—A rare-earth metal associated with cerium.

Radium.—A very rare metal of the calcium-barium group. Ob-
tained in minute quantities from uraninite and carnotite. Of possible
importance in the study of volcanism. According to R. J. Strutt,!
traces of radium can be detected in all igneous rocks.

Rhodium.—A metal of the platinum group. See ‘‘Platinum.”

Rubidium.—An alkaline metal intermediate between potassium
and cmsium. Found in lepidolite and in some mineral springs.
Rubidium is reported as present in the waters of the Caspian Sea.

Ruthenium.—A metal of the platinum group. See ‘‘Platinum.”

Samarium.—A rare-earth metal obtained from samarskite.

Scandium.—A rare-earth metal obtained from euxenite, and also
from wolfram. According to G. Eberhard ? it is the most widely
diffused of all the rare-earth group, although it is found only in very
small quantities.

Selenium.—A nonmetallic element allied to sulphur, with which it
is commonly associated. Found native, and also in the selenides of
copper, silver, mercury, lead, bisthuth, and thallium. A few selenites
exist as secondary minerals.

1 Proc. Roy. Soc., vol. 77, ser. A, 1906, p. 472.
2 Sitzungsb. Berlm Akad. 1908,p 851. Seoalso a later paper in Chem News, vol, 102, 1910, p. 211.
Omn scandium in American wolfram see H. S. Lukens, Jour. Am. Chem. Soc., vol. 35, 1913, p. 1470.
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Silicon.—Next to oxygen, the most abundant element. Found in
quartz, tridymite, opal, and all silicates. The characteristic element
of all important rocks except the carbonates. Silica also exists in
probably all river, well, and spring waters. From volcanic waters it
is deposited in the form of sinter.

Silver.—This metal occurs native, as sulphlde, arsenide, antimonide,
telluride, chloride, bromide, iodide, and in numerous sulphosalts.
Native gold generally contains some silver, and the latter is also often
associated with native copper. Oxidized compounds of silver are
known only as artificial products. Small traces of silver exist in sea
water.

Sodium.—The most abundant of the alkaline metals. In igneous
rocks it is a constituent of the feldspars, of the nepheline group of
minerals, and of certain pyroxenes, such as segirite. Also abundant
in rock salt, and in nearly all natural waters, sea water especially.

Strontium.—A metal intermediate between calcium and barium,
but less abundant than the latter. Strontium in small amount is a
common ingredient of igneous rocks. The most important strontium
minerals are the sulphate, celestite, and the carbonate, strontianite.

Sulphur.—Found native and in many sulphides and sulphates.
Also in igneous rocks in the sulphatosilicates, haiiynite and nosean.
Native sulphur is abundant in volcanic regions and is also formed
elsewhere by the reduction of sulphates. Pyrite is the commonest
of the sulphides, gypsum of the sulphates. Alkaline sulphates are
obtainable from many natural waters. Sulphur also exists in coal
and petroleum.

Tantalum.—A rare acid-forming element akin to columbium, W1th
which it is usually associated.

Tellurium.—A semimetallic element the least abundant of the
sulphur group. Found native, and in 'the tellurides of gold, silver,
lead, bismuth, mercury, nickel, and copper. Its oxide and a few rare
tellurates or tellurites are known as alteration products.

Terbium.—A rare-earth metal of the yttrium group. See
“Yttrium.”

Thallium.—One of the rarer heavy metals. Found as an impurity
in pyrite and some other sulphides. The rare mineral crookesite is
a selenide of copper and thallium, and lorandite is sulpharsenide of
thallium. Vrbaite is a sulphide of arsenic, antimony, and thallium.

Thorium.—A rare metal of the titanium-zirconium group, the most
basic of the series. Chiefly obtained from monazite sand. Also
known in silicates, such as thorite, in some columbo-tantalates, and
in certain varieties of uraninite.

Thulium.—A rare-earth metal of which little is known.

Tin.—Very rare native. Most abundant as the oxide, cassiterite,
which is found in association with granitic rocks. Traces of tin have
been detected in feldspar. Stannite, or tin pyrites, is a sulphide of

s
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tin, copper, and iron, and a few other rare minerals contain this ele-
ment.

Titanium.—This element is almost invariably present in igneous
rocks and in the sedimentary material derived from them. Out of
800 igneous rocks analyzed in the laboratory of the United States
Geological Survey, 784 contained titanium. Its commonest occur-
rences are as titanite, ilmenite, rutile, and perofskite. The element
is often concentrated in beds of titanic iron ore.

Tungsten.—An amd-formmg heavy metal allied to molybdenum
Found as tungstates of iron, manganese, calcium, and lead in the
minerals wolfram, hiitbnerite, scheelite, and stolzite, and also as a
sulphide, tungstenite.

Uranium.—A heavy metal found chiefly in uraninite, carnotite,
samarskite, and a few other rare minerals. The phosphates, autunite
and torbernite, are not uncommon in granites, and uraninite, although
sometimes obtained from metalliferous veins, is more generally of
granitic association. Carnotite occurs with sedimentary sandstones.

Vanadium.—A rare element, both acid and base forming, and allied
to phosphorus. Found in vanadates, such as vanadinite, descloizite,
and pucherite, associated with lead, copper, zinc, and bismuth, Also
in the silicates roscoelite and ardennite. Carnotite, which was men-
tioned in the precedin paragraph is an impure vanadate of potas-
sium and uranium. Sulvanite is a sulphovanadate of copper.
Patronite, a sulphide of vanadium, forms a large dep051t at one locality
in Peru.

Xenon.—An inert gas, a member of the argon group. Found
in minute traces in the atmosphere.

Yttrium and ytterbium.—Two rare-earth metals, which, with lute-
cium,! erbium, and terbium, are best obtained from gadolinite.
Yttrium is also found in the phosphate, xenotime, in several sﬂlca,tes.,
and in some of the columbo-tantalate group of minerals. The min-
erals of the rare earths are generally found in granite or pegmatite
veins.

Zinc.—Common and rather widely diffused. Native zinc has been
reported, but its existence is doubtful. The sulphide, sphalerite, is
its commonest ore, but the carbonate, smithsonite, and a silicate,
calamine, are also abundant. At Franklin, New Jersey, zinc is found
in a unique deposit, in which the oxide, zincite; the ferrite, frank-
linite; and the silicates, troostite, and willemite, are the character-
istic ores.

Zirconium.—Allied to titanium and rather \Vldely diffused in the
igneous rocks. It usually occurs in the silicate, zircon.

1Tho old ytterbium, the yiterbium of the first edition of this work, has been proved to becomplex
by G. Urbain and Auer von Welsbach, working independently. The two components of the former ytter-
bium are by Urbain named neoytterbium and lutecium. TFor these Welsbach proposes the names alde-
baranium and cassiopeium, The name ytterbium is here retained for the main component of the mixture
and lutccium for the other, as having priority over its synonym,
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RELATIVE ABUNDANCE OF THE ELE\MENTS.

In any attempt to compute the relative abundance of the chemical
elements, we must bear in mind the limitations of our experience.
Our knowledge of terrestrial matter extends but a short distance
below the surface of the earth, and beyond that we can only indulge
in speculation. The atmosphere, the ocean, and a thin shell of solids
are, speaking broadly, all that we can examine. For the first two
layers our information is reasonably good, and their masses are
approximately determined; but for the last one we must assume
some arbitrary limit. 'The real thickness of the lithosphere need not
be considered; but it seems probable that to a depth of 10 miles
below sea level the rocky material can not vary greatly from the
volcanic outflows which we recognize at the surface. This thickness
of 10 miles, then, represents known matter, and gives us a quantita-
tive basis for study. A ‘shell only 6 miles thick would barely clear
the lowest deeps of the ocean.

I am indebted to Dr. R. S. Woodward for data relative to the
volume of matter which is thus taken into account. The volume of
the 10-mile rocky crust, including the mean elevation of the continents
above the sea, is 1,633,000,000 cubic miles, and to this material we
may assign a mean density not lower than 2.5 nor much higher
than 2.7. The volume of the ocean is put at 302,000,000 cubic
miles,! and T have given it a density of 1.03, which is a trifle too high.
The mass of the atmosphere, so far as it'can be determined, is equiva-
lent to that of 1,268,000 cubic miles of water, the unit of density.
Combining these data, we get the following expressions for the com-
position of the known matter of our globe:

Composition of known matter of the earth.

Density of crust. ... ... ... 2.5 2.7
Atmosphere .................. e per cent.. 0.03 0.03
Ocean. ... ... i do.... 7.08 6.58 .
Solid erust. .o oooo e do.... 92. 89 | 93. 39

100. 00 ! 100. 60

|

In short, we can regard the surface layer of the earth, to a depth
of 10 miles, as consisting very nearly of 93 per cent solid and 7 per
cent liquid matter, treating the atmosphere as a small correction to

1 Sir John Murray (Scottish Geog. Mag., 1888, . 39) estimates the volume of the ocean at 323,722,150
cabicmiles. K. Karstens, more recently (Eine neus Berechnung der mittleren Tiefen der Occane, Inaug.
Diss., Kiel, 1894), put it at 1,285,935,211 cubic kilometers, or 307,496,000 cubic miles. Iarstens gives a good
summeaory of previous estimates, which vary widely. According to O. Kriimmel, the volume is 319,087,500
cabic miles (Encye. Britannica, 11th ed., vol. 19, p. 974). To change the figure given in the text would
be straining after unattainable preeision. ’

e
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be applied- when needed.! The-figure thus assigned to- the ocean is
probably a little too high, but its adoption makes an allowance for
the fresh waters of the globe, which are too small in amount to be
estimable directly. Their insignificance may be inferred from the
fact that a section of the 10-mile crust having the surface area of
the United States represents only about 1.5 per cent of the entife
mass of matter under consideration. A quantity of water equivalent
to 1 per cent of the ocean, or 0.07 per cent of the matter now con-
sidered, would cover all the land areas of the globe to a depth of
290 feet. Even the mass of Lake Superior thus becomes a negligible
quantity. The significance of underground waters will be discussed
later. :

The composition of the ocean is easily determined from the data
given by Dittmar in the report of the Challenger expedition.? The

" maximum salinity observed by him amounted to 37.37 grams of salts

in a kilogram of water, and by taking this figure instead of a lower
average value we can allow for saline masses inclosed within the
solid crust of the earth, which would not otherwise appear in the
final estimates. Combining this datum with Dittmar’s figures for
the average composition of the oceanic salts, we get the second of
the subjoined columns. Other elements contained in sea water, but
only in minute traces, need not be considered here. No one of them
could reach 0.001 per cent. -

Contposition of oceanic salts. Composition of ocean.

JA 1) D Tl 7076 O 85.79
MgCly. o iiiie et 10.88 | Hooooiiiiii it 10. 67
MgSO, 4740 Cloeeiiiiiii e 2.07
(€110 8.60 | Nao....ooiiii it 1.14
KySO, e 2,46 | Mg.ooeei 14
€243 R 222 | Cane i .05
CaC0yn e B .04
S R .09

100.00 | g 008

G . 002
100. 00

It is worth while at this point to consider how large a mass of
matter these oceahic salts represent. The average salinity of the
ocean is not far from 3.5 per cent; its mean density is 1.027, and its
volume is 302,000,000 cubic miles. The specific gravity of the salts,
as nearly as can be computed, is 2.25. From these data it can be
shown that the volume of the saline matter in the ocean is a little
more than 4,800,000 cubic miles, or enough to cover the entire surface

1 The adoption of Murray’s figure for the volume of the ocean would make its percentage 7.12 to 7.88
according to the density (2.5 or 2.7) assigned to the lithosphere.
2 In vol. 1, Physics and chemistry.
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of the United States, excluding Alaska, 1.6 miles deep.! In the face
of these figures, the beds of rock salt at Stassfurt and elsewhere,
which seem so enormous at close range, become absolutely trivial.
The allowance made for them by using the maximum salinity of the
ocean instead of the average is more than sufficient, for it gives them
a total volume of 325,000 cubic miles. That is, the data used for
computing the average composition of the ocean and its average
significance as a part of all terrestrial matter are maxima, and there-
fore tend to compensate for the omission of factors which could not
well be estimated directly.

The average composition of the lithosphere is very nearly that of
the igneous rocks alone. The sedimentary rocks represent altered
igneous material, from which salts have been leached into the ocean,
and to which oxygen, water, and carbon dioxide have been added
from the atmosphere. For these changes corrections can be applied,
and their magnitude and effect, as will be shown later, is surprisingly
small. The thin film of organic matter upon the surface of the earth
can be neglected altogether. In comparison with the 10-mile thick-
ness of rock below it, its quantity is too small to be considered. Even
beds of coal are negligible, for their volume also is relatively insig-
nificant. Practically, we have to consider at first only 10 miles of
igneous rock, which, when large enough areas are studied, averages
much alike in composition all over the globe. This point was estab-
lished in an earlier memoir, when groups of analyses, representing
rocks from different regions, were compared.? The essential uni-
formity of the averages was unmistakable, and it has been still fur-
ther emphasized in later computations by others as well as by myself.

To this method of averaging one serious objection has been raised.
All analyses are given equal weight, without regard-to the areas
occupied by the various rocks and therefore to their relative abun-
dance. One rock, say a granite, is exceedingly abundant; another
may be represented by one small dike. The inequality is obvious,
but what does it really signify? In the first place the relatively
insignificant rocks vary in composition from persilicic to subsilicic just
as the most abundant rocks do. In the average they tend to com-
pensation, and so to approximate to the true mean. TFurthermore,
the surface exposure of a rock is no certain measure of its real volume
and mass, for it may be merely the peak or crest of a large subter-
ranean formation.

1 According to J. Joly (Sci. Trans. Roy. Soc. Dublin, 24 ser., vol. 7, 1899, p. 30), the sodium chloride in
the ocean would cover the entire globe 112 feet deep. If Kriimmel’s figure for the volume of the ocean is
taken, the volume of the salts becomes approximately 5,100,000 cubic miles.

2 Bull. Philos. Soc. Washington, vol. 11, 1889, p. 131. Also in Bull. U. 8: Geol. Survey No. 78, 1891, p. 34.
Alater and more complete table is given in Proe. Am. Philos. Soc., vol. 51, p. 214, 1912,
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A good test of the validity of such averages as I have used is
furnished by the work of R. A. Daly.! Daly has made separate
averages of analyses of more than twenty rock types and has also
measured the areas which rocks of these types occupy as shown on
the geologic maps-of the United States Geological Survey. He also
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 for 1,811 analyses of igneous rocks from all
parts of the world. 'W. J. Mead,? applying 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
composition very close to the general average of all igneous rocks as
computed by me. A similar result is reached by F. Loewinson-
Lessing,* who regards the crust of the earth as derived from two
fundamental magmas, one granitic and one gabbroid. These are
supposed to have existed in about equal proportions, and their mean
composition is nearly that found for all the igneous rocks by Wash-
ington and by me. A still better verification. of these converging
conclusions is due to A. Knopf,* who has taken Daly’s averages, for
the composition of the individual rock types, weighted each one by -
its area as determined by Daly, and then combined the values so
found into a general mean.

The following averages are now available for comparison:

A. An average of all the analyses of igneous rocks, partial or complete, made up to
October 1, 1918, in the laboratories of the Survey.

B. An average, computed by A. Harker,® of 536 analyses of igneous rocks from
Britishi localities. Many of these analyses were incomplete, especially with respect
to phosphorus and titanium.

C. An average of 1,811 analyses, from Washington’s tables.® Calculated by H. 8.
Washington. The data represent material from all parts of the world.

D. The average found by Knopf.

Now, omitting minor constituents, which rarely appear except in
the more modern analyses, these averages may be tabulated together,
although they are not absolutely comparable. The comparison
assumes the following form:

1 Igneous rocks and their origin, New York, 1914, pp. 19-46, 168-170, See also his preliminary paper
Proc. Am. Acad., vol. 45, 1910, p. 211,

2 Jour. Geology, vol. 22, 1914, p. 772.

3 Geol. Mag., 1911, p. 248.

4 Jour. Geology, vol. 24, 1916, p. 620.

& Tertiary igneous rocks of the Isle of Skye: Mem. Geol. Survey United Kingdom, 1904, p. 416, An
earlier average appears in Geol. Mag., 1899, p. 220.

6 Prof. Paper U. S. Geol. Survey No. 14, 1903, p. 106. In this average, and also in Harker’s and Knopf’s,
there are fizures for manganese, which J leave temporarily out of account. On the average composition
of Minnesota rocks see F. F. Grout, Science, vol. 32, 1910, p. 312.

.
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Average composition of igneous rocks. -

A B ¢ D
L0 2 .. 60.88 |. 58.98 58. 539 61. 64
ALO,. .. 15.27 | 1541 15,796 15.71 -
FeyOy.oomoon oo 2.67 78| 3334( 2.0
FeO. .o, 3.49 2.70 3.874 3.25
MgO.. . 3.82 3.71 3.843 2.97
Cal. i 4,92 - 4.83 5. 221 ‘ 5.06
Na,O ...l 3. 43 3.18 | 3.912 3. 40
K,0.. S 3.10 o.77|  3.161 2,65
H,0at100°. .. ... ..... e .49 } 2.17 . 363 1.26
H,0above100°. ... ... o iiil.... 1.45 1.428
T10ge e e . P .81 .52 1.039 | .73
POl L 21 373 L2
100. 62 99. 26 100. 583 99. 84

Although these four columns are not very divergent, they exhibit
differences which may be more apparent than real. Differences of
summation are due partly to the omission of minor constituents,
but the largest-variations are attributable to the water. In two
columns - hygroscopic. water is not distinguished from combined
water; in two a discrimination is made. By rejecting the figures
for water and recalculating to 100 per cent the averages become
more nearly alike, as follows:

Average composition of igneous rooks, reduced to uniformity.

A B ¢ D

S10g-+ v vemeee e e 61.69 | 60.76| 58.96|  62.52
ALG,. I 1547 | 1587| 15.99| 1593
Fe,0pnrimiomaniioiiiiie| 271 492|837 2.95
FeO.. ... I 354 278| 303 5.30
MeO.. LTI 3er | 32| 3is 3.01
Ca0.... 1 ST ST e8| wor| o8 5.14
Na, 0.l Tl 3.48| 338|396 3.45
K.oY T sia) o 285|320 269
mfo,. LI .82 53| L.05 .74
PyOgonneemmeomeo oo -30 122 37 ‘27

100.00 | 100.00 | 100.00 |  100.00

Of these averages A and C include the largest number of trust-
worthy analyses. They are, however, not strictly equivalent in
character. Washington’s average relates only to analyses which
were nominally complete and made in many laboratories by very
diverse methods. My average represents the homogenecous work of
one laboratory, and includes, moreover, many partial determina-
tions. Tor the simpler salic rocks determinations of silica, lime,

[ ol
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and alkalies are generally all that is needed for petrographic pur-
poses. The femic rocks are mineralogically more complex, and
for them full analyses are necessary. The partial analyses, there-
fore, represent chiefly salic rocks, and their inclusion in the average
tends to raise the percentage of silica and to lower the proportions
of other elements. The salic rocks, however, are more abundant
than those of the other class, and so the higher figure for silica seems
more probable, a supposition which is reinforced by Knopf’s average.

This conclusion is also in line with the criticisms of ¥. P. Men-
nell,! who thinks that the femic rocks received excessive weight
in my earlier averages. Mennell has studied the rocks of southern
Africa, where granitic types are predominant, and believes that the
true average should approximate the composition of a granite. His
criticisms are entitled to serious consideration, but they are not
absolutely conclusive. A study of the composition of river waters
originating in areas of crystalline recks reveals a preponderance of
calcium over alkalies which waters from purely granitic environment
could hardly possess. Granitoid rocks, such, for example, as quartz
monzonite, are also abundant, and the average composition is likely
to be near that of a diorite or andesite.> The whole land surface of
the earth must be taken into account before the true average can be
finally ascertained.

So far, the final average has only been partly given; the minor
constituents of the rocks remain to be taken into account. In the
laboratory of the Geological Survey the analyses of .igneous rocks
have been unusually elaborate, and many things have been deter-
mined that are too often ignored. The complete average is given
in the next table, with the number of determinations to which each
figure corresponds. In the elementary column hygroscopic water
does not appear, but an allowance is made for a small amount of
iron which was reported in the analyses as FeS,. When a “trace”
of anything is recorded, it is arbitrarily reckoned as 0.01 per cent,
and when a substance is known to be absent from a rock, by actual
determination of the fact, it is assigned zero value in making up the
averages.®

1 Geol. Mag., 1904, p. 263; 1909, p. 212. For other discussions of the data given in my former papers, see
L. De Launay, Revue gén. sci., Apr. 30, 1904: and C. Ochsenius, Zeitschr. prakt. Geologie, May, 1898. Com-
pare also R. A, Daly (Bull. U. 8. Geol. Survey No. 209, 1903, p. 110), who argucs that the universal or
fundamental magma is approximately basaltic.

2 Oa the mean atomic weight of the earth’s crust,.see .. De Launay, Compt. Rend., vol. 150, 1910, p.
1270. See also A. E. Fersmann (Bull. Acad. St. Petersburg, 1912, p. 367) for a calculation of the atomic
percentages of the more important rock-forming elements.

3 In this table all analyses of igneous rocks made in the laboratory of the Survey down to October 1, 1918,
have been utilized. :
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Average composition of igneous rocks in detatl.

Number
o£1 (;i:;gg;’l.l- Average. llgg(ig‘r’egelg‘a In elementary form.
Si0g. o 1,789 60. 88 59.83 [0 47.29
ALOg. o ool 1,252 15.27 15,02 || Sicooeeaiila.... 28.02
ForOy. omomnniiin, 1293 | 267 2.62 || AL L 7.96
FeO...ooooiiiiii.. 1,291 3.49 3.43 || Feoooeoiinat, 4.56
MgO..oooooiiial... 1,387 3.82 3.74 (| Mg............ 2.29
CaO. ..ot 1,633 4.92 4.8 | Ca..ueeeennn. 3.47
NaOo oLt 1,703 3.43 3.37 || Na.oooo.oo.o... 2.50
KO 1696 | 310 305 || K.l 9.47
H,0— oo 965 149 a8 |l H.LL 16
15 0 1,012 1.45 1.42 || Tio....cenenen .46
5 10 1,193 .81 79 || Zrooa il .017
ZrOy. coceennnnenaa 399 .023 L0231 Gl .13
{810 772 .50 .49 ([ Peeiiil .13
POy 1,179 .29 29 ) Seie i .10
B T 845 .10 .10 (6] S . 063
[0 265 . 064 L063 || Feeeeiiiial.. .10
Fooi 112 .10 .10 (| Ba..eoeen..... .093
BaO..oooioiiiniaen, 823 .104 210 ) SreceeiaolL, .034
SrO.. .. 675 . 043 .043 || Mn.......... .- .078
MnO..... e 1,198 .10 J10- || NiL . o..oaool. . 020
NiO....ooeieiii.. 307 . 026 L026 || Cr...oooeelee.. .034
Cro0p et 303 L0491 0 048 | V..ol .07
VO oo 111 .026 2026 || Licoeweennnon.. . 004
Li,0 oot 587 .011 .011 —_—
100, 000
101.766 { 100.000

In this computation the figures for C, Zr, Cl, F, Ni, Cr, and V are
probably a little too high. They show, however, that these elements
exist in igneous rocks in determinable quantities. Fluorine, however,
exists in rocks chiefly in the mineral apatite, and its proportion can
be determined with much probability from the percentage of phos-
phorus. Computing from that datum, the percentage of fluorine be-
comes only 0.027, or little more than one-fourth of the figure given
in the table. As for carbon, its probable excess may be allowed to
stand, as a compensation, in our final reckoning, for the otherwise
undeterminable quantities represented by coal and petroleum. The
elements not included in the calculation represent minor corrections,
to be applied whenever the necessity for doing so may arise. For
estimates of their probable amounts, the papers by J. H. L. Vogt *
and J. F. Kemp ? can be consulted. A few more definite estimates
have been made by Clarke and Steiger * from careful analyses of

1 Zeitschr. prakt. Geologie, 1898, pp. 225, 314, 377, 413; 1899, pp. 10, 274,

2 Science, Jan, 5, 1906; Econ. Geology, vol. 1, 1905, p. 207. See also a curious paper by W, Ackroyd, in
Chem. News, vol. 86, 1902, p. 187, 'W. N, Hartley and H. Ramage (Jour. Chem. Soc., vol. 71, 1897, p. 533)
have shown that some of the rarest elements, such as gallium and indium, are widely diffused in rocks and
mincrals. W. Vernadsky (Chem. Zentralbl., vol. 2, 1910, p. 1775) has also found that irdium, thallium,
gallium, rubidium, and ceesium are widely distributed in spectroscopic traces. Vernadsky (Centralbl,
Min., Geol. u. Pal., 1912, p. 758) has also studied the occurrence of native elements in the earth’s crust.

8 Jour. Washington Acad. Sci., vol. 4, p. 57, 1914,



TN

THE CHEMICAL ELEMENTS. 29

large composite samples of rocks and clays. The average percent-
ages are as follows: CuO, 0.0130; ZnO, 0.0049; PbO, 0.0022; As,0;,
0.0005. These figures, considered as orders of magnitude, have a
high degree of probability. The remaining elements not mentioned
here nor in the table can not amount to more than 0.5 per cent alto-
gether, and even that small figure is likely to be an overestimate.

Before we can finally determine the composition of the lithosphere,
the sedimentary rocks are to be taken into account; and to do this we
must ascertain their relative quantity. First; however, we may con-
sider their composition, which has been determined by means of com-
posite analyses. That is, instead of averaging analyses, average
mixtures of many rocks were prepared,! and these were analyzed once
for all. The results appear in the next table.

Composite analyses of sedimentary rocks.

A. Composite analysis of 73 shales; or, more strictly, the average of two smaller composites, properly
weighted, . .

B. Composite analysis of 253 sandstoncs.

C. Composite analysis of 345 limestoncs.

A B C
........................................... 78. 66 5.19
........................................... 4,178 .81
........................................... 1.08 .54
............................................. .30

............................................ 1.17 7.90
................................................ 5,52 42, 61
........................................... .45 .06
............................................. 1.32 .33
..................................... 31 .21
.................................. el 33 a,56
............................................ 25 - .06
............ e 5. 04 41.58

................ 08 .04
......................................................... .09
............................................ .07 .05
.............................................. Trace. .02
............................................ .05 None
............................................. None. None
............................................ Trace. .05
............................................ Trace. Trace
100. 41 100. 09

e Includes organic inuttcr.

In attempting to compare these analyses with the average composi-
tion of the igneous rocks, we must remember that they do not repre-
sent definite substances, but mixtures shading into one another. The
average limestone contains some clay and sand; the average shale

1 These mixtures were prepared. under the direction of G. K. Gilbert, The analyses were made by
H: N, Stokes in the laboratory of the U. S. Geological Survey. See Bull. U, 8, Geol. Survey No. 228, 1904,
». 20. :
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contains some calcium carbonate. Furthermore, they do not cover
all the products derived from the decomposition of the primitive
rock, for the great masses of sediments on the bottom of the ocean
are left out of account. There are also metamorphic rocks to be
considered, such as chloritic and talcose schists, amphibolites, and
serpentines; although their quantities are presumably too small
to seriously modify the final averages. They might, however, help
to explain a deficiency of magnesium which appears in the sedimen-
tary analyses. Partly on account of these considerations, and partly
because the sedimentary rocks contain water and carbon dioxide
which have been added to the original igneous material, we can not
recombine the composite analyses so as to reproduce exactly the com-

position of the primitive matter.! To do this it would be necessary

also to allow for the oceanic salts, which represent, in part, at least,
losses from the land; but that factor in the problem is perhaps
the least embarrassing. Its magnitude is easily estimated, and it
gives a measure of the extent to which the igneous rocks have been
decomposed. '

If we assume that all the sodium in the ocean was derived from
the leaching of the primitive rocks, and that the average composition
of the latter is correct as stated, it is-easy to show that the marine
portion is very nearly one-thirtieth of that contained in the 10-mile
lithosphere. That is, the complete decomposition of a shell of igneous
rock one-third of a mile thick would yield all the sodium in the
ocean. Some sodium, however, is retained by the sediments, and the
analyses show that it is about one-third of the total amount. That
is, the oceanic sodium represents two-thirds of the decomposition,
and the estimate: must therefore be increased one-half. On this
basis, a rocky shell one-half mile thick, completely enveloping the
globe, would slightly exceed the amount needed to furnish the
sodium of the sea and the sediments.

In order to make this estimate. more precise, let us consider the
detailed figures. The maximum allowance for the sodium in the
ocean is 1.14 per cent. From my average the mean percentage of
sodium in the igneous rocks is 2.50; Washington’s figures give 2.90.
Now, putting the ocean at 7 per cent and the lithosphere at 93 per
cent of the known matter, the following ratios between oceanic
sodium and rock sodium are easily computed: Clarke, 1:29.8;
Washington, 1:33.9. Hence, the sodium in the ocean corresponds
to a volume of igneous rocks, according to the first ratio, of 54,800,000
cubic miles or, for the second estimate, of 48,200,000 cubic miles.

Suppose, however, that the average analyses do not represent the
true composition of the primitive lithosphere. We may then test

i For an elaborate attempt in this direction see C. R. Van Ilise, A treatise on metamorphism; Mon.
U. 8. Geol. Survey, vol. 47, pp. 947-1002, 1904. Sce also W. J. Mead, Jour. Geology, vol. 22, p. 772, 1914

N
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our figures -by another assumption, namely, that the real average
lies somewhere between two evident extremes—the composition of
a rhyolite and that of a basalt. In 100 rhyolites, as shown in Wash-
ington’s tables, the average percentage of sodium is 2.58, while for
220 basalts it is 2.40. These figures give ratios of 1:30.1 and 1:28.4,
corresponding to rock volumes of 54,200,000 and 57,500,000 cubic
miles, respectively—quantities of quite the same order as those
previously calculated. ‘

From the composite analyses of the sedimentary rocks the cor-
rection for their retained sodium can be determined. This sodium is
chiefly, but not entirely, in the shales, and its amount is less than
1 per cent, with a probable value of 0.90. This is 35 per cent of the
total sodium in the average igneous rock, and the oceanic sodium
represents the 65 per cent removed by leaching. Allowing for this
sedimentary sodium, the total sodium of the ocean and of the sedi-
mentary rocks is represented by the ratio of

65 : 100 = 54,800,000 : 84,300,000,

the last term giving the number of cubic miles of igneous rock which
has undergone decomposition. - This quantity is that of a-rock shell
completely enveloping the globe and 0.4215 mile, or 2,225 feet, thick.
If we accept the highest ratio of all, that furnished by the average
basalt, the thickness may be raised to 2,336 feet, while Washing-
ton’s data will give a much lower figure. A further allowance of 10
per cent, which is excessive, for the increase in volume due to oxida-
tion, carbonation, and absorption of water will raise the thickness
assignable to the sedimentaries from 2,225 to 2,447 feet, an amount
still short of the half-mile estimate. No probable change in the com-
position of thelithosphere can modify this estimate very considerably;
and since the ocean may contain primitive sodium, not derived from
the rocks, the half mile must be regarded as a maximum allowance.
If the primeval rocks were richer in sodium than those of the present
day, a smaller mass of them would suffice; if poorer, more would be
needed to accountfor the saltin the sea. Of the two suppositions, the,
former is the more probable; but neither assumption is necessary. If,
Lowever, we assume that our igneous rocks are not altogether pri-
mary but that some of them represent re-fused or metamorphosed
sedimentaries, we must conclude that they have been partly leached
and have therefore lost sodium. That is, the original matter was
richer in sodium, and the half-mile estimate is consequently much
too large.

Trom another point of view, the thinness of the sediments can be
simply illustrated. The superficial area of the earth is 199,712,000
square miles, of which 55,000,000 are land. According to Geikie,! the

1 Textbook of geology, 4th cd., vol. 1, p. 49, 1903,
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mean elevation of all the continents is 2,411 feet. Hence, if all the
land now above sea level, 25,000,000 cubic miles, were spread uni-
formly over the globe, it would form a shell about 660 feet thick. If
we assume this matter to be all sedimentary, which it certainly is not,
and add to it any probable allowance for the sediments at the bottom
of the sea we shall still fall far short of the half-mile shell which, on
chemical evidence, is a maximum. In the following calculation this
maximum will be taken for granted.

The relative proportions of the different sedimentary rocks within
the half-mile shell can only be estimated approximately. Such an
estimate is best made by studying the average igneousrock and deter-
mining in what way it can break down. A statistical examination of
about 700 igneous rocks, which have been described petrographically,
leads to the following rough estimate of their mean mineralogical
composition: ’

QUATEZ. .« oo eere ceee e e e eeeaacaaesraeeasaaaaanascaseaennnannunnn 12.0
FeldBpars. . ..o cii e et 59.5
Hornblende and pyroxene. . . ... ..oveiiiiiiiiiiiiiiariaeneaanns 16.8
L 3.8
Accessory minerals. .. .. .ot a e 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:

Awverage composition of shale and sandstone.

Shale. Sandstone,

QUartz €. . . oo e 22.3 66. 8
Y 0 ) o 30.0 11.5
Clay B e 25.0 6.6
10 110) 4V 1 7 - NN 5.6 1.8
(6758 +0) (1Y 7 TR AR 5.7 11.1
Other MINeTal8. . v vt et et eee e eeieaaaaeanean.. 11.4 2.2

100.0 100.0

a The total percentage of free silica.
b Probably sericitein part, In that case the feldspar figure hecomes lower.

If, now, we assume that all of the igneous quartz, 12 per cent, has
become sandstone, it will yield 18 per cent of that rock, which is
evidently a maximum. Some quartz has remained in the shales.
One hundred parts of the average igneous rock will form, on decom-
position, less than 18 parts of sandstone. -

The igneous rocks contain, as shown in the last analysis cited, 4.84
per cent of lime. This would form 8.65 per cent of calcium carbon-
ate, or 11.2 per cent of an average limestone. But at least half of
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the lime has remained in the other sediments, so that its true propor-
tion can not reach 6 per cent, or one-third the proportion of the
sandstones. The remainder of the igneous material, plus some water
and minus oceanic sodium, has formed the siliceous residues which
are grouped under the vague title of shale. Broadly, then, we may
estimate that the lithosphere, within the limits assumed in this mem-
oir, contains 95 per cent of igneous rock and 5 per cent of sedimen-
taries. If we assign 4.0 per cent to the shales, 0.75 per cent to the
sandstones, and 0.25 per cent to the limestones, we shall come as near
the truth as is possible with the present data.! On this basis, the
average composition of the lithosphere may be summed up as shown
in the following table. The analyses of the sedimentary rocks are
recalculated to 100 per cent.

Average compogition of the lithosphere.

Igneous Shale (4 per Sa,ndrstone Limestone Weighted
ooy | cen | (GEREET | GRET | averago.
S0, o e 59. 83 58.10 78.33 5.19 59. 77
ALOg. o 15.02 15. 40 4.77 .81 14. 89
Feg0g. cnvvereanneeeannns 2,62 4.02 1.07 .54 2. 69
FeO. oo 3.43 2. 45 30 el 3.39
MgO............ e 3.74 2.44 1.16 7.89 3.74
CaO. o 4.83 3.11 5. 50 42.57 4. 86
N2gO. o cvneieieannns .| 8.37 1.30 .45 .05 3.25
O 3.0 3.24 1.31 .33 2.98
HOooeeooe e 1.90 5.00 1.63 L7 2.02
(o R .79 .65 .25 .06 .77
73 023 | .02
002 ........................ 49 2. 63 5. 03 41. 54 70
PoO. cevemeinieiaeaaaaanns 29 17 .08 .04 28
P e 10 I P P, .09 10
Sy N N 64 .07 .05 03
Clee e 063 [l 02 06
B 10 e 09
BaO. . ooeriiiiaiiai .10 05 (475 70 PP .09
1574 @ J RN 043 e .04
MnO..oooaiai i 10 o 05 .09
NiO. . e 026 | . 025
187§ P 048 | e .05
208e e emee e D026 [ . 025
17 %0 R COLL [ .01
.................................... 80 | .03
100. 600 100. 00 100. 60 100. 00 100. 00

The final average differs from that of the igneous rocks alone only
within the limits of uncertainty due to experimental errors and to the

1C. R. Van Hise (A treatise on metamorphism: Mon. U. 8. Geol. Survey, vol. 47, 1904, p. 940) divides
the sedimentary rocks into 65 per cent shales,including all pelites and psephites, 30 per cent sandstones,
and 5 per cent limestones. W. J. Mead (Jour. Geology, vol. 15, 1907, p. 238), by a graphic process, dis-
tributes the sedimentaries into 80 per cent shales, 11 per cont sandstones,and 9 per cent limestones, Ina
later paper (Jour. Geology, vol. 22, p. 772, 1914) Mead modifies this estimate somewhat.

113750°—19—Bull. 695——3
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assumptions made as to the relative proportions of the sedimentaries.
The values chosen for the sediments are approximations only, and
nothing more can be claimed for them. They seem to be near
the truth—as near as we can approach with data which are necessarily
imperfect—and so they may be allowed to stand without further
emendation.

In the preceding table the hygroscopic water of the igneous rocks
is taken into account, but so far the underground waters have been
neglected. For this omission the hygroscopic water may partly
compensate, but the subject demands a little closer attention.
Extravagant estimates of the quantity of underground water have
been made, based upon the fact that all rocks are more or less porous.!
Van Hise, however, claims that the pore spaces below a depth of 6
miles are probably closed by the pressure of the superincumbent
strata; a consideration which must not be ignored. Van Hise
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 69
meters or 226 feet deep. Fuller’s estimate is more complete, for it
involves a discussion of the relative quantities and average porosities
of the sedimentary and igneous rocks, and he concludes that the
volume of subterranean water is about one one-hundredth that of
the ocean. These conclusions require some modification; for
Adams, by experiments upon the compression of granite, has shown
that porosity may exist to a depth of at least 11 miles. In any case
the quantity of water is negligible, for, added to the volume of the
hydrosphere it would not appreciably affect the final computation.

_The proportion of water in known terrestrial matter would be in-
creased by less than 0.1 per cent. .

With the data now before us we are in a position to compute the
relative abundance of the chemical elements in all known terrestrial
matter. For this purpose, the composition of the lithosphere is
restated in elementary form, with an arbitrary allowance of 0.5 per
cent for all the elements not specifically named. As for the atmos-

phere, 0.03 per cent, it is represented in the final results as if it were °

all nitrogen; an exaggeration which allows for the traces of nitrogen,
rarely determined, that are present in the rocks.? The mean com-

1800 A. Delosse, Bull. Soc. géol. France, vol. 29, 1861, p. 64; J. D. Dana, Manual of geology, 4th ed., 1895,
p. 209; W. B. Greenleo, Am. Geologist, vol. 18, 1895, p. 33; O. Keller, Annales des mincs, 9th ser., vol.
12, 1857, p. 32; C. 8. Slichter, Water-Supply Paper U. 8. Geol. Survoy No. 67, 1902, p. 14; 1. C. Cham-
berlin and R. D, Salisbury, Geology, vol. 1, 1904, p. 209; C. R. Vau Hise, A treatise on metamorphism:
Mon. U. 8. Geol. Survey, vol. 47, 1904, p. 129; M. L. Fuller, Water-Supply Paper U. 8. Geol. Survey
No. 160, 1906, p. 59; I'. D. Adains, Jour. Geology, vol. 20, 1912, p. 97. Seo also an address by J., I'. Kemp,
Trans. Am. Inst. Min. Eng., vol. 14, 1914, p. 3.

28ce A. D. Halland N. J, II. Miller (Jour. Agr. Sei., vol. 2, p. 313) cn nitrcgen in unweathered sedi-
mentary rocks. From 0.04 to 0.107 per cent was found. H.Erdmann (Ber. Deatsch. chem. Gesell,, vol. 29,
1896, p. 1710) found traces of nitrcgen in soveral rare minerals from pegmatite. Ina later paper,in Arbeiten
auf don.Gebieten der Gross-Gasindustrie, No. 1, 1509, Erdmann computes that eack square meter of land,
to a dopth of 15 kilometers, conitains 5 rretric tons of nitrogen. The total amount of nitrcgen in the rocks
is much less than that in the atmosphero alone.

o
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position of the lithosphere, the hydrosphere, and the atmosphere,

then, is as follows:

Average composition of known terrestrial matler.

Lithosphere, | Hydrospher Average, in-

93 pgrpcent.’ 7ypeg cent,” Cl“d‘;)’iif;m"s'

Oxygen. ... ..ooominnininnnns beeroneaanns 47.33 85.79 50. 02
31 1) W 2774 oo 25. 80
Aluminum. .. .. 7.85 |.oieinnn... 7.30
Tron. ..o e 4.50 |.cooiean.... 4,18
Calelum. . ...ooeiii e 3.47 .05 3.22
Magnesium. . . . coniniiii e 2. 24 .14 2.08
Sodium. ... e 2.46 1,14 2.36
Potasgium. . .. ... ... 2. 46 .04 2.28
Hydrogen. . ... il .22 10. 67 .95
Titanium. . . ..o oeeit e c i A6 . .43
Carbom. . ..o e .19 . 002 .18
Chlorine. « oot eiee e e .06 2.07 .20
Bromine. . ... .o.ooiiiii e L008 fooiiainan
Phosphorus. .. ... ... A2 ool L1
Sulphuy. . oo .12 .09 L1
Barluml. . . it 08 feeean. .08
Manganese. - ... ccoieiiianaiaall et 08 il .08
Strowtium. . .. .oii i 02 )l .02
AL (o « T R .03
Fluorine. . . ..o i 10l .10
All other elements. . . ... e B0 el .47
100. 60 100. 000 100. 00

The briefest scrutiny of the foregoing tables will show that in
the lithosphere the lighter elements predominate over the heavier.
All the abundant elements fall at or below atomi¢ weight 56, and
above that, in the analysis given on page 28, only nickel, zirconium,
strontium, and barium appear. The heavy metals, as a rule, occur
in apparently trivial quantities. Since, however, the mean density
of the earth is about double that of the rocks at its surface, it has
sometimes been supposed that the heavier substances may be con-
centrated in its interior, a supposition which is possibly true, but
unprovable. If the globe is similar in constitution to a meteorite, we
should expect iron and nickel to be abundant in its mass as & whole;
but this, after all, is nothing more than a suspicion. One fact only
seems to shed a clear light upon the problem. A mixture of all the
elements, in equal proportions by weight and in the free state,
would have a density greater than that of the earth. Combination
would increase the density of the mixture, and the effect of internal
pressure would make it greater still. It is therefore plain that in
the earth as a whole, whatever may be the composition or condition
of its interior, the lighter elements are more abundant than the
denser. Thus far we can go, but no farther. Of the actual propor-
tions we know nothing. - :
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THE PERIODIC CLASSIFICATION.

Although the chemical elements are analytically distinct, they are
by no means unrelated. On the contrary, they fall into a number of
natural groups; and within each one of these the members not only
form similar compounds, but also exhibit, as a rule, a regular grada-
tion of properties. This relationship has led to an important gen-
eralization—the periodic law, or, more precisely, the periodic classi-
fication of the elements—and in its light some of their associations
become extremely suggestive.

When the elements are tabulated in the order of their atomic
weights, the periodicity shown in the following scheme at once be-
comes evident. The metals of the rare earths, with atomic weights
between those of cerium and tantalum, are omitted, because of
uncertainties as to their true relation.
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In each vertical column the elements are closely allied, forming
the natural groups to which reference has already been made. The
alkaline metals; the series calcium, strontium, and barium; the car-
bon group, and the halogens are examples of this regularity. In
other words, similar elements appear at regular intervals and occupy
similar places. If we follow any horizontal line of the table from
left to right, a progressive change of valency is shown, and in both
directions a systematic variation of properties is manifested. Broadly
stated, the properties of the elements, chemical and physical, arc
periodic functions of their atomic weights, and this is the most gen-
eral expression of the periodic law. At certain points in the table
gaps are left, and these are believed to correspond to unknown ele-
ments. For three of the spaces which were vacant when Mendeléef
announced the law, he ventured to make specific predictions, and his
prophecies have been verified. The elements scandium, gallium, and
germanium were described by him in advance of their actual dis-
covery, and in every essential particular his predictions were correct.
Atomic weights, densities, melting points, and the character of the
compounds which the metals should form were foretold, and in each
case with a remarkable approximation to accuracy. This power of
prevision is characteristic of all valid generalizations, and its exhi-
bition in the periodic system led to the speedy adoption of the latter.
Even radium and its emanation, niton, fall into their proper places
in line with their near relatives, barium and argon.

An elaborate discussion of the periodic law would be out of place
in a memoir of this kind, and its details must be sought elsewhere.!
Only its application to geochemistry can be considered now. In the
first place, on looking at the table vertically it is noticeable that
members of the same elementary group are commonly associated in
nature. That is, similar elements have similar properties, form
_similar compounds, and give similar reactions, and because of the
conditions last mentioned they are usually deposited together. Thus
the platinum metals are seldom found apart from one another; the
rare earths are invariably associated; chlorine, bromine, and iodine
occur under closely analogous circumstances; selenium is obtained
from native sulphur; cadmium is extracted from ores of zine, and

so on through a long list of regularities. The group relations govern .

many of the associations which we actually observe, although they
are modified by the conditions which influence chemical union. Even
here, however, regularities are still apparent. In combination unlike
elements seek one another, and yet there appears to be a preference

1 See especially F. P. Venable, Development of the periodiclaw, Easton, Pennsylvania, 1896. Thelarger
manuals of chemistry all discuss the law somewhat fully. T. Carnelley (Ber. Deutsch. chem. Gesell.,
vol. 17, 1884, p. 2287) hasespecially studied the bearings of the periodic law on the occurrence of the elements
in rature.
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for neighbors rather than for substances that are more remote. For
example, silicon follows aluminum in the order of atomic weights,
and silicates of aluminum are by far the most abundant minerals.
The next element in order is phosphorus, and aluminum phosphates
are more common and more numerous than the precisely similar arse-
nates. On the other hand, copper, whose atomic weight is nearer
that of arsenic, oftener forms arsenates, although its phosphates are
also known. An even more striking example is furnished by the
compounds of the elementary series oxygen, sulphur, selenium, and
tellurium. Oxides and oxidized salts of many elements are found in
the mineral kingdom, and most commonly of metals having low
atomic weights. From manganese and iron upward, sulphides are
abundant; but selenium and tellurium are more often united with
the heavier metals silver, mercury, lead, or bismuth, and tellurium
with gold. The elements of high atomic weight appear to seek one
another, a tendency which is indicated in many directions, cven
though it can not be stated in the form of a precise law. The general
rule is evident, but its significance is not so clear.

We have already seen that the most abundant elements are among
those of relatively low atomic weight, and this observation may be
verified still further. In general, with some exceptions, the abun-
dance of an element within a group depends on its atomic weight,
but not in a distinctly regular manner. For instance, in the alkaline
series, lithium is widely diffused in small quantities, sodium and potas-
sium are very abundant, rubidium is scarce, and cesium is the rarest
of all. The same rule holds in the tetrad group—carbon, silicon,
titanium, zirconium, and thorium; and in the halogens—fluorine,
chlorine, bromine, and iodine. In each of these series the abundance
increases from the first to the second member and then diminishes
to the end. In the oxygen group, however, the first member is much
the most abundant and after that a steady decrease to tellurium is
shown. An exception to the rule is found in the metals of the alka-
line earths, for strontium is less abundant than barium, at least so far
as our evidence now goes. Other exceptions also seem to exist, but
they are possibly apparent and not real. In the light of better data
than we now possess the anomalies may disappear. Here again we
are dealing with an evident tendency of which the meaning is yet
to be discovered. That the abundance and associations of the ele-
ments are connected with their position in the periodic system seems,
however, to be clear. The coincidences are many, the exceptions are
comparatively few.!

So much for the chemical side of the question. On the geological
side other considerations must be taken into account, and it is easily

1 In aninteresting memoir W. D. Harkins (Jour. Am. Chem. Soc., vol. 39, p. 857, 1917) has discussed tho
relations of the clements to the periodic law as to their abundance and their evolution.
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seen that the periodic law covers only a part of the elementary asso-
ciations. Rocks are formed from magmas in which many and com-
plex reactions are possible, and the simpler rules governing single
minerals are no longer directly applicable. Some regularities, how-
ever, can be recognized, and certain elements are in a sense character-
istic of certain kinds of rock. In the summary already given some of
these regularities are indicated. They have been generalized by
J. H. L. Vogt * somewhat as follows: In the highly siliceous rocks
we find the largest proportions of the alkalies, of the rare earths, and
of the elements glucinum, tungsten, molybdenum, uranium, colum-
bium, tantalum, tin, zirconium, thorium, boron, and fluorine. The
rocks low in silica are richer in the alkaline earths, and in magne-
sium, iron, manganese, chromium, nickel, cobalt, vanadium, titanium,
phosphorus, sulphur, chlorine, and the platinum metals. To some
extent, of course, these groups overlap, for between the two rock
classes no definite line can be drawn. But the minerals of the rare
earths, with the columbo-tantalates, tinstone, beryl, etc., seldom if
ever occur except in rocks which approach the granites in general
composition; whereas chromium, nickel, and the platinum metals are
most commonly associated with peridotites or serpentines. For these
differences in distribution no complete explanation is at hand; but
they are probably due to differences of solubility. If we conceive of
a mediosilicic magma in process of differentiation into a salic and a
femic portion, the minor constituents will evidently tend to con-
centrate, each in the magmatic fraction in which it is most soluble.
Solubilities of this order are yet to be experimentally studied.

METEORITES.

The supposed analogy between the earth as a whole and an enor-
mous meteorite has already been mentioned. A brief statement of
the chemical nature of meteorites is therefore not out of place here.
All known meteorites may be divided into three classes—iron meteor-
ites, stony meteorites, and carbonaceous meteorites. The last class,
so far as direct observation goes, is very small, and need not be con-
sidered further. It is possible that carbonaceous meteorites may be
numerous but commonly consumed before reaching the surface of the
earth, a supposition, however, which can only be entertained as a
speculation. The two principal classes of meteorites merge into one
another, so that we have irons, stones, and all sorts of intermediate
mixtures. The irons consist mainly of iron and nickel, with variable
and minor admixtures of graphite, schreibersite, troilite, etc. The

1 Zeitschr. prakt. Geologie, 1898, p. 324. H. S. Washington (Trans. Am. Inst. Min. Eng., vol. 39, 1909,
p. 735) has made a rather elaborate study of the distribution of the commoner elements with reference to
the different magmas. In Proc. Nat. Acad. Sci., vol. 1, 1015, p. 574, he points out a correlation between
K and Mg and between Na and Fe in igneous rocks.

-
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terrestrial nickel-iron of Ovifak in Greenland resembles meteoric iron
in every essential particular. It is, therefore, often mentioned, as
possibly typical of the material which forms the centrosphere.

The stony meteorites almost if not quite invariably contain dis-
seminated particles of nickel-iron, but otherwise are analogous to
rocks found on the surface of the earth. They are, however, not like
the predominant rocks of the lithosphere. Their average composi-
tion has been calculated by G. P. Merrill * from 99 published analyses
of stony meteorites, with the subjoined results. The first column of
figures gives the actual average; the second is recalculated to 100 per
cent after rejecting the admixed nickel-iron, sulphides, and phosphides.

Avwerage composition of stony meteorites.

Found. Recalculated.

11 38.98 45.46
AL 2.75 3.21
3 11.61 |........ e
FeO. oo e 16. 54 19.29
07T R 1.77 2.06
0t 23.03 26. 86
£ PRt .95 1.11
P .33 38
MO, e e, .56 65
L0303 03 11 7R .84 98
B TR 0 N 1.32 ...
7 1.85 |.cenna.. .
Pt et B
100. 64 100. 00

From this computation it appears that the stony meteorites have
essentially the composition of a peridotite and are quite unlike the
rocks which make up the great mass of the lithosphere. If, therefore,
the earth was formed by an aggregation of meteors, as some writers
have supposed, their average character was probably not that of
the meteorites known to-day. Quartz and feldspars are the most
abundant minerals of the lithosphere as we know it, but are almost
wanting in the meteorites. A nucleus of .iron with a stony crust
could hardly be formed by any clashing together of innumerable
meteoritic bodies; if the earth is analogous to them it can only be as an
independent, individual meteorite of quite dissimilar composition.?

1 Am. Jour. Sci.. 4th ser., vol. 27, 1909, p. 469. See also W. A. Wahl, Zeitschr. anorg. Chemie, vol. 6y,
1910, p. 52, and O. C. Farrington, Field Columbian Museum Publication 151, 1911.

1 For a critical discussion of hypotheses relative to the nature and temperature of the centrosphere see
H. Thiene, Temperatur und Zustand des Erdinnern, Jena, 1907. Thiene gives many references to litera-
ture. Seealso E. H. L. Schwarz, South African Jour. Sci., April, 1910. Schwarz advocates a solid nucleus
of tho earth and assigus to it a low temperature.



CHAPTER II

THE ATMOSPHERE.
COMPOSITION OF THE ATMOSPHERE.

The outer gaseous envelope of our globe—the atmosphere—is
commonly regarded as rather simple in its constitution, and indeed
s0 it is, in eomparison with the complexity of the ocean and the solid
rocks beneath. Broadly considered, it consists of three chief con-
stituents—namely, oxygen, nitrogen,. and argon—commingled with
various other substances in relatively small amounts, which may be
classed, with some exceptions, as impurities. The three essential
elements of air are mixed, but not combined; and they vary but
little in their proportions. They constitute what may be called
normal or average air. I am indebted to the late Sir William Ram-
say for the following percentage estimate of their relative quantities:

The principal constituents of the atmosphere.

By weight. | By volume.

03977+ i 23. 024 20. 941

B 7 Y U 75. 539 78.122
Argon................ e e eeiaaaaaeas 1.437 . 937

100. 000 100. 000

With the argon occur certain rare gases whose proportions Ramsay

estimates as follows:?
Per cent by volume.

G4 031703 1 N R 0.028
=) 1Yo} W 005
Hellum. ..o e . 0004
A o3 + VA . 00123

These gases, with argon, are absolutely inert; and as they seem to
have little geological significance they demand no further considera-
tion here. Helium, as the end product of radioactive changes, will
demand some attention later.

In addition to the elements enumerated above, ordinary air con-
tains, in varying quantities, aqueous vapor, hydrogen dioxide, ozone,

1Proc. Roy. Soc., vol. 80A, 1908, p. 599. See also papers by G. Claude, Compt. Rend., vol. 148, 1909,
p. 1454, and H. E. Watson, Jour. Chem. Soc., vol. 97, 1910, p. 810. A. Wegener (Zeitschr, anorg. Chemio,
vol. 75,1912, p. 107) gives an estimate of the composition of the atmosphere, including its minor constituents.
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carbon divx.ae, ammonia and other compounds of nitrogen, some-
times sulphur, traces of hydrogen, organic matter, and suspended
solids; a=d among these substances some of the most active agents
in producing geological changes are found. It will be advantageous
to consider them separately and somewhat in detail; and in so doing
we shall see that they all form part of a great system of circulation
in which the atmosphere is adding matter to the solid globe and
receiving matter from it in return. Between these gains and losses
no balance can be struck, and yet certain tendencics appear to be
distinctly manifested.

In a roughly approximate way it is often said that air consists of
four-fifths nitrogen and one-fifth oxygen, and this is nearly truc.
The proportions of the two gases are almost constant but not abso-
lutely so; for the innumerable analyses of air reveal variations larger
than can be ascribed to experimental errors. A few of the better
determinations are given in the subjoined table, stated in percentages
by volume of oxygen. They refer, of course, to air dried and freed
from all extraneous substances.

Determinations of oxygen in air, in percentage by volume.

Number
Analyst. Locality of samples. of Minimum. | Mazimum. Mean.
analyses.
V. Regnaulte..... .. Parig..eeeeeiiaaan. 100 20. 913 20. 999 20. 960
R. W. Bunsen @.....! Heidelberg ......... 28 20. 840 20. 970 20. 924
R. Angus Smith e. ..} Manchester ........ 32 20. 78 21.02 20. 943
Dooeenei.. M(l)unéa.ms of Scot- 34 20. 80 21.18 20. 970
an
U. Kreuslerd........ Near Bonn......... 45 20. 901 20. 939 20. 922
W. Hempel ¢....... Dresden ............ 46 20. 877 20. 971 20. 930
0.@. .. Tromsoe ........... T3 I PR, 21. 00 20. 92
Do, oovvninn... Para............... 28 20.86 |.......... 20. 89
A. Muntz and T. Cape Horn......... 20 20.72 20.97 20. 864
Aubin.e .
E. W. Morley 7..... Cleveland, Ohio. ... 45 20. 90 20. 95 20. 933
F. G. Benedict 9....] Boston.............. 202 [ 20. 952

a Seo R. Angus Smith’s excellent book Air and rain, London, 1872, This work contains hundreds of
other analyses.

b Ber. Deutsch. chem. Gesell., vol. 20, 1887, p. 991.

¢ Idom, vol. 18, 1885, p. 1800.

dIdom vol. 20 1887, p. 1864,

e Compt,. Rend vol. 102, 1886 422,

/ CltO(I) by Hempel in Bor. Deufsch. chem. Gesell., vol. 20, 1887,

¢ Carnegie Inst,” Washington I’ublication No. 166, 1912, Benedxct glves a very complete summary of
carlier invostigations.

Some of these variations are doubtless due to different methods
of dotermination, but others can not be so interpreted. Hempel,
comparing his analyses of air from Tromsoe, Norway, and Para,
Brazil, infers that the atmosphere is slightly richer in oxygen noar

the poles than at the equator, an infercnce that would seem to nced
additional data before it can be regarded as established. The most
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significant variation of all, however, has been pointed out by E. W.
Morley.! As oxygen is heavier than nitrogen, it has been supposed
that the upper regions of the atmosphere should show a small defi-
ciency in oxygen, as compared with air from lower levels; although
analyses of samples collected on mountain tops and from balloons
have not borne out this suspicion. It is also supposed that severe
depressions of temperature, the so-called “cold waves,” are con-
nected with descents of air from very great elevations. Morley’s
analyses, conducted daily from January, 1880, to April, 1881, at
Hudson, Ohio, sustain this belief. Every cold wave was attended by
a deficiency of oxygen, the determinations, by volume, ranging from
20.867 to 21.006 per cent, a difference far greater than could be
attributed to errors of measurement. Air taken at the surface of
the earth seems to show a very small concentration of the denser
gas, oXygen. ,

By electrical discharges in the atmosphere some oxygen is probably
converted into its allotropic modification, ozone, although this point
has been questioned. Hydrogen dioxide is formed in the same way,
and also oxides of nitrogen, and between these substances, in minute
traces, it is not easy to discriminate. They all act upon the usual
reagent, iodized starch paper, and therefore the identification of
ozone remains somewhat uncertain, at least so far as ordinary chemi-
cal tests have gone. It is known, however, that the ultra-violet rays
in the solar radiations so act upon cold dry oxygen as to convert
part of it into ozone. This apparently takes place in the upper,
drier, and rarefied strata of the atmosphere, as shown by absorption
bends in the solar spectrum.? Both ozone and hydrogen dioxide are
powerful oxidizing agents, and either or both of them play some part
in transforming organic matter suspended in the air into carbon
dioxide, water, and probably ammonium nitrate; but the magnitude
of ‘the changes thus brought about can not be estimated with any
degree of definiteness. Ozone is also a powerful absorbent of solar
radiations, and may possibly exert some influence in modifying
terrestrial climates. Its generation by auroral discharges as well as
by ultra-violet rays is considered in this connection by Humphreys.
According to H. N. Holmes ® the proportion of ozone in the atmos-
phere is greater in winter than in summer.

1 Am. Jour. Sci., 3d ser., vol. 18, 1879, p. 168; vol. 22, 1881, p. 417. For the distribution of the different
gasesin the atmosphere according to elevation, see W. J. Humphreys, Bull. Mount Weather Obscrvatory,
vol. 2, 1800, p. 68. On variations in the density of air at Geneva, see Guye, Kovacs, and Weurtzel, Jour,
chim. phys., vol. 10, 1912, p. 332. '

2 See W.J. Humphreys, Astrophys. Jour., vol. 32,1910, p. 97, and authorities cited by him, Also Henriet
and Bonyssy, Compt. Rend., vol. 147, 1908, p. 977. According to W. Hayhurst and J. N. Pring (Jour.
Chem. Soc., vol. 97,1910, p. 868), the ozonein the atmosphere amounts to less than one partin four thousand
millions. In another paper (Proc. Roy. Soc., vol. $0A, p. 204) Pring finds that air from high altitudes
contains more ozone than air from low levels.

3 Am. Chem. Jour., vol. 47, p. 497, 1912.
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Wherever animals breathe or fire burns oxygen is being withdrawn
from the air and locked up in compounds. By growing plants under
the influence of sunlight, one of these compounds, carbon dioxide, is
decomposed and oxygen is liberated; but the losses exceed the gains.
So also, when the weathering of a rock involves the change of fer-
rous into ferric compounds oxygen is absorbed, and only a portion of
it is ever again released. The atmosphere then is slowly being
depleted of its oxygen, but so slowly that no chemical test is ever
likely to detect the change.

The nitrogen of the atmosphere varies reciprocally with the oxy-
gen, the one gaining relatively as the other loses. But here again
special variations need to be considered. By electrical discharges,
as we have already seen, oxides of nitrogen are produced, yleldmg
with the moisture of the air nitric and nitrous acids. Through the
agency of microbes certain plants withdraw nitrogen directly from
the air and thus remove it temporarily from atmospheric circulation.
By the decay or combustion of organic matter some of this nitrogen
is returned, partly in the free state and partly in gaseous combina-
tions. The significance of these changes will be more clearly seen
when we consider the subject of rain. It is enough to note here that
all the nitrogen of organic matter came originally from the atmos-
phere, and that at the same time a larger quantity of oxygen was
alsoremoved. Therelative proportions of the two gases are evidently
undergoing continuous modification.

According to Armand Gautier ! free hydrogen is present in the
atmosphere, together with other combustible gases. Air collected
at the Roches-Douvres lighthouse, off the coast of Brittany, yielded
1.21 milligrams of hydrogen in 100 liters. Air from the streets of
Paris was found to contain the following substances, in cubic centi-
meters per 100 liters:

Free hydrogen. . o cvuveenenoii it 19.4
Methane. « oottt i et ereaa et 12.1
Benzene and its homologues..........cocooiiiiiiiiiiiiiiiL, 1.7
Carbonic oxide, with traces of olefines and acetylenes............ .2

In short, air, according to Gautier, contains by volume about 1 part
in 5,000 of free hydrogen, although Rayleigh’s experiments? on the
same subject would indicate that this estimate is at least six times
too large. It is known, however, that hydrogen is emitted by vol-
canoes in considerable quantities, and Gautier has extracted the gas
from granite and other rocks. . One hundred grams of granite gave

! Annales chim. phys., 7th ser., vol. 22, 1901, p. 5.

2 Philos. Mag., 6th ser., vol. 3, 1902, p. 416. See also a criticism by A. Leduc, Compt. Rend., vol. 135, 1902,
p.832; and replies to Rayleigh and Leduce by Gautier, idem, vol. 135, p. 1925; vol. 136, p. 21. Also a paper
by G. D. Liveing and J. Dewar, Proc. Roy. Soc., vol. 67,1900, p. 468, «G. Claude (Compt Rend., vol. 148,
1909, p. 1454) found less than one part per million of hydrogen in air.
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him 134.61 cubic centimeters of hydrogen with other gases, and from
this fact important inferences can be drawn. At the proper point,
farther on, this subject will be discussed more fully. As for the
hydrocarbons, their chief source is doubtless to be found in the
decomposition of organic matter, methane or marsh gas in particular
being clearly recognized among the exhalations from swamps.
According to H. Henriet,! formaldehyde exists in the atmosphere in
quantities ranging from 2 to 6 grams in 100 cubic meters. Bodiecs
of this class are impurities in the atmosphere, and should not be
reckoned among its normal constituents.

Sulphur compounds, which are also contaminations of the atmos-
phere, occur in air in variable quantities. Hydrogen sulphide is
a product of putrefaction, but it is also given off by volcanoes,
together with sulphur dioxide. The latter substance is also pro-
duced by the combustion of coal, and is therefore abundant in the
air of manufacturing districts. At Lille, for example, A. Ladureau ?
found 1.8 cubic centimeters of SO, in a cubic meter of air. It under-
goes rapid oxidation in presence of moisture, being converted into
sulphuric acid, and that compound, either free or represented by
ammonium sulphate, is brought back to the surface of the earth by
rain. In experiments running over five years at Rothamsted,
England, R. Warington ® found that the equivalent of 17.26 pounds
of SO, was annually poured upon each acre of land at that station.
Quantities of this order can not be ignored in any study of chemical
erosion.

One of the most constant and most important of the accessory
constituents of air is carbon dioxide. It is normally present to the
extent of about 3 volumes in 10,000, with moderate variations above
and below that figure. In towns its proportion is higher;in the open
country it is slightly lower; but the agitation of winds and atmos-
pheric currents prevent its excessive accumulation at any point.
Only a few illustrations of its quantity need be given here,* abnormal
extremes being avoided.

1Compt. Rend., vol. 138, 1904, pp. 203, 1272.

2 Annales chim. phys., 5th ser., vcl. 29, 1883, p. 427.

8 Jour. Chem. So¢., vol. 51, 1887, p. 520. A later figure gives 17.41 pounds. See N. H. J. Miller, Jour.
Agr. Sci., yol. 1, 1905, p. 292. Miller cites data from Catanis, Sicily, giving 20.89 pounds. G. Gray (Rept.
Australasian Assoc. Adv. Sei., vol. 1, 1888, p. 138) found 15.2 pounde per acre per annumn in 4} years’ obser-
vationsat Lincoln, New Zealand

4 Very elaborate data are given in R. Angus Smith’s Air and ram, to which reference has already been
made. Seo also the excellent paper by E. A. Letts and R. F. Blake, Sci. Proc. Roy. Dublin Soc., vol. 9,
pt. 2, 1930, pp. 107-27). The latter memoir contains a summary of all the determinations previously made,
with a very thorough bibliography of the subject.
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Determinations of carbon dioxide in air.

Analyst. Locality. Somminations, | por 19,000 of ).
J. Reiset Qo Paris. ..o 3.027
....................... Near Dieppe.......... 92 2.942
T. (‘ Van Niiys and B. T. | Bloomington, Ind..... 18 2.816
Adams.b
A. Petermann and J. Graftiau ¢.| Gembloux, Belgium. . 525 2.94
E. A. Lettsand R. F. Blake ¢..| Belfast. ............. 46 2.91

e Compt. Rend., vol. 88, 1879, p. 1007. ¢ Cited by Letts and Blake.

b Am. Chem. Jour vol. 9, 1887 p. 64, d Sci. Proc, Roy. Dublin Soe., vol. 9, pt. 2, 1903, pp. 107-270.

At 3 parts in 10,000 the carbon dioxide in the atmosphere amounts
to about 2,200,000,000,000 tons, equivalent to 600,000,000,000 tons
of carbon.!

Thousands of other determinations having meteorological, sanitary,
or ‘agricultural problems in view are recorded, but their discussion
does not fall within the scope of this work.? That in general terms
the proportion of carbon dioxide in the atmosphere is very nearly
uniform is the point that concerns us now. How is this apparent
constancy maintained ?

From several sources carbon dioxide is being added to the air.
The combustion of fuels, the respiration of ammals and the decay of
organic matter all generate this gas. From mmeral springs and vol-
canoes it is evolved in enormous quantities. According to J. B.
Boussingault,? Cotopaxi alone emits more carbon dioxide annually
than is generated by life and combustion in a city like Paris, which in
1844 threw into the air daily almost 3,000,000 cubic meters of the gas.
Since that time the population of Paris has more than doubled, and
the estimate must be correspondingly increased. The annual con-
sumption of coal, estimated by A. Krogh * at 700,000,000 tons in
1902, adds yearly to the atmosphere about one-thousandth of its
present content in carbon dioxide. In a thousand years, then, if the
rate were constant and no disturbing factors interfered, the amount
of CO, in the atmosphere would be doubled. If we take into account
the combustion of fuels other than coal and the large additions to the
atmosphere from the sources previously mentioned, the result becomes

1 A. Krogh (Meddelelser om Groenland, vol. 26, 1904, p. 419) estimates the total CO; in the atmosphere
ot 2.4X102 tons. Van Hise (Mon. U. S. Geol. Survey, vol. 47, 1904, p. 964) and Dittmar (Challenger
Report, vol. 1, pt. 2, p. 954) give figurcs of the same order. Chamberlin (Jour. Geology, vol. 7, 1899, p. 682),
makes & somoewhat higher estimate.

2 For example, E. L. Moss (Proc. Roy. Dublin Soc., 2d ser., vol. 2, 878, p. 34) found that Arctic air is
richer in carbon dioxide than the air of England. In air from Greenland A. Xrogh (Meddelelser om Groen-
land, vol. 26, 1904, p. 409) found the proportion of carbon dioxide to vary from 2.5 up to 7 parts in 10,000,
The proportion determined by 1}. Legendre (Compt. Rend., vol. 143, 1906, p. 526) in ocean air was 3.35
in 10,000,

3 Annales chim. phys., 3d ser., vol. 10, 1844, p. 456.

4Loc. cit. The present cousumptmn of coal cxceeds 1,000,000,000 tons. 1lrogh’s figures should he corre-
spondingly modified.
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still more startling. Were there no counterbalancing of this increase
in atmospheric carbon, animal life would soon become impossible
upon our planet. TFigures like those given above convey some faint
notion of the magnitude of the chemical processes now under con-
sideration. Perhaps the majority of shooting stars represent the

combustion of carbonaceous meteorites in the upper regions of the

atmosphere and the addition of carbon dioxide to the air. Few
meteors of that class reach the surface of the earth.

On the other side of the account two large factors are to be con-

sidered—first, the decomposition of carbon dioxide by plants, with
liberation of oxygen;and, second, the consumption of carbon dioxide
in the weathering of rocks. To neither of these factors can any
precise valuation be given, although various writers have attempted
to estimate their magnitude. E. H. Cook, for instance, from very
uncertain data, computes that leaf action alone more than compen-
sates for the production of carbon dioxide, and that without such
compensation the quantity present in the air would double in about
100 years. Some of the carbon dioxide thus absorbed is annually
returned to the atmosphere by the autumnal decay of leaves, but
part of it is permanently withdrawn.

T. Sterry Hunt ? illustrates the effect of weathering by the state-
ment that the production from orthoclase of a layer of kaolin, 500
meters thick and completely enveloping the globe, would consume
21 times the amount of carbon dioxide now present in the atmos-
phere. He also computes that a similar shell of pure carbon, of
density 1.25 and 0.7 meter in thickness, would require for its com-
bustion all the oxygen of the air. Such estimates may have slight
numerical value, but they serve to show how vast and how im-
portant the processes under consideration really are. The carbon
of the coal measures and of the sedimentary rocks has all been
drawn, directly or indirectly, from the atmosphere. Soluble carbon-
ates, produced by weathering, are washed into the ocean, and are
there transformed into sediments, into shells, or into coral reefs;
but the atmosphere was the source from which all, or nearly all, of
the carbon thus stored away was taken. The carbon of the sedi-
mentary rocks, as computed with the aid of data given in the pre-
ceding chapter, is about 30,000 times as much as is now contained
in the atmosphere. T. C. Chamberlin ? estimates that the amount
of carbon dioxide annually withdrawn from the atmosphere is
1,620,000,000 tons, but the method by which this figure was obtained
is not clearly stated. In calculations of this sort there is a certain
fascination, but their chief merit seems to lie in their suggestiveness.

1 Philes. Mag., 5th ser., vol. 14, 1882, p. 387.
2 Am, Jour. Sci., 3d ser., vol. 19, 1880, p. 349.
8 Jour. Geology, vol. 7, 1899, p. 682.
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THE RELATIONS OF CARBON DIOXIDE TO CLIMATE.

From a geological standpoint the carbon dioxide of the air has a
twofold significance—first; as a weathering agent, and second, as a
regulator of climate. The subject of weathering will receive due
consideration later; but the climatic value of atmospheric carbon
may properly be mentioned now. Both carbon dioxide and aqueous
vapor serve as selective absorbents for the solar rays, and, by blanket-
ing the earth, they help to avert excessive changes of temperature.
On the physical side, and as regards carbon dioxide, this question
has been discussed by S. Arrhenius,! who argues that if the quantity
of the gas in the atmosphere were increased about threefold, the
mean temperature of the Arctic regions would rise 8° or 9°. A
corresponding loss of carbon dioxide would lead to a lowering of
temperature;-and in variations of this kind we may find an explana-
tion of the alterations of climate which have undoubtedly occurred.
The glacial period, for example, may have been due to a loss of carbon
dioxide from the atmosphere. To account for such gains and losses,
Arrhenius cites with great fullness the work of A. G. Hogbom,
who regards volcanoes as the chief source of supply. Just as indi-
vidual volcanoes vary in activity from quietude to violence, so
the volcanic activity of the globe has varied from time to time.
During periods of great energy the carbon dioxide of the air would
be abundant; at other times its quantity would be smaller. Hégbom
estimates that the total carbon of the atmosphere would form a
layer 1 millimeter thick, enveloping the entire globe. The quantity
of carbon in living matter he regards as being of the same order,
neither many fold greater nor many fold less. The combustion of
coal he reckons as about balancing the losses of the atmosphere
by weathering; and in this way he reaches his conclusion that vol-
canic action is the important factor of the problem.

Thiz theory of Arrhenius has been, however, a subject of much
controversy. It was strongly endorsed by F. Frech,” who has
attempted by means of it to account for glacial periods. E. Kayser,?
on the other hand, has attempted to prove that the views of Arrhenius
are untenable, on the ground of K. J. Angstrém’s ¢ physical researches.
Angstrém has shown that carbon dioxide in the atmosphere can
not possibly absorb more than 16 per cent of the terrestrial radiations,
and that variations in its amount are of very small effect. TFurther-

1 Philos. Mag., 5th ser., vol. 41, 1896, p. 237. Annalen d. Physik, 4th ser., vol. 4, 1901, p. 690.

3 Zeitschr. Gesell. Erdkunde, Berlin, vol. 37, 1902, pp. 611, 671; idem, 1906, p. 533. Neues Jahrb., 1908,
pt. 2, p.74.

3Centralbl. Min., Geol. u. Pal., 1908, p. 553; 1909, p. 660. Rejoinder by Arrhenius, idem, 1909, p. 481,
Later papers by Arrhenius and Kayser are in the same journal for 1913, pp. 582, 764.

4 Annalen d. Physik, 4th ser., vol. 3, 1900, p. 720; vol. 6, 1901, p. 163. Angstrﬁm himself criticizes Arr-

. henius.

113750°—19—Bull. 695——4
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more, C. G. Abbot and F. E. Fowle! have shown that aqueous
vapor is present in the atmosphere in quantities so large as to make
the climatic significance of carbon dioxide negligible. The principal
absorbent of terrestrial radiations is the vapor of water. Whether

the theory of Arrhenius is in harmony with the facts of historical

gsology—that is, whether periods of volcanic activity have coincided

Wlth warmer climates, and a slackening of activity with lowering of

temperature—is also in dispute. The controversy is not yet ended.?

One other suggested regulative agency remains to be mentioned.
The ocean is a vast reservoir of carbon dioxide, which is partly in
solution and partly combined. Between the surface of the sea and
the atmosphere there is a continual interchange, each one sometimes
losing ‘and sometimes gaining gas. Upon this fact a theory of
climatic variations has been founded, and in another chapter, upon
the ocean, it will be stated and discussed.

RAINFALL.

Among all the constituents of the atmosphere aqueous vapor is the
most variable in amount and the most important geologically. It is
not merely a solvent and disintegrator of rocks, but it is also a carrier,
distributing other substances and making them more active. To the
circulation of atmospheric moisture we owe our rivers, and through
them erosion is effected. The process of erosion is partly chemical
and partly mechanical, and the two modes of action reinforce each
other. By flowing streams the rocks are ground to sand, and so new
surfaces are exposed to chemical attack. On the other hand, chemical
solution weakens the rocks and renders them easier to remove mechan-
ically. As water evaporates from the surface of the sea, it lifts, by
inclusion in vapory vesicles, great quantities of saline matter, which
are afterward deposited by rainfall upon the land. It is through
the agency of rain or snow that the atmosphere produces its greatest
geological effects; but the chemical side of its activity is all that con-
cerns us now. Aqueous vapor dissolves and concentrates the other
ingreaients of air and brings them to the ground in rain.

In one sense oxygen is the most active of the atmospheric gases, but
without the aid of moisture its effectiveness is small. Perfectly drv
oxygen is comparatively inert; for example, phosphorus burns in it
slowly and without flame, but the merest trace of water gives the gas
its usual activity.? More than this trace is always present in the air,

1 Annals Astrophys. Observ., vol. 2, 1908, pp. 172, 175,

2 On the geologic side of the question sec Kayser, loc, cit., and Lehrbuch der allgemeinen Geologie, 3d
ed., 1909, pp. 81-83. Also E. Koken, Neues Jahrb., Fest Band, 1907, p. 530, and . Philippi, Centralbl.
Min., Geol. u. Pal., 1908, p. 360. The papers referred to contain many other references to literature. On
the influence of volcanic dust on climate, see W. J. Humphreys, Jonr. Washington Acad, Sci., vol. 3, p.
365, 1913.

3 See H. Brereton Baker, Proc. Roy. Soc., vol. 45, 1888, p. 1.
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and when it condenses to rain it dissolves oxygen, nitrogen, carbon

; dioxide, and other gases. These substances.differ in solubility, and
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therefore dissolved air contains them in abnormal proportions. In
air extracted from rain water, Humboldt and Gay-Lussac found 31
per cent of oxygen. R. W. Bunsen,! who examined air from rain
water at different temperatures, gives the following table to illustrate
its composition by volume: ‘

Composition of dissolved air at different temperatures.

0° 5° 10° 15° 20°
I P 63. 20 63.35 63. 49 63. 62 63. 69
L R : 33. 88 33.97 34.06 | - 34.12 34.17
COg e 2.92 2.68 2. 46 ©2.2¢ 2.14

100.00 | - 100.00 | ~100.00 100. 00 100. 00

In air from sea water O. Pettersson and K. Sondén * found ncarly
34 per cent of oxygen. In dissolved air, then, and especially in rain,
oxygen is concentrated, and in that way its effectiveness is increased.
The same is true of carbon dioxide. Rain brings it to the surface of
the earth, where its eroding power comes into play.

As a carrier of ammonia, nitric acid, sulphuric acid, and chlorine
rain water performs a function of the highest significance to agricul-
ture, but whose geological importance has not been generally recog-
nized. Rain and snow collect these impurities from the atmosphere,
in quantities which vary with local conditions, and redistribute them
upon the soil. Many analyses of rain water have therefore been
made, not only at agricultural experiment stations but also for sani-~
tary purposes, and a few of the results obtained are given below.?
Figures for sulphuric acid have already been cited. The values
given are stated in pounds per acre per annum brought to the surface
of the earth at the several stations named. For nitrogen compounds
the data are as follows:

11icbig’s Annalen, vol. 93, 1855, p. 43, Sce also M. Baumert, idem, vol. 88, 1853, p. 17, for cviderce of the
same order,

2 Ber. Deatsch. chem. Gesell., vol, 22, 1889, p. 1439.

8 For the older data sec R. Angus Smith, Air and rain, London, 1872. For nitrogen and chlorides in rain

“and snow at Mount Vernon, Iowa, sce G. H. Wiesner, Chem. News, vol. 109, 1914, p. §5. Sece also W. J.

Knox, for data from the same locality, Chem. News, vol. 111, 1915, p. 61. F. T. Shutt (Trans. Roy.
Soc. Canada, 3d ser., vol. 8, 1914, p. 83) gives data for nitrogen in rain and snow during seven ycars’ obser-
vationsat Ottawa The observations cover 14 weeks only. The annual report of the Rothamsted Station,
England, for 1913, contains additional data on nitrogen.
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Nitrogen brought to the surface of the earth by rain.

[Pounds per acre per annum.]

Nitrogen.
Locality. Remarks.
Ammoniacal Nitrie. Total.
Rothamsted, England @......... 24006 | o oot 5 years’ average.
Rothamsted, England b......... - 2.7 1.13 3.84 | 1888-1901.
Near Paris¢c................. R 8.93 | 11 years’ average.
Caracas, Venezuela d...........[.......... 516 [l .. :
Gembloux, Belgium e....._.__ .| ... ..ol 9.20 | 2% vears’ average.
Barbados f...... ... ... . ... . . 3.452 | b years’ average.
British Guiana ¢ . 3.541 | 20 years’ average.
Kansash....................... . . 3.69 | 3 years’ average.
Utaht.. ... .ol . 5.42 | 3 years’ average.
Mississippi f.....o.... ... : 3.636 | 3 years’ average.
New Zealand * 2.08 | 4% years’ average.
Iceland®...................... . 1.065 | 11 months’ aver-
age.
Hebrides &.................... . 311 . 289 .600 | 11 ghzonths’ aver-
age.

a R. Warington, Jour. Chem. Soc., vol. 51, 1887, p. 500,

b N. H. J. Miller, Jour. Agr. Sci., vol. 1, 1905, p. 286. See also R, Warington, Jour, Chem. Soc., vol. 35,
1889, p. 537, for eariier figures. Miller gives a table for 35 localities, and also an cxcellent bibliography of
the entire subject of nitrogen, sulphuric acid, and chlorine in rain.

¢ Albert Levy, Jour. Chem. Soc., vol. 56, 1889, p. 299. (Abstract.) 10.01 kilos per hectare.

é A, Muntz and V. Marcano, Com}ut. Rend., vol. 108, 1889, p. 1002,

e A. Petermann and J. Graftiau, Jour. Chem. Soc., vol. 61, 1893, abst. ii, p. 548. 10.31 kilos per hectare.

/3. B. Harrison and J. Williams, Jour. Am. Chem. Soec., vol. 19, 1897, !j) 1

?J. B. Harrison, Rept. Dept. Sci. and Agr., British Guiana, 1909-10.  For earlier figures see preceding
reference.

& G, H. Failyer and C. M. Breese, Second Ann. Rept. Exper. Sta., Kansas Agr. Coll., 1889,

4 R. W. Erwin, Fourth Ann. Rept. Utah Agr. Coll. Exper. Sta., 1393. )

Al Hulgclﬁgason, Tenth Ann, Rept. Mississippi Agr. and Mech. Coll. Exper. Sta., 1807. See also Eighth

nn. Rept. .

4 1G ‘gra_", Rept. Ausiralasian Assce. Adv, Sci., vol. 1, 1888, p. 138, The figures include some albumi-
noid nitrogen.

! N, H. J. Miller, Jour. Chem. Soc., vol. 106, i, 1914, p. 128, Abstract.

In most cases ammonia is in excess over nitric acid; but in tke
Tropics the reverse seems to be true. The substance actually brought
to earth, then, is in great part ammonium nitrate, but the conditions

are modified when hydrochloric or sulphuric acid happens to be
présent in the air, A large part of the combined nitrogen has of

course been added to the atmosphere by organic decomposition at the-

surface of the earth; but some of it is due, as we have already seen,
to electrical discharges during thunderstorms. The geological sig-
nificance of free acids in rain is obvious, for it means an increase in
the eroding power of water. . '

Furthermore, in this circulation of nitrogen between the ground
and the air, the ground gains more than it loses. All of the nitrogen
thus fixed in combination is not released again to the atmosphere;
only a part so returns.! o

1 T, Schloesing (Contributions & ’étude delachimie agricole, 1888, p. 55) estimates the average ammonia
in the atmosphere at 0.02 milligram per cubic meter. This amounts to 1,600 grams over every hectare of
the earth’s surface, '

On nitrates in the atmosphere see A. Muntz and E. Lainé, Compt. Rend,, vol. 152, 1911, p. 167. J.
Hirschwald (Die Priifung der natiirlichen Bausteine, Berlin, 1908, p. 5) gives many data for ammonia
and nitrates in the air.
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The figures for-atmospheric chlorine are even more surprising;
but they represent in general salt raised by vapor from the ocean.
Where chemical industries are carried on, free hydrochloric acid may
enter the air, and some hydrochloric acid is also evolved from volca-
noes; but these are minor factors of little more than local significance.
Chlorine is abundant in the air only near the sea, and its proportion
rapidly diminishes as we recede from the coast. 'This is clearly shown
by the “chlorine map’” of Massachusetts,! and by several later
documents of the same kind, in which the “normal chlorine’’ of the
potable waters is indicated by isochlors that follow the contour of
the shore. Near the ocean the waters are rich in chlorides, which
diminish rapidly as we follow the streams inland.

The amount of salt precipitated by rain upon the land is by no
means inconsiderable. For quantitative data a few examples must
suffice, stated in the same way as for nitrogen. -

Chlorides brought to the surface of the earth by rain.

[Pounds per acre per annum.]

Tocality. Chlorine. cshol%;‘ilag' Remarks.
Cirencester, Englanda.........[............ 36.10 | 26 years’ average.
Rothamsted, England ... .. ... 14.40 24. 00
Rothamsted, Englandc........ 14.87 | .. :
Perugia, Ttalyd.......... ...l 37.95 | In 1887.
Cevlone............oooo.... 180.63 |.....oonnn..
Calcuttae. . ... ....c.ooo.l.. 32.87 [.ooeiinnnn.
Madrase. . ... ....coeiiiiin... 36.27 |o..oian...
Odessa, Russia 7. .............. 1700 |oeeeennnn...
Barbadosg.................. ... 116.98 |..oocaenn.. 5 years’ average.
British Guianah......... ... ... 129. 24 195. 60 | 20 years’ average.
New Zealand ¢.................. 61.20 |............ 4% years’ average.

¢ B, Kinch, Jour. Chem. Soc., vol. 77, 1900, p. 1271.

b R. Warm ton, idem, vol. 51 1887, p 500,

¢ N, H lex Jour. Agr, Sm vol. 1, 1905, p. 292. Miller gives figures for several other localities.

aQ, Bellucc1 Jour. Chem, Soc., abstract vol. 56, 1899, p. 299. 42. 531 kilos per hectare

e Cited by Miller, loc. cit.

7 J Pirovaroff, Jgéol min, Russie, vol, ge 1908, p. 274. 19 k1105 per hectare.

¢ J. . Harrison and Williams, Jour. Am, Chem, Soc vol. 19, 1897, p. 1.

?J B. Harrison, Rept. Dept. Sci. and Agr., Bntlsh Gmana, 1969—10 I‘or earlier figures, see preceding
reference.

¢ G, Gray, Rept. Australian Assoe. Adv. Sci., vol. 1, 1888, p. 138.

Furthermore, we have the older researches of Pierre,> whose analy-
ses were made in 1851 at Caen, in Normandy, where each hectare

1 See T. M. Drown, in Rept. Massachusetts State Board of Health, etc., vol. 1, December, 1889, Mrs.
Ellen 8. Richards, who was associated with Drown in this investigation, has since published, jointly with
A. T. Hopkins, a similar map of Jamaica (Tech. Quart., vol. 11, 1898, p. 227). For a chlorine map of Long
Island, sec G. C. Whipple and D. D, Jackson, Tech. Quart vol. 13, 1900, p. 145. One of Connecticut
appears in the report of the State board of health for 1895, For a general chlorine map of New York and
New England, see Jackson, Water-Supply Paper U. 8. Geol. Survey No. 144, 1905.

2 Seo R. Angus Smith, Air and rain, 1872, pp. 223-232. Pierre also cites valuable data obtained by Barral,
Bineau, Liebig, Boussingault, and others. See also A. Bobierre, Compt. Rend., vol. 58, 1864, p. 755, for
the composition of rain water collected at Nantes in 1863, The average sodium chloride amounted to 14.09
grams per cubicmeter.- On nitrogen compounds, chlorine and sulphur in rain and snow at Mount Vernon,
Iowa, see B. Artis, Chem. News, vol. 113, 1916, p. 3, and E. L. Peck, idem, vol. 116, 1917, p. 283.
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. of soil was found to receive annually in rain the following
impurities:

Kilograms, Kilograms,
NaCl............ e 37.5 | Na,S0,.......- . 8.4
KOl U 8.2 | K80, i, .. 80
MECL oo eean 2.5 | €S04 e 6.2
CaCl, 1.8 1 MgS0, - oo 5.9

These citations are enough to show the great geological impor-
tance of rainfall over and above its ordinary mechanical effects
and its value as a solvent after it enters the ground.

The atmospheric circulation of salt has received much attention,
and F. Posepny,' as long ago as 1877, attempted to show that the
sodium chloride of inland waters was derived largely from this
source. Of late years the same idea has been strongly urged by
W. Ackroyd,” who has gone so far as to attribute the salinity of the
Dead Sea to chlorides brought by winds from the Mediterranean.
Furthermore, A. Muntz ® has pointed out that without this circu-
lation of salt, and its replenishment of the land, the latter would soon
be drained of its chlorides, and living beings would suffer from the
loss. These writers probably overemphasize the importance of
““gyclic salts,” as they have been called, but their arguments are
enough to show that the phenomena under consideration are by no
means insignificant. Wind-borne salt plays a distinct part in the
economy of nature; but its influence is yet to'be studicd in definite,
quantitative terms. An exception to this statement is furnished by
the Sambhar Salt ‘Lake in India, which will be considered in detail
in another chapter.

Apart from its function in carrying soluble salts, the atmosphere
performs a great work in mechanically transporting other solids. Its
effectiveness as a carrier of dust is well understood; dust from the
explosion of Krakatoa was borne twice around the globe, but such
processes bear indirectly upon chemistry. In desert regions the sand-
storms help to disintegrate the rocks, and so to render them more
susceptible to chemical change. Dust, also, whether cosmic or ter-
restial, furnishes the nuclei around which drops of rain are formed,
and so reinforces the activity of atmospheric moisture.*

1 Sitzungsb. X, Akad. Wiss. Wien, vol. 76, Abth. 1, 1877, p. 179. See also a discussion of this memoir by
E. Tietze, Jahrb. K.-k. geol. Reichsanstalt, vol. 27, 1877, p. 341. In a recent discussion of this subject
E. Dubcis (Arch, Musée Teyler, 2d ser., vol. 10, 1907, p. 441) has estimated the amount of atmospheric
salt annually precipitated in rainfall on two provinces of Holland as about 6,000,000 kilograms.

2 Geol, Mag., 4th ser., vol. 8, 1900, p. 445. Proc. Yorkshire Geol. and Polytech. Soc., vol. 14, p. 408.
Chem. News, Jan. &, 1904,

3 Compt. Rend., vcl 112, 1891, p. 449.

4 See J. Axtken, Proc. Roy. Soc. Edinburgh, vol. 17, 1890, p. 193. An mterestmg lecture by A. Ditte
(Revue scient., 5th scr., vol. 2, 1904, p. 709), on metals in the atmosphere is well worthy of notice. It deals
with dust, meteoric matter, cyclic salts, ammorium compounds, ete.
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THE PRIMITIVE ATMOSPHERE. .

Although the main purpose of this treatise is to assemble and
classify data rather than to discuss speculations, a few words as to
the origin of our atmosphere may not be out of place. Upon this
subject much has been written, especially in recent years; but none
of the widely variant theories so far-advanced can be regarded as
conclusive. The problem, indeed, is one of cosmology, and chemical
data supply only a single line of attack. Physical, astronomical,
mathematical, and geological evidence must be brought to bear upon
the question before anything like an intelligent conclusion can be
reached. TEven then, with every precaution taken, we can hardly be
sure that our fundamental premises are sound.

One phase of the discussion, to which I have already referred,
relates to the constancy or variability of the atmosphere. The accu-
mulations of carbon in the lithosphere, such as the coal measures,
the limestones, and the like, have led some geologists to assume that
the atmosphere at some former time was vastly richer in carbonic
acid than it is now; but the fossil records of life suggest that the
differences could not have been extreme. With a large excess of car-
bon dioxide, the existence of air-breathing animals would be impos-
sible. Only anaerobic organisms could hve It is clear that the
stored carbon of the sedimentary rocks was once largely in the atmos-
phere, but was it ever all present there at any one time ?

Such & supposition is improbable. The known carbon of the
lithosphere, if converted into carbon dioxide, would yield nearly 25
times the present mass of the entire atmosphere, and the atmospheric
pressure at the surface of the earth would be enormously increased.
Itis more likely that earbon dioxide has been added to the atmosphere
by volecanic agency, in some such manner as this: Primitive carbon,
like the graphite found in meteorites, at temperatures no greater
than that of molten lava, reduced the magnetite of igneous rocks to
metallic iron, such as is found in many basalts, and was itself thereby
oxidized. Then, discharged into the atmosphere as dioxide, it became
subject to the familiar reactions which restored it to the lithosphere
as coal or limestone,

In order to account for the observed phencmens, several essentially
distinot hypotheses have been proposed T. Sterry Hunt? for
example, argued in favor of a cosmical atmosphere, pervading all
space, from which a steady supply of carbon dioxide has been drawn.
This theory, which was 2lso favored by Alexander Winchell,* postu-
lates a universal, exhaustless reservoir of carbon, which should be

1 For a curious speculation on the mass of the atmosphere, see R, H. McKee, Science, vol, 23, 1906, p. 271,
He argucs that the present atmosphere is as great as the earth is capable of retaining.
2 Am. Jour. Sci., 3d ser., vol. 19, 1880, p. 349.
3 Science, vol. 2, 1883, p. 820.
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able to satisfy all demands. But what evidence have we that such
an atmosphere exists? : 0

S. Meunier,! criticizing Hunt, points out that some planets have
excessive and others deficient atmospheres, and that a cosmic uni-
formity is therefore improbable. Meunier prefers the volcanic theory,
for which we have at least some basis of fact. We know that gases
are emitted from volcanoes, even though there is no certain measure
of their quantity, and the question to be determined relates to the

adequacy and the scurce of the supply. That question I shall not

now attempt to answer; but, obviously, if the volcanic hypothesis
be true, the cessation of volcanism would signify the end of life on
the globe. It would be followed by the consumption of all available
carbon dioxide, so that plant life, and consequently animal life,
could no longer be supported. A cosmical atmosphere has no
assignable limit; an atmosphere of volcanic origin must sooner or later

be exhausted. May not the moon be an exampl‘e of such an atmos-

pheric death®

Another theory relative to the atmosphere is based upon the belicf
that the unoxidized, but oxidizable, substances in the primitive roocks
are sufficient in quantity to absorb all the oxygen of the air. 1f our
globe solidified from a molten condition, and if, as commonly sup-
posed, oxidized compounds were the first to form, the observed con-
ditions are not easy to explain. C. J. Koene, indeed, assumed that
the primitive atmosphere contained no free oxygen, and he has been
followed of late years by T. L. Phipson,® J. Lemberg,* John Steven-
son,® and Lord Kelvin.® Lemberg and Kelvin, however, do not go
to extremes, but admit that possibly some free oxygen was present
even in the earliest times. Lemberg argued that the primeval atmos-
phere contained chiefly hydrogen, nitrogen, volatile chlorides, and
carbon compounds, the oxygen which is now free being then united
with carbon and iron. The liberation of oxygen began with the
appearance of low forms of plant life, possibly reached a maximum
in Carboniferous time, and has since diminished. Stevenson’s argu-
ment is much more elaborate, and starts with an estimate of the
uncombined carbon now existent in the sedimentary formations.
In the deposition of that carbon,oxygen was liberated, and from data
of this kind it is argued that the atmospherio supply of oxygen is
steadily increasing, while that of carbon dioxide diminishes.- The

1 Compt. Rend., vol. 87, 1878, p. 541.

21t is probable that the combustion of carbonaceous meteorites in the atmosphere may add earbon
dioxide toit, but the quantity so supplied can hardly be estimated. Itis possibly large.

3 Chem. News, vol. 67, 1893, p. 135. Alsoseveral notesin vols. 68, 69, and 70.. For Koene’s work see Phip-
son’s papers, 1893-94,

4 Zeitschr. Deutsch. geol. Gesell., vol. 40, 1888, pp. 630-634.

5 Philos. Mag., 5th ser., vol. 50, 1900, pp. 312, 399; 6th ser., vol 4, 1902, p. 435; vol. 9, 1905, p. 83: vol. 11,
1906, p. 226.

6 Idem, 5th ser., vol. 47, 1899, pp. 85-89.
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_statement that no oxygen has been found in the gases extracted from

rocks is also adduced in favor of the theory. First, an oxidized crust
and no free oxygen in the air; then processes of reduction coming into
play; and at last the appearance of lower forms of plants, which pre-
pared the atmosphere to sustain animal life. The arguments are inge-
nious, but to my mind they exemplify the result of attaching excessive
importance to one set of phenomena alone. It is not clear that due
account has been taken of the checks and balances which are actually
observed. At present the known losses of oxygen seem to exceed the
gains. For example, C. H. Smyth! has estimated that the oxygen
withdrawn from the air by the change of ferrous to ferric compounds,
and so locked up in the sedimentary rocks, is equal to 68.8 per cent
of the quantity now present in the atmosphere.

But were oxidized compounds the first compounds to form? If
they were, then the arguments just cited are valid, but the premises
are doubtful. If the molten globe was as hot as has been supposed,
it is likely that carbides, silicides, nitrides, etc., would be generated
first, and in that case all the oxygen of the lithosphere would be
atmospheric. This supposition is based upon the results obtained
with the aid of the electric furnace at temperatures which decompose
oxygen compounds in the presence of carbon, silicon, or nitrogen,
substances of the class just named being then produced. Considera-
tions of this kind have been elaborately developed by H. Lenicque,?
who, however, pushes them to extremes. He even goes so far as to
ascribe great masses of limestone to the atmospheric oxidation of
primitive carbides. It will be observed at once that theories of this
order are directly related to the hypotheses which postulate an inor-
ganic origin for petroleum—a subject which will be more fully dis-
cussed in the proper chapter. For the present it is enough to see
that cogent arguments may lead us to either of two opposite beliefs—
that the primitive atmosphere was rich in oxygen, or that it was
oxygen free.

The balance or lack of balance between carbon and oxygen is, after
all, only one factor in the problem. The origin of the atmosphere
as a whole is a much larger question, and our answers to it must
depend upon our views as to the genesis of the solar system. If we
accept the nebular hypothesis, we are likely to conclude that the
atmosphere is merely a residuum of uncombined gases which were
left behind when the globe assumed its solid form. That seems to be
the prevalent opinion, although it must be modified by the observed
facts of volcanism. The outer envelope of the earth receives rein-
forcements from within, whose sources w111 be considered at length
in another chapter :

1 Jour. Geology, vol. 13, 1905, p. 319, 2 Mém. Soc. ingén, civils France, October, 1903, p. 346.
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Quite a different theory of the earth’s origin has lately been de-
veloped by T. C. Chamberlin,' who imagines a planet built up by
slow aggregations of small, solid bodies. Each of these particles,
or meteorites, carried with it entangled or occluded atmospheric
material. In time the accumulation of originally cold matter devel-
oped pressure enough to raise the central portions of the mass to a
high temperature, and gases were then expelled. Thus the atmos-
phere was generated from within the globe instead of remaining as a
residuum around it. We know that meteorites contain occluded
gases, and that gases are also extractable from igneous rocks, and
these facts lend to the hypothesis a certain plausibility. The gases
thus obtainable from the lithosphere are equivalent to many potential
atmospheres, although, as we have already seen, oxygen is not among

them. On Chamberlin’s hypothesis the atmosphere has grown from

small beginnings; the nebular conception assumes that it was largest
at first. E. H. L. Schwarz,? who accepts Chamberlin’s views, con-
cludes that the primitive atmosphere is actually represented to-day
by the gases extractable from meteorites. Hydrogen, nitrogen,
methane, and both oxides of carbon are the gases in question, but
there is ne free oxygen. “

One curious speculation, which may be connected with the theory
just described, relates to the nature of the earth’s interior. From
the known fact that the temperature rises as we descend into the
crust of the earth, calculations have been made to show that the
temperature of the centrosphere must be enormously high. In fact,
if the rate of increase is constant, the temperature must reach a
degree far above the critical point of any known element. Matter
in the interior of the earth, then, should be gaseous or quasi-gaseous.
This suggestion was first offered by Herbert Spencer,® later by A.
Ritter,* and has heen more recently developed by S. Arrhenius.® It
has, however, only speculative value, for it rests upon assumptions
which can not be tested experimentally, and which may never be
verified. A discussion of the subject falls without the scope of this-
memoir, and only these brief references to it are admissible here.®

1 Jour. Geology, vol. 5, 1897, p. 633; vol. 6, 1898, pp. 459, 609; vol. 7, 1899, pp. 545, 667, 751, See also H. 1.,
Fairchild, Am. Geologist, vol. 33, 1904, p. 94.~

2 Causal geology, London, 1910, p. 93. .

3 See bis essays on the nebular hypothesis (1858) and the constitution of the sun (1865). Cited from New
York edition of 1892. '

1 Wied. Annalen, vol. 5, 1878, p. 405.

5 Geol. Foren. Forhandl., vol. 22, 1900, p. 395.

6 For a historical summary relative to the supposed gaseous interior of the earth seo 8. Giinther, Jahresb.
Geog. Gesell. Miinchen, 1890-91, Helt 14, p. 1. See also the monograph by H. Thiene, Temperatur und
Zustand des Erdinnern, Jena, 1907.
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CHAPTER IIL .

LAKES AND RIVERS.
ORIGIN.

When rain falls upon the surface of the earth, bringing with it the
impurities noted in the preceding chapter, part of it sinks deeply
underground to reappear in springs. Another part runs off directly
into streams, a part is retained as the ground water of soils and the
hydration water of clays, and a part returns by evaporation to the
atmosphere. According to an estimate by Sir John Murray,? the total
annual rainfall upon all the land of the globe amounts to 29,347.4
cubic miles, and of this quantity 6,524 cubic miles drain off through
rivers to the sea. A cubic mile of river water weighs 4,205,650,000
tons, approximately, and cairies in solution, on the average, about
420,000 tons of foreign matter. In all, about 2,735,000,000 tons of
solid substances are thus carried annually to the ocean.® Suspended
sediments, the mechanical load of streams, are not included in this
estimate; only the dissolved matter is considered, and that repre-
sents the chemical work which the percolating waters have done.

Although the minerals which form the rocky crust of the earth are
relatively insoluble, they are not absolutely so. The feldspars are
especially susceptible to change through agueous agencies, yielding
up their lime or alkalies to percolating water and forming a residue
of clay. Rain water, as we have already seen, contains carbonic acid
in solution, and that impurity increases its solvent power, particularly
with regard to limestones. The moment that water leaves the
atmosphere and enters.the porous earth its chemical and solvent
activities begin, and continue, probably without interruption, until
it reaches the sea. The character and extent of the work thus done
varies with local conditions, such as temperature, the nature of the
minerals encountered, and so on; but it is never zero. Sometimes
larger and sometimes smaller, it varies from time to time and place
to place. The entire process of weathering will be considered more
fully later; we have now to study the nature of the dissolved matter
alone, or, in other words, the composition of rivers and lakes. The
data are abundant, but unfortunately are complicated by a lack

1 Excluding those belonging to closed basins.

2 Seottish Geog. Mag., vol. 3, p. 65, 1887.

3 Estimatos by F. W. Clarke (A preliminary study of chemical denudation: Smithsonian Misc. Coll.,
vol. 56, No. 5, 1910). Murray’s figures are 762,587 tons per cubic mile, and nearly 5,000,000,000 tons in the
totalrun-off. Hisanalyticaldata were too few and too limited inrange for a close computation.
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of uniformity in the methods of statement; which are often unsatis-
factory and even misleading. The analy51s of a water can be reported
in several different ways, as in grams per gallon or parts per million;
in oxides, in supposititious salts, or in radicles; so that two analyses
of the same material may seem to be totally dissimilar, although in
reality they agree. Before we can compare analyses one with an-
other we must reduce them to a common standard, for then only
do their true differences appear. The task of reduction may be
tedious, but it is profitable in the end.

STATEMENT OF ANALYSES.

In the usual statement of water analyses an essentmlly vicious
mode of procedure has become so ﬁrmly established that it is difficult
to set aside. For example, a water is found to contain sodium,
potassium, calcium, magnesium, chlorine, and the radicles of sul-
phuric and carbonic acids; or, in ordinary parlance, three acids and
four bases. If these are combined into salts at least 12 such com-
pounds must be assumed, and there is no definite law by which
their relative proportlons can be calculated. A combination, how-
ever, is commonly taken for granted, and each chemist allots the
several acids to the several bases according to his individual judg-
ment. The 12 possible salts rarely appear in the final statement;
all the chlorine may be assigned to the sodium and all the sulphuric
acid to the lime, and the result is a meaningless chaos of assumptions
and uncertainties. We can not be sure that the chosen combinations
are correct, and we know that in most analyses they are too few.

But are the radicles combined ? This is a point at issue. Although
" no complete theory, covering all the phenomena of solution, has yet
been developed, it is the prevalent opinion, at least among physical
chemists, that in dilute solutions the salts are dissociated into their
ions, and that with the latter only can we legitimately deal. Whether
this theory of dissociation shall ultimately stand or fall is a question
which need not concern us now; we can use it without danger of
error as a basis for the statement of analyses, putting our results
in terms of ions which may or may not be actually combined.! Upon
this foundation all water analyses can be rationally compared,
with no unjustifiable assumptions and with all the real data reduced
to the simplest uniform terms. We do not, however, get rid of all
difficulties, and some of these must be met, by pure conventions. For
example, Is silica present in colloidal form, or as the silicic ion SiO,?
Are ferric oxide and alumina present as such, or in the ions of their

1 The ionic form cfstatement has been used iri the Survey laboratory since 1883. InEurope it has had
strong advocacy from Prof. C. von Than, Min. pet. Mitt., vol. 11, 1890, p. 487. Itis now rapidly supplant-
ing the clder system. For an excellent discussion of the statement of water analyses, see R. B. Dole, Jour.
Ind. Exg. Chem., vol. 6, 1914, p. 770.
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salts? The iron may represent ferrous carbonate, the alumina may
be equivalent to alum; but as a rule the quantities found are so
trivial that the true conditions can not be determined from the
ratios between acidic and basic radicles. The unavoidable errors of
analysis are commonly too large to permit a final settlement of these
questions; and only in exceptional cases can definite conclusions be
drawn.

For convenience, then, we may regard these substances as col-
loidal oxides and tabulate them in that form. The procedure
may not be rigorously exact, but the error in it is usually very
small. If we consider an analysis as representing the composition
of the anhydrous inorganic matter which is left when a water has
been evaporated to dryness, the difficulty as regards iron disappears,
for ferrous carbonate is then decomposed and ferric oxide remains.
A similar difficulty in respect to the presence of bicarbonates also
vanishes at the same time, for the bicarbonates of calcium and mag-
nesium can only exist in solution and not in the anhydrous residues.
If in a given water notable quantities of lime, magnesia, and car-
bonic acid are found, bicarbonic ions must be present, for without
them the bases could not continue dissolved; but after evaporation
only the normal salts remain. Sodium and potassium bicarbonates
are not so readily broken down; but even with them it is better
to compare the monocarbonates, so as to secure a uniformity of
statement. In fact, some analysts report only normal salts, and
others bicarbonates; so that for the comparison of different analyses
we are compelled to adopt an adjustment such as that which is here
proposed. In other words, we eliminate the variable factors and
study the constants alone.

One other large variable remains to be considered—the variation
due to dilution. A given solution may be very dilute at one time and
much more concentrated at another, and yet the mineral content of
the water is possibly the same in both cases. For example, average
ocean water contains 3.5 per cent of saline matter, while that of the
Black Sea carries little more than half as much; and yet the salts
which the two waters yield upon evaporation are nearly, if not quite,
identical. In some cases, as we shall presently see, it is desirable to
compare waters directly; but in most instances it is also convenient
to study the composition of the solid residues in percentage terms.
In that way essential similarities are brought to light and the data
become intelligible.

Before proceeding further, it may be well to consider a single
water analysis in order to illustrate the various methods of state-
ment. For this purpose I will take W. P. Headden’s analysis of

¥ This rule applies to such wators only as aro considered in this chapter. To.many volcanic waters,
goyser waters, mine waters, otc.,it does not apply. Their discussion is loft to later chapters.
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water from Platte River near Greelgy, Colo.,! which he himself
states in several forms. In ‘the first column of the subjoined table
the results are given in exides, etc., as in a mineral analysis, and in
grains to the imperial gallon. In the second column they are stated
in terms of salts, and I have here recalculated Headden’s figures into
parts per million of the water taken. Finally, in a third column I
give, as proposed in the foregomg pages, the composition of the
residue in radieles or ions and in percentages of total anhydrous

inorganic solids.
Analysis of water stated n different forms.

Grains
per .
imperial Parts per | Per
gallon. million, cent.
Si0p. . il 0.891 | CaSO,....cqunnt 457.7 | Si0p. . .o ..iiooo.. 126
SO vt 32.601 | MgSO,.......... 236.0 { SO4coeieianan. 55. 28
(610N PO 4.554 | K,SOyooveeennn. 9.41C0;. ...l 8.78
Clo. it 2.681 | Na,S0,......... 62.5 | Cl................. 3.79
N2,Oooooveiiiannn. 11.463 | NaCl..... R 63.2 | Nao...o...ooooooae 12.02
KO.oooiiiiiot .355 | Na,CO;y.......... 156.9 | Koooveieieiaienn .41
[67:1 0 2 13.117 | Na,Si0,......... 2.9 [ Ca. ool 13.24
MgO....ooeeeennn. 5.530 | (FeAl),0;. ... .. 2.7 | Mg ool . 4.69
(FeAl);03........ .. 189 Mn,O4..ennal 2.7 RO e .53
Mn,Ogeecvocnnnnnn. .189 | Ignition........ 34.2 —
Tgnition. ........... 2.397 | Excess Si0,.... 13| - . 100,00
- “Ignition” omitted.
73.967 | ; 1,048.5 | Salinity, 1,014 parts per
Less O=Cl........ .604 million.
73.363

So far as appearance goes, these statements might represent three
different waters; and yet the analytical data are the same.* A change
in the last column of Si0, into the radicle SiO; would affect the other
figures but slightly. The compactness and simplicity of the ionic
form of statement are evident at a glance. Under it, as “salinity,”
I have given the concentration of the water in terms of parts per
million. One million parts of this water contain in solution 1,014
parts of anhydrous, inorganic, solid matter.

THE INTERPRETATION OF ANALYSES.

In the interpretation of any water analysis the first question to ask
is as to its accuracy. Every analysis is subject to errors, great or
small, and in each individual instance it is important to decide
whether its error is serious or negligible. When an analysis is
stated in terms of salts, the errors are obscured, as in the smoothing
of a curve, and an accurate estimate of its walue is not possible. In
such a case the reputation of the analyst is the safest criterion upon
which to base a judgment.

t Bull, Colorado Agr. Exper. Sta. No. 82, 1903, p. 56.
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. When, however, an analysis is stated in terms of the radicles
actually determined, a-decision as to its value is much simpler.
The negative or acid radicles and the positive or basic radicles must
be chemically equivalent, at least within the limits of permissible
experimental errors. To this rule, which applies to nearly all waters,
there are some apparent but not real exceptions. If the basic
radicles are much in excess of the acid, it is possible that a part of the
alkaline ions may be balanced or held in equilibrium by silica; that
is, the usually colloidal silica may represent an alkaline silicate,
whlch however, is hydrolyzed in solution. Some geyser waters of
the Yellowstone National Park have this peculiarity. On the other
hand, certain volcanic waters are strongly acid; and then it is nec-
essary to assume the presence of hydrogen ions in order to com-
pletely balance the negative radicles. Another source of acidity
is found in some mineral springs, in which the iron and aluminum
are presumably in equilibrium as sulphates. Theiron and aluminum
must then be counted, not as colloids but as among the basic radi-
cles. Examples of these exceptional waters are cited in chapter 6
of this treatise, and demand no further attention here.

The calculations implied in the preceding paragraph are very
simple, and may be based either upon the analysis as stated in parts
per million or upon its percentages. The quantity found for each
radicle is divided by its chemical equivalent, and the quotients for
cach group, acid or basic, are separately added together. The two
sums should then be equal, or so nearly equal that the difference can
be ascribed to the small, inevitable errors of analysis. For the
univalent radicles Na, K, Cl, NO,, and HCO, the chemical equiva-
lent and the atomic weight are the same; for the bivalent radicles
Ca, Mg, SO,, and CO, the atomic weights should be halved. This
is the usual procedure H. Stabler,! however, has proposed a modi-
fication of the method, in which the quantities determined are mul-
tiplied by the 1emprocals of the equivalents, which he calls the “reac-
tion coefficients” of the radicles. The produets so obtained, the
“reacting values” of the radicles, are identical with the quotients
of the ordinary process and must balance in the same way. A table
of Stabler’s coefficients may save some labor when large numbers of
analyses are to be discussed, but the economy is probably small.

The interpretation of a water analysis, then, is founded upon a
study of equilibria.. Even the hypothetical combination of the
radicles is a crude attempt at such a study—an attempt, however,
which, as we have already seen, is based erdinarily upon unverifiable
assumptions. I speak now, of course, of such waters as commonly
occur in nature. A solution of a single salt, or one in which, as in
certain brines, one salt overwhelmingly predominates, is ebviously

1 Water-Supply Paper U. 8. Geaol. Survey No. 274, 1911, pp. 165-181.

“
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easy to deal with. A more refined attack upon the problem of inter-

pretation has been made by Chase Palmer,' who has. examined in
detail the relations between the equivalent ratios or reacting values
described above, and so correlated the analyses with the properties
of the waters analyzed. His procedure, briefly, is as follows: Two
fundamental properties are recognized—namely, alkalinity and
salinity, which are subdivided into groups. Salinity is measured by
the sum of the strong-acid radicles, SO,, Cl, and NO,, which balance
an equivalent number of basic radicles. If the basic radicles are
partly or wholly alkaline, that is, Na or K, their proportion of the
salinity is said to be primary. The remaining salinity, due to the
radicles Ca, Mg, and Fe'’ is called secondary. If, however, the acid
radicles are in-excess of the basic, tertiary salinity or acidity appears,
and hydrogen ions must be taken into account. When the alkaline
radicles exceed those of the strong acids, their excess is the meas-
ure of primary alkalinity, which represents hydrolyzed carbonates or
_bicarbonates. The weak-acid radicles CO, and HCO,, which balance
- any excess of the alkaline earths over the stronger acids, produce
secondary alkalinity.

Tpon these properties Palmer has developed a classification of .

natural waters, which correlates them with “their geologic origin.
Waters issuing from areas of crystalline, feldspathic rocks are char-

acterized by high primary alkalinity, low concentration, and a -

notable proportion of silica. Waters from sedimentary regions,
cspecially where limestone is abundant, show secondary alkalinity,
Ocean water and other similar brines are almost entirely saline, and
alkalinity is nearly or even wholly wanting in them. Palmer gives
numerous, carefully worked out, illustrations of the applicability of
his method of discussion to geochemical problems, but the details
can not well be presented here.

SPRINGS.

When water first-emerges from the earth as a spring its mineral
composition is dependent upon local conditions.. Some spring waters
are exceedingly dilute; others are heavily charged with saline impuri-
- ties. To the subject of “mineral” springs, a separate chapter will
be given, and only a few analyses of spring water, all taken from the
records of the United States Geological Survey, need be given here.
They represent the beginnings of streams and are therefore signifi-
cant in this connection. All these analyses are reduced to a uniform
standard, in accordance with the rules laid down in the preceding

pages.?

1 The geochemical interpretation of water analyses: Bull. U. S. Geol. Survey No. 479, 1911. See also
G. S. Rogers, Econ. Geology, vol. 12, 1917, p. 56.

2 Innumerable analyses of wells, springs, and underground waters generally are to he found scattered
through the literature. See for example, 8. W. McCallie, Bull. Geol. Survey Gecrgia No. 15, 1908, and
E. Bartow, Bull, Univ, Illincis, vcl. 6, No. 3, 1908,

-
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Analyses of spring water.

A. Spring near Magnet Cove, Arkansas. Analysis by H. N. Stokes.

B. Spring 1 mile west of Santa Fe, New Mexico. Analysis by F. W, Clarke,

C. Spring near Mountain City, Tennessee. Analysis by T. M. Chatard.

D. Caledonia Spring, Caledonia, New York. Analysis by H. N. Stokes.

E. Spring 3 miles west of Lowesville, North Carolina. Analysis by F. W. Clarke.
F. Spring near Mount Mica, Paris, Maine. Analysis by F. W. Clarke.

A B C D E F

COgeeeeeee i 53.59 | 47.14 | 27.29 | 11.73 | 12.15 6.22
1510 R 3.40 6.67 | 16.37 | 31.62 | 51.86 60. 97
L0 1.35 4.18 1.50 | 22.28 .45 | Trace.
L 30.95 | 22.67 | 14.39 | 19.49 | 23.58 22.37
Mg 3.45 6.17 2.23 3.25 1.47 2.62
Na. oo 1.08 5.32 5.72 | 10.62 4.16 4.32
Koo .63 } { 3.97 .34 .34 .21
SiOy. o 5.55 7.85 | 27.17 .67 5.99 2.80
ALOg........ [ PN Trace. Joeeeeee|oaeerenfeaeanan.
O R I RO DR 136 |-oonn it .49

100. 00 | 100.00 { 100.00 | 100.00 | 100.00 § 100.00
Salinity, parts per million..... . 224 280 80 925 642 606

Some of these waters yield carbonates on evaporation, one yields
mainly sulphates, and between the two extremes the carbonic and
sulphuric radicles vary almost reciprocally. One water is character-
ized by its high proportion of chlorine and another by its large per-
centage of silica ; but in all of them calcium is the dominant metal. In
salinity they differ somewhat widely, but the most concentrated
example contains only 925 parts per million, or 52 grains to the
United States gallon, of foreign solids. It will be seen as we go
farther that carbonate waters are the most common, for the reason
that rain water brings carbonic acid from the air, and that substance
is most active as a solvent of mineral matter.

CHANGES OF COMPOSITION.

As spring water flows from its source it rapidly changes in char-
acter. It receives other water in the form of rain or of ground water
flowing from the soil, and it blends with other rivulets to produce
larger streams. Under certain conditions a part of its dissolved load
may be precipitated, and the composition.of a river as it approaches
the sea represents the aggregate effect of all these agencies. A river
is the average of all its tributaries, plus rain and ground water, and
many rivers show also the effects of contamination from towns and
factories. Small streams are the most affected by local conditions,
and show the greatest differences in composition; large rivers, as a
rule, resemble one another more nearly.

How rapidly and how profoundly the composition of a river may
be modified are well illustrated in Headden’s bulletin, which I have

113750°—19—Bull. 695——5
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-

already cited.! Cachela Poudre River in Colorado flows first through
a rocky canyon, over bowlders of schist and granite, and thence
emerges upon the Plains. Its waters are then diverted into ditches
and reservoirs for purposes of irrigation, and finally reach the Platte
near Greeley. In performing the work of irrigation they acquire a
new load of solid matter, and the progressive changes in their com-
position are clearly shown by Headden’s analyses. Some of the latter
I will cite, first, as Headden gives them in grains to the imperial gallon,
and then in a second table reduced to’ions and percentages.

Analysis L is the one cited on page 62 to show different forms of
statement. In all cases T omit Headden’s figures for ‘‘ignition,” and
deal with the anhydrous residues alone.

*Analyses of water from Colorado rivers,

. Cacho la Poudre River above the north fork.

. Cache la Poudre River water from faucet in laboratory at Fort Collins,
Cache la Poudre River 2 miles above Greeley.

. Cache la Poudre River 3 miles below Greeley.

5. Platte River below mouth of the Cache la Poudre.

HY oW

" Grains per imperial gallon.

A 3 C D E

COy. e 0.6029 | 2.3731 | 5.920 | 5.087 4. 554
B0 .1946 | 1.8699 | 54.970 | 30.374 | 32.601
Ol .1037 | 1055 | 2.770 1 2.145 2.681
Ca0. . .5238 | 3.0364 | 18.938 | 14.087 | 13.117
SrO . e et Trace. | .0223 (... .. oo iii]eeenn..
MO . oo L1257 |, .8857 | 12.190 | 5.592 5.530
X .3750 | .6631 | 14.590 | 9.117 | 11.463
KO .0855 | .1921 .451 .372 .355
104 e .6053 | .6245 | 1.035 . 951 . 891
(ALFe)y0qecceeieii i L0113 | 0171 .079 .039 .189
48 (K “eve....y .0018 | .0112 | Trace. .078 .189
2.6296 | 9.8009 [110.943 | 67.842 | 71.570

Tess O=Cl.. ..o .0234. | .0238 . 624 .483 . 604
2.6062 | 9.7771 [110.319 | 67.359 | 70.966

Reduced analyses, in percentages.

GO . 31.91 | 33.68 7.34 | 10.34 8.78
SO, R 9.07 | 23.36| 59.99| 54.33 | 55.28
L Ceeian 4.03 1.10 2.52 3.19 3.79
6 14.53 | 22.58 | 12.31| 15.00 13.24
) N IR A9 e
Mg oo 2,93 553| 6.65| 500| 4.69
Naoo P 10. 80 5.12 9.84 | 10.09 12.02
K o 2.72 1.66 .34 .46 .41
Bi0, - 23.50 [ 6.49 .94 1.42 1.26
RO, .51 .29 .07 .17 .53

100.00 | 100,00 | 100.00 | 100.00 { 100.00
Salinity, parts per million.............. 3 137 | 1,871 958 1,011

1 Bull. Colorado Agr. Exper. Sta. No. 82, 1903.
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We have here, first, a very pure mountain water, relatively high
in carbonates and rich in silica. At the end of the series we have
waters in which sulphates predominate and the proportion of silica
is very low. The change is extremely great in all respects, and is
partly due to the use of the water for irrigating an originally arid soil
containing much soluble matter. Probably when the soil shall have
been thoroughly leached by long periods of cultivation the changes
in the water will be less exaggerated. A similar alteration is also
shown in Headden’s analyses of water from Arkansas River, first at
Canon City, where it emerges from the mountains, and second at
Rockyford, nearly 100 miles below.! The analyses are as follows,
reduced to the common standard adopted in this memoir. Headden
regards the silica as present partly in the form of alkaline silicates, a
supposition which is probably correct. For present purposes, how-
ever, the difference between SiO, and the SiO, radicle may be neg-
lected.

Analyses of water fr om Arkansas River at two points in Coloredo.

Canon City. Rockyford.

06 37.55 2.65
0 14.62 60. 69
0 3.77 | . 4.89
L N e tataaae s 20.24 12.78
D 5.13 3.76
I et 9.57 14.50
G U .60 .28
7 8.19 .45
RyOye e e B3

100. 00 100. 00
Salinity, parts per million........ ... ... . . 148 2,134

Changes of a different order are shown by the waters of the River
Chélif, in Algeria, according to the investigation by L. Ville.2 This
stream flows through an arid region, in which incrustations or efflores-
cences of salt and gypsum abound. Lower in its course it receives
affluents much poorer in mineral matter, and its character, at least as
regards salinity, is modified. Ville’s analyses reduced to a modern
gtandard are as follows:

1 Bull. Colorado Agr. Exper. Sta. No. 82, 1903. Headden also gives analyses of water from St. Vrain,
Big Thompson, Boulder, and Clear creeks, and from many reservoirs, irrigating ditches, and wolls. Sce
also Am. Jour. Sci., 4th-ser., vol. 16, 1903, p. 169.

3 Bull. Soc. géol. France, 2d ser., vol. 14,1857, p. 352. A later analysis by Balland is given in Jour. Chom.
Soc., vol. 36, 1879, p. 690, abstract. Still another, by F. de Marigny, is cited by Roth. In Annales des
mines, 5th ser., vol. 11, 1857, p. 667, Marigny gives analyses of two other Algerian rivers.
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Analyses of water from River CRélif, Algeria.

A, Sample taken at Ksar-Boghari during extreme low water.
B. Sample taken at the same point a few days later, after a rise.
C. Sample from Orleansville, much farther downstream.

A B c
0.98 1.11 9.31
40.36 | 25.87 29.64
26.40 | 39:28 26.54
7.46 6.63 11.85
4,12 4,42 4,11
20.64 | 22.61 17.03
.06 .04 .34
.03 .04 1.18
100. 00 | 100.00 | 100.00
Salinity, parts permillion....... . .. ... .c.ocoiiiil.. 6,670 | 5,342 1,182

The effect of dilution by affluents is shown by analysis C; but the
interesting feature of the series is the difference between high and
low water at Ksar-Boghari. Ville attributes this difference to the
fact that salt is much more soluble than gypsum and that therefore
during a flood it is dissolved out more freely and more rapidly from
the soil. At low water sulphates are in excess. of chlorides; at high

water the reverse is true.

+ The examples thus far cited serve to show the danger of attempting
to draw general conclusions from a single analysis of a water, espe-
If we wish to
determine the total load carried by a river to the ocean, the samples
should be taken as near as possible to its mouth, but far enough up-
stream to avoid tidal contamination; and the analyses should be
numerous enough to give a fair average result. Without such pre-
cautions no valid conclusions can be reached. The data must be
adequate to the purpose in view—a condition Whlch is not always

cially when the latter is collected at only one point.

fulfilled.

ANALYSES OF RIVER WATERS.

Many analyses of river and lake water are to be found scattered
through chemical and geological literature. Only a part of the
material can be considered here, and preference will be given, but
not exclusively, to analyses not cited in the classical works of J. Roth
and G. Bischof. Many of the analyses were made in the laboratories
of the United States Geological Survey, and especially in those of the
water-resources branch. The work of that branch, in this particular
direction, is mainly but not exclusively represented by six publica-
tions,' in which a large number of American rivers have been studied

1 Water-Supply Papers No. 236, by R. B. Dole, 1909; No. 237, by Walton Van Winkle and F. M. Eaton,

1910; No. 239, by W. D. Collins, 1910; No. 273, by H. N. Parker and E. H. 8. Bailey, 1911; and Nos. 339
and 363, by W. Van Winkle, 1914. Water-Supply Paper No. 274, by Herman Stabler, also contains many

analyses of river waters.

’

——
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with remarkable exhaustiveness. For each river or lake many
analyses were made, in such a manner as to give its average com-
- position for an entire year. As a rule, samples of water were taken
daily and combined into composite samples of seven to ten, which
were analyzed. The analyses, however, some thousands in number,
are not absolutely complete. Alumina, for example, was not deter-
mined, and the alkalies, as a rule, were weighed together and calcu- -
lated as all sodium. Later work, by Chase Palmer, corrected the
latter omission, and I have been able to recalculate the published
analyses with the introduction of Palmer’s figures! for Na and K.
All the analyses cited in the following pages have been reduced to
the uniform standard which was outlined in the preceding pages;
but the original figures can usually be found through the references
‘to the literature. In addition to the substances enumerated in the
analyses, waters contain many other constituents in minute, almost
undeterminable traces. One of those, fluorine, has recently been
determined in several river waters by A. Gautier and P. Clausmann.?
The quantities found ranged from 0.02 to 0.6 milligram per liter,
being highest in waters emerging from primitive rocks.

THE ST. LAWRENCE BASIN.

For geological purposes a regional classification of the data would
seem to be the most practicable, for the members of a river system
belong naturally together. Taking North American rivers first in
order, let us begin with the St. Lawrence and its tributaries. The
selected analyses are as follows:

1 Supplied by Palmer. For details sco Bull. U. 8. Geol. Survey No. 479, 1911,
2 Compt. Rend., vol. 158, 1914, p. 1389,
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Analyses of water from the St. Lawrence basin.

A. Lake Superior at Sault Ste. Marie. Mean of 11 analyscs of samples taken monthly between Septem-
ber 22, 1906, and August 22, 1907. Other analyses of Lake Superior water have been made by W, A. Noyes,

Eleventh Ann. Rept. Minnesota Geol. Survey, 1882, p. 174; by W. T. Jackman, cited by A. C. Lanein"

Water-Supply Paper U. S. Geol. Survey No. 31, 1899, p. 27; and by G. L. Heath, Rept. State Board Geol.
Survey Michigan, 1903, p. 119.

B. Loke Michigan at St. Ignace. Mcan of 11 samples taken between September 20, 1906, and August.

20, 1907. Analyses of Lake Michigan water at Milwaukee and of Milwaukee River, by G. Bode, are pub-
lished in Geology of Wisconsin, vol. 1, 1883, p. 308. Another analysis of the lake water, by J. H. Long,
isgiven in Report on the boiler waters of the Chicago, Burlington & Quincy Railroad, published by that
company in 1888.

C. Lake Huron at Port Huron. Mean of 9 samples taken between September 21, 1906, and J une 21, 1907.

D. Lake Erie at Buffalo. Mean of 11 samples taken between September 19, 1906, and August 28, 1907.

E. The St. Lawrence at Ogdensbulﬂ7 Mean of 11 samples taken between September 18, 1906, and
August 19, 1907.

Analyses A to E by R B. Dole and M. G. Roberts. See Water-Supply Paper U. 8. Geol. Survey No.
236.

Hunt, Philos. Mag., 4th ser., vol. 13, 1857, p. 239.
G. The St. Lawrence opposite Montreal. Analysis by Norman Tate, cited by T. Mellard Reade, in
Evolution of earth structure, 1903.

A B | ¢ | D E 7 e

COgeveeeeeaiee 47.42 | 49.451 47.26) 44.70 | 45.70 | 41.66 | 44.43
516 . 3.62 6.15 577 9.83 9.15 5,19 | 1117
[0 P 1.89 2.31 2.42 6. 58 5. 87 1.51 2.41
NOgeeeemomriiaiaaaan .86 .26 .38 .23 2% 28 P S
[0 P 22,42 22.21 22 33 23 451 23.66 | 20.08 | 20.67
Mg.oooi 5.35 7.01 6. 52 5.75 5. 49 4. 52 6. 44
ga .................... 5.52 4.02 4.10 4.92 4,81 3.20 4.87
.................... T2
S0 e 12.76 8.54 | 11.16 4. 46 503 23.12| 10.01
FeyOp0 o coviiiit, .16 .05 .06 .08 L06 (]l
100. 00 | 100. 00 | 100.00 { 100. 00 | 100. 00 | 100. 00 | 100. 00

Sahmty, parts per mil- i
................ 0. 60, 118 108 133 134 160 148

The following a,nalysés represent tributaries to the St. Lawrence:

Analyses of water from tributaries to the St. Lawrence.

. Pigeon River, Minnesota. Analysis by W. A. Noyes, Eleventh Ann. Rept. Minnesota Geol. Survey,
1882, p. 174,

1. Grand River at Grand Rapids, Michigan. Mean of 34 composites of samples taken between October
1, 1906, and October 5, 1907. Analyses by R. B. Dole, M. G. Roberts, C. Palmer, and W. D. Collins.

J. Kalamazoo River near Kalamazoo, Michigan. Mean of 35 composites, September 19, 1906, to Sep-
tember 21, 1907, Same analysts as under I.

K. Maumee River at Toledo, Ohio. Mean of 36 composites taken betwcen September 9, 1906, and
October 7, 1907. Dole, Roberts, and Palmer, analysts.

L. Genesee River at Rochester, New York. Analysis by C. F. Chandler, cited by I. C. Russell in Mon,
U. S. Geol. Survey, vol. 11, 1885, opp. p. 176.

M. Oswegatchie River at Ogdenshurg, New York. Mean of 35 composites, September 9, 1906, to Sep- .

tember 9, 1907. Same analysts as under I.

N. Ottawa River at Ottawa, Canada. High water, July, 1907. Analysis by F. T. Shutt and A, G.
Spencer, Trans. Roy. Soc. Canada, 2d ser., vol. 2, 1908, p. 175. Another incomplete analysis is also given.

0. Lake Champlain. Average of five analyses of samples taken in the broad lake, by M. O. Leighton,
Water-Supply Paper U. 8. Gool. Survey No. 121, 1905. This paper contains analyses of water from the
upper end of the lake, of Bouquet River, and of Ticonderoga Creek.

Analyses I, J, K, and M, from Water-Supply Paper 236, contain corrections for the alkalies as furnished
by Paliner. An earher 'malysxs of water from the Maumee, by Chandler, and one of the Ottawa, by T. S.
Hunt, are given in the first edition of this book (Bulletin 330).

1 Other tributaries that have been analyzed are as follows: Goose Lake, Michigen (Geol. Survey Michigan,
vol. 8, pt. 3, 1903, p. 235); Torch Lake, Portage Lake, Pin¢c River, Thunder River (Rept. State Board
Geol. Survey Michigan, 1903); Traverse Bay, Detroit, Shiawassee, Grand, Cass, Chippewsa, Tittabawassce,
and Boardman rivers, Manistee and Muskegon lakes, cited by A. C. Lane in Watcr-Supply Paper U 8,
Geol. Survey No. 31, 1903.

I'. The St. Lawrence at Pointe des Cascades, near Vaudreuil, above Montreal. Analysis by T. Sterry'

2
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Analyses of water from tributaries to the St. Lawrence—Continued.

100. 00 {100. 00 !100. 00 {100. 00 | 100. 00

Salinity, parts per
million....._...... 51 258 242 298 170 77 45 67

a‘Includes small amounts of Pd4 and Mn;O,.

Between these waters there are distinct resemblances, in that car-
bonates are the predominating salts and calcium is the chief metal.
Ottawa River is characterized by high silica; but the Genesee and the
Maumee, which flow through areas of sod1mentary rocks, contain a
larger proportion of sulphates. The increase in salinity or concen-
tration in passing from Pigeon River, at the head of Lake Superior,
to the St. Lawrence at Montreal is also noteworthy. The two Mont-
real analyses, F and G, are, however, far from concordant and can
not be given much weight.

According to estimates made by engmeers of the United States
Army, the flow of the St. Lawrence past Ogdensburg is 248,518 cubic
feet per second. This, with a salinity of 134 parts per mil]ion, cor-
responds to a transport of dissolved matter of 29,722,000 metric tons
annually. The area drained, exclusive of water surface, is 286,900
square miles, and from each square mile 103.6 tons are removed in
solution each year.

' THE ATLANTIC SLOPE.

For the rivers and lakes of the Atlantic slope south of the St. Law-
rence the data are now fairly abundant. The following analyses are
the most useful. In all of them bicarbonates are reduced to normal
form, and organic matter is omitted from the calculation.
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Analyses of waters of Atlantic slope—1I.

A. Moosehead Lake, Maine.

B. Rangeley Lake, Maine.

C. Androscoggin River at Brunswick, Maine, above the falls. Average of 38 analyses of weekly samples
taken between April 25, 1905, and January 16, 1906. Analyses A, B, and C made by F. C. Robinson, for
the water-resources branch of the United States Geological Survey. C as recalculated by Dole in Water-
Supply Paper 236. The undetermined CO;zis computed to satisfy bases.

D. Merrimack Riverabove Concord, New Hampshire. Analysis by H. E. Barnard for the water-resources
branch of the Geological Survey. -

E. Hudson River at Hudson, New York. Mean analysis of 36 weekly composites taken between Sep-
tember 16, 1906, and September 22, 1907, Analyses by R. B. Dole, M. G. Roberts, C. Palmer, and W. D,
Collins, Water-Supply Paper 236, 1909. Analyses by C. F. Chandler of water from the Hudson and its
tributaries, the Mohawk and the Croton, are cited in the first edition of this book (Bulletin 330).

F. Raritan River at Bound Brook, New Jersey. Mean of 35 composite samples taken between Sep-
tember 10, 1906, and September 12, 1907. - Same analysts and reference 2s under E. Analyses of several
New Jersey streams are given by A. H. Chester in the report on water supply, New Jersey Geol. Survey
1894. An analysis of water from Passaic River, by E. N. Horsford, is published in Geology of New Jersey,
1868, p. 703; and another by H. Wurtz in Am. Chemist, vol. 4, 1873, pp. 99, 133.

-G. Delaware River at Lambertville, New Jersey. Mean of 34 composite samples, September 8, 1906,
to September 12, 1907. Same analysts and reference as under E. A similar average analysis of the Lehigh
is also given by Dole. For an earlier, single analysis of Delaware water see H. Wurtz, Am. Jour. Sci.,
2d ser., vol. 22, 1856, p. 125, Analyses of water from the Schuylkill are given by C. M. Cresson in a report
entitled ““Results of examinations of water from the River Schuylkill,” Philadelphia, 1875,

H. Susquehanna River, at Danville, Pennsylvania. Mean of 86 composite samples, September 10, 1906,
to September 17, 1907. Same analysts and reference as under E. Similar annual averages for the river at
West Pittston and Williamsport are also given by Dole. The Susquehanna shows the effects of contamina-
tion by coal-mine drainage.

In analyses E, ¥, G, and H the alkalies are given as corrected by Palmer.

A B c D E F G H

COgeeveeneaannn 26.83 | 26.53 { 20.29 | 28.15 | 35.45 | 29.48 | 32.95 | 23.54
SO4cveiiiianaienn.. 14.46 { 13.08 | 24.85 | 12.78 | 15.84 | 14.08 | 17.49 | 27.53
Cl.o i 13.83(12.72| 4.76{ 878 3.96| 5562 4.23 7.19
1 3(0 SN AR AR IR P 79| 2.23] 1.60| 3.02
Coveeveeeeennnae..| 14,94 14.78 | 15,33 [ 17.14 [ 20.79 [ 14.08 | 17.49 | 18.64
Mgl 1.80| 1.69| 2.27| 418] 3.76| 4.58| 4.81 4.08
Na..ooooviaiiiaaa. 1279 111.63 | 65.17 | 16.16 ) 6.53 ] 9.27 | 6.70 6. 84
K. 4.29 | 4.42| 2.07 |Trace.| 1.78| 1.76 | 1.46 1.33
SiOg. e v evmiinennnns 9.68 | 13.33 | 18.63 | 18.14 | 10.90 ] 18.77 | '13.12 7.72
ALOs.ovenvii. 1 1.38 }1.82 6.63 IR 7" (R PR A PR
Fezos..............} - 333 .20| .23( 15| .11
. 100. 00 |100. 00 {100. 00 [100. 00 {100, 00 |100. 00 {100. 00 { 100. 00

Salinity, parts per
million............ 14.5| 16.5| 483 170 108 85 70 112

Analyses A and B are remarkable because of their relatively high
content in alkaline chlorides. These waters, however, are very dilute,
and the absolute quantity of chlorides in them is probably no more
than they would receive from rainfall. The Androscoggin rises in
the Rangeley Lakes, but the composition of its water is profoundly
modified by drainage from factories and pulp mills. Its headwaters,
flowing from a region of crystalline rocks, mainly granitic, are re-
markably pure.

—

4y
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Analysis of waters of Atlantic slope—II.

I. Potomac River at Cumberland, Maryland. Mean composition of 36 composite samples taken between
September 11, 1906, and September 14, 1907. Analyses by Dole, Roberts, Palmer, and Collins.

J. Shenandoah River at Millville, West Virginia. Composite of 36 samples, September 12, 1906, to
September 9, 1907,  Samo analysts as under I.

K. Potomac River above Great Falls, Maryland. Average of twelve samples taken at intervals of one
month between April, 1904, and April, 1905. Analyses by Raymond Outwater, Watcr-Supp]y Paper
U. 8. Geol. Survey No. 192, 1907, pp. 206-297. This report contains thirty-four other analyses of water
from the upper Potomac and its important tributaries.

L. James River at Richmond, Virginia. Composite of 36 samples, September 10, 1906, to September
9,1907. Same analysts as under I. A thesis by A. F. White, Washington and Lee University, 1906, con-
tains partial analyses of tributaries of the James near Lexington, Virginia. Sce also an analysis of James
River water by W. H. Taylor, Rept. to Richmond Board of Health, 1877, cited in the first edition of thig
book (Bulletin 330).

. Dan River at South Boston, Virginia. Composite of 21 samples, September 3, 1906, to May 2, 1807,
Dole, Roberts, and Palmer, analysts.

N. Roanoke River at Randolph, Virginia. Composite of 20 samples, September 7, 1906, to May 12, 1907.
Same analysts as under M.

0. Neuse River at Raleigh, North Carolina. Composite of 36 samples, October 1, 1906, to October 19,
1907. Same analysts as under I.

All the analyses in this table except K are recalculatcd from Water-Supply Paper 236, with the alkali
determinations as corrected by Palmer. Each composite sample represents ten daily collections.

I J K L M N o

L€ D SN 13.69 | 47.22 | 44,37 ( 36.02( 25.43 | 34.99 24.93
SO v eeiciiiii]| 44.85 4.43 7.68 8. 68 5.34 5.90 4.90
Clooa s 4.95 2.14 4.4 2.81 5. 03 2.95 6. 3¢
NOgo oo eeeenen .70 1.86 {........ .37 1.73 .67 43
(O N 18.56 | 22.85| 27.40| 17.10 8.79 | 12.74 8. 50
L 3. 56 5. 86 4.08 3. 66 2.35 4.69 2.59
Na....ooeveiiiaano. 6.11 3.86 2.83 7.20 9.10 6. 70 10. 09
Koo 1.08 1. 00 .55 1.34 2.04 1.47 1.87
Si0g. ¢ vviiiiat 6.35| 10.71 4.56 | 21.98| 37.68| 28.15 37.47
ALOg. « oo } 4.09 |Frmnzel s
FeOgevvvvnvinnnn.nn 15 07 ’ .8 2.51 1.74 2. 88
100. 00 { 100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per ) .
million........... 130 140 115 89 71 79 73

The first three analyses in the foregoing table are peculiarly sug-
gestive. The Potomac at Cumberland shows the effect of drainage
from coal mines. The Shenandoah adds to the Potomac a large
volume of water which is little contaminated and which represents
to a considerable extent the influence of a limestone country. At
Great Falls the Potomac, modified by its numerous affluents, ap-
proaches the normal or average type of river waters. According
to estimates -made by Outwater the Potomac annually carries past
Point of Rocks 771,000,000 kilograms of dissolved matter and
212,000,000 kilograms of solids in suspension, or sediments. The
sum of the two quantities is 983,000 metric tons, or a little over 102
metric tons per square mile of the territory drained. The dissolved
matter corresponds to 80 tons per square mile.
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Analysis of waters of Atlantic slope—II1.

a

P. Cape Fear River at Wilmington, North Carolina. Mean analysis of 30 composite samples taken
bhetween October 2, 1906, and October 9, 1907. Dole, Roberts, Palmer, and Collins, analysts. Water
probably modified by tidal contamination.

Q. Peedec River near Peedee, North Carolina. Mean of 24 composites, October 26, 1906, to October 19,
1907. Dole, Palmer, Collins, and J. R. Evans, analysts.

R. Saluda River near Columbia, South Carolina. Mean of 16 composites, October 27, 1906, to May 3,
1907. Evans, analyst.

8. Wateree River near Camden, South Carolina. Mean of 34 composites, October 21, 1906, to October
25,1907. Dole, Evans, Palmer, and Collins, analysts.

T. Savannah River near Augusta, Georgia. Mean of 34 composites, October 25, 1906, to October 22, 1907,
Same analysts as under Q.

U. Ocmulgee River near Macon, Georgia. Mean of 33 composites, October 19, 1906, toOctober 21, 1907,
Same aralysts as under Q.

V. Oconee River near Dublin, Georgia. Mean of 32 composites, October 18, 1906, to October 17, 1907,
Sameanalystsasunder Q. Analyses P toV arefrom Water-Supply Paper 236. Potassium determinations
supplied by Palmer.

1. Lake Okechobee, Florida. Analysis by W. T. Read, cited by R. B. Dole in Carnegie Inst, Wash-
ington Pub. No. 182, 1914, p. 76. Bicarbonates reduced to normal carbonates, organic matter omitted.

P Q R 8 T U v A\\4

23.33 | 26.01 | 25.15 | 22.49 | 21.06 | 26.00 35. 96
5.95| 801 6.33) 9.12; 7.48] 886 4.69
4.60] 561 | 422} 3.19| 428 4.8 | 1800

.89 .69 . 60 91| 107 1.43 .06

10.25 | 13.46 | 9.49 | 8.67| 9.62|1214| 19.93
1.93| 2,08} 271 | 122 1.8 229 4. 50

10. 99 } 9 go | 10.84 | 14.42 1 10.23 ; 10.14 | 10.28
2. 82 ' 2.41 ] 412| 290 2.8 1.28

88.65 | 33.65 | 37.65 | 34.95 | 39.70 | 30. 00 5. 27

.99 .87 . 60 .91 L83 | 1.43 .03

100. 00 (100. 00 [100. 00 [{100. 00 100. 00 [100. 00 {100. 00 | 100. 00

Salinity, parts per . y
millions........... 57 69 62 731 GO 69 68 | 155.6

The water of Lake Okechobee is remarkably high in sodium and
chlorine. Is this due to cyclic salt brought down in rain?

Amnalyses of eastern tributaries to the Gulf of Mexico.

A. Flint River near Albany, Georgia. Mean analysis of 20 composite samples taken between October
23, 1906, and May 12, 1907. J. R. Evans, analyst.

B. Chattahoochec River at West Point, Georgia. Mean of 34 composites, October 26, 1906, to October,
18, 1907. Dole, Evans, Palmer, and Collins, analysts.

C. Oostanaula River ncar Rome, Georgia. Mean of 31 composites, Octoher 21, 1906, to October 28, 1907,
Same analysts as under B.

D. Cahaba River ncar Birmingham, Alabama. Mecan of 30 composites, November 1, 1906, to November
1, 1907. Same analysts as under B. For a single analysis of water from the Cahaba sce R. S. Hodges,

* Geol. Survey Alabama, Underground water resources, 1907. This report contains many analyses of springs

and wells. )

E. Alabama River at Sclma, Alabama. Mean of 33 composites, November 5, 1906, to October 17, 1907,
Evans, Dole, Palmer, Collins, and W. Van Winkle, analysts.

F. Tombighee River near Epes, Alabama. Mean of 33 composites, October 24, 1906, to October 24, 1907.
Samec analysts as under B.

Q. Pearl River, near Jackson, Mississippi. Mcan of 32 composites, Octoher 16, 1906, to October 19, 1907.
Same analysts as under B.

All the analyses in this table are recalculated from Water-Supply Paper 236 and include later alkali
determinations by Palmer.
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Analysis of eastern triqutaries to the Gulf of Mexico—Continued.

-4

A B C D E F G

21.32| 32.06| 32.53 | 27.86| 33.34 25. 29
8.49 5,04 11.18 | 10.63 6. 37 10. 31
3.96 2.21 2.79 2.72 3.03 5.48
1.32 . 50 .76 .83 .61 112
9.06 | 14.74| 16.52 | 15.35| 18.18 11.43
1.51 3.19 3.17 3.42 1.82 1.77

12.08 9. 60 8.78 | 1133 8.18 11. 59.
3.40 1.96 3.18 2.12 2.32 3.22

37.73 | 29.48 | 20.33 | 24.79| 25.25 28.99
113 1.22 .76 .95 .90 .. 80

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

Salinity, pal‘h‘! per
million......... 67 52 82 76 82 94 59

A glance at the foregoing table and the two immediately preceding
it reveals a remarkable similarity between the waters of the southern
rivers from the James to the Pearl inclusive. All are low in salinity
and relatively high in silica and the alkalies. In several of the
analyses the alkaline radicles are in excess of calcium. River waters,
in short, seem to exhibit distinct regional peculiarities, which, in
most cases, if not in all, are due to the geology of the region traversed.
These waters, with one or two exceptions, flow from areas of crystal-
line schists, and owe little to sedimentary environments.

THE MISSISSIPPI BASIN.

For the great river system of the Mississippi the chemical data are
abundant, but of véry unequal value. The river itself has been
studied from near its source to near its mouth, and the waters of
many tributaries have also been analyzed. Taking the Mississippi
itself first, the useful data are as follows, arranged in order going
southward.
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Analyses of water from Mississippi River.e

A. Mississippi River at Brainerd, Minnesota. Analysis by C. F. Sidener, Thirteenth Ann. Rept. Geol,
Nat. Hist. Survey Minnecsota, 1884, .p, 102, .

B. Mississippi River at Minneapolis, Minnesota. Average of 35 analyses, by W. M. Barr, H. S. Spauld-
ing, and W. Van Winkle, of samples each formed by ten daily collections between September 10, 1906,
and September 11, 1907.

C. Mississippi River near Moline, Illinois. Mean of 18 composite samples taken between February 1,
and July 31, 1906. W. D. Collins, analyst.

D. Mississippi River near Quincy, Illinois. Mean of 36 composite samples taken between August 1,
1906, and July 31, 1907. W. D. Collins, analyst.

E. Mississippi River near Chester, Illinois. Mean of 31 composite samples taken between August 1,
1906, and July 31, 1907. W. D. Collins, analyst.

F. Mississippi River at Memphis, Tennessee. Mean of 35 compasite samples taken between January
10, 1907, and January 1, 1908. Anelyses by J. R. Evang, W. Van Winkle, R. B. Dole, Chase Palmer, and
W. D. Collins. Later alkali determinations by Palmer.

G. Mississippi River above Carrolton, Louisiana. Analysis by C. H. Stone, Science, vol. 22, 1905, p.
472, Sample taken 6 feet below surface. Recalculated from bicarbonates.

H. Mississippi River at New Orleans. Mean of 52 compositesamples taken daily between April 29,

1905, and April 28, 1906. J. S. Porter, analyst.
The analyses, except A and G, are recalculated from the figures given by Collinsin Water-Supply Paper
. 239 and Dole in Water-Supply Paper 236. '

A B c D E F a H
COseev et 51.65° 48.03 | 42.27 | 43.15 | 33.23 | 30.23 | 30.27 | 34.98
SO eiiiiiicnnnn. 1.05| 9.35]13.58 [ 12.55 | 21.74 | 20.50 | 19.69 | 15.37
] 48 83| 209 2.21| 3.79| 4,10 11.05 6.21
O 731 1.01| 110 1.05 81 |....... 1. 60
(0 e 27 |oeo....
[ 22.94 1 20.77 | 18.68 { 18.06 | 17.08 | 17.16 | 20.25 | 20.50
Mg..oooooiiiiaaa 409 7.27 7.35| 803| 6.22| 572 4.66 5.38
Na......o.oooiiaae. 5. 14 } 5,191 5.65 1 65.52|1 815 | 809 | 6.86 8.33
Keouoeeiaaannns 1.75 } 1.52 | 1.57
Si0geeeieniniaannen 9.40| 7.78| 9.09 | 9.03| 8541144 | 5.07 7.05
ALOg.coviennnnn.. PN} D OO AN SR R .12 .45
Fe,05.cnieiinnnnnn. 1.49 05 .28 35 .20 43 .08 .13
17 I e P B I O
100. 00 {100. 00 |100. 00 |100. 00 |{100. 00 {100. 00 |100. 00 | 100. 00
Salinity, parts per :
million_........... 195 200 179 203 269 202 146 166

@ For two analyses of Mississippi water, taken above and below Minneapolis, see J. A, Dodge, Tenth
Ann, Rept. Geol. Nat. Hist. Survey Minnesota, 1882, p. 207. These analyses are given in the first edition
of this book, Bailey Willis (Jour. Geology, vol. 1, 1893, p. 509) cites some imperfect analyses of the Missis-
sippi and Missouri near St. Louis. Iowa Geol, Survey, vol. 6, 1896, p. 365, contains other analyses of

ississiR})i water, and also of Missouri, Cedar, Des Moines, Coon, Boyer, Wapsipinicon, Skunk, Chariton,
Grand, Nodaway, and West Nishnabotnarivers. These too areincomplete. The carly analyses of Missis-
sippi water by Avequin and by Jones are of no value for present purposes. Partial analyses, containing
some useful data, are given in Report of the sewage and water board, New Orleans, 1903. 'These relate to
the lower Mississippi near New Orleans.

This table tells a definite story. The upper Mississippi is low in
sulphates and chlorides, which tend to accumulate in the lower
stream. The chlorides come in part from human contamination, a
subject to be considered later; but more largely, together with sul-
phates, from western tributaries, notably from the Missouri. At
New Orleans, also, there is probably some ‘cyclic sodium” brought
in rainfall from the Gulf of Mexico. On the whole, carbonates pre-
dominate in the Mississippi water, with all else subordinate.
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The next table gives analyses of waters tributary to the uppe?
Mississippi within the States of Minnesota and Wisconsin.!

Analyses of waters tributary to upper Mississippi River.

A. Lake Minnetonka. Analysis by W. A. Noyes, Geology of Minnesota, vol. 2, 1888, p. 311.

B. Mille Lacs Lake. Analysis by J. A. Dodge, Geology of Minnesota, vol. 4, 1899, p. 38.

C. Bigstono Lake. Analysis by C. F. Sidener, Thirtecnth Ann. Rept. Geol. Nat. Hist. Survey Minne-
sota, 1884, p. 98. Emptiesinto Minnesota River.

D. Heron Lake. Analysis by Noyes, Eleventh Ann. Rept. Geol. Nat. Hist. Survey Minnesota, 1882,
p. 173. Emptiesinto Des Moines River.

E. Rock River at Luverne, Minnesota. A tributary of Sioux River. Analysis by Noyes, Geology of
Minnesota, vol. 1, 1884, p. 550.

F. Minnesota River at Shakopee, Minnesota. Mean analysis of 30 composite samples taken between
September 24, 1906, and October 1, 1907. W. M. Barr, H. 8. Spaulding, W. Van Winkle, R. B. Dole,
C. Palmer, and Ww. D Collins, analysts. Alkali determinations as corrected by Palmer.

@. Chippewa River ncar Eau Claire, Wisconsin. Mean of 35 composites, Scptember 14, 1906, to Sep-
tember 12, 1907. Barr, Spaulding, and Van Winkle, analysts,

H. Wisconsin River near Portage, Wisconsin. Mean of 24 composites, September 11, 1906, to May 17,
1907. Same analysts as under G.

Analyses T, G, H aroe recalculated from the figurcs given by Dole in Water-Supply Paper 236.

A B . [o] D E ¥ G H
COg. v vvinenaao .| 58.81]59.03 )20 13 | 42.65 | 47.94 | 31.59 | 30.49 | 31.43
SO .| .88 [34.36|18.62| 864 |31.26|18.09 | 18.74
Clo. ot 72 59 L65| 1.14 .44 1.02] 142 2.31
NOg oo e 139 0. ... 43| 78| .99
(O 25.52 1 15.25 | 8.00 | 20.71 | 20.51 17 81116.80 | 15 .44
Mg 7.23 (10.71} 861Lf 800 | 7.43| 7.61| 6.07 7.50
Na oo 1.03 | 6.68| 6.69| 2.94| 3.31| 4.12 [110.46 8.93
K.oiiiiiaae 2.32| 2,24 1,01 1.32 511 1.15
135 10 2N 4.37| 2.97(19.26 | 2.61| 7.65| 4.09 | 15.50 | 14.33
Fe,Ognuevoiiiaiioei 1.65 29 } 62 3.21 02 .39 33
ALO,. : T FOURUR EORUON
100. 00 {100. 00 {100, 00 [100. 00 [100. 00 [100. 00 [100. 00 | 100. 00
Sa.hmty, parts per
million............ 110 144 554 272 275 480 90 98

1 For analyses of several other Minnesota waters, sece Water-Supply Paper U. 8. Geol, Survey No. 193,
1907, p. 133.  Analyses of water from a number of Wisconsin lakes are given by E. A. Birge and C. Juday
in Bull. Wisconsin Geol. and Nat. Hist. Survey No, 22, 1911, pp. 170, 171,
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¢ The following table gives analyses of waters tributary to the Mis-
sissippi in Illinois and Iowa:!

. Analyses of tributaries in 1llinois and lowa.

A. Rock River near Sterling, Illinois. Mean analysis of 36 composite samples taken between August 1,

1906, and July 31, 1907. W. D. Collins, analyst. Collins also gives a similar annual average for the .

river at Rockford.

B. Illinois River near Kampsville, Illinois. Mean of 36 composites, August 1, 1906, to July 31, 1907.
Collins, analyst. He also gives similar analyses for the river near Lasalle and Peoria.

C. Kaskaskia River at Carlyle, Illinois. Mean of 34 composites, August 1, 1906, to July 31, 1907. Collins,
analyst. A similar average is given for the river ncar Shelbyville.

D. Cedar River near Cedar Rapids, Iowa. Mecan of 37 composites, September 6, 1906, to September 17,
1907, W.M. Barr, H. 8. Spaulding, and W. Van Winkle, analysts.

E. Towa River at Towa City, Iowa. Mean of 36-composites, September 6, 1906, to September 16, 1907.
Same analysts as under D.

F. Des Moines River at Keosaugua, Iowa. Mean of 36 composites, September 10, 1906, to September 9,
1907. Same analysts as under D.

Analyses A, B, and C are recalculated from the figures given by Collins in Water-Supply Paper 239;
the others are from Dole, Water-Supply Paper 236.

Collins also gives annual averages for the composition of the waters of Kankakee, Fox, Vermilion,

Sangamon, Muddy, Embarrass, Little Wabash, and Cache rivers. In all, 19 rivers were studied, including

the Mississippi.
A - B c D E F

(oo U SRR 48.56 | $8.42 | 42.13 | 44.80 | 42.17 [ 34.96
SO e 9,34 | 16.30 | 13.64 ] 13.08 | 14.70 23.37
L) - 2.067 5.82 2.7 1.48 1.47 1.58
NO;..... e 1.42 1.67 1.92 1.35 1.15 1.09
{0 18.30 | 18.24 | 18.86 | 20.91| 20.00 19.09
M 10.09 7.76 8.02 6.97 6.94 6.91
%a ............................ _ 4.48 6.98 5.62 5.23 } 5.67 } 5.59
8i0,eeiiiiiiinnnel 560 465 684 6.10] 7.76| 7.24
N P .16 .16 .20 .08 .14 1.7

1 100.00 | 100.00 | 100.00 | 100.00 } 100.00 | 100.00
Salinity, parts per million..... 267 267 248 228 247 312

In the following table I .givé analyses of waters which reach the
Mississippi from the eastward by way of the Obio.? For the Ohio
itself I have found no satisfactory data.

1In Iowa Geol. Survey, Ann. Rept. 26, for 1915:1). 29, G. A, Gabriel gives analyses of water from Raccoon
Des Moines, Cedar, and Iowarivers, |

2 An analysis of Monongahela water by C. D. Howard and one of water from the Cumberland by N.
Lupton are given in the first odition of this book (Bulletin 330).

s
—
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: Analyscs of walers tributary to Ohio River.

A. Allegheny Riverat Kittanning, Pennsylvania. Mcananalysis of 36 composite samples taken-hetween
September 13, 1906, and September 10, 1907. R. B. Dole, M. G. Roberts, and C. Palmer, analysts.

B. Monongahela River at Elizabeth, Pennsylvania. Mean of 37 composites, August 25, 1906, to Scptem-
ber 2,1907. Same analysts asunder A.  Dole also gives an annual average for the composition of Youghio-
gheny water.

C. Muskingum River at Zanesville, Ohio. Mean of 27 composites, September 3, 1906, to September 13,
1907. Same analysts as under A.

D. Miami River at Dayton, Ohio. Mean of 34 composites, September 16, 1906, to September 17, 1907.
Dole, Roherts, Palmer, and Collins, analysts.

E. East Fork of White River near Azalia, Indiana. Mean of 37 composites, September 12, 1906, to
October 8, 1907. Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts.

T, West Fork of White River near Indianapolis, Indiana. Mcan of 35 composites, September 8, 1908,
to September 12, 1907, Barr, Spaulding, and Van Winkle, analysts.

G. Wabash River st Vincennes, Indiana. Mean of 31 composites, September 9, 1906, to September 1,
1207. Same analysts as under I,

H. Kentucky River at Frankfort, Kentucky. Mean of 36 composites, August 28, 1906, to September 4,
1807. Sameo analysts as under D.

1. Cumberland River at Kuttawa, Kentucky. Mean of 34 composites, January 11, 1907, to January 11,
1908. Evans, Dole, Palmer, and Collins, analysts. Another average is given for the water near Nashv ﬂlo
Teunessee.

J. Tonnessee River near Gilbertsville, Kentucky. Mean of 33 composites, October 24,1906;t0 October
24, 1908. Van Winkle, Dole, Palmer, and Collins, analysts. Another average is given for the water at
Knoxville, Tennessee.

All tha analyses in this series are recalculated from the figures given by Dolc in Water-»upply Paper
236, as corrected by the later alkali determmatxons of Palmer.

A B C D L

00 e e e 2161 | 11.47 | 24.71} 43.64 47.85
S0y4......: e e 19.55 | 42.52 | 18.36 | 13.88 10. 58
O] e 16.10 4.12 | 17.07 1.42 1.10
NOg e , .82 2.32 .69 2.98 .197
L 16.10 | 15.47 ) 18.36 | 20.46 21.51
M e 3.46 2.84 4.06 8.33 8.11
N e e 11.04 8.12 9.39 2.49 2.75
Ko 2.09 1.42 1.28 .83 L7
SiO, . e 9.09 | 10.82 5.98 5.89 5.29
FegOge e cmiaiieaee e .24 .90 .10 .08 .07

100.00 | 100.00 } 100.00 | 100.00 | 100.00
Salinity, parts per million............... 87 81 244 289 279

¥ G “H I J

L0 7 31,76 [ 34.09 | 38.51 | 40.57 34.57
S0 e i 12.88 | 16.57 8.32 7.85 10.74
L 17.32 | 10.84 2.01 2.43 2.93
NO;..... e eeaeeeeaaeaaaaas 1.36 1.93 2.51 1.46 1.17
L 16.44 | 18.37 | 21.06 | 22.67 18.56
Mgl e 6.44 6.63 3.71 3.48 4.00
N 10. 66 7.56 5.82 4.29 5.08
N 1.41 2.34 2.83
S0, e 3.10 3.92| 16.05 | 14.59 19. 54
Fe,Op..co.o.... 2 .04 .09 .60 .32 .58

100.00 | 100.00 | 100.00 | 100.00 | 100. 00
Salinity, parts per million............. L 450 336 104 124 101
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For the largest tributary of the Mis‘sissippi—the Missou'i—several
analyses are available. They are givenin the following table, together
with analyses of its affluents.!:

Analyses of water from Missouri River and tributaries.

A. Missouri River near Florence, Nebraska. Mcan analysis of 36 composite samples taken between
October 1, 1906, and October 14, 1907. Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts,

B. Missouri River near Kansas City, Missouri. Mean of 38 composites, October 4, 1906, to October 21,
1907. Same analysts as under A. '

C. Missouri River near Ruegg, Missouri. Mean of 36 composites, September 24, 1906, to October 6, 1907,
Same analysts as under A. :

D. North Platte River at North Platte, Nebraska. Mean of 29 composites, September 10, 1906, to June
30, 1907. Barr, Spaulding, and Van Winkle, analysts.

E. Platte River at Fremont, Nebraska. Mcan of 33 composites, October 10, 1906, to November 2, 1907.
Barr, Van Winkle, Dole, Palmer, and Collins, analysts. Another series of analyses of the water at
Columbus is also given. An analysis of the Platte at Greeley, Colorado, is gwen on p. 66, ante, together
with some of its tributary, Cache la Poudre River.

F. Laramie River 20 miles above Laramie, Wyoming. Average of three analyses by E. E. Slosson,
Bull. Wyoming Exper. Sta. No. 24, 1895, : )

G. Laramie River 50 miles below Laramie. Analysis by E. E. Slosson, loc. cit. Slosson also gives
analyses of Popo Agie and Little Goose creeks. Another analysis of the Laramie is printed in Fifth Rept.
Bur. Soils, U. 8. Dept. Agr., 1903.

H. Yellowstone Lake. Analysisby J. E. Whitfield, Bull. U. S. Geol. Survey No. 47, 1888. This bulletin
also gives analyses of Firehole and Gardiner rivers.

Analyses A to E are recalculated from Dole’s Water-Supply Paper 236, with potassium determmatlons
communicated by Palmer.

A B C D E r G hi

(60 22.42 124,23 | 25.63 | 24.13 | 29.43 | 27.35 [ 19.59 [ 20.93
SO4eieaiiai . 37.69 | 32.74°| 30.44 | 32.77 | 22.18 | 11. 16 | 87. 48 7.12
Cl. i 199 8:15| 3.52| 815 218 | 3.11| 6.32 7.96
NOgeeeaeeeeaaaennn 40 .54 85 .53 53 2 R N I
10 T 14.58 | 15.04 | 15.22 | 15.05 | 15.80 | 13. 75| 15, 07 7.29
Mg, oo 4.48 | 4.37) 468 | 437 3.67| 2.45| 510 .25
Naeoo 9.64 | 9.22| 9.07 N10.68 | 8.06 | 7.34( 8.82| 13 22
Koo L70 | 150 1.90 } 2.42 8| 1,96 3.99
130 PHUURUPRRROU IR ISR ORI U SRR URR I .34
18&1106 ................. 6.95| 897 | 849 898 |15.80|31.73| 454 | 3551
o JNUNRRRRURRS SRR IURURS AR DU RO 3.39
Ot T3 B Y BT N RV T }2 2% \p11zy T
100. 00 {100. 60 |100. 60 [100. 00 {100. 00 {100. 00 [100.00 | 100. 00

Salinity, parts per ‘
million............ 454 | 426 346 426 302 212 429 118

In all but three of these waters sulphates predominate over car-
bonates, and calcium is less conspicuous than in the analyses preceding
this group. 'The high silica of the Yellowstone Lake and the upper
Laramie is also noticeable.

For one other trlbutary of the Missouri a particularly interesting
group of analyses is at hand. Kansas or Kaw River, with its chief
affluents, has been studied by E. H. S. Bailey and his assistants,?

1Two analyses of water from the Missouri, not used here, are given in the first edition of this book.
Another analysis by F. W. Traphagen is cited in E. W. Hilgard’s Soils, p. 23, but the point of collection
is not named.

2 7. 8. Geol. Survey Water-Supply Paper No, 273, 1911, Some earlier analyses by Bailey and Franklin
are cited in the previous editions of this work,

e

Py )
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whose data, reduced as usual, are given in the next table. The locali-
ties mentioned are all in the State of Kansas, and the arrangement of
the streams is from the west, eastward.

Analyses of water from Kansas River and its tributaries.

A. Smoky HillRiveratLindsborg. Mean of 23 analyses of composite samples of water taken between
November 27, 1906, and November 29, 1907. F. W. Bushong and A. J. Weith, analysts.

B. Saline River at Sylvan Grove. Mean of 34 composite samples taken between November 27, 1306
and November 29, 1907. Analyses by Bushong.

C. Solomon River at Beloit. Mean of 32 composite samples taken between December 1, 1906, and De-
cember 5, 1907. Bushong and Weith, analysts.

D. Republican River at Junction. Mean of 25 composite samples taken between November 26, 1906,
and September 10, 1907. Bushong and Weith, analysts.

E. Big Blue River at Manhattan. Mean of 34 composite samples taken between December 19, 1906, and
December 20, 1907. Bushong and Weith, analysts.

F. Delaware River at Perry and Valley Falls. Mean of 27 composite samples takcn between January
4and November 29, 1907. Bushong and ‘Weith, analysts.

@. Kansas River at Holliday. Méan of 72 composite samples taken between December 29, 1906, and
December 31, 1908, Two years’ average. Analyses by F. W. Bushong, A. J. Weith, and W. L. Sippy.
Analyses of several other tributaries of the Kansas are also given in the paper.

A B c D E F G

(070 T 14.40 | 6.02 | 26.17 | 34.36 | 35.53 | 39.47 | 31.78
1 P 26.87 | 18.26 | 19.50 | 12.56 | 12.32 | 12.17 | 15.14
CL.. . 21.61 | 38.57 | 12.09 | 7.11| 5.89 | 3.85 | 10.18
NOg.evnn.n.. e 20 03| .s4f 71| .e4| LO7| .57
Cien e 12.93 | 5.03 | 16.61 | 16.35 | 18.74 | 20.78 | 18.12
MG eenrinemaneeeananans 2.41| 198 | 2.89] 3.32| 3.92| 4.75| 3.98
Na, Koo 18.26 | 28.97 | 15.52 | 13.50 | 12.32 | 9.79 | 12.66.
8105 < - e 318 107 | 6.32)11.38| 9.52| 6.82| 7.19
1o R 13| .07| .36| .71 12| 130| .38

100. 00 [100. 00 [100. 00 [100. 00 {100. 00 [100. 00 | 100. 00
Salinity; parts per million...| 882 | 2,624 | 554 | 422 357| 337 403

The two. westernmost of these streams flow from a relatively arid
region and are characterized by high salinity. They are peculiarly
poor in carbonates butrichin sodium and chlorine, conditions which
may be correlated with the great abundance of salt in Kansas. In
Solomon River carbonates begin to predominate; and in the east-

. ernmost rivers of the group there is a close approximation in

chemical character to some streams of the Atlantic slope. Kansas
River itself represents a blending of all the waters which flow into it.

Two -analyses of water from Arkansas River have already been
cited, and need not be repeated here. Other analyses of this river
and its tributaries, together with Osage and Red rivers will end
this summary of the Mississippi basin.?

1 Partial analyses of about 50 streams in Oklahoma may be found in Water-Supply Paper U. 8. Geol.
Survey No. 148, 1905. A paper by J. H. Norton on the drainage of Richland Creek, Arkansas, appeared
in Jour. Am. Chem. Soc., vol. 30,1908, p. 1186. An analysis of water from Wakarusa River is cited in the
second edition of this work.

2 Two analyses by R. N. Brackett of water from the Arkansas are given in Ann. Rept. Arkansas Geol'
Survey, 1891, vol. 2, pp. 159, 160,

113750°—19—Bull. 695——6
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Amnalyses of water. from the Arkansas and other rivers.

" A. Osage River, at Boicourt, Kansas. Mean 'of 33 analyses of composite samples of water taken between
November 29,1906, and November 30,1907. F. W. Bushong and A. J. Weith, analysts. Thisstream isa
tributary of the Missouri.

B. Arkansas River at Deerfield, Xansas. Mean of 26 composite samples taken hetween December 11,
1906, and December 2,1907. Bushong and Weith, analysts.

C. Arkansas River near Great Bend, Kansas. Mean of 33 composite samples taken between November
26, 1906, and December 7,1907. Bushong and Weith, analysts.

D. Arkansas River at Arkansas City, Kansas. Mean of 27 composite samples taken between December
7, 1906, and December 10,1907. Busheng and Weith, analysts.

E. Arkansas River at Little Rock, Arkansas. Mean of 22 composite samples taken betwee.n November
1,1906, and October 24,1907. Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts. Recal-
culated from Water-Supply Paper No. 236.

F. Cimarron River at Englewood, Kansas. Mean of 30 composite samples taken between November
30, 1906, and November 30,1907, Bushong and Weith, analysts. A tributary of the Arkansas.

G. Neosho River at Emporia, Kansas. Mean of 35 composite samples taken between December 5, 1906,
and December 5, 1907. DBushong and Weith, analysts. A tributary of the Arkansas. An carlier, single
analysis of Neosho water by C. F. Gustavsen appears in Kansas Univ. Sci. Bull., vol. 2, p. 243, 1903.

H. Red River near Shreveport, Louisiana. Mean of 34 composite samples taken between March 19,
1906, and March 19, 1908. Dole, Palmer, Collins,and Evans,analysts. Recalculated from Water-Supply
Paper 236, with later alkali determinations by Palmer. All these analyses except IE and H are taken from
Water-Supply Paper No. 273. In this paper there are also analyses of the Marmaton, Walnut, Medicine
Lodge, Chikaskia, Verdigris, Fall, Cottonwood, and Spring rivers, with some minor streams, all in Kansas.

A B c D E F G I

1010 P 37.26 | 7.55| 9.95| 12.33 |511.89 | 11.42 | 39.02 | 13.01
SO,- ... e 12.31 1 54.70 | 47.19 1 19.18 | 15.19 | 11. 87 | 10.61 | 25. 65
Cloo.oooooooo.] 341 477 872129.03133.1737.65| 2.25| 2216
NOgeweoaeieeeits 1.20 .21 .17 .18 .33 131 109 .07
Chuoevnovneo.| 22290 | 12.81 | 13.13 | 9.44 | 8.99| 6.93|20.60 | 13.56
Mg...o............... 410 411 3.52| 2.39| 213.| 2.57| 4.05 3.12
Na.oooowaoaaa o 9.56 [114. 24 N14.71 24 15 123.53 126.91 [y 7.80 | 15.74
S (6 8.20| 1.92| 2.46 | 3.08| 457 2.87|13.77 5. 49
FeOgevuvnnnn.. ... 106 .19] 15| .22| .20| .15| .8l .29
100. 00 (100. 00 |100. 00 |100. 00 ({100. 00 [100. 00 {100. 00 | 100. 00

Salinity, parts per :
million............ 293 | 1,510 | 1,136 | 1,006 630 | 1,323 320 561

SOUTEWESTERN RIVERS.

A few of the rivers of the southwestern United States have been
studied with much. care. The following analyses represent this
group:! )

1 An analysis of Rio Grande water by O. Loew is given in Rept. U. S. Geog. Surveys W. 100th Mer.,
vol. 3,1875, p. 576. In the annual report of the same Survey for 1876 Loew gives an analysis:of water from
Virgin River, a tributary of the Colorado. For two analyses of the Pecos see B. S. Tilson, Bull. Geol.
Survey Texas No. 2,191Q. Analyses of Rio Grande water by Fraps and Tilson are cited in Circular 103,
Office Exper. Sta., U. 8. Dept. Agr., 1911, Six more analyses of water taken near the headwaters of the
Rio Grande in the San Luis Valley, Colorado, are published by W. P. Headden in Bull. 230 of the Agri-
cultural Experiment Station of the Colorado Agricultural College, 1917,
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Analyses of water from southwestern rivers..

A. Brazos River at Waco, Texas. Mean analysis of 30 composite samples taken between December
é 14, 1998, and November 19, 1907, Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts.
Recaleulated from Water-Supply Paper 236, with later al-ali determinations by Palmer.

. Colorado River of Texas,at Austin. Mean of 36 composites, August 1,1905, to July 27,1906. W. H,
Hoeiloman, analyst, Water-Supply Paper 236.

C. Rio Grande at Laredo, Texas. Mean of 37 composites, August 1, 1905, to August 2, 1900 Heileman,
analyst, loc. cit.

D. Rio Grandoe at Mesilla, New Mexico. Average composition for an entire yoar, June, 1893, to June,
1894, Analyses by Arthur Goss, Bull. New Moxico Agr. Exper. Sta. No. 34,1900. This bulletin also
contains analyses of water from Animas River, Santa Fe River, and Rio Benito.

E. Pecos River, New Mexico. Average of six samples analyzed by Goss, loc. cit.

F. Colorado River at Yuma, Arizona. Average of seven composite samples, covering collections made
between January 10, 1900, and January 24, 1901. Analyzed by R. H. Forbes and W. W. Skinner, Bull.
Univ, Arizona Agr. Exper. Sta. No. 44,1902. The average composition of the water during a yeor.

@. Gila River at head of Florence canal, below The Buttes, Arizona. Average of four analyses by
Forbes and Skinner represonting 21 weekly composites. Samples taken between November 28, 1899,
and November 5, 1900. '

. Salt River at Mese, Arizona, Average of six analyses covering 40 weekly composites of water
taken between August 1,1899, and August 4,1900. Analyses by Forbes and Skinner, loc. cit. Salt River
and the Gila are tributaries of the Colorado. Forbes and Skinner report their silica as the silicate radicle
Si0;. This is reduced to SiO, in the table.

A B 5 D E F G b

N .
7005 7.09 | 28.60 [ 11.55 | 17.28 | 1.54 | 13.02 | 12.10 9. 61
1310 25.49 | 12.48 | 30.10 | 31.33 | 43.73 | 28.61 | 16.07 8.29
[0 30.87 | 17.52 | 21.65 | 13.55 | 22.56 | 19.92 | 29.78 | 41.56
- NOgoeoei e 20 foo o e
Ca.:f ................. 11.06 | 15.45 | 13.73 | 14.78 | 13.43 | 10.35 | 8.03 7.15
Mg.. ool 1.741 5,14} 3.03| 2.05] 3.62) 3.14] 252 2. 69
Na..oooooiiiiaiiaa.s 20.83 [ 13.07 | 14.78 { 14.43 | 14.02 { 19.75 | 24.53 | 26. 38
Koo 67 | 1.50 8| 1.9 7y 217 231 1.38
}sﬁoé ................. 2,00 | 5.32] 3.83 } 63 } 5 3.04| 466 2.94
o TSRO AU 463t .33 (.
¢ "TFeyOovmmmeminiini. 04 } -92 } 48 T I I ISRt SRR
100. 00 |100. 00 |100. 00 {100. 00 {100. 00 |100. 00 |100. 00 | 100. 00

Salinity, parts per

million............ 1,136 321 791 399 | 2,384 702 {1,023 | 1,234

These waters are characterized, as is evident on inspection of the

: table, by high salinity, the predominance of alkaline sulphates and

‘ chlorides, and a deficiency of carbonates and of lime. From figures

given by Forbes I have computed that the Colorado carries to the

Gulf of California annually, in solution, 13,416,400 metric tons of
salts, or about 59.6 metric tons from each square mile of its basin,

RIVERS OF CALIFORNIA.

TFor the river waters of California the data are now very abundant,
but only a small part of them can be utilized here. A number of
individual analyses are to be found in the former editions of this
book;' the following table is recalculated from the figures reported

1 Clear Lake, analysis by T. Price, cited in Water-Supply Paper U. 8. Geol. Survey No. 45, 1901,

3 TFeather River, by E. W. Hilgard, Rept. Agr. Exper. Sta., Univ. California, 1898-1901. San Lorenzo

River, by A. Seidell, Field Operations Bur. Soils, U. S. Dept. Agr.,1901. Santa Clara River, by B. E.

Brown, same reference as the preceding. Santa Ynez River and three of its tributaries, by J. A. Dodge,

Water-Supply Paper U. 8. Geol. Survey No. 116,1904. Other analyses, by H. G. Kelsey, appear in
University of California, Rept. Coll. Agric., 1882.
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by W. Van Winkle and F. M. Eaton in Water- Supply Paper 237,
1910. In that paper the average composition of a river water is
ascertained by many analyses of composite samples, representing
daily collections, as was done in the investigations under Dole and
Collins which have already been freely cited. The composition of
each water is thus determined for a sufficiently long time to give
the figures real significance in geochemical research. Van Winkle
and Eaton, by this general method, studied 37 rivers of California.

Analyses of water from rivers of California.

A. Russian River near Ukiah. Mean analysis of 37 composite samp]es taken between December 31,
1907, and December 31, 1908.

B. Sacramento River above Sacramento. Mean of two series of analyses covering the years 1906 and
1908. Potassium was separately determined during the first half of 1906, and the same is true of total
Fey03+ Al;0p. In recalculating, these determinations are assumed to be fair averages. Van Winkle
and Eaton also give annual averages for Feather, Yuba, and American rivers and Cache Creek, all tribu-
taries of the Sacramento,

C. San Joaquin River at Lathrop, Mean of two series, 1906 and 1908, recalculated as in the case of the
Sacramento, Similar averages for one year or less are given for the tributary rivers Mokelumne, Stan-
islaus, Tuolumne, Merced, and Kern,

D, Salinas River at Paso Robles. Mean of 30 composites taken in 1908, From about July 18 to Octo-
ber 1 the river bed was dry. Data are given for several tributaries of the Salinas.

E. Santa Maria River 25 miles above Santa Maria. Mean of 36 composites covering the year 1906. K
and total RoO3 were only determined during the first half year.

F. Santa Ynez River at Santa Barbara. Mean of 33 composites covering the year 1906. K and R;Og
determined during the first half year only.

G. San Gabriel River near Rivera. Mean of 37 composites covering the year 1908. Another average
is given for theriver at Azusa.

H. Santa Ana River above Mentone. Mean of two series, 1906 and 1908. K and R,03 determined
during the first half of 1906. Another annual average is given for the river near Corona. -

A B. c D E F G H

COgeeveeniiiiiinn 39.07 {30.14 | 18.43 | 30.66 | 5.82|19.33 | 40.54 | 35.78
SO4ceiiiiniiat 10.81 | 12.21 | 17.41 | 21.35 | 58.35 | 42.58 | 12.62 | 11.34
Clo. 4.70 | 5.79120.62| 859} 489 3.71| 3.22 3.70
NOgooooiieeaeaae L7 .48 .54 B [ I P e . 50
L0 T 14.61 | 11.45 { 10.13 | 13.21 [14.07 | 14.98'| 21.04 | 17.02
Mg..oooovonveieao| 7.62| 5,59 4.82| 6.17| 6.19| 6.68] 4.59| 4.00
Na..o.ooooooiiiio. 10.17 | 9.78 [ 15.81 112.99 | 8.94| 810 |\ 8.41 | 10.67
K......... s } ...... 1.68 | 1.08 } ...... 37| .51 } ...... 1.33
10 12.07 119.12 | 9.38 | 6.82| 1.12| 3.56 | 879 | 13.68
ALOg. . ooviiiniii]aii 3.35 | L66.......] .24 .83 ..., 1.86
Fe,O..ccnnnneaan. .. JI8 | .41 22| .05 .0L| .02] .06 12
100. 00 (100. 00 [100. 00 {100. 00 [100. 00 {100. 00 {100. 00 | 100. 60

Salinity, parts per
million............ 145 | 118.5 183 448 | 2,412 714 246 152

THE COLUMBIA RIVER BASIN.

The waters of Oregon and Washington have been studied with
much thoroughness by W. Van Winkle ! and a selection from among
his abundant data is given in the following tables The Columbia
and its tributaries come first.

1 Water-Supply Papers U, S. Geol, Survey Nos. 339, 363, 1914,
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Analyses of water from Columbia and . Snake rivers.

A. Columbia River at Northport, Washington. Mean of 37 analyses of composite samples of water
taken between February 1,1910, and January 31,1911,

B. Columbia River at Pasco, Washington, Mean of 37 composite samples taken between February 1,
1010, and January 31,1911,

C. Columbia River at Cascade Locks. Mean of 30 composite samples taken between March 13 and
Decomber 31, 1910, and 37 composite samples taken between August 11, 1911, and August 14, 1912,
Nearly two years’ average.

D. Snake River near Weiser, Idaho. Mean of 37 composite samples taken between August 11, 1911,
and August 14,1912,

E. Snake River at Burbank, Washington, Mean of 33 composite samples taken hetween March 13,
1910, and January 31,1911,

A B c D biA

COge e 42,38 | 42.81 | 36.15| 31.02 31.95
SO et 14.12 | 13.08 | 13.52 | 16.45 16.37
0 .71 .84 2.82 7.99 6.31
NOg oo 21| 16| 49| .28 .41
L7 21.19 | 21.40 | 17.87 | 15.51 14,81
Mgl 5.53 5.35 4.38 4.52 4.37
N 5.53 7.14 8.12 [ 10.34 } 10.91
Ko L9} "1.64
B0 e e 10.24 9.16 | 14.62 ] 12.22 14.81
RyO e oo 1 o3| loe| .os| .03 .06

100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million.............. 85 84 92.4 213 128

Analyses of water from tributaries to the Columbia.

F. Spokane River at Spokane, Washington. Mean of 35 composite samples taken Letween Februaryl,
1910, and January 31, 1911

G. Yakima River at Prosser, Washington. Mean of 37 composite samples taken between February 1,
1910, and January 31, 1911,

IH. Owyheo River near Owyhee, Oregon. Mean of 37 composite samples-taken between August 11,
1011, and August 14, 1912. ’

I. Grand Ronde River at Elgin, Oregon. Mean of 37 composite samples taken between August 11,
1911, and August 14, 1912. ' . .

J. Umatilla River near Umatilla, Oregon. Mean of 36 composite samples taken hetween August 11,
1011, and August 14, 1912. Analyses are given by Van Winkle for samples collected at two other points
also.

K. John Day River at McDonald, Oregon. Mean of 37 composite samples taken between Augustll,
1911, and August 14, 1912. Analyses are given for the water at Dayville also.

L. Deschutes River at Moody, Oregon. Mean of 34 composite samples taken between August 21, 1911,
and July 25, 1912. -Analyses are given for the water at Bend also.

M. Willamette River at Salem, Oregon. Mean of 37 composite samples taken between August 11, 1911,
and August 14, 1912,

Van Winkle gives analyses, most of them annual averages, for 13 other rivers of the Columbia basin.

o ' F G " I° 7 K L M
COgeeaeeeeaeaanenn 35.94 | 82.30 | 31.24 | 30.03 | 31.49 | 39.79 [ 31.81 | 28.32
SOgcvmaeeaaanana.. 14.43 | 17.39 | 15.85 | - 6.12 | 12.71 | 8.51 | 5.68 8.19
(8 PO .94 | 4.30| 5.89 ] 1.8 | 5.18 | -1.92| 2.38 4.21
NOgeevoiieaenannn.. .36 .28 .29 .86 .62 .78 .75 .79
L7 17.19 1 13.25 | 11.78 | 11.55 | 12.71 | 14.18 | 9.66 | 11.73
Mgeeeeeeiveaiiaaol| 5,62 5.05) 2.90) 3.23 | 3.65| 5.39| 3.06 3.09
Naooooano... S 8.28 N111.59 | 15.85 | 9.00 [ 12.15 | 9.22 | 12.50 8.41
Koceeeennenn e 2.08( 2.31] 2.65| 1.70 | 2.28 1.77
13 10 2SR 17.19 | 15.73 | 14.04 | 34.64 | 18.78 | 18.44 ) 31.81 | 33.18
FeOgeueoeaannnnnnnn .05 11| .08 .4n) .06 | o7 | .07 .31

100. 00 {100. 00 J100.00 }100.00 }100. 00 |100.00 {100.00 | 100.00
Salinity, parts per
million............ 64 121 221 87 181 141 88 45
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According to Van Winkle the Columbia carried in solution past
Cascade Locks, in 1910, 21,638,000 short tons of dissolved matter,
and in 1911-12, 17,000,000 tons. This, for a drainage area of 239,600
square miles, is equivalent to 90.3 and 71 tons per square mile; an
average of 80.6 or 73 metric tons.! Similar estimates are given for
each of the tributaries.

OTHER NORTHWESTERN RIVERS.

In the next table analyses are given of waters from Oregon and
Washington. Except when otherwise stated, the analyses are by W.
Van Winkle,” and represent annual averages.

Analyses of northwestern waters.

A. Skagit River at Sedro Woolley, Washington. Mean of 37 analyses of composite samples of water
taken between February 1, 1910, and January 31, 1911.

B. Chehalis River at Centralia, Washington. Mean of 35 composile samples taken between February
1, 1910, and January 31, 1911.

C. Rogue River near Tolo, Oregon. Mean of 34 composite samples taken Letween September 10, 1911,
and August 14, 1912,

D. Umpqua River near Elkton, Oregon. Mean of 22 composite samples taken between August 1, 1911,
and August 15, 1912,

L. Goose Lake, Oregon. Single analysis by Van Winlle.

F. Lost River, Klamath County, Oregon. Singleanalysis by A. L. Knisely. Ann. Rept. Irr. and Drain-
age Investigation, U. S. Dept. Agr., 1904, p. 264.

G. Crater Lake, Oregon. Single analysis by N. M. Finkbiner. Cited by Van Winkle in Water-Supply
Paper 363, p. 43. Included here on account of its analogy to the river waters of Oregon, although it prop-
erly belongs in the chapter on closed basins.?

A B c D E by G

COgennenenn R ...| 80.78 | 26.06 | 28.83 | 28.66 | 34.30 | 52.64 | 20.62
SO e 17.71 1 10.93 | 6.32 | 8.43| 4.92| 3.37 | 13.75
0] 1.95| 8.88| 2.16 | 4.85]10.92| 1.46| 13.75
NOgeoeoem oo 52 18] .40 .49 .16|....... 47
PO, . a2 | 01
L0 S 17.06 | 12.12 | 11.11 | 12.80 | 1.96 | 14.12 §.88
Mg, oo 3.67 | 3.24] 2.62| 3.58 22 | 12.06 3.50
Naee oo 7.78 111.10 | 9.41 | 9.24 | 38.23 | 2.78 3.75
Koo 2.00 | 2.59| 3.71110.78 2.75
Si0, e 20.30 | 27.31 | 37.00 | 29.14 | 5.46 | 10.42 | 22.50
- & .23 .18 .15 .22 |Trace. | @2.37 .02

100. 00 |100.00 [100.00 {100.00 |100.00 [100.00 | 100.00
Salinity, parts per million.. 46 59 65 62 916 220 .80

1 Tor earlier single analyses of the Columbia, Snake, Willamette, and Powder rivers, sce the second
edition of this work, p. 78. Powder River is a tributary of the Snake.

2 8ce Water-Supply Papers U. 8. Geol. Survey Nos. 339 and 363, 1914.

3Van Winkle also gives analyses of waters from Wood Creek, Cedar, and Grecn rivers in Washington,
and of Link, Wood, and Siletz rivers in Oregon. For an earlier analysis of water from Cedar River, see
H. G. Kaight, Washington Geol. Survey, vol. 1, p. 285, 1901. “ Analyses of water from Lower Klamath Lake
are given in U. 8. Dept. Agr. Field Oper. Bur. Soils, 1908, p. 1412.

e Includes Al;O3.

-
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RIVERS OF ALASKA.

R. B. Dole and A: A. Chambers * give a goodly number of analyses
of waters from the rivers of Alaska. From these the following analy-
ses are selected and reduced to the standard form which has been
adopted in this work. With them one other analysis, by G. Steiger,

is included.
Analyses of waters from Alaska.

A. Yukon River at Eagle. Analysis by G. Steiger, reported by I. W. Clarke, Jour. Am. Chem. Soc.,
vol. 27, p. 111, 1905.

B. Yukon River. Mean of four analyses of samples taken at points between Whitehorse and Selwyn.
- C. Yukon River. Mean of thirteen analyses of samples taken between Selwyn and the mouth of tho
river. Amnalyses B and C by Dole and Chambers.

D. Tanana River, 15 miles below Chena.

E. Tanana River, 5 miles above its mouth. Analyses D and E by 8. C. Dinsmore. Analyses of several
tributaries of the Tanana arc also given.

F. Lowe River near Valdez. Analyst, S. C. Dinsmore.

G. Copper River at Flag Point Bridge. Analyst, A. A. Chambers.

. Stikine River about 15 miles above Wrangell. Analyst, S. C. Dinsmore. Six analyses of water from
the Seward Peninsula are also reported, all by Dinsmore.

Salinity parts per
million............ 98| 71 122 123 130 87 146 81

Dole and Chambers estimate that the Yukon carries annually into
Bering Sea 98,000,000 short tons of suspended matter and 24,000,000
tons of matterin solution. The area of the drainage basin is estimated
at 320,000 square miles. Hence, from each square mile 307 tons of
solids are carried away, together with 75 tons (equal to 68 metric
tons) of dissolved matter. The waters are all carbonate waters,
with very small quantities of chlorides. The Yukon especially con-
tains surprisingly little chlorine. The sulphates are about normal.

THE SASKATCHEWAN SYSTEM.

This complex river system comprises a number of important
branches, which finally unite in Nelson River and empty into Hud-
son Bay. The following analyses represent waters from this great
drainage basin:

1Water-Supply Paper U. 8. Geol. Survey No. 418, 1917, pp. 99-109.
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Analyses of waters from Saskatchewan system.

A. Red River of the North at Fergus Falls, Minnesota. Analysis by W. A. Noyes, Eleventh Ann. Rept.
Minnesota Geol. Nat. Hist. Survey, 1884, p. 173. ’ '

B. Red River of the North at St. Vineent, Minnesota, near the Canadian boundary. Analysigby W. A.
Noyes, op. cit., p. 172.

C. Red River of the North below the Assiniboine.

D. Assiniboine River above its junction with the Red. Analyses C and D by F. D. Adams, Rept.
Progress Geol. Survey Canada, 1878-79, p. 10 H.

E. Nelson River near its mouth.

F. Hayes River opposite York Factory. ThlS stream enters Hudson Bay ncar the Nelson. Analyses
E and F by W. Dittmar, Rept. Progress Geol. Survey Canada, 1879-80, p. 77 C.

1. 37 1.18 1.16 97 1.37
4,67 5.72 4.41 7.30 11. 48
35 24 .24 .64 2,37
100. 00 | 100. 00 | 100.00 | 100.00 | 100.00
284 . 551 509 180 115

The following table gives analyses of Bow River and its tribu-
taries, the Bow being the main western branch of the Saskatchewan.
All these streams are in the Alberta district, Northwest Territory,
Canada. The analyses were made by F. G. Wait.! The samples
were collected at low water.

Analyses of water from Bow River and tributaries.

G. Bow River at Calgary. J. Fish Creek at McLeod Trail.
H. Elbow River at Calgary. K. Sheep River near Dowdney.
1. Highwood River at High River.

G . H I I K

L0 T 48.21 | 44.66 | 47.78 | 53.57 45. 55
SO, 14.69 | 18.80 ( 13.22 5.59 17.13
L .94 . 56 .65 .51 .57
G 25.23 | 24.39| 24.48| 1882 23. 69
Mg 6. 95 6. 55 6. 23 7.57 6. 32
Na e 2. 42 2.77 3.28 7.14 3.92
K Trace. .42 | Trace. 1. 34 .43
Si0,........ e e 1. 56 1.85 4. 36 5.46 2.39
FeyOpe i Trace. | Trace. | Trace. | Trace. | Trace.

100. 00 | 100. 00 | 100. 00 | 100.00 | 100. 00
Salinity, parts per million. ............ 128 217 183, 238 209

1 Rept. Geol. Survey Canada, new ser., vol. 9, 1878, pp. 3945 R.
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SUMMARY FOR NORTH AMERICA.

If now we look back over the analyses of North American rivers,
we shall see that, in spite of all differences, certain general ten-
dencies are manifest. In the first place, practically all the waters
from east of Missouri River, with one or two minor exceptions, are
waters in which carbonates are largely in excess of sulphates and
chlorides, and calcium is the dominating metal. The same rule
holds for the extreme northern and northwestern rivers; but the
western tributaries of the Missouri, in general, tell a different story.
So also do the waters of New Mexico and Arizona. Here sulphates
are in excess of carbonates, and calcium, although sometimes domi-
nant, is not always so. In short, where the rainfall is abundant and
the soil is naturally fertile, carbonate waters are the rule; in arid
regions sulphates and chlorides prevail. This statement applies to
the evidence now in hand, and must not be construed too sweepingly.
We are dealing not with invariable laws but with tendencies.

The condition thus indicated is probably the outcome of various
causes, but one of the latter is easily found. In a fertile region
organic matter is abundant, and great quantities of carbonic acid are |
generated by its decay. This carbonic-acid, absorbed by the ground
water of the soil, acts as a solvent of mineral matter, and carbonates
are carried into the streams more abundantly than other salts. In
arid regions there is less organic decomposition, less carbonic acid,
and a smaller proportion of carbonates is found. Water from.a
swamp or forest is very different from water which has leached a
desert soil. In Kansas River and its tributaries the passage from
one set of conditions to the other is clearly apparent. Western Kan-
sag is relatively arid, and the western branches of the river are poor
in carbonates. Eastern Kansas is fertile, and the eastern affluents
reflect its character. - It-must be borne in mind, however, that we are
now considering relative proportions of substances and not absolute
‘amounts. The lower course of a stream is a blend of many waters;
and the change from one type to another does not necessarily imply
that anything has been lost. Precipitation may have taken place,
but in many cases the transformation from sulphate to carbonate is
probably due to an overwhelming influx of the latter. The Missis-
sippi itself, in its course southward, must receive carbonates more
freely than sulphates; and its final character as it enters the Gulf of
Mexico should be that of a carbonate water. So much at least can
be safely inferred from the data already in hand. To small streams,
it must be remembered, these considerations do not always apply.
Local conditions are operative in such cases, and a river issuing from
a region rich in gypsum, or fed by brooks affected by beds of pyrite,
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may have a sulphate character quite independent of the climatic
influences which otherwise seem to rule.

The local peculiarities of river water have been the subject of a
considerable numbeér of geochemical and hydrochemical investiga-
tions, some of which will be noticed later. In general it may be said
that a water at or near its source reflects in some measure the com-
position of the rocks from which it rises. We have already seen
the remarkable uniformity of character displayed by the rivers of the
South Atlantic and eastern Gulf States. " The waters of Illinois and

Iowa, flowing through a rich agricultural area, underlain. by sedi--

- mentary rocks exclusively, show a similar uniformity of composi-
tion. Water from limestone is rich in lime, that from dolomite con-
tains more magnesia, that from granite is characterized by rela-
tively higher silica and alkalies. In small streams these resemblances
appear quite clearly; in large rivers the commingling of the tribu-
taries tends to produce an average composition which may be called
that of a normal water. The great continental rivers resemble one
another much more nearly than do their component branches.

RIVERS OF SOUTH AMERICA.

The river waters of South America, except in British Guiana,
Argentina, and Brazil, seem to have received very little attention
from chemists. A. Muntz and V. Marcano ! have described certain
waters, from unnamed tributaries of the Orinoco and Amazon, which
are colored nearly black by organic acids but contain not over 16
parts per million of mineral matter, and from which lime is practically
absent. These peculiarities are shared to some extent, although not
so strikingly, by certain river waters of British Guiana, which are
brown in color, low in salinity, and rich in organic matter. Fourteen
of these waters have béen analyzed by J. B. Harrison and K. D.
Reid,? from whose table the following selection has been made. Their
data are reduced here to the usual standard form, with normal car-
bonates and with organic matter omitted. The color is supposed to
be due to organic compounds of iron, and the proportion of iron
found, here reported as Fe,0,, is unusually large As stated here
the analyses represent the anhydrous inorganic matter which the

waters could ultimately deposit.

t Compt. Rend., vol. 107, 1888, p. 908. See also J. Reindl, Natur. Wochenschr., vol. 20, 1905, p. 353.
2 Official Gazette, Georgetown, Demerara, July 26, 1913,

e
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Analyses of waters from British Guiana.

A. Barima River above Eclipse Falls.

B. Waini River above First Falls.

C. Esscquibo River above Wataputa Falls.

D. Demerara River above Malalli Falls. Another analysis of water taken in time of drought is also
given,

E. Courantyne River.

F. Potaro River, above Tumatumari Falls. Analyses are also given of the Barama, Cuyuni, Puruni,
Mazaruni, Rupunum, Mahaica, and Berbice rivers, and of Abary Creek.

A B ‘c i) E ¥

COg.evennnnns . 22,12 | 28.40| 15.74| 12.84| 22.14| 25.89
76 P 1.39 92| 5.65) 1.15| 1.22 1.89
1o PO 6.45| 6.50| 3.36| 10.32| 6.86 2.88
NOgu e e et ieee e .51 3| 111 .97 .30 2.00
OB e et 10.21 | 5.45| 3.8 .38 1 b5.16 2.25
Mg e 401 8.02| 29| 2.65]| 2.39 .97
Nt e e 2.67 | 12.88 ] 6.97] 10.93| 8.75| 18.14
Koo .08 1.88] .54| 1.69| 2.65 1.26
IO R 43.43 | 25.04 | 52.80 | 55.92 | 41.90 | 88.54
FoyOy oo 9.13 | 1578 | 7.03| 3.15| 8.63| 6.18

100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million. . . .. 78 45 30 73 40 44

The very high silica and generally high sodium in these waters
suggest that they emerge from areas of crystalline rocks. The high
proportion of chlorine, however; with some of the sodium, may be
due to cyclic salt, the saline content of rainfall.

In the next table I give the available data for the Amazon and
some of its tributaries.

Analyses of water from Amazon River and tributaries.

A. The Amazon between the Narrows and Santarem. Analysis by T. F. Frankland, cited by T. Mel-
lard Reade in Evolution of earth structure.

B. The Amazon at Obidos. Mean of two analyses by F. Katzer. See Grundaziige dor Geologie dos
unteren Amazonasgebietes, Leipzig, 1903. Katzer estimates that the Amazon carries annually past Obidos
618,515,000 metric tons of dissolved and suspended matter.

C. The Xingu. Analysis by Katzer, loc. cit. '

D. TheTapajos. Analysisby Katzer, loc. cit. XKatzer also gives analyses of water from Parana-mirim,
the Maecuru, the Itapacurd-mirim, and several fresh-water lakes or lagoons.

A B C D

106 S 34.75 | 24.15| 26.78 | 29.60
210 )PP 7.37 | 2.26| 10.57 7.39
o) T 3.85| 6.94| 6.9 5.77
L R 21.12 | 14.69] 15.77| 16.84
M et 2.57| 1.40| 3.92 3.60
Nt ceaeee e e e eeee e e e 1.94| 4.24| 2.08 1.80
< 2,31 4.76| 4.18 3. 67
Lo P 18.80 | 28.59 | 21.15] 24.02
(ALF€)s05. < e veeeieeiaeee i ieen, 7.29 | 12.97| 8.59 7.31

100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million....................... 59 37 45 38
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From the southern parts of South America the following waters
have been analyzed: .

Analyses of water from rivers in southern part of South America.®

A. River Plata 5 miles above Buenos Aires. Analysisy J. J. Kyle, Chem. News, vol. 38, 1878, p. 28.

B. River Plata near Buenos Ajres. Analysis by R. Schoeller, Ber. Deutsch. chem. Gesell., vol. 20,
1887, p. 1784. 'Water possibly affected by tidal contamination. For other data relative to the Plata and
the Morcedes, see M. Puiggari, An. Soc. cient. Argentina, vol. 13, p. 49, 1882,

C. The Parana 5 miles above its entry into the Plata. Analysis by Kyle, loc. cit.’

D. The Uruguay midstream opposite Salto. Analysis by Kyle, loc. cit.

E. The Uruguay above Fray Bentos. Analysis by Schoeller, loc. cit.

F. Rio Negro above Mercedes. Analysis by Schoeller, loc. cit. An analysis of Rio Negro by Will is
cited by S. Rivas, An. Soc. cient. Argentina, vol. 1, 1877, p. 326. >

G. Colorado River, Argentina. Analysis by Xyle, An. Soc. cient. Argentina, vol. 43, 1897, p. 19. In
this memoir Kyle gives analyses of numerous Argentine rivers. The nomenclature, however, is confusing,
for descriptive names, such as Negro, Colorado, Salado, Saladillo, etc., are applied to more than one stream
in Argentina, and it is not always easy to identify the river to which a given analysis applies.

H. Rio Primero, Argentina.

I. Rio de los Papagayos, Argentina. Analyses H and I by M. Siewert, in R. Napp’s The Argentine
Republic, 1876, pp. 242, 244.

J. Rio Saladillo, Argentina. Analysis by A. Doering.

K. Rio de Arias, Salto, Argentina. Analysis by M. Siewert. .

L. Rio de los Reyes, Jujuy, Argentina. Analysis by, M. Siewert. For analyses J, K, and L, see Bol.
Acad. nac. cien. Cérdoba, vol. 5, 1883, p. 440. .

M. Rio Frio, district of Taltal, Chile. Analysis by A. Dietze, cited by 1.. Darapsky in Das Departement
Taltal, Berlin, 1900, p. 93.

N. Rio Copiapo, Chile. Analysis by P. Lemétayer, cited by F. J. San Romdn in Desierto i Cordilleras
do Atacama, vol. 3, Santiago, 1902, p. 191.

A B C D E F (€]
004 e 17.45 | 11.59 | 17.73 | 24.28 | 21.59 | 89.10 | 8.19
SOL. 7.69 | 17.97 | 10,13 | 8.90 | 6.15 | 1.23 | 80.58
CLY 12,50 | 1811 | 15,92 | .61 | 5.12| 4.43 | 24.51
NO... il 6.68 .. .... 5.50 |....... 195 ...
Ca.. ..l 6.18'| 3,71 | 7277 9.82 | 10,01 17.82 | 16,24
Mg. 331 | 142| 278 | 2.85| 2.97| 1.96| 1.46
Na.... o 17.34 | 24.89 | 14.96 | 3.75 | 5.92 | 10.24 | 15.78
K. o 309 |, w06 | 32|l
B0, L 2153 |110.62'| 2073 | 46.22 | 44:32') 21:75 |3 4
ALG,. N 553 RN WD e I
FoyOge o oonon 441 |f 48| glor |l 3.92 |y 1.52 |7

H I J X L M N

€O e e 39.47 | 0.06| 9.94(39.13 [ 28.27 | 18.06 | 6.46
So.. I 5.76 | 31.81 | 27.75 | 13.24 | 18.17 | 24.45 | 38.50
CLY. I 6.41|32.63 | 2151 | 2.77| 5.53 | 8.04|.......
O PRSP PUP Y RO B F ] PR P Trace
Ca.. .. i 1653 78,01 11,207 719,637 1320 '14.93"| 6. 61
Mg.. I 3971 .36| 2.87| 5.20] 2.53| 2.63| 3.52
Na...... 9.09 | 26.48 | 16.12 | 1.82 | 7.19 | 15.37 | 8.96
K. 467 | .49 441 575|102 (... 36
B0, I 8.58 ... 6.11 | 11.57 | 12.33 | 13,22 85.39
ALG, I 10 T R
FeyOge o omomomominoi 00 .12 ool 89| 2,09 | 330 } 2.2

.................................. T3 ORNN IO IR RNt A

_ 100. 00 {100. 00 [100.00 [100.00 |100.00 [100.00 | 100.00
Salinity, parts per million. . .| 160 [ 9,185 1,213 | 127 | 104 186 731

a See also H. Corti, Bol. 6, serie D, Ministerio de Agricultura, Argentina, 1918, for an analysis of water
from Rio Mina Clavero; and A. A. Bado, Bol. Acad. nac. cien., Argentina, vol. 23, pt. 1, p. 85, 1918, for
one of water from Rio Tercero.

N
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These waters show the same order of variation as those of North
America. The water of the Amazon, flowing through forests and
in a humid climate, is characterized by dominant carbonates and low
salinity. In Argentina many of the streams flow through semiarid
plains. In their waters sulphates and chlorides predominate and the
alkalies are commonly in excess of lime. The Uruguay and some
rivers of British Guiana are peculiar because of their high propor-
tion of silica—a condition which will be discussed later in tkis chapter.

LAKES AND RIVERS OF EUROPE.

Both Bischof and Roth cite numerous early and often incomplete
analyses of European river waters, but it is not necessary to reproduce
them all here. - They tell the same story as that told by the eastern
rivers of the United States. The predominance of calcium and the
carbonic radicle is clearly shown in most cases. For present pur-
poses it is well to begin with Bl‘ltlsh ‘waters, and then to pass on

eastward.
Analyses of British waters.

A. Loch Baile a Ghobhainn, Lismore Island, Scotland. Analysis by W. E. Tetlow, Proc. Roy. Soc.,
Edinburgh, vol. 25, 1905, p. 970. Organic matter not included in this recaleulation. A typical calcium
carbonate water springing from limestone.

B. River Dee near Aberdeen, Scotland.

C. River Don near Aberdecn.
Analyses B and C by J. Smith, Jour. Chem. Soc., vol. 4, 1850, p. 123. Orgamc matter rcjected

D . The Thames at Thames Ditton. .

E. The Thames at Kew.

F. The Thames at Barnes.

Analyses D, E, F, by T. Graham, W. A. Miller, and A. W. Hofmann, Jour. Chem. Soc., vol. 4, 1850, p.
376. Analyses are also given of the Thames at Battersea and Lambeth, of the New River, and several
springs. TFor other analyscs of the Thames see J. M. Ashley, Jour. Chem. Soc., vol. 2, 1848, p. 74, and
G. F. Clark, idem, vol. 1, 1848, p. 155. Also R. D. Thomson, idem, vol. 8, 1856, p. 97, and IT. M. Witt,
Thilos. Mag., 4th ser., vol. 12, 1856, p. 114.

G. Lough Ncagh, Ircland. Analysis by J. F. Hodges, Chem. News, vol. 30,1870, p. 103. Ananalysis of
the river Bann is also given.

See also C. M. Tidy, Jour. Chem. Soc.,vol. 37, 1880, p. 208, for partial analyses of the 'I‘hamcs Lea, Severn,
and Shannon. E. Hull, Geol. Mag., 1893 p- 171 cites analyses of Thirlmere, Bala Lake, and the chcrn
which I am unable to trace to the original publications. In T. E. Thorpe’s Manual of inorganic chemistry,
vol. 1, p. 207, analyses of the Clyde and Loch Katrine are given. TFor analyses of the River Trent, sco Jour.
Soc. Chem. Ind., vol. 30, 1911, p. 70.

A B c D E T G

COpc e 57.49 | 23.35 | 23.15 [ 41. 86 | 39.53 | 33.90 | 35,23
SO e Trace.| 15.70 | 16.29 | 11. 82 | 14.72 | 18.10 | 10.68
O R 1.41}17.08 [ 14.19 | 5,20 | 4.57| 5.70 9.62
NOgeeee e Trace. [ ..o foeeannn .84 | Trace.| Trace.|.......
PO, 02 {o
G e 37.77 17.22 1 16.32 | 30.10 | 28.57 | 27.00 | 17.71
Mg, 25| 298| 3.54| 1.95| 182§ L70 1.31
Na oo 94 N13.60 N 917 | 2.26 | 3.28 ( 3.70 | 15.41
KoL 2.26 | 155 110 |.......
Sllo2 ......................... 162 6.41]10.62) 3.26 | 2.36] 500 3.32
AL g N e Wp o U ae N2 e g o eenne -
PG 5 }3.%36 }6. 72 } .46 }3. 60 }3. 80 |"*7ess

100. 00 [100. 00 [100. 00 {100. 00 |100. 00 |100. 00 | 100. 00
Salinity, parts per million....| 160 31 81 272 266 286 165
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The high chlorine and sodium in some of these analyses is probably

due in part to the proximity of the ocean. In the Thames the regular

increase in these radicles as we follow the stream downward is quite
evident. The Thamesg, however, rises in the midland counties of
England, where the waters issuing from the oolite are relatively rich
in chlorides.*

The next group of analyses ? relates to the waters of western Europe,
namely of Belgium, France, and Spain. Some Swiss waters are
mcluded, as tributary to the Rhone.

Analyses of waters in western Europe.

A. The Mcuse at Liege, Belgium. Computed from data given by W. Spring and E. Prost, Ann. Soc.
géol. Belgique, vol. 11, 1884, p. 123, The Meuse carries past Liege, in solution, nearly 1,082,000 metric
tons of solids annually, or 139 tons from each square mile of territory drained. Earlier analyses of the
Meuse by J. T. P. Chandelon and J. W. Gunning are cited by Bischof.

B. The Seine at Bercy.' Analysis by H. Sainte-Claire Deville, Annalcs chim. phys., 3d ser., vol. 23
1848, p. 42.

C. The Loire near Orleans. Analysis by Deville, loc. cit.

D. The Garonne at Toulouse. Analysis by Deville, loc. cit.

E. The Doubs at Rivotte. Analysis by Deville, loc. cit.

F. The Isére. Analysis by J. Grange, Annales chim. phys., 3d ser., vol. 24, 1848, p. 496. Grange also
gives analyses of several small tributaries and correlates them with their geological surroundings.

G. The Rhone at Geneva. Analysis by Deville, loc. cit.

H. The Rhone. Average of five analyses by L. Lossicr, Arch. sci. phys. nat., 2d ser., vol. 62, 1878, p. 220,
Organic matter rejected.

1. The Arve. Average of six analyses by Lossier, loe. cit.

J. Lac Leman.  Analysis by R. Brandenbourg, cited by F. A. Forel in Mém. Soc. Helv(t., vol. 29, 1884,
Torel cites several other analyses of Lac T.eman. Sce also Risler and Walter, Bull. Soc. vaud., vol. 12, 1878,
p. 175.

K. Lac d’Annecy. Analysis by L. Duparc, Compt. Rend., vol. 114, 1872, p. 248.

I.. The Douro. Analysis cited in Mcm. Com. mapa geol. Espaiia, Prov. Salamanca. Analyst not named.

A B C D E ¥

COg e 36.48 | 39.78 | 30.92 | 33.07 | 50.41 34.14
SO ... e e 13.13 8.57 1.72 5.59 1.53 24.11
Gl 3.83 2.95 2.16 1.40 74 4.53
NOg. o oo 2.86 | 44d ...l 2.85 |........
L 28.90 1 29.13 | 14.31| 18.99 | 33.20 25.40
Mg. ool 2.68 63 1.34 67 40 3.67
Na. oo 2.24 2.87 6.93 | 4.42 1.53 4.32
Koo .87 86 1.64 2.50 70 }
7 .- B o
Si0,. oo 6.02 9.59 1 31.59 1 29.53 6.91 1.97
ALOy . } 9 04 19| 5.29|........ 92| 1.86
Fe,Opn ool ’ 99| 410 2.28 1.81 | Trace
B4R S Y D 31, T O D

100.00 | 100.00 | 100.00 | 100.00 | 100.00 { 100.00
Salinity, parts per million.....[........ . 254 134 137 230 188

1See W. W. Fisher, The Analyst, vol. 29, 1904, p. 29. .

¢ J. Thoulet (Bull. Soc. géog., 7th scr., vol. 15, 1894, p. 557) gives partml analyses of lakes in the Vosges.
For French lakes in general, see A. Delcbecque, Les lacs frangais, Paris, 1898,  See also A, Delebecque and
L. Dupare, Compt. Rend., vol. 114, 1892, p. 984; and Arch. sci. phys. nat., 3d ser.,vol. 27, 1892, p. 569;
vel. 28, 1892, p. 502.

N
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Analyses of waters in western Europe—Continued.

G Ir I J K I

COyeee e 27.92 | 86.69 | 42.37 | 33.87 | 59.14 33.73
SO e i 23.18 | 26.68 | 18.81 | 26.66 | Trace 23.37
Ol .55 71 1.46 52 7.74
NOg. oot 3.13 31 B2 e
PO, - oo 41
Ce e 24.89 ) 26.42 | 29.64 | 27.81 | 34.40 23.93
Mg L. 1.48 3.66 3.17 2.23 3.06 6.05
Na. .ol 2.75 3.98 2.53 2.53 | Trace 2.00
Kol 88 .25 | Trace 1. 64
ISXIO(% ......................... 13.08 1.55 1.70 5.63 2.71 1 08
1,0, oo 214 .. . 1
FeyOy oo } -50 }“aces ........
100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per million..... 182 170 192 152 144 195

In the mountain complex of the Alps, including the Bavarian and
Austrian highlands, several great rivers of western and central Europe
take theirrise. At their headwaters are many small lakes, and these
have been exhaustively studied. In an elaborate thesis by I. E.
Bourcart,! analyses are given of 33 Alpine lakes, and each one is dis-
cussed in the light of its geologic relations. The following table gives
a selection from this mass of material:

Analyses of water from Alpine lakes.

A. Lac Taney,Canton Valais. In the Cretaceous. A typical calcareous water. Drainsinto the Rhone.

B. Lac do Champex, Canton Valais. In microgranulite and protogine. A type of the water derived
from igneous rocks. Drains into the Rhone.

C. Lac Noir, Canton Fribourg. In the Flysch, but also fed by waters from the Trias. Drains through
the Aar into the Rhine.

D. Lac d’Amsoldingen, Canton Berne. In the Flysch and Molasse. Drains into the Aar.

E. Lac Ritom, above Airolo, Canton Ticino. Surface water.

F. Lac Ritom, lower layer of water, below 13 meters depth. This lake drains southward into Italy.

A B C D E F

53.21 1 29.96 ! 26.94 | 53.84 | 20.00 2.29
5291 11.93 | 38. 35 3.32 | 47.27 69.89

33.74 | 19.15| 29.65 | 33.30| 22,12 22.15
1.99 1.32 2.27 1.76 5.47 4.96

.78 8.32 .64 1.80 1.22 .09

.74 4.00 .38 .93 1.64 .15

2.37 ) 13.93 .71 3.03 2.28 .42

1.04] 1.43 :49 .25 | Trace. .05

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

Salinity, parts per million..._. 122 271 270.5( 201.7 | 122.8 2,373

-

o Including traces of manganese.

L Thesis, Univ. Geneva, 1906. ILes lacs alpines suisses, 4°, 130 pp. A fewv selected analyses appear in
Arch, sci. phys. nat., 4th ser., vol. 15, 1903, p. 467.
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Analyses A to D well illustrate the differences in origin of the
waters. E and F represent a lake of extraordinary character. It
contains two distinet layers of water of quite dissimilar nature. The
upper layer is merely the water of its affluents, which flows over the
denser water below. The latter is essentially a strong solution of

calcium sulphate, derived from neighboring beds of gypsum. The

two layers do not commingle, and thelower one has a distinctly higher
temperature than the upper, except at the surface. At 11 meters
depth the temperature is 5.1°; at the bottom it is 6.6°. A similar
phenomenon, but even more strongly marked, is shown by the Illyés
Lake in Hungary, which will be described later.

The following table contains recalculated analyses of water from
several lakes in the Bavarian and Austrian highlands.! They belong
to the basin of the Danube, into which they drain through the valleys
of the Isar, Inn; and Traun. One Italian lakeis included in this table
on account of its Alpine relationship.

Analyses of water from Bavarian and Austrian lakes.

. Walchensee.
. Kochelsee.
. Starnberger- or Wiirmsee.
. Tegernses. Mean of two analyses.*
. Schliersee. Mean of two analyses.
. Chiemsee. Mean of five analyses.
. Konigsee. Mean of two analyses.

Analyses A to G by A. Schwager, Geognost. Jahreshefte, 1894, p. 91; 1897, p. 65. All these lakes are in
the Bavarian highlands.

H. Hallstittersee, Upper Austria. Mean of two analyses, summer and winter samples, by N. von
Lorenz, Mitt. Geog. Ges. Wien, vol. 41, 1898, p. 1. )

I. Traun- or Gmundenersee, Upper Austria. Analysis by R. Godeffroy, Jahresh. Chemie, 1382, p.
1623. Organic matter rejected.

J. Lago di Garda, northern Italy. Analysis by Schwager, Geognost. Jahreshefte, 1894, p. 91. Analyses
of Italian waters seem to berare. For partial analyses of three small streams near Oderzo, in northwestern
Ttaly, see M. Spica and G. Halagian, Gazz. chim. ital., vol. 17, 1887, p. 317.

QEHEHYUQOW >

A B C D o}

L0 50.83 | 48.46 | 54.69 | 48.25 50.74
B0, e e 11.62 | 14.78 4.73 | 15.24 11.15
Ol ol 58 48 1.57 .58 55
7 PR P 1/ PR
7 N 26.49 | 24.66 | 24.09 | 26.17 26.94
Mg e 7.00 6.17 7.98 6.56 5.78
Na e 99 1.52 .96 1.10 1.05
K. 58 1.52 2.14 88 1.07
Si0p. oot 1.00 1.60 1.26 44 1.62
ALOg oo } 01 .73 2.44 73 1.05
2 .04 .07 05 05
B 15 1Y DR 04 e

. ’ 100.00 | 100.00 [ 100.00 | 100.00 | 100.00
Salinity, parts per million. ............ 121 227 139 207 190

1 See also incomplete analyses of the Starnberger, Kochel, and Walchen lakes by J. Gebbing, Jahresb.
Geol. Gesell. Miinchen, 1901-2, p. 55. Also W. Ule’s monograph on the Wiirmsee, published by the Verein
fiir Erdkunde, Lexpzxg, i 1901.

;v
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Analyses of water from Bavartan and Austrian lakes—Continued.

r G H 1 J

1 73 1.31 .31 2.33

2.33 .37 1.01 1.21

J ) N PR .15

: . 100.00 | 100.00 | 100.00 { 1 00.00
Salinity, parts per million. ............ 191 98 | 137.5 | 99 178

These lakes are surrounded by sedimentary rocks, and all except
that of Hallstatt are much alike chemically. Magnesium, with two
exceptions, is decidedly above its average amount in lake and river
waters, a fact which is due to the presence of much dolomite in the
lake region. The hlgh chlorine and sodium of the Hallstétt lake are
derived from neighboring salt beds.

For the Rhine and 1ts tributaries a good number of analyses are
available.! The following table contains a part of them, recalculated
to modern standards, with organic matter rejected:

Analyses of water from the Rhine and its tributaries.

A. Lake of Zurich. Analyses by Moldenhauer, 1857, cited by Roth, Allgemeine und chemische Geologie,
vol. 1, p. 456.

B. Tho Aar at Bern. Analysis by J. S. F. Pagenstecher, 1837, cited by Roth:

C. The Rhine at Basel. Analysis by Pagenstecher, loc. cit.

D. The Rhinc at Strasburg. Analysis by H. Sainte-Claire Deville, Annales chim. phys., 3d ser., vol. 23,
1848, p. 42.

E. The Rhin¢ near Mainz. Analysis by E. Egger, Notizbl. Ver. Erdkunde, Darmstadt, 1887, p. 9. An
carlicr analysis is in the volumo for 1886, p. 21.

T. The Rhine at Cologne. Mean of seven analyses by H. Vohl, Jahresb. Chemie, 1871, p. 1323,

G. Tho Rhine at Arnheim. Analysis by J. W. Gunning, Jahresh. Chemie, 1854, p. 767.

A B C D E ¥ G

48.60 [ 53.05 | 36.69 | 41.12 | 46.96 | 35.79
. 11.13 1 12.95 | 12.23

3.65 | 4.22 7.10

2 2 R PN

() | .24 ].......

31.81]26.48 | 26.18
3.95| 6.15 3.84

2.081 2.73 6.34

1.056 .02 4.04

2.69 .15 3.59

sl R s | (G fh e

100. 00 {100.00 {100.00 (100.00 [100.00 { 100.00
Salinity, parts per million....| 141 213 166 232 178 190 159

1 For an imperfect analysis of the Bodensee (Lake of Constance) see H. Bauer and H. Vogel, Jahres-
hefte Ver. vaterl. Naturk. Wiirttcmberg, vol. 48, 1892, p. 13. Many partial analyses of waters from Rhine
tributarics are given by E. Egger, Notizbl. Ver. Erdkunde, Darmstadt, 1908, p. 105; 1909, p. 87. These
two papers are on the hydrochemistry of the Rhinc.

118750°—19—Bull. 695——7



98 . DATA OF GEOCHEMISTRY.

Analyses of water from the Rhine and its tributaries—Continued.-
- I1. The White Main.

I. The Red Main.

J. The united Main. Analyses H, I, and J by E. Spaeth, Inang. Diss. Erlangen, 1880. Spacth also
gives analyses of water from the Rodach, Haslach, and Kronach, tributarics of the Main,

K. The Main above Offcnbach. Analysis by C. Merz, Jahresb. Chemie, 1866, p. 987.

L. The Main at Frankfort. Analysis by G. Kerner. Cited by F. C. Noll, Inaug. Diss. Tiibingen, 1866,
from a report published at Frankfort in 1861.

M. The Mainnear its mouth. Analysis by E. Egger, Notizbl. Ver. Erdkunde, Darmstadt, 1886 p. 17,

N. The Nahe at Bingen. Analysis by Egger, idem, 1887, p.. 5.

H I b K 1. M N
COge e 36.15 | 41.83 | 89.69 | 34.39 | 85.85 | 29.43 | 35.43
SOy oo iiiiiiio.....] 16,33 |1 14.89 | 15.46 | 26.41 | 24.69 | 22.43 7.9
Ol 5601 5.00| 4.76 | 4.69| 1.91| 8.39 | 15.37
NOg. oo i 4 1.66 L) 143 ....oo... ean 1.12 2.61
PO,. .. (@) .41
[ 22.58 | 23.91 | 23.07 | 23.56 |. 21.81 | 19.57 | 18.64
Mg, 4.26 | 5.85| 5.52 6.90 | 7.30 | 5.77 5. 54
Na o 410 2.64| 2.8 | 1.73} 1.25 | 6.64 4.28
Koo 1.66 | 1.75 | 2.04 |....... Trace.| 1.44 5.40
SiOg. « o 6.47 | 3.10 | 4.69 1.90| 6.67 | 4.12 4.05
S RSOORtont| IR LY | .- | ST | ST J - S+ | S

Fe.0g. - oo : : . . . .10 .
1100.00 [100.00 [100.00 {100.00 {100.00 [1€0.00 | 100.00
Salinity, parts per million ....| 126 194 147 240 221 299 182

aIncluded with-Al,03 ete.

These "analyses are evidently of very unequal value. The high
silica found in the Rhine by Deville is suspmlous, and yet Deville was
an accurate manipulator.

One of the most thorough hydrochemloa.l studies ever made of any
European river system is that of the Elbe and its Bohemian tribu-
taries by J. Hanamann! In two memoirs upon the waters of Bo-
hemia he gives over one hundred and twenty analyses, tracing nearly
all of the important streams in the upper Elbe basin to their sources,
correlating each one with the geological formations in which it rises,
and showmor the effect produccd by their union. Of the Elbe itself
thirteen analyses are given; of the Eger, eight; of the Iser, six;
and so on. From this wealth of material only a small part can be
reproduced here, recalculated as usual to our uniform standard and
beginning with the tributaries. A few analyses are also given from
a rich mass of data derived from other authorities.?

1 Archiv Natur. Landesdurchforschung Bohmen, vol. 9, No. 4, 1894; vol. 10, No. 5, 1898.

3 Other data relative to the Elbe and its tributaries are given by J. J. Breitenlohner (Verhandl. K.-k.
geol. Reichsanstalt, 1876, p. 172) and F. Ullik (Abbandl. K. bshm. Gesell. Wiss., 6th ser., vol. 10, 1880).
For analyses of the Elbe at Lauenburg, Hamburg, and Neufeldt, see F. Siissenguth, cited by F. Schucht,
Jahrb. K. preuss. geol. Landesanstalt, vol. 25,1897, p.442. Ananalysis of the Moldau at Prague by F. Stolba
is given in Jour. Chem. Soc., vol. 27, 1874, p. 971. For an analysis of River Radbuza above Pilsen, see tho
same author, Jahresb. Chemie, 1880, p. 1521. According to A. Schwager (Geognost. Jahreshefte, 1891, p.
35), the Saale carries out of Bavaria, annually, 17,380,000 kilograms of dissolved matter, and the Eger carries
14,000,000 kilograms. For additional data on the waters of the Elbe and the Saale, see R. Kolkwitz and
F. Ehrlich, Mitt. K. Priifungsanstalt fiir Wasserversorgung, Heft 9, Berlin, 1907, p. 1.

\r



A. The Moldau above Praguc.

Wiss., 1876, p. 27.
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Analyses of the Elbe and its tributaries.

The Moldau below Kralup.
The Adler near its mouth.
Tho Iser at its source.

The Iser near its mouth.
The Eger atitssource. Analysis by E. Spacth, Inaug. Diss., Erlangen, 1889.
. The Eger above Konigsberg.

H. The Eger near its mouth, at Bauschowitz,

1. The Saale nearitssource. Analysis by Spaeth, loc. cit.

J. Tho Saale at Blankenstein. Analysis by A. Schwager, Geognost. Jahreshofte, 1891, p. 91.  Schwager
also gives analyses of the Saalo at three other points, of its tributaries the Pulsnitz, Schwesnitz, Regnitz,
and Selbitz, of the Eger, and of the upper Main.

K. The Weisswasser, one of the two chief sources of the Elbe.

L. The Elbe at Celakowitz, above the mouth of the Iser.

M. Tho Elbe at Melnik, above the mouth of the Moldau.

_ N. The Elbo at Leitmeritz, above the Eger.

0. The Elbe at Lobositz, below the Eger.
P. The Elbe at Tetschen, near the Bohemian frontier.
The analyses are by Hanamann, cxcept where otherwise stated.

99

Mean of three analyses by A. Bélohoubek, Sitzungsb. K. bohm, Gesell,

A B C D B F G H

COzeveee e 32.86 | 34.52 | 46.23 | 21.29 | 47.74 | 11.68 | 26.64 | 26.84
SO e 1L.95 | 10.20 | 7.44 | 6.94| 6.55 | 7.06 | 19.22 | 27.45
Clooi 10.69 | 10.17 | 3.20 | 11.08 | 3.00 ) 23.85| 816 |- 6.55
NOjo ool 1.76 ) 1.43) 1.24 AT DU .50 46
POy e ceeeiaannnns Y G T A SO SN P IS I
Can it -13.52 | 16.71 | 26.73 | 8.14 | 28.15| 6.79 | 12.86 | 15.42
Mg.oioiiiiia e 483 | 4.64| 2.45) 2.19| 247 | 2.24| 3.51 4. 05
Naooe e iaaeaenen 10.22 | 840 4.29{13.86) 3.71| 1193 11.66 | 10.46
Koot 519 405] 2.38] 554 2.01| 6.71| 298 3.50
SiOp. .t 8.96 | 4.99| 5.53)28.39| 4.96 | 26.07 ) 12.19 4. 17
(Al I‘e)203 ............ 1.26| 4.20 .32 1.33 .63 3.671 228 110
100. 00 {100. 00 {100. 00 |100. 00 [100. 00 [100. 00 {100. 00 | 100. 00

Salinity, wparts per
million......_.._.. 74 104 195 16 133 17 80 176

I J K L M N 0 hid

L 14.71 ] 27.01 | 16.84 | 45.87 | 45.04 | 40.27 | 38.41 | 35,88
SO4ceeeiit 5.84120.94]12.86| 895 888 10.86 | 12.45 | 14.88
(6] 19.40 | 10.34 | 7.61 | 3.27| 3.56 | 500 | 5. 96 5. 87
130 PR I A3
NOgewtoeoeeieeaeaa]oanan. 1.62 | 4.28 .90 .94 1.22) 1.28 1.40
Caenee 4021419 | 8761 206.41(26.37)22.87 22.19 | 20.92
Mg.oooioeiiiiaa 6.37) 6598 ( 219 ] 321 | 277} 3,24/ 8.23 3. 63
Nao oo 9.90) 898 |11.06] 3.93| 402| 562 635 6. 09
Koo 4,66 299 201 | 2.46| 3.06| 2.79| 287 3.16
110 2 35,10 | 4793121 409 466 | 7.27| 6. 42 7.13
ﬁgﬁ ---------------- FMmslgg}aw} nl}.m} .86 (1 8¢} Los
100. 00 {100. 00 {100. 00 |100. 00 |100. 00 [100. 06 [100. 00 | 100. 00

Salinity, parts per
million............ 17 117 13 221 205 157 153 148

At their sources these streams are characterized by very low
salinity and a high proportion of silica and alkalies.

They grad-
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ually increase in salinity, and by blending one-with another approach
more and more nearly the normal type of river waters. The Eger
is unusually rich in alkalies and chlorine. The minor tributaries of
the Elbe vary widely in composition, but in general calcium and car-
bonates are the chief constituents. In the Schladabach, however,
a small affluent of the Eger, sodium and the sulphuric radicle pre-
dominate, and in the Chodaubach, another tributary of the same
river, there is a solution of gypsum with no carbonates. When the
Sohladabach enters the Franzensbad moor it carries 94 parts per
million of fixed mineral matter; it leaves the moor with a load of
1,542 parts. This change serves to show the importance of ground
water in modifying the chemical character of a stream—a point
already noticed in studying the rivers of Colorado. For details con-
cerning these and many other small tributaries of the Elbe basin,
Hanamann’s original memoirs-should be consulted. They will well
repay careful study.

One table of analyses given by Hanamann is peculiarly instructive. -
It consists of averages, showing the composition of Bohemian waters
as related to the rocks from which they flow. These averages,
reduced to the standard herein adopted, are as follows:

Average composition of Bohemian waters, classified according to source.

A. From phyllite, five analyses. D. From bhasalt, four analyses.
B. From granite, six analyses. E. From the Cretaceous, four analyses. .
C. From mica schist, six analyses.

A B c D E

00 P 35.94 1 30.49 | 32.14 | 46:85 33.01
T 6.45 | 14.12 | 12.86 7.94 27. 69
0 10.15 6.39 7.24 1. 66 2. 87
L et 11.91 | 11.89 | 12.61 | 20.07 22.12
M i 5.02 3. 58 5.08 5.76 5. 29
N e et 11.20 | 10.57 | 10.85 6. 22 3.43
K i 4.39 5.63 | 4.22 3.20 2.72
D10 e e et 14.94 | 17.337| 15.00 7.67 2.87
T O AR PR R P B 2

100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million.............. 48 65 74 343 603

The high figures for silica and sodium in the first three of these -
analyses reflects the origin of the waters in areas of crystalline rocks.

The water of the Danube and its tributaries above Vienna has been
the subject of many investigations. The following table contains a
selection from among them. Except as otherwise stated the analyses
are by A, Schwager.!

1 Geognost. Jahreshefte, 1893, p. 84. In Schwager’s analyses the iron is given as FeO. It is here recal-
culatedinto Fe,0;. Traces of M, TiO,,and P,0sareignored.
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Analyses of water from the Danube and its tributaries.

A. The Woernitz above Wassertriidingen, Bavaria.

B. The Altmiihl above Herrieden, Bavaria.

Analyses A and B by E. Miiller,Inaug. Diss., Erlangen, 1893. Other dissertationsupon Bavarian waters
aroby E. K6hn, 1889; M. Lechler,1892; J. Mayrhofer, 1885; all from Erlangen. Spaoth’s dissertation has
already beencited. Thereisalso onefrom Wiirzburg, by F. Pecher, 1887. 1In each dissertation the waters
are studied geologically.

C. The Naab.

D. The Regen. For older but incomplete analyses of the Regen, Ilz,and Rachelsee, see H. S. Johnson,
Liobig’s Annalen, vol. 95, 1855, p. 230. An analysis ¢f Danube water taken at Vienna was made by G.
Bischofin 1852. An analysis of the Naab at its source is given by Spaeth, loc, cit.

E. The Isar. For an analysis of the Isar at Munich, see G. Wittstein, Jahresb. Chemie, 1861, p. 1097.

F. The Vils at Vilshofen. Analysis by C. Metzger, Inaug. Diss., Erlangen, 1892. Metzger also gives
analyses of the Regen, Naab, Iz, and Inn, of the two Arber Lakes and Black Lake at the headwaters of
the Regen, of the Luhe, Pfreimt, and lesser Vils, tributaries of the Naab, and of the Danube at five differ-
ent points. His work curiously overlaps or coincides with that published by Schwager. It includes
goologic correlations.

G. The Ilz.

H. The Inn,

I. The Erlau.

J. Tho Danube above the Naah.

K. The Danube above Regensburg.

L. The Danube above the Ilz and Inn.

M. The Danube 12 kilometers below Passau.

N. The Danube at Greifenstein, 20 kilometers above Vienna. Mean of 23 analyses, by J. F. Wo]fbauer
of samples taken at intervals of 16 days throughout the year 1878. Monatsh, Chemie, vol. 4, 1883, p. 417,

0. The Danube at Budapest. Analysis by M. Ballo, Ber. Deutsch. chem. Gesell.,vol. 11, 1878, p. 441,
Bicarbonates are here reduced to normal salts,

A B C D E F G H

COgueeenraaaanannn. 15.87 | 44.85
SO, e 18.26 | *14.40
L] 2.781° 2.20
NOyoeeeeeeeeaaannn .59 .09
NOgeeeeeeeaeiaaannen .59 .28
(8 4,37 | 15.10
Mg i 2.18 6.23
Na..ooooviiianaan... 9. 92 2.20
Kotiieiaaeaaaann 4.37 1.13
Si0pneveenennnnnn. 32.54 | 2.89
AlOgecoiiiiiiiil, 7.94 .44
Fe;0pemuvannnnnnn.. .59 .19
Salinity, parts per 100.00 | 300. OO,

million............ 301 166

I J K L M N (o]

[0 P 16.77 | 53.51 | 51.70 | 50.16 | 43.29 | 50.10 49.03
SOfceeveannnnnn. 14.78 7.11 8. 54 8.85 | 10.52 8.81 13. 69
(] 5.75 1.20 1.31 1.20 2.25 1.44 1.40
NOjeeeaeiieeaeeae, 41 |........ .06 .06 06 |.ooeeileennnns
NOgeeeeieieaeiaaanns .41 .23 .25 2.14 1.19 1.24 |........
[0 U 8.62| 26.88 | 27.40| 26.59 | 65.46 | 26.28 26.78
Mg.ooooeiieaaaae 1.50 6.21 6. 00 6.01 6. 31 5.95 6. 97
Naoooioiiooiiieaannn 8.95 1. 47 1.12 1.34 1. 84 1. 69 93
Ko 4. 37 .96 .72 1.12 1. 36 94 ........
133 (0 A 28.73 1.59 2.42 2.01 2.20 3.35 1.20
ALOg il 9.30 .78 .42 .46 L I D P
Fe;030ciiiniinnnnnnn.. 41 .06 06 .06 06 20| Trace
Salinity, parts per 100. 00 { 100. 00 | 100. 00 | 100. 00 | 100. 00 190. 00 | 100.00

million............. 47 217 204 201 184 1. 67 151
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Although the tmbutaly waters (which should include the waters of
the Bavarlan lakes as given in a previous table) show great differ-
ences in character, the regularlty exhibited by the Danube itself is
very striking. The water of the Danube is essentially a calcium
carbonate water, but the sulphates in it tend to increase in going
downstream. According to Wolfbauer, the river carries past Vienna
a daily charge of 25,000 metric tons of matter in solution. This is
equivalent to an annual load of 9,125,000 metric tons. The mechani-
cal sediment transported at the same time is only three-fifths as
much. ,

Analyses of a few more waters of central Europe are glven in the
next table.!
Analyses of water from central Europe.

A. The Weser at Rekum, 41 kilometers above its mouth. Mcan of two analyses by F. Seyfert, Inaug.
Diss., Rostock, 1893. Contamination, tidal or other, is cvident.

B. Tho Oder near Breslau. Sample taken at high water. Analysis by O. Lucdcckc, Das Wasser des
Oderthales, ete., Leipzig, 1907, Another sample at low water showed contamination. Other analyses of
ground and well waters are given.

C. The Vistula at Culm. Analysis by G. Bischof, Lehrbuch der chemischen und physikalischen Geo-
logie, 2d cd., vol. 1, 1863, p. 275, R

D. Balaton- or Plattensee, Hlungary. Analysis by L. von Ilosvay, in Resultate der wissensch. Erforsch.
Balatonsees, vol. 1, 1898, p. 6. Reduced from bicarbonate form.

A B C D

G0y e e 99.13 | 17.92 | 47.78 | 38.80
SO, 22.77 | 23.60 | 9.49| 21.47
Gl 17.54 | 545| 2,70 2.98
Cononne S 18.50 | 28.09 | 28.52 8. 87
Mg. ..l 3.11| 8.28| 4.44| 12.81
No. oo 10.25{ 6.45| 1.57| 614
K. 1.95| 5.35 39| 327
8i0,....... I 3.75 | 6.57| 4.49| 4.48
I‘J}éi(())i'.-.-...:..:......i::::::::::::::::::::::::::::::::::::::} 3.28 } .62 gtzs

: 100.00 | 100.00 [ 100.00 | 100.00
Salinity, parts per million.............. ... ..., 281 91.5 178 512

The Balaton Lake has an exceptional composition. The other
analyses in the table are of minor importance. The rivers repre-
sented by them need more study.

For Sweden a single table of analyses must suffice, reduced from
the data given by O. Hofman-Bang.? The month in which the
water was taken is given for each analysis.

1 For three small lakes near IIalle and Eisleben se¢ W, Ule, Die Mansfelder Seen, Inaug. Diss., Halle,
1888. A memoir by J. Wolft (Chemische Analyse der wichtigsten Fliisse und Seen Mecklenburgs, Wies-
baden, 1872) contains analyses of several small rivers and lakes. Seealso A. Jentzsch (Abhandl. K. preuss.
geol. Landesanstalt, new ser., Heft 51, p. 98, 1912) for other analyses of North German lakes.

2 Bull. Geol. Inst. Upsala, vol. 6,1905, p.101. Inaddition to his own work the author cites other analyses
of Swedish river and spring waters., Solvent denudation in Norrland he estimates at 9 metric tons per -
square kilometer, or 23.3 tons per square mile.



-

LAKES AND RIVERS, 103

Analyses of Swedish waters.

E. The Indalself, June.
F. Thoe Fyris, April.
G. The Fyris, October.

A. The Byske-elf, July.
B. The Klarelf, April,
C. The Xlarelf, October.
D. The Ljusnan, June.

A B c D E ¥ G

COg. vl 50.60 | 39.44 | 38.68 | 43.11 | 43.93 | 29.14 14.30
SO el 4.10 5.85 7.63 4.57 7.24 | 24.58 39.08
L] 4.75 5.10 2.24 4.53 3.81 3.15 3.27
B S I PO 46 } Trace. [........ Trace 13
PO e Trace. |eeveenoufonnennn.
Ca. oo 11.57 | 14.95 | 11.67 | 17.34 | 18.04 | 27.49 27.99
1 - R 64 51 .81 .24 38 1.69 2.11
Naoooeiiiiaae 9.90 N 18.77 8.42 9.05 | 11.33 2.92 3.33
Koo 9.00 3.78 5.87 4.89 2.36 1.73
133 (0 P 7.57 | 13.09 | 19.17 | 13.70 5.78 6.00 6.19
(ALFe),0y........... 1,96 2.29| 7.44| 1.59| 4.60| 2.67 1.87

.. 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per .

million......... w...] 19.25 | 27.6 25.5 24.8 33.7 1170.3 178.1

The remarkably low magnesia and high proportion of alkalies are
distinctive peculiarities of these waters. The variability of the
Fyris affords another good example of the fact that little swnlﬁcance
can be attached to a single analysis of a river water.

Of Russian fresh W‘Lters only a few analyses are available, as follows:

Analyses of Russian waters.

A. The Angernsee. Mean of two analyses.

B. The Babitsce. =

Analyses A and B by I, Ludwig, Die Kiistenscen des Rigacr Meerbusens, published by the Naturforscher-
Verein at Riga, 1908. This memoir contains analyses of 27 small lakes near Riga and close to the Gulf of
Riga. Most of them are of calcium carbonate waters, but in a few the sulphate is predorainant.

Analyses C to G arc all by C. Schmidt of Dorpat.

C. Lake Onega. MéL chim. phys. Acad. St. Petersburg, vol 11, 1882, p. 637.

D. Lake Peipus. Bull. Acad. St. Petersburg, vol. 24,1878, p. 423. Schmidt has also analyzed water from
tho small rivers Embach and Velikaya, tributary to Lake Peipus. SeeMél. chim. phys., vol. 8, 1873, p. 404,

E. The Dwina at Archangel. Analysis cited by J. Roth, Allgemeine chemische Ceologie, vol. 1, p. 457.

F. River Om above Omsk. Mém. Acad. St. Petersburg, vol. 20, No. 4, 1873.

G. Lake Baikal, Siberia. Same reference as analysis B.

H. The Dnicster ncar Odessa. Analysis by J. G. N. Dragendorfl, Jahresb. Chemie, 1863, p 885.

Partial analyscs of five Tinnish river and lake waters are given by O. Aschan, Jour. prakt. Chemie, 2d ser.,
vol. 77, 1908, p. 172. Tor an analysis of the small Lake Ingol, Government of Yeneseisk, Siberia, sce 8. 8.
Zaleski, Chem. Zeitung, vol. 16, 1892, p. 594.

A B c D E ¥ G H

1010 7 51.80 | 40,14 | 25.76 | 59.57 | 26.38 | 43.73°| 49.85 | 32.51
SOy cciiiiia 7.51(23.45( 5.36} .62}18.95| 2.15| 6.93| 23.62
Clo. e 2,99 ) 1.09}13.97f 3.69]17.71 ] 12.81 | 2.44 8.93
NOgeeoreomia i eiana 411 L5 2 R DO 21 foo....
POyece e e .47 .14 29 f....... 72 ...,
(6 S 23.57 1 27.10 | 8.99 [ 25.54 | 12.38 | 11.24 | 23.42 | 25.25
Mg it 7.89| 549 6.8 | 415 7.58 | 9.68 | 3.57 5.33
Na.. ..o 2.18 83 113.34 ) 2.75| 898 | 9.64| 585 61
Koot 1.00 33| 9.52| 2.07| 555 | 2.82| 3.44 3.75
Rboee e R 8 R PR DR Trace. Joeeeeoe]oennnnn
B\ 5 USRS PR IR .56 1 (12 DR 08 [.......
SiQgeeiiee i 1.61 84 | 10. 52 781 1.74] 6.5L1 2.03|.......
ALOy L. 57 138 P RN I I R S
FeOp ool .88 .13 .43 .14 .44 | 142 1.4614.......
100. 00 {100. 00 |100. 00 {100. 00 [100. 00 {100. 00 {100. 00 | 100. 00

Salinity, parts per
million............ 131 238 | 49.4 106 187 447 69 197
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RIVERS OF INDIA AND JAVA.

Analyses of Asiatic fresh waters, apart from the two Siberian
examples cited in the preceding table, seem to be very rare. A few
only are available for citation.

Analyses of waters from India and Java.

A. The Mahanuddy near Cuttack, India. Analysis by E. Nicholson, Jour. Chem. Soc., vol. 26, 1873,
p. 229. Fe recalculated into I'e;0;3.  Part of the silica is probably combined as a silicate, being needed to
saturate the bases. ' . ’

B. The Serajoe at Djenggawoer, Java. Analysis by E. C. J. Mohr, Mededeelingen Dep. Landbouw,
No. 5, Batavia, 1908, p. 81. Another analysis is given of the river at another point

C. The Merawoe. Analysis by Mohr.

D. The Pekatjangan. Analysis by Mohr.

The last two rivers are tributaries of the Serajoe. Mchr did not determine carbonic acid., 1t is here
calculated, in all three analyses, to satisfy bases. The salinity here therefore differs from that given by

Mohr. . ,
A B C D
00y e 27.06 | 26.01| 29.38 | 30.84
80, e e 108 | 14.78 | 16.84| 18 26
QL. 204 5.74| 561 304
NO,. T4 | R e
PO, .. 72| e[ L 1 e
Ca. 1578 | 1L75| 14.69 | 16.64
Mg, 4.62| 345| 3.37| 243
Na. 592 912| 49| 659
K. 164| 3.37| 383| 334
Si0,. 33.45| 23.81| 19.65| 17.25
AL O,
FepOy e %% } i 87 } 40
. 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million.........ccoiiieinna.. 86 122 . 107 99

The Mahanuddy rises in a region of igneous and crystalline rocks,
and its silica is therefore relatively high. The same appears to be
true of the Javanese rivers.

THE NILE.!

The water of the Nile 2 has been repeatedly analyzed, with varying
results. The best data are as follows:

! An important memoir by A. Lucas (The chemistry of the River Nile: Survey Dept. Paper No. 12,
Ministry of Finance, Egypt, 1908) contains much chemical matter in addition to the analyses cited here.
A.Chélu (Le Nil, le Soudan, l’ﬁgypte, Paris, 1891) gives some very questionable analyses of the Blue Nile,
the White Nile, and the Nile near Cairo. According to Chélu theriver carries past Cairo annually 51,428,500
metric tons of suspended solids and 20,772,400 metric tonsin solution. On nitratesin the Nilesee A. Muntz,
Compt. Rend., vol. 107, 1888, p. 231.

¢ Analyses of the other great African rivers seem to be lacking. For the Chélif and references to some
smaller Algerian streams see p. 68 of this bulletin,
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Analyses of water from the Nile. .

A. The Victoria Nyanza. Analysis by O. Chadwick and B. .Blount, Minutes of I’roc. Inst. Civil Eng.,
vol. 56, p. 39, 1904.

B. The White Nilo near Khartoum. Average of three analyses.

C. The Blue Nile. Average of three analyses. Analyses B and C by W. Beam, Second Rept. Well-,
come Research Lab., Khartoum, 1906.

D. Average of 12 analyses of monthly samples, taken from the lower Nile between June 8, 1874, and
May 13, 1875. Analyses by H. Letheby, cited by S. Baker in Proc. Inst. Civil Eng., vol. €0, 1880, p. 376.
The total solids contained 10.36 per cent of organic matter.

E. The Nile, about two hours’ journey below Cairo. Analysis by O. Popp, Liebig’s Annalen, vol. 155,
1870, p. 344. The total solids contained 12.02 per cent of organic matter,

A B o D E

COgeenieiaii i e 42.10 [ 42.97 | 41.74 | 36.50 | 36.02
80,.....een et erere e aaaaen 1.92 .25 | 5.62| 17.44 3.93
L 9.28) 4.58 | 2.19| 4.47 2.83
R A .25 .11 | Trace. {...c....
P SR PR PR Trace. .59
L 6.96| 9.781 18.38 | 20.10 13.31
Mg 5,081 3.00| 4.66| 4.01 7.39
Na. 25.13 | 17.66 5.43 3.04 13.14
Y PR 6.79 | 1.32 7.97 3.26
B0, 7.6L1 14.72 | 20.55 6.47 16.88
Fe0,. ... OO I U - 2.65
100.00 | 100.00 } 100.00 | 100.00 | 100.00

Salinity, parts per million............. 135 174 130 168 119

In Letheby’s analyses the excess of potassium over sodium is vely
peculiar, and highly improbable. Numerous partial analyses of
Nile water cited by Lucas discredit the determinations, and also
show that the composition of the water is very variable. In the
White Nile the proportion of sulphates is insignificant. Beam
accounts for the latter fact by supposing the sulphates to be reduced
to carbonates by the organic matter of the “sudd.” South of the
‘“sudd” the White Nile contains appreciable sulphates; after leaving
the “sudd” it is nearly free from them.

ORGANIC MATTER IN WATERS.

Up to this point we have considered only the fixed inorganic
matter found in natural waters; but other impurities which have
geological significance are also present. All such waters contain
dissolved gases, especially oxygen, nitrogen, and carbon dioxide, and
sometimes hydrogen sulphide. The rain brings also nitric acid and
ammonia to the soil, and so into the ground water; and organic
substances are invar mbly found in it in greater or smaller quantities.
These gases and compounds interact in a great variety of ways, and
directly or indirectly play an important part in the decomposition
of rocks. We have already noted the importance of carbonic acid
as a weathering agent; we have seen in a previous chapter how dis-
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solved air represents a concentration. of oxygen; but so far the
organic matter of water has been tacitly ignored. Its quantity, in
percentages of total solids, can be computed in some cases from
published analyses. A few of the available figures are as follows:

Percentage of organic matter in the dissolved solids of river waters.

Danube......... ...l 3.25 | Amazon........oooaoiiiiiiiiin.o 15.03
James._........... . 4.14 | Mohawk. ...l 15.34
Maumee........coeviiniiaia.... 4.55 | Delaware....................l.. 16. 00
Nile..ooiaei e 10.36 | Lough Neagh.............. .. .. 16.40
Hudson....................... .. 11.42 | Xingue.oooooioniiai it 20. 63
Rhine...................lll 11,93 | Tapajos.ccoeeviienni e 24.16
Cumberland.................... 12,08 | Plataccceeeoeneiienaiennnenanan. 49.59
Thames. .......coneieiiiiti.. 12,70 | Negro. ceeeeuienoenennnannans 53. 89
Genesee..............ioiiiilll 12.80 | Uruguay..................o.o.o.L 59.90

The range of figures is rather wide, but the highest values represent
tropical streams. That is, leaving artificial pollution out of account,
waters flowing through tropical swamps carry the largest proportion
of organic matter. Lough Neagh, in Ireland, doubtless shows the
effects of bog water.

The organic matter is. derived from the decay of vegetable sub-
stances, and by further oxidation may be converted into carbonic
acid and water. Its chemical constitution is not completely known,
but it consists in part at least of a vague group of colloidal sub-
stances, whose precise nature is yet to be made out. They appsar to
possess feebly acidic properties, and have therefore received specific
names, humic, crenic, apocrenic, and ulmic acids, which terms, how-
ever, if not actually obsolete, are at least obsolescent. The salts of
these “acids” are partly soluble and partly insoluble, and the acids
themselves are commonly reputed to be powerful agents in the
solution of rocks.! The humus acids are said to decompose silicates,’
but the evidence is contradictory or at best inadequate. The state-
ment, long current in chemical and geological literature, that the
acids absorb nitrogen from rain water and the air, and silica from the
soil, forming a series of silico-azohumic acids, rests upon the unsup-
ported assertions of P. Thenard,® who gives no adequate experimental
data to sustain his views, which need not be considered further.
The observed facts are capable of much simpler interpretation.

18ee A. A. Julien, Proc. Am. Assoc. Adv. Sci., vol. 28, 1879, p. 311. On the organic matter of waters
in Finland, see O. Aschan, Zeitschr. prakt. Geologie, vol. 15, 1907, p. 56. On the chemical nature of the
organic matter in soils, see O. Schreirer and E. C. Shorey, Bull. Bur. Soils No. 74, U. 8. Dept. Agr. See
also S. Odén, Ark. Kem. Min. Geol., vol. 4, No. 26, 1912, and S. L. Jodidi, Jour. Franklin Inst., vol. 176,
. 565, 1913.

2 A. Rodzyanko, Jour. Chem. Soc., vol. 62, pt. 2, 1892, p. 1373. Abstract from Jour. Russ. Ckem. Soc.
vol. 22, p. 208.

3 Compt. Rend., vol. 70, 1870, p. 1412.

v e
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A comparison of the preceding table with the analyses of river
waters generally, will show that waters relatively high in organic
matter are likely to be high in silica also. From this it has been
inferred that the organic matter holds the silica in solution, although
the connection between the two is not invariable. The rivers of
British Guiana and the Uruguay are so far the extreme examples of
this supposed relation, and the other tropical streams lend support to
the view, The humus acids, however, are almost insoluble in water
alone, but readily soluble in alkaline solutions. It appears possible,
therefore, that the alleged relation between humus and silica is purely
coincidental and that the alkalies in the first instance are the really
effective solvents. There is no proof that humus acids can dissolve
silica when alkalies are absent. As colloids they are more likely to
precipitate silica than to bring it into solution. On oxidation, how-
ever, they yield carbonic acid, and that in aqueous solution is an
active disintegrator of rocks.

In fact, the amount of silica in a water is quite independent of
organic matter. Many small streams, near their sources, especially
if they rise from crystalline rocks, carry a large relative proportion
of silica, although its absolute amount may be trivial. This pecu-
liarity is shown in many of the analyses cited in the preceding pages,
and is so marked that a water low in salinity but relatively high in
silica and alkalies may almost certainly be attributed to igneous
rather than to sedimentary surroundings. This silica is directly
derived from the rocks at the time of their decomposition by car-
bonated waters, and forms a large part of the material which is at
first taken into solution. The seepage or ground water which after-
ward enters the streams is much poorer in silica, and so the propor-
tion of the latter tends to diminish as a river flows toward the sea.

The relatively high proportion of silica in waters issuing from
areas of granitic or granitoid rocks seems to have some significance
with regard to early conditions of life.! When life first appeared on
the earth sedimentary rocks were much less conspicuous than they
are now and the igneous rocks formed by far the greatest exposures.
The fresh waters then were doubtless of the siliceous type and
furnished an environment peculiarly favorable to the development of
such organisms as built their shells or skeletons of silica. The
modern organisms of this class include diatoms, radiolarians, some
foraminifera, and the siliceous sponges, organisms of a very low
order, and it is probable that their ancestors were similar in character.
The probability seems to be very great, although certainty on such
a subject is of course unattainable.

1See F. W. Clarke, Jour. Washington Acad., vol. 8, 1918, p. 185.
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CONTAMINATION BY HUMAN AGENCIES.

In any complete discussion of river waters account must be taken
of contamination by human agencies. Towns and factories drain
into the streams, and the extent of the pollution is, for our immedi-
ate purposes, best measured by the proportion of chlorine. A good

example is furnished by the Chicago drainage canal, which empties-

into Desplaines River and thence passes through Illmo1s River into
the Mississippi. For the waters thus affected there are abundant
data, and the sanitary analyses by the late A. W. Palmer are especially
valuable.! His annual averages for 1900, representing Illinois River,
are stated below; the percentages have been calculated by me. The
localities are arranged in order downstream.

Chlorine in Illinois and Mississippi rivers.

Total

dissolved Chlorine.
solids.
Illinois River: ' ];;gltliogzer fgltl:o?;z” Per cent.
At MOITiS. . e e e e e 235.3 23.1 . 9.82
At OttaWa . . ceeeee e 269. 4 21.4 7.94
AtLasalle. .. ..o iiiiiiiiii i 245. 4 18.7 7.62
At Averyville........ .. ... 245. 2 17.5 7.14
AtHavana.......cooeeeenaae 236.3 14.8 6. 27
At Kampsville 234.3 14.0 5.98
AtGrafton..........cooo i 232.6 13.1 5. 63
Mississippi River at Grafton. .............oo... . 150.1 3.1 2.06

The decrease in the proportion of chlorine as we follow the Illinois
downstream is most striking; but even more surprising are the data
concerning the Mississippi a little farther south, at Alton. Here
samples were taken 100 feet from the Illinois shore, one-fourth the
distance across, in midstream, three-fourths over, and 100 feet from
the Missouri shore. The figures represent averages covering periods
of from nine months to nearly the entire year 1900.

Chlorine in Mississipps River at Alton, I,

Total
dissolved Chlorine.
solids.
Parts per Parts per
. million. million. Per cent. -
100 feet from Illinoisshore...........c...o........ 194.1 7.7 3.97
One-fourth distance across......cccceeieiieneenan... 182.8 7.1 3.87
Midstream. ... . i 160. 6 4.4 2.74
Three-fourths distance across.........c.c.ooooooon.. 155. 0 4.1 2. 65
100 feet from Missouri shore....................... o 154.2 3.5 2.27

1 Chemical survey of the waters of Ilinois, 1897-1902, Univ. Illinois, 1903.

-
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The influence of Illinois River on the eastern side of the Missis-
sippi is perfectly evident. The chief cause of the diminution of
chlorine in the Illinois is, of course, the dilution of the water by other |
less contaminated sources of supply. In the Kankakee at Wilming-
ton the proportion of chlorine during the same period was only 1.21
per cent, and in Fox River it was 1.98 per cent, calculated from
the total matter in solution, Kankakee and Fox rivers represent

. an approximation to the normal chlorine of the region; the Illinois,
into which they flow, shows the exaggeration produced by artificial
means. Near the ocean the normal chlorine in fresh waters is much
higher and the effects of pollution are less conspicuous than in inland

streams.!
GAINS AND LOSSES IN WATERS.

In fresh-water lakes and rivers the salinity is naturally low—that
is, their waters are very dilute solutions, which do not approach the
point of saturation for even the less soluble of their constituents.
The relatively insoluble carbonates of calcium and magnesium are
held in solution by the excess of carbonic acid which is always
present, and are therefore to be regarded, while dissolved, as bicar-
bonates. Without this solvent much of the load would be deposited,
as indeed it is by the evaporation of percolating waters in limestone
caves, when stalactites and stalagmites are formed. In a flowing
river, which continually receives carbon dioxide from the air and
from decaying vegetation, such depositions are not likely to occur,
at least not to any notable extent; but when pools are left from an
overflow, incrustations of solid matter may soon form. The sedi-
ments found in streams are mostly claylike in character, and rarely
contain any conspicuous proportion of carbonates or sulphates. Liv-
ing organisms, especially corals, mollusks, and some aquatic plants,
withdraw calcium carbonate from solution; but how great their
influence may be, relatively to an entire flow, we have no means of
estimating. Many agencies thus combine to modify the composi-
tion of a water, but the relative magnitude of the several factors can
hardly be determined. The waters gain and lose solid matter, but
on the whole, as we follow a stream downward in its course, the
gains exceed the losses. When we exclude the elements of dilution
by tributaries and the variations in concentration between high and
low stages of water we find that salinity generally increases until a
river reaches the sea.

Speaking broadly, lake and river waters may be divided into two
great classes—namely, sulphate and carbonate waters, according as

1 A good summary of the relations between normal and polluted waters in the eastern and middle States
i3 given by M. O. Leighton in Water-Supply Paper U. 8. Geol. Survey No. 79,1903. The subject ofnormal
chlorine is considered and the classical “chlorine map’’ of Massachusetts is reproduced.

See also Sixth Rept. Rivers Pollution Commission, 1868, on the domestic water supply of Great Britain,
This report contains abundant data on chlorine in waters.
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carbonic or sulphuric ions predominate. The classification can be
still further subdivided with reference to the abundance of chlorides
or of silica, and again with regard to bases; but the two main divi-
sions still hold. Most river waters are either carbonate or sulphate
in type, and we have already seen how climatic considerations deter-
mine, in part at least, the chemical character of a stream. The car-
bonates are derived from the carbonic acid of rain or from that
produced by organic matter, which may act either upon crystalline
rocks directly or by solution of limestones. The sulphates originate
in the oxidation of pyrite or by the solution of gypsum, and the
two classes of waters are almost invariably commingled. Carbonate
waters are by far the most common, as the cited analyses show, and
the reasons for this fact have already been made clear. We have
also seen how a river can change its type in flowing from one point to
another, and we have noted the probability that this transforma-
tion is commonly due to the blending of streams, or even to the
accession of ground waters. One other point in this connection re-
mains to be noted—namely, the possible influence of micro-organisms.
It is more than probable that these minute creatures, acting in pres-
ence of other organic matter, may reduce sulphates, with elimination
of hydrogen sulphide and the formation of carbonates in their stead.
That reactions of this kind occur in saline and brackish waters seems
to be well established.! A suggestive instance came within the expe-
rience of the United States Geological Survey. A quantity of water
rich in sulphates, from one of the alkaline lakes of California, was
sent to the laboratory in a wooden barrel. When received, the
water had become fetid with hydrogen sulphide and discolored by
extract from the wood—so much so as to be unfit for analysis.
How far such changes may occur in nature, especially in swamp
waters, remains to be determined. At all events, the possibility of
similar transformations can not be ignored. That bacteria are
active agents in precipitating calcium carbonate is well known; but
that subject will be considered more fully in another chapter.

CHEMICAL DENUDATION.

Now, to sum up: A river is formed by the union of waters from
many sources, and each one owes its peculiarities to the conditions
existing at its starting point. Carbonic acid, either of atmospheric
or of organic origin, is the most abundant and generally the most
potent of the agents that dissolve mineral matter from the rocks.
Hence carbonate waters are the commonest, and, as streams blend
to form the great continental rivers, the carbonate type tends to

1 See N. Zolinsky, Jour. Chem. Soc., vol. 66, pt. 2, 1894, abstract, p. 209; also M. W. Beyerinck, idem,
vol. 80, pt. 2, abstract, p. 119; and R. H Saltet and C. 8. Stockvis, idem, vol. 80, pt. 2, 1901, p. 265.
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become' more and more pronounced. In the temperate zone, at
least, the larger streams resemble one another chemically, and seem
on the average to do pretty much the same chemical work in pretty
much the same way. The composition of their waters gives a meas-
ure of the effects which they have produced; and if the data were
adequate the study of chemical denudation would be both profitable
and easy. But the data are not adequate, except for certain areas,
and therefore any estimate which may be reached as to the quantity
of solid matter annually carried in solution by rivers to the sea
must be subject to future revision. It is clear that an analysis of
river water, taken at a single point and at one stage of concentra-
tion, tells us little or nothing of what the stream as a whole may do.
Annual averages of water taken near the mouths of rivers are needed
before the problems of chemical denudation can be even approxi- .
mately solved. - :

For example, Sir John Murray * has computed, by averaging the
analyses of 19 rivers, not only the total amount of saline matter
carried annually to the ocean, but also its composition. But his
estimatg, published in 1887, was based almost necessarily upon Euro-
pean data and to a large extent upon inconclusive analyses. Evi-
dence as to the chemical character of the greater American, African,
and Asiatic streams was then practically unobtainable, and therefore -
the computation was only a rough indication of what the truth may
be. Data from all the greater river basins of the world are required
before we can determine the full significance of chemical denudation.

The problem, however, is not entirely hopeless. It can be attacked
locally, with reference to specific areas, and a fairly probable approxi-
mation to the truth can be made from the evidence which now cxists.
T. Mellard Reade,? for instance, in a well-known investigation, has
calculated the amount of solid matter annually dissolved by water
from the rocks of England and Wales. Putting the average salinity
of the waters at 12.23 parts in 100,000, he estimates that the total
annual run-off from the arca in question carries in solution 8,370,630
tons of dissolved mineral matter, or 143.5 tons from each square mile
of surface. At this rate, by the solvent action of water alone, the
level of England and Wales would be lowered 1 foot in 12,978 years.
Reade also, from such data as he could obtain, for the most part single
analyses, made similar but rough estimates for several Europear
river basins, which, in British tons per square mile, may be tabulated
as follows:

Rhomen.. .o 232 | SCINC.eme e veiie e, KT
Thames.......ooooiiio ... 149 | Rhine. .. oooeeoee o 92,3
Garonne. _.......cooooiaeioiaen. ... 142 [ Danube. oo 72.7

1 Scottish Geog. Mag., vol. 3, 1857, p. G5
2 Proc. Liverpool Geol. Soc., vol. 3, 1876-77, p. 211. Reprinted under tho title “Chemical denudation in
relation to geological time.”
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The average for the entire land surface of the globe he put at 100
tons per square mile, a figure that was not much better than a guess.!

From investigations made in the water-resources branch of the
United States Geological Survey, lower figures are obtained. By
combining the results of careful river gaging with the data for salinity
as determined in the laboratory, R. B. Dole and H. Stabler 2 have
deduced a table, of which the following is an abridgment. The
Great Basin and the Red River of the North are here left out of

account. :
Chemical denudation in the United States.

; Area drained |12issolved solids

Drainage area. (square g]ﬂ‘fg)' (tons nI;)L?lre i;uare

North Atlantic. . couem e et i et e e e 159, 400 130
South Atlantic.......cooeiieiiiiiiii i, 123, 900 94
Eastern Gulf of Mexico.....zeeeenniiiiin e, 142, 100 117
Western Gulf of Mexico....ocuoveiiirininniuencnnaaaan., -315, 700 36
Mississippi River.. ..ol 1,265,000 | | 108
Laurentian Basin (United Statesarea)................... 175, 000 116
Colorado River of Arizona............... e 230, 000 51
SOUth PaCIfiC. eeeeee et e 72,700 177
North Pacific........... e 270, 000 100
Total....ovoeieiaaiiao.. e 2,753, 800 @98

a Short tons of 2,000 pounds. The metric ton equals 2,205 pounds.

For the entire United States, 3,088,500 square miles, regarding
the denudation of the Great Basin as zero—that is, as not con-
tributory to the ocean—the average denudation is estimated by Dole
and Stabler as 87 short tons, or 78.9 metric tons per square mile, a
figure which is not likely to be much changed by future investigations.
It refers, however, only to inorganic matter. If organic impurities
are included it should be increased by perhaps 10 per cent; that is,
to 86.8 metric tons per square mile. The variation in the denudation
factors assigned to the several areas is quite important. The Colo-
rado drains an arid region, and much of the area ascribed to the
river adds little or nothing to it. The humid basin of the St. Law-
rence, on the other hand, is a liberal contributor of saline substances.
The Mississippi, with humid regions to the east and semiarid plains
to the west, shows an intermediate figure for the chemical erosion.

1 For other estimates of the amount of material carried by various rivers, see A. Geikie, Text-book of
geology, 4th ed., vol. 1, 1903, p. 489. The Thames, for example, carries in solution past Kingston 548,230
tons of fixed inorganic matter in a year. See also the thesis of A, F. White on the waters of Rockbridge
County, Virginia (Washington and Lee Univ., 1906). This thesis deals with North River, a tributary of
the James.

2 Water-Supply Paper U. S. Geol. Survey No. 234, 1909, p. 78. The figures are given in much greater
detail than is practicable here. Some of the areas, etc., differ slightly from those cited in previous pages
of this book; but the differences are trivial and do not appreciably affect the final result. The more recent
data relative to Columbia River, Alaskan rivers, etc., are not included in this estimate.

2
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For the rest of North America only a rough estimate is possible.
The analyses of Canadian rivers and also of the Yukon given in pre-
vious pages indicate an average composition and salinity much like
that of the St. Lawrence. For Mexican and Central American rivers
no data are at hand, but it is probable that for northern Mexico, at
least, they would resemble those of Texas, New Mexico, and Arizona.
That is, the waters north of the United States and south of it vary
from the mean found for the United States in opposite directions,
and so tend to balance each other. In short, the average for the
United States probably represents fairly well the average for the
entire continent. If we assume that six millions of square miles in
North America lose 79 metric tons in solution per square mile per
annum, and that the composition of the saline matter so transported
is that found for the United States alone, we shall be {airly near the
truth.

Evidence for South America is very scanty. On the basis of
Frankland’s analysis, Reade! estimates the denudation factor of
the Amazon at 50 tons per square mile. Using the same analysis,
and Murray’s estimate of the total run-off, I find that 53 tons is
rather more probable. Similar estimates for the Uruguay and the
Negro give a factor of 50 tons. About four millions of square miles
in South America may be assigned the latter figure, with a reasonable
degree of probability. The Amazon dominates the entire combina-
tion, and its low salinity is due to the fact that it drains a vast tropical
forest, which is thoroughly leached. - Through much of its course it
has scanty access to fresh rocks and therefore finds but little material
to dissolve. Large areas in South America, like western Peru and
central Argentina, contribute nothing to the ocean and count for zero
in measuring chemical denudation.?

Some figures relative to European waters have already been given.
According to Geikie the Thames carries in solution past Kingston
548,230 British or 556,930 metric tons of inorganic matter annually.
The drainage area is 6,100 square miles, hencé a denudation factor
of 91.3 metric tons per square mile. For the Meuse above Liege
the figures published by Spring and Prost give a factor of 139 tons.
In Sweden the chemical denudation is much smaller, but seems to
have been estimated for only a very limited area. Reade’s estimate
for all Europe is 100 tons per square mile, and that seems to be
fairly probable. For Europe, then, I shall assume that 3,000,000
square miles suffer solvent denudation at the rate of 100 tons per
mile, a figure which is not far from that assigned to the Laurentian
Basin. Europe is generally well watered, and its waters have all the

1 Evolution of earth structures, London, 1903, pp. 255-282.
3 The rivers of British Guiana are not included in this discussion, which was completed before their

analyscs were made.

113750°—19—Bull. 695——8
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characteristics of those from the humid areas of the United Si\zates.

In the latter the denudation factor-is lowered by the arid regions of-

the Southwest. .
The African material is very imperfect. According to Chélu,! the
Nile carries 20,772,400 metric tons in solution annually. This, for

an ostensible drainage basin of 1,293,050 square miles, gives a denu-

dation factor of only 16 tons. - Much of northern Africa resembles
the Valley of the Nile so far as denudation is concerned. We may
safely assume that 1,500,000 square miles are represented by the
Nile, and also that 6,500,000 are equivalent in character to South

America with its tropical streams. The desert regions, like the

Sahara, of course, are negligible.
The data relative to Asiatic waters are even more defective. The
water of Lake Baikal resembles that of the St. Lawrence, while the

Mahanuddy has the peculiarities of tropical rivers. With these’

feeble clues I can only make a very rough estimate for Asia, as
follows: Assume 3,000,000 square miles to average like Europe,
3,000,000 like the United States, and 1,000,000 like South America.
Large areas in Asia are obviously left out of consideration—the
Caspian depression, the central deserts, and the Arabian peninsula.
The streams reaching the sea from Arabia are too small to carry
" any weight in the general discussion.

To sum up, the crude figures for chemical denudation are as
follows:

North America. ...6,000,000 square milesat 79 toms...... 474,000,000 tons
South America. . ..4,000,000 square milesat 50 tons...... 200,000,000 tons

Europe............ 3,000,000 square miles at 100 tons...... 300,000,000 tons -
Asia. o ool 7,000,000 square miles at 84 tfoms...... 588,000,000 tons
Africa. ........... 8,000,000 square miles at 44 tons...... 352,000,000 tons

28,000,000 square miles at 68. 4 tons....1,914,000,000 tons

The incompleteness of the foregoing figures is due to the fact that
large areas of land either do not drain into the ocean, or add little or
nothing to it. The total land area to be considered—that is, the
. area which contributes to the salinity of the ocean—is, according to
Murray, 39,697,400 square miles, or, in round numbers, 40,000,000.
Assuming that the figures so far given represent a fair average, the
amount of saline matter carried into the ocean by the river drainage
of the world is 2,735,000,000 metric tons annually, an estimate only
a little more than half that given by Murray.? The rivers studied by
Murray must have been for the most part, if not exclusively, in the
Temperate Zone, where alternations of freezing and thawing tend to
break up the rocks and so to render them more easﬂy decomposed

" 1 Le Nil, le Soudan, I’Egypte, Paris, 1891.

2 For more details with reference to these computations, sce F. W, Clarke, A prehmmary stud:, of chem-

ical denudation: Smithsonian Misc. Coll., vol. 56, No. 5, 1910.

-d
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by percolating waters. With even moderate humidity the activity
of the waters is great, and large amounts of material are transported
by them. On the other hand, Arctic rivers flow to a noteworthy
extent over tundra, which is frozen during the greater part of the
year. They therefore have comparatively small influence in rock
solution, and much of their flow must be mere surface run-off. The
low salinity of tropical streams has already been noted. The total
amount of chemical denudation depends upon the balancmg of these
varying tendencies.

With the aid of the foregoing estimates, and of the analyses cited
in this chapter, a probable average can be computed for the compo-
sition of the fresh waters of the globe. Such an average is shown in
the next table. :

Average composition of river and lake waters.

A. Waters of North America. Average computed from the data given by Dole in Water-Supply Paper
236, and by Dole and Stabler in Watcr-Supply Paper 234.  Each analysis is weighted proportionately to
thetotal amount of materialannually carried by theriver. Thealkaliesarcgiven with Palmer’s determina-
tions of potassium.

. Waters of South America. Average made up from the cited analyses, weighted as follows: Amazon,
12; Uruguay, 1; Negro, 1; all smaller streams, 2. The Rio dela Plata is left out of account, for the analyses
are not conclusive. .

C. Waters of Europe. Average of 300 analyses of river and lake waters, first by groups, and then weight-
ing cach group proportionately toits drainage area.

D. Waters of Asta. Made up of the averages \, B, C, weighted 3:3:1 as explained in a previous para-
graph.

. Waters of Africa. Made up of the average for the Nile and that for South America as already dc-
seribed.

F. General average, in which cach of the foregoing averages is weighted proportionally to the number of
tons given in the preceding table.

G. Sir John Murray’s average composition of river, water (Scottish Geog. Mag., vol. 3, 1887, p. 65), re-
duced to the uniform standard adopted in this book. Organic matter as given by Murray is 10.37 per cent
of the total solids. '

A B C D E ¥ G

COgn e 33.40 | 32.48 | 39.98 | 36.61 | 32.75| 85.15 41.33
SOfeeeee e e 15.31 8.04 | 11.97 | 13.03 8.67 | 12.14 8.22
)} D 7.44 5.75 3.44 5.30 5,66 5.68 1.85

NOge oo 1.15 .62 .90 .98 58 .90 2.82
7 19.36 | 18.92 | 23.19 | 21.23{ 19.00 | 20.39 20. 46

Mg. .. ooll.. 4.87 2.59 2.35 3.42 2. 68 3.41 4.65
Na....o.o............. 7.46 5.03 4.32 5.98 4.90 5.79 3.47
Koo 1.77 1.95 2.75 1.98 2.35 2.12 1.33
(Fe,A),0y4. .. .ooon... .64 5.74 2.40 1.96 5.52 2.75 4.76
S10y. e 8.60 | 18.88 8.70 9.5L | 17.89 | 11.67 10.75
Minor constitents. . .. ....oolieeeneideeeee e .36
100.00 | 100.00 | 100.00 { 100.00 | 100.00 | 100.00 | 100.00

Weight............... 10 4 6 11 A PR I

The general mean F, regardless of corrections to be considered later,
is curiously near the average figures for three great rivers, the Missis-
sippi, the Amazon, and the Nile. It may be too high in silica, but
on the whole it is as near the truth as can be determined with existing
data. Analyses of the greater rivers of Asia and Africa may modify
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it slightly, but the order of magnitudes shown by the several radicles
is-not likely to be changed.

Recurring now to Reade’s estimate of chemical denudatlon in Eng-
land and Wales, a rate of one foot in 12,978 years, the new data may
be applied to a similar discussion for the entire land surface of the
globe. For the United States, excluding the Great Basin, the denu-
dation factor of 79 tons per square mile per annum gives for a lower-
ing of 1 foot 23,984 years. For South America the figures are 50
tons and 37,896 years; for Europe, 100 tons and 18,948 years, and for
the Nile Valley, 16 tons and 118,424 years. For the entire 40,000,000
square miles of land the average values are 68.4 tons and 27,700 years;
estimates that are subject to corrections of a kind which Reade did not
take into consideration.

On critical examination of the data it is clear that the total appar-
ent amount of solvent denudation is not a true measure of rock
decomposition. In the general mean of all the river analyses now
under discussion, 0.90 per cent of NO, and 35.15 per cent of CO,
appear. The NO, came entirely or practically so from atmospheric
sources; the CO, was derived partly from the atmosphere and partly
from the solution of limestones. Dealing now only with the existing
discharge of rivers, we must subtract these atmospherlc additions
from the total annual load of dissolved inorganic matter before we
can compute the real amount of rock denudation.

The land surface of the earth is covered, nearly enough for present
purposes, by 75 per cent of sedimentary and 25 per cent of igneous
and crystalline rocks; ! and it is on or near this surface that the flow-
ing waters act. The limestones, as shown in Chapter I, constitute
only one-twentieth of the sediments, or 3.75 per cent of the entire
area, but the proportion of carbonates derived from them must be
very much larger. The composite and average analyses of rocks
give, for lime, 4.81 per cent in the igneous, and 5.42 in all the sedi-
mentaries, equivalent to 3.78 and 4.26 per cent of CO, respectively.
Assuming that all the surface rocks yield-lime at an equal rate, which
is obviously not quite true, and multiplying these figures by the areas
represented as 1 to 3, the relative proportions of the CO, radicle
become 3.78:12.78,0r 1:3.4 nearly. The last figure should be higher,
because of the more rapid solution of the limestone, but if we accept
the ratio as it stands we may use it to determine the approximate
proportions of the CO, radicle derived from limestones and from the
atmosphere acting upon crystalline rocks. On this basis, 8 per cent
of CO, should be deducted from the percentage in the river waters,
together with the 0.9 per cent of NO,. Making the subtraction from
the total river load of disgolved matter, 2,735,000,000 tons, there
remains 2,491,585,000 tons, or about 62:3 tons per square mile on the

1 Estimate by A. von Tillo, actually 75.7 and.24.3.
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average; for the 40,000,000 of square miles of land which are assumed
to drain into the ocean. This implies a lowering of the land by solvent
denudation at the rate of one foot in 30,414 years, or 30,000 in round
numbers. The last estimate may be subject to large future cor-
rections, but probably it is correct within 10 per cent. There are,
for example, corrections for the amount of chlorine and its equivalent
sodium brought in rainfall from the atmosphere, or by sewage from
towns.! These will be considered in the next chapter in relation to
the use of the data in measuring geologic time.

) Spring and Prost, in their work on the Meuse, and Ullik, in his study of the Elbe, have attempted to
measuro the amount of human contamination. This, obviously, must be very variable. In riverslike
the Yukon or the Colorado it is negligible; in the Mississippi or the Hudson it is doubtless large. ' Insmall
streams in thickly settled manufacturing districts theamount of pollution is often enormous.



CHAPTER IV.
THE OCEAN.
ELEMENTS IN THE OCEAN.

TFor obvious reasons, some of them purely scientific and some

utilitarian, the water of the ocean has been the subject of long and
elaborate scientific investigations. Considered broadly, its composi-

tion is relatively simple and remarkably uniform; studied minutely,
it is found to contain many substances.!

In his great memoir on the chemical composition of sea water, G.

Forchhammer * gave a list of the various elements which, up to his
time, had been detected in it. The elements which are sufficiently
abundant to be determined in ordinary analyses will be considered
later; the substances that are less frequently estimated may be
briefly considered now.

Iodine.—Chiefly found in the ashes of seaweeds. According to E.’

Sonstadt,? it is present in sea water in the form of calcium iodate.
The quantity estimated was one part of this salt in 250,000 of water,
equivalent to about two parts per million of iodine. A. Gautier,
examining surface water from the Mediterranean, found iodine only
in the organic matter which he separated by filtration, but at depths
beyond 800 meters its compounds were detected in the water itself.
Living organisms withdraw iodine from solution. The largest
amount of iodine, organic and inorganic, reported by Gautier, is
2.38 milligrams to the liter. J. Koettstorfer,® in an earlier investi-
gation, found only 0.02 milligram, and L. W. Winkler® only 0.05
milligram per liter.

Fluorine.—Found directly and also in the boiler scale of oceanic
steamers. A. Carnot’s determinations 7 show that the water of the
Atlantic contains 0.822 gram of fluorine to. the cubic meter.! Recent
determinations by A. Gautier and P. Clausmann ° gave only 0.3 milli-
gram per liter. P. Carles * has reported fluorine in the shells of
mollusks.

1 For the volume of the ocean and of its contained salts see pp. 22-24.

2 Philos. Trans., vol. 155, 1805, pp. 203-262. Sce also J. Roth, Allgemcine und chemische Geologie, vol. 1,
1879, p. 400; and W. Dittmar, Rept. Challenger Exped., Physics and chemistry, vol. 1, 1884, pp. 1-251.
A volume by René Quinton (L’eau de mer, Paris, 1904) contains (pp. 221-235) & good summary of earlier

work on the less important elements in sca water. The book is essentially biochemical in character and

deals mainly with the relations of sca water to life.
3 Chem. News, vol. 25, 1872; pp. 196, 231, 241; vol. 74, 1896, p. 316.
s Compt. Rend., vol. 128, 1899, p. 1069; vol. 129, 1899, p. 9.
5 Zeitschr. anal. Chemie, vol. 17, 1878, p. 305. .
6 Z eitschr. angew. Chemie, vol. 29, pt. 1, 1916, p. 205.
-7 Annales des mines, 9th ser., vol. 10, 1896, p. 175.

8 See also earlier determinations by G. Forchhammer and G. Wilson, Edinburgh New Philos. Jour.,

vol. 48, 1850, p. 345.
? Compt. Rend., vol. 158, 1914, p. 1631.
10 Idem, vol. 144, 1907, pp. 437, 1240.
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Nitrogen.—Present as ammonia, in organic matter, and in dissolved
air. The ammonia of sea water has been repeatedly investigated.
A. Audoynaud,! in water from the coast of France, found 0.16 to 1.22
milligrams of NH, per liter. L. Dieulafait,? in waters from the Red
Sea and the coast of Asia, reports quantities from 0.136 to 0.340
milligram. T. Schloesing ® found a still larger amount, namely, 0.4
milligram. According to J. Murray and R. Irvine,* ammonia is
more abundant around coral reefs than in the North Atlantic or
German Ocean. It occurs principally as ammonium carhonate,
formed by the decomposition of organic matter. Elaborate determi-
nations of ammonia in the Mediterranean are given by K. Natterer.®

Phosphorus.—Present in the form of phosphates. The phosphatic
nodules found on the hottom of the sea are considered farther on in
this chapter.

Arsenic.—Detected by Daubrée. A. Gautier ®found its quantity to
range from 0.01 to 0.08 milligram per liter.

Silicon.—According to J. Murray and R. Irvine,” sea water con-
tains silica. The proportion is from 1 part in 220,000 to 1 in 460,000,
or even less. The siliceous organisms which abound in the ocean
possibly take their silica from clayey matter in mechanical sus-
pension. Small amounts of such matter are carried far and wide
by currents, often to a great distance from land. E. Raben ® found
sea water to contain from 0.2 to 1.4 milligrams of silica per liter.

Boron.—Present in sea water and in the ashes of marine plants.
J. A. Veatch,” who examined water from the coast of California,
found boric acid almost exclusively in samples collected over a sub-
marine ridge, parallel with the land but 30 to 40 miles away. He
suggests for it a volcanic origin from submerged sources.

Lithium.—Reported in sea water by L. Dieulafait.”® Also detected
spectroscopically by G. Bizio in water from the Adriatic.

Rubidium.~—Found in sea water by Sonstadt.’? Determined quan-
titatively by Schmidt, whose analyses will be cited later

Cesium.—Also found by Sonstadt.™

1 Compt. Rend, vol. 81, 1875, p. 619.
" 2 Annales chim. phys., 5th ser., vol. 14, 1878, p. 380. Dieulafait mentions earlicr work by Marchand
and Boussingault.
3 Contributions & I’étude de la chimie agricole, in Fremy’s Encyclopédic chimique, 1888.
4 Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 89.

, 5 Monatsh. Chemie, vol. 14, 1893, p. 675; vol. 15, 1894, p. 596; vol. 16, 1895, p. 591; vol. 20, 1899, p. 1. Seo
also. E. Raben, Wissenschaftliche Meeresuntersuchungen, vol. 11, Kiel, 1910, p. 303. Many determina-
tions are given, also a full summary of earlier work.

6 Compt. Rend., vol. 137, 1903, pp. 232, 374.

7 Proc. Roy. Soc. Edinburgh, vol. 18, 1891, p. 229.

8 Wissenschaftliche Meeresuntersuchungen, vol. 11, Kiel, 1910, p. 311.

9 Proc. California Acad. Sci., vol. 2, 1839, p. 7. .

10 Annales chim. phys., 5th ser., vol. 17, 1879, p. 377. Sce also Thorpe and Morton’s anelysis of water
Jrom the Irish Sca, 1871, cited on p. 123.

2t Chem, News., vol. 22, 1870, p. 25.
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* Barium and strontium.—Can be detected by ordinary methods.

Also found in the ashes of seaweeds and in boiler scale.!

Aluminum and iron.—Easily detected by direct methods.

Manganese.—Easily detected. Noted by Forchhammer and also
by Dieulafait.? Concretions of manganese oxide are abundant over
portions of the sea bottom. Reported by E. Maumené® in the
ashes of Fucus serratus.

Nickel and cobalt.—Found in the ashes of marine plants.

Copper.—Repeatedly -detected in sea water, especially by Dieula-
fait.4 Also in the ashes of seaweeds and in certain corals.

Zinc.—Reported in sea water by Dieulafait.’ Also found in the
ashes of seaweeds.

Lead.—Found by Forchhammer in a coral.

Silver.—Repeatedly observed. Forchhammer, in the coral above
noted, found one part of silver to eight of lead. Malaguti, Durocher,
and Ss»rzeaud6 found silver to the amount of 0.5 milligram in 50
liters of water and detected copper and lead. According to A.
Liversidge,” silver is present in sea water to the extent of 1 to 2
grains per ton.

Gold.—The fact that sea water contains gold was first established
by E. Sonstadt® in 1872. Its presence has since been repeatedly
verified. In 1892 C. A. Miinster ®° examined water from the Kris-
tiania Fjord, Norway, and found in it 5 to 6 milligrams of gold, with
19 to 20 of silver, per ton. In each analysis he used 100 liters of
water. Liversidge ** found the gold in Australian waters to range
from 0.5 to 1.0 grain per ton. At either rate, gold is present in the
ocean in thousands. of millions of tons. Liversidge ' also detected
gold in kelp, rock salt, and a number of saline minerals, such as
sylvine, kainite, carnallite, and Chilean niter. In one sample of
kelp he found 22 grains of gold per ton, and in a bittern 5.08 grains.
J. R. Don ** examined both ocean water and oceanic sediments. In
the former he detected 0.071 grain of gold per metric ton, but the
sediments were barren. In waters collected near the Bay of San
Francisco L. Wagoner ** found, also per metric ton, 11.1 milligrams

1 On strontium in sea water see Dieulafait, Compt, Rend., vol. 84, 1877, p. 1303,

2 Idem, vol. 96, 1883, p. 718,

8 Idem, vol. 98, 1884, p. 1417. '

4 Annales chlm phys., 5th ser., vol. 18, 1879, p. 359

® Idem, vol. 21, 1880, p. 266,

6 Idem, 3d ser., vol. 28, 1850, p. 129.

7 Proc, Roy. Soc New South Wales, vol. 29, 1895, pp. 335, 350, Seealso F. Field, Proc. Roy. Soc., vol. 8,
1856, p. 292.

8 Chem. News, vol. 26, 1872, p. 159.

¢ Jour., Soc. Chem, Ind., vol. 11, 1892, p. 351. From Norsk Tekn. Tidsskr.

10 Proc. Roy. Soc. New South Wales, vol. 29, 1895, pp. 335, 350.

i1 Jour, Chem. Soc., vol. 71, 1897, p. 298.

12 Trans. Am. Inst. Min. Eng., vol. 27, 1897, p. 615.

18 Idem, vol. 31, 1901, p. 807.
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of gold and 169.5 of silver. In a later paper he gives larger figures,
namely, 16 milligcrams of-gold and 1.9 grams of silver. According
to J. W. Pack ! sea water contains about 0.5 grain of gold per ton.
In deep-sea dredgings Wagoner ? detected even la.rO'er quantities of
both precious metals.

Radium.—Ocean water, sea salt, and oceanic sediments are all
more or less radioactive. From measurements of this radioactivity
the amount of radium is inferred.®> According to Joly, 1 cubic
centimeter of sea water on the average contains 0.017 X10™* gram
of radium. This represents a total of about 20,000 metric tons of
radium in the entire ocean. But is this radioactivity due solely to
radium ? . )

COMPOSITION OF OCEANIC SALTS.

In order to determine the composition of ocean salts, innumerable
analyses have been made, representing water collected in all quarters
of the globe. The older investigations, down to and including the
work of Forchhammer, are well summarized by Roth, and it is not
necessary to recapitulate them here. With a few exceptions, I shall
confine myself to the more recent analyses, which are numerous
enough and varied enough for all present purposes. They show a
striking uniformity in the composition of sea salts, the only great
variable being that of concentration. As this factor is large, com-
pared with the salinity of lakes and rivers, I shall express it generally
in percentages rather than in parts per million. The analyses them-
selves I have reduced to ionic form, ignoring bicarbonates, as in the
tables given in the preceding chapter. The selected data are as
follows.*

1 Min. and Sci. Press, vol. 77, 1898, p. 154.

2 Trans. Am, Inst. Min. Eng., vol. 38, 1907, p. 704, P. De Wilde (Arch. sci. phys. nat., 4th ser., vol. 19,
1905, p. 559) and A. Wiesler (Zeitschr. angew. Chemie, 1906, p. 1795) have published good summaries
relative to the detection of gold in sea water and have discussed the possibility of its economic recovery,

3 See R. J. Strutt, Proc. Roy. Soc., vol. 784, 1907, p. 151; A, S, Eve, Plnlos Mag., 6th ser., vol. 18, 1909,

>p. 102; 7. Joly, idem, vol. 15, 1908, p. 385; vol. 18, 1909, p. 396. Ina volume entitled “Radloactmty and
geology,’’ London, 1909, pp. 45-58, Joly sums up the relations of the ocean to radium. Secalso S. T. Lloyd,
Am, Jour. Sci., 4th ser., vol. 39, 1915, p. 580. His estimate of radium in sea water is only 1.2X10-12 gram
per liter, or 1,400 tons in the occan.

4 Other analyses of Atlantic water, taken off the coast of Brazil, with analyses of water from the mouths
of the Amazon, are given by F. Katzer, in Sitzungsb. K. b6hm. Gesell. Wiss., 1897, No. 17, These repre-
sent mixtures of sea and river water. For special determinations of bromine in sea water and its ratio to
the chlorine see E. Berglund, Ber. Deutsch, chem. Gesell., vol. 18, 1885, p. 2883. An analysis of water
from the Ionian Sea, by F. Wibel, is printed in Ber. Deutsch. chem. Gesell., vol. 6, 1873, p. 184. One by
A. Vierthaler (Sitzungsb. K. Akad. Wiss. Wien, vol. 56, 1867, p. 479), of Adriatic water taken near Spalato,
shows abnormally low sodium and high calcium, presumably due to admixtures of water from the land.
Sce also W. Skey, Third Ann. Rept. Colonial Mus. and Lab., New Zealand, 1868, for seven analyses of
sea water taken near that island; C, J. White, Proc. Roy. Soc. New South Wales, vol. 41, 1907, p. 55, one
analysis of water taken off Coogee; A. Burada, Ann. sci. Univ. Jassy, vol, 5, 1909, p. 251, one analysis of
water from the Black Sea. On salinity of the Persian Gulf, Annalen d. Hydrographie, vol. 7, 1908, p,
293. Two recent analyses of Adriatic water are reported by V. Gegenbauer, Min. pet. Mitt., vol. 29, 1910,
p. 357,
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Analyses of oceanic salts.

A. Mean of 77 analyses of ocean water from many localitics, gollected by the Challenger cxpedition,
'W. Dittmar, analyst. Challenger Rept., Physics and chemistry, vol. 1, 1884, p. 203, Salinity, 3.301 to
3.737 per cent.

B. Atlantic water, mean of 22 samples collect.ed on a voyage from the Cape of Good Hope to England.
C.J. 8. Makin, Chem. News, vol. 77, 1898, pp. 155, 171. Salinity, average, 3.631 per cent.

C. The Atlantic near Dieppc. Analysis by T. Schloesing, Compt. Rend., vol. 142, 1906, p. 320.
Salinity, 32.420 grams per liter.

D. The Irish Sea. Analysis by T. E. Thorpe and E. H. Morton, Liebig's Annalen, vol. 158, 1871,
p. 122, The small amounts of Fe,03 Nz, and N,O5 are here added together. A trace of lithium was
also reported. ’

E. The Baltic Sea between Ocland and Gothland. Analysis by C. Schmidt, Bull. Acad. St. Petersburg,
vol. 24, 1878, p. 231. In all Schmidt’s analyses the bicarbonates given by him have been here reduced
to normal salts. The quantities of Fe, POy, and SiO; found by Schmidt are so small that T have added
them together. Salinity of this sample, 0.7215 per cent. ,

T. The Atlantic at Bahia Blanca, coast of Argentina. Mean of two samples, taken at low and high
tide. Analyses by E. H. Ducloux, An. Soc. cient. Argentina, vol. 54, 1902, p. 62. Salinity, 3.365 per
cent. Another pair of analyses is given of water taken at the mouth of Rio Negro.

G. The Gulf of Mexico, off Loggerhead Key, near Florida. Analysis by G. Stclscr, laboratory of the
U. 8. Geological Survey, 1910, Salinity, 3.519 per cent.

H. From near Beaufort, North Carolina. Mean of five analyses of samples taken under varying
conditions, by A. S. Wheeler, Jour. Am. Chem. Soc., vol. 32, 1910, p. 646. Salinity, 3.179 to 3.607 per cent.
Wheeler cites an analysis by C. Herbst of Mediterranean water.

T. The north Atlantic between Norway, the Faroe Islands, and Iceland, and northward to Spitzbergen.
Mean of 51 incomplete analyses by L. Schmelck, Pen Norske Nordhavs-Expedition, pt. 9, 1882, p. 1.
Sada and carbonic acid estimated by calculation, not directly determined. Salinity, 3.37 to 3.56 per cent.

J. The White Sea. Average of three analyses by C. Schmidt. Bull. Acad. St. Petersburg, vol. 24, 1878,
p. 231, Ralinity, 2.508 to 2.968 per cent.

K. The Arctic Ocean between the White Sea and Nova Zembla. Mean of two analyses by Schmidt,
loe. cit.

L. The Siberian Ocean. Water collected by the Vega expedition. Mean of four analyses by Torsberg,
Vega Exped. Rept., vol. 2, 1883, p. 376. Salinity, 1.378 to 3.457 per cent.

M. The Mediterrancan near Carthage. Analysis by T. Schloesing, Compt. Rend., vol. 142, 1906, p. 320.
Salinity, 38.9744 grams per liter.

N. The Mediterranean, . midsea, between Bizerta and Marseille. Ralinity, 38.789 grams per liter.
Analysis by Schloesing, loc. cit.

O. The castern Mediterranean, waters collected during the voyages of the “Austrian steamer Pola.
Analyst, K. Natterer, Monatsh. Chemie, vol. 13, 1892, pp. 873, 897; vol. 14, 1893, p. 624; vol. 15, 184, p. 530+
Three hundred samples of water were examined, some only for gases. The figures given here are the
average from 42 analyses which were fairly complete. Salinity, 3.836 to 4.115 per cent.

P. The Sca of Marmora. Natterer, Monatsh. Chemie, vol. 16, 1895, p. 405; 4{ partial analyses. Natterer
gives the figures here utilized as averages of varying numbers of determinations. Mg, Na, and X not
determined. Salinity, 2.310 to 4.061 per cent.

Q. The Black Sea. Average of six analyses by 3. Kolotoff, Jour. Russ. Phys. Chem. Soc., vol. 21, 1893,
p. 82. Salinity, 1.826 to 2.223 per cent.

R. The Suez Canal at Ismailia. Analysis by C. Schmidt, Bull. Acad. St. Petersburg, vol. 24, 1878, p. 231.
Salinity, 5.103 per cent. Tor other data on the Suez Canal, see L. Durand-Claye, Annales chim. phys.,
5th ser., vol. 3, 1874, p. 188, Very high salinities were noted. For a recent, incomplete analysis of Red
Sea water, see J. B. Coppock, Chem. News, vol. 96, 1907, p. 212.

S. The Red Sea near the middle. Analysis by Schmidt, loc. cit. Salinity, 3.976 per cent.

T. The Red Sea. Average of four analyses by Natterer, Monatsh. Chemie, vol. 20, 1599, p. 1; vol. 21,
1900, p. 1037. Water collected in the Sucz Canal, the Timsah Lake, and the two Bitter Lakes. Many
other partialanalysesare given. Thesalinity of these particular samples ranged from 5.085 to 6.854 per cent.

U. The Straits of Malacca. Salinity, 2.7965 per cent.

V. The China Sea. Salinity, 3.208 per cent.

W. The Indian Ocean, mean of two analyses, salinity 3.5534 to 3.6681 per cent. Analyses U, V, W, by
C. Schmidt, Mél. phys. chem., vol. 10, p. 594. Also Jahresh. Chemie, 1877, p. 1370. Schmidt’s rubidium
determinations need verification.

X. The “Mare Morto,”” an inclosed body of water on the island Lacromo in the Adriatic, having
underground connection with the sea. Salinity,3.1744 per cent. Analysisby W. Loebisch and L. Sipoez,
Min. Mitt., 1876, p. 171,

s
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Analyses of occanic celte—Continued.
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A ! ¢ n I 1 G b
Cle e 55.292| 55.185] 55.04] 55.21] 55.01| 54.62] 55.24| 55.25
Broo.oo.o.o..oo.l... .188]  .179 .19 .18 3. A7l
SO4eceiiiaiaianan. 7.692 7.914| 7.86] 7.69] 8.00, 8.01] 7.54] 7.56
COgeeaeeciiee .207  .213 .18 .09 L14 .27 .34 .37
Na...oooooooo ... 30. 593} 30.260[ 30.71} 30.82) 3.047; 30.20/ 30.80] 30.76
Koo 1.106! 1.109] 1.06] 1.16 .96 2,100 1.10, 1.14
Rboee e I P 17 DR PR P,
Canerenin 1.197] 1.244) 1.27] 1.214 1.67) 1.36] 1.22f 1.22
Mgt 3.725] 3.896/ 3.69] 3.61] 8.53] 3.36] 3.59] 3.70
I'e, Si0,, PO, oo R I 151 PR PRSI P
Fe, NH, NO;........[.......|......]cao. 021
(Fe Al,Og, 810, ool 08
100 000i100 000] 100.00] 100. 00 100. 00] 100.00| 100. 00| 100. 00

Lo I K L M N 0 ¥
Cl. oo 55.46 | 55.22 | 55.30 }55. 45 | 55.53 | 55.11 | 55.30 | 55.45
Bro....oo..o.l... 14 .14 .18 .19 .16 17
SOpeeiae it 7.59 | 7.88 1 7.78 1| 7.79 | 7.74 ) 7.89| 7.72 7.67
COgcvnin it .30 10 07 oLl .19 .20 .19 .28
Na..oooooiiin... 30.53 { 30.65 | 30.85 | 30.41 | 30.37 | 20.64 | 30.51. |. .
Koo 1.12 93 891 117 L0914 109 L12.......
Rb.oooo 04 04 e
Ca. ................... 1.21 | 1.21 1.16 | 1.18 ¢ 1.26 ] 1.23 ] 1.19 1.22
................... 3.79 | 3.751 3.69| 3.82| 3.64 | 3.65]| 3.8L4.......
I‘c, Si0,, POy fne .. 08 08 L L
100. 00 [100.00 {100. 00 {100. 00 (100.00 {100.00 {100.00 |...... .

Q R S T U v W X
55.59 | 55.60 | 55.96 | 55.46 | 55.43 | 55.41 54.78
.14 .13 .18 .13 .13 .13 .26
7.67 | 7.65| 7.49 7.9L 7.76 | 7.79 7.60
.01 .02 .13 .04 .03 .05 .72
31.21 1 30.81 | 30.31 | 30.23 | 30.67 | 30.89 | 30.57
.64 .97 | 1.06 .94 .97 .85 1.11
.03 04 ... .03 .04 03 ..., ..
1.05 .89 1.22 1.194( 1.19| 1.16 1.25
Mg 3.64 | 3.87 | 8.65| 4.03| 3.75| 8.67 3.71
Fe, Si0,, POyeeeooiifeaaatn .02 02 ... .04 .03 020 ...l
100. 00 {100.00 {100. 00 {100.00 [100.00 {100.00 [L00.00 | 100. 00

Some of the differences between the foregoing figures are no larger
than can be ascribed to differences in analytical methods or in the
atomic-weight factors used for calculation.
and Black seas, with their very low salinity, show the effect of dilu-
tion by fresh water, which appears in the slightly higher percentage
of calcium. Still, allowing for all possible sources of divergence,
the essential uniformity in composition of ocean salts is perfectly
clear. The mass of the ocean is so great, and the commingling of its

The waters of the Baltic
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waters by winds and currents is so thorough, that the local changes
produced by the influx of rivers are exceedingly small. The salinity
may range from less than 1 to over 4 per cent, but the saline composi-
tion remains practically the same.

For the composition of ocean salts in general, Dittmar’s average
should be taken as the standard of comparison. It represents the
largest number of complete analyses and the greatest refinement of
methods; the samples examined covered the widest geographic range
and were drawn from various depths of water. Some were surface
specimens, others from the bottom of the sea, and still others from
points between, and all the results lead to the same general conclusion
of nearly uniform composition, in spite of variable salinity. The
individual analyses vary but little from the mean. The salinity is
shown to be a function of temperature, pressure, and density; and the
last factor is represented by J. Y. Buchanan’s elaborate determina-
tions, which appear in the same volume with Dittmar’s analyses.
In general, according to the summary given in the ‘“Narrative” of
the Challenger expedition,? the density and therefore the salinity of
ocean water diminishes from the surface to a depth of 800 to 1,000
fathoms, and then increases to the bottom. Toward both poles there
are areas of concentration due to the formation of ice, a process which
removes water from liquid circulation, leaving a large part of its salts
behind. Freezing, as O. Pettersson ® has shown, modifies the compo-
sition of salt water, so that the brine formed from melting ice differs
notably from the parent solution. Two analyses by Forsberg ¢ serve
to illustrate this point. Both are here reduced to standard form in
order to facilitate comparison with those of normal sea water.

Analyses of brine from melting ice,

B. qumd intermingled with snow, collected on Arctic ice at —32°.
A. Another sample free from snow, also collected at —32°.

A B
62.47 63.52
1.26 .82
25. 88 27.85
.97 1.06
2.00 1.51
7.42 5.24
100.00 | 100.00

1 Natterer also, in the memoirs alrcady cited, discusses the relations between density and salinity. So,
too, does H. Tornoe in Den Norske Nordhavs-Expedition, 1880. See also memoirs by A. Bouquet de la
Grye, Annales chim. phys., 5th ser., vol. 25, 1882, p. 433; and A. Chevallier, Compt. Rend., vol. 140, 1205,
p. 902. On this theme there is an extensive literature, but physical problems can be only incidentally con-
sidered in the present memoir.

3Vol. 2, 1882, pp. 948-1003.

8 Vega Exped. Rept., vol. 2, 1883, pp. 349-380.

4 See O. Pettersson, op. cit., 1883, p. 376.
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The elimination of sulphates and the increase of chlorides is here
clearly indicated, and if we refer back to the tables previously given
we shall see that the Arctic waters are all slightly higher in sulphates
than Dittmar’s average for the great oceans.

In one sense the salinity of sea water is a function of climate, at
least so far as surface waters are concerned. Where the rainfall is
slight and the evaporation rapid, concentration occurs; where the
atmosphere is saturated with moisture, the reverse is true. The Red
Sea shows the maximum effect of evaporation and the highest salinity;
the Mediterranean is next in order. West of the Nile no large
rivers enter the Mediterranean; the evaporation along the African
shore is very great, and the salinity is therefore excessive. Further-
more, rainfall serves to dilute the superficial layers of the ocean,
and the same effect is produced by the influx- of streams. The
Black Sea, for instance, is diluted by the Danubé, and its average
salinity barely exceeds 2 per cent. When a river enters the ocean, its
waters tend to flow upon the surface, and its influence may be detected
at great distances, sometimes hundreds of miles from land. Salinity,
in short, is the product of many agencies, and the commingling of
waters is never quite complete. In view of conditions like these
the nearly uniform composition of sea salts is all the more striking.

It is commonly assumed that the salts of the.ocean are derived
from the decomposition of rocks by flowing and percolating waters,
which finally deposit their burden in the great general reservoir.
That this opinion is in a very large measure correct is unquestion-
able; whether it is wholly true, without qualification, is another
matter. We have already seen, in the preceding chapter, that an
enormous mass of soluble salts is annually discharged by rivers into
the sea, but its composition is very different from that of the saline
substances which we are now considering. In the one class of waters
carbonates and calcium prevail; in the other we find mainly chlo-
rides and sodium. If, then, ocean water is continually receiving
water unlike itself, its composition must be slowly chancring, but the
gains, although lalge in themselves, are relatively small in compari-
son with the vast accumulations of saline matter into which they
diffuse. 'Whatever changes may take place must proceed very
slowly, and no known methods of analysis are delicate enough to
detect them, even were the observations to be continued through
many centuries., For instance, calcium is one of the minor con-
stituents of sea water, and yet J. Murray and R. Irvine! estimate
that the discharge of rivers would require 630,000 years to make up
the total oceanic amount.?

- 1 Proc.-Roy. Soc. Edinburgh, vol: 17, 1889 pp. 100-101.

8 For a statistical paper-on the mineral matter in the sea, see R. D. Salishury, Jour. Geology, vol. 13,
1905, p. 469. Seealso A. C. Lane, Jour. Geology, vol. 14, 1906, p. 221, and A. B. Macallum, Trans. Canadw.n
Inst., vol. 7, 1903, p. 535.
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Practically, then, the composition of the ocean is very nearly con-
stant and has been so for long periods of time. We can not, by
means of analysis, measure the changes in it, but we can observe
some of them in operation, and see whither they tend. They are due
either to gains or losses of material, and both conditions have been
noted in the preceding pages. The gains from rivers and from rain-
fall are obvious; the losses by precipitation we shall examine presently.
Some salts, as we observed in studying the atmosphere, are lifted
from the ocean to fall again, partly upon the land, in rain. Much of
this material returns into the sea, but we can not assume that all of it
is regained. This loss, however, is trifling, and needs no further
consideration here. Streams brmg more chlorine and more sodium
‘into the ocean than it loses through the mechanical action of the air.
For these constituents a small net gain may safely be taken for granted.
As for the changes in composition produced in sea water by freezing,
they are local and transitory in character. When the ice melts, its
saline contents are restored to oceanic circulation, although not always
at the point from which they were withdrawn.  To the slight change
thus produced in Arctic waters reference has already been made.

CARBONATES IN SEA WATER.

Although calcium and carbonic acid are subordinate constituents
of sea water, their importance can hardly be overestimated. They
are the chief additions made by rivers to the ocean, and they are
the substances most largely withdrawn from it by living organisms.
Removed from solution, they form calcium carbonate, and that is the
principal material of corals and shells.

Normal calcium carbonate is nearly but not quite insoluble in
water, Upon this point many observations have been made. Ac-
cording to T. Schloesing,! whose data appear to be trustworthy, a
liter of water at 16° can dissolve 0.0131 gram of CaCO,. With respect
to sea water, however, the different varieties of the carbonate behave
differently. This has been shown by R. Irvine and G. Young,* who
found that amorphous calcium carbonate is more soluble than the
crystalline forms. To dissolve 1 part of the former 1,600 parts of
sea water are required, as compared with 8,000 parts f01 the crystal-
line carbonate. This difference bears dnectly upon the theory of
coral reefs. The living animal secretes amorphous carbonate, but
after decomposition a partial change to crystalline carbonate occurs.
Without this molecular rearrangement the coral would much more
largely dissolve and its stability would be greatly diminished. Some

! Compt. Rend., vol. 74, 1872, p. 1552,

2 Proc. Roy. Soc Edinburgh, vol. 15, 1888, p. 316 For other data on the solubility of calcium carbonate
in sea water, scc W, S. Anderson, Proc. Roy. Soc. Edinburgh, vol. 16, 1889, p. 318; and J. Thoulet, Compt.
Rend., vol. 110, 1890, p. 652.
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re-solution, however, occurs, especially where the waves have beaten
the coral mto s&nd and this subject has been well studied by
J. Murray and R. Irvme.1 They find that the porous corals dissolve
more readily than the compact varieties.

In presence of free carbonic acid, the solubility of calcium carbonate
is increased many fold. If we disregard ionization we may say that
calcium bicarbonate, CaH,C,0;, is then formed, a compound which is
chiefly known in solution. Of this salt, as shown by F. P. Treadwell
and M. Reuter,? a liter of pure water at 15° can dissolve 0.3850 gram,
a quantity which may be considerably increased by an excess of
carbon dioxide in the water. In sea water this solubility is modified .
by the presence of other compounds. E. Cohen and M. Raken?
experimenting with an artificial sea water, found that at 15° it was
saturated by 55.6 milligrams of fixed CO, per liter, equivalent t00.1264
gram of CaC0O,. According to G. Linck,* the maximum solubility
of calcium carbonate in sea water at 17°-18°is 0.191 gram per liter. .
The total quantity of calcium carbonate in average sea water, as
shown by Dittmar’s analyses, and upon the assumption that all of the
CO, radicle is thus combined, is not far from 0.121 gram per liter.
This, which is a maximum, is even below the saturation figure given
by Cohen and Raken, and much lower than that of Linck. It would
be diminished by the formation of other carbonates, and it must vary
with fluctuations in the free or half-combined carbonic acid of the
water. The latter constituent of sea water does not appear in the
analyses of dried oceanic salts.

Calcium bicarbonate is very unstable and can be broken down to
normal carbonate and free carbon dioxide by evaporation, by rise of
temperature, or by mechanical agitation.® The warm surface layers
of the ocean, according to J. Johnston and E. D. Williamason,® are -
practically saturated with carbonates, which are subject to premplta-
tion not only by changes of temperature but also by fluctuations in
the amount of carbon d10x1de in the adjacent air. A change of 2°
C. on the one hand, or from 3.2 to 3.0 parts per 10,000 of CO, will
cause the precipitation of 2 grams of calcium carbonate in 1 cubic
meter of a saturated solution. Under certain conditions the car-
bonate thus produced may assume the solid form and be precipi-
tated as a sort of calcareous ooze. This, however, can take place

t Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 79.

2 Zeitschr. anorg. Chemie, vol. 17, 1898, p. 170.

3 Proc. Sec. Sci., Amsterdam Acad., vol. 3, 1901, p. 63. .

¢ Neues Jahrb., Beil. Band 16, 1903, p. 505. A rccent paper on the solubility of calcium carbonate, by
J. Kendall, is in Philos. Mag., ser. 6, vol. 23, 1912, p. 958. On the solubility of calcite in natural waters
sec J. Johnston and E. D. Williamson, Jour. Am. Chem. Soc., vol. 38, 1916, p. 975, and R. C. Wells, Jour.
Washington Acad., vol. 5, 1915, p. 617. Wells (Jour. Am. Chem. Soc., vol. 37, 1915, p. 1704) has alss
studied the solubility of magnesium carbonate.

3 W. Dittmar, Challenger Rept., Physics and chemistry, vol. 1, p. 211, 1884.

¢ Jour. Geology, vol. 24, 1916, p. 729. Sec also J. F. McClendon (Proc. Nat. Acad. Sci., vol. 3, 1917, p.
612) on the equilibrium of sea water with respect to calcite and aragonite.



128 . DATA OF GEOCHEMISTRY.

only in very shallow waters, and especially near the mouths of streams
which carry carbonates in maximum amount. Such a deposition of
calcium carbonate, forming a crystalline limestone, was long ago
observed in the delta of the Rhone; and a similar reaction is taking
place among the Florida Keys. Sea water, however, is not entirely
saturated with carbonates, and a precipitate forming on the surface of
the open ocean would be redissolved before it could settle to the bot-
tom. Even shells undergo solution, and in sufficiently deep water they
may entirely disappear. In the reports of the Challenger expedition
there is much valuable information on this point.! Pteropod remains
were never found on the ocean floor at depths below 1,500 fathoms, but
the more resistant globigerina was collected at 2,500 fathoms. These
animals live at or near the surface; after death the shells slowly sink,
and, while sinking, partially or wholly dissolve. The decay of their
organic matter generates abundant carbonic acid, and this aids in
effecting solution. Be this as it may, the Challenger investigations
show that the quantity of calcium carbonate on the bottom of the
ocean depends in great measure upon the depth of water. Beyond
the limits indicated little calcium carbonate is found, a fact which
will be considered more in detail presently.

Calcium carbonate, then, takes part in a great system of changes
whose magnitude and direction can hardly be estimated. It enters
the sea in fresh waters; part of it is withdrawn by living animals to
form coral or shell; some of the material thus used is redissolved,
but much of it is permanently deposited in limestones or calcareous
shales. Limestone formations of marine origin in all quarters of the
globe testify to the importance of these processes. Living animals
secrete more calcium carbonate than is redissolved,? but the inflow
of fresh waters tends to supply the loss. Whether a balance is pre-
served it is impossible to say. The problem is complicated by the
fact that the erosion of limestones laid down in former geologic
periods now supplies material to streams, thus returning to the ocean
carbonates which were once withdrawn from it.?

In this system of gains and losses some otherwise unimportant
constituents of sea water play an interesting part. Radiolarians,
diatoms, and siliceous sponges extract silica from the ocean; this
material is finally deposited upon the sea floor and does not redis-
solve, or at least not readily.t” The silica brought in by rivers is partly
disposed of in this way. Phosphates are also withdrawn, but the bony
parts of marine creatures, after the death of the latter, go to a great

1 See summary in vol. 2 of the Narrative, 1882, pp. 948 et seq.

2 Sce J. Murray and R. Irvine, Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 79.

3 Onthecirculation of calcium carbonate, and itsrelation tothe age of the earth, see E. Dubois, Proc. See.
Bei., Amsterdam Acad., vol. 3, 1901, pp. 43, 116.

4 The insolubility of silica in sea water is great but not absolute. J. Murray and A. F. Renard ( Chal-
lenger Rept., Deep-sea deposits, 1891, p. 288) find that some silica can be dissolved out from diatomaceous
ooze.

~o
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extent into solution again. Iron, silica, and some potassium are laid
down in the form of glauconite; and the substances dredged up from
the bottom of the ocean tell us of still other reactions which are not

easy to explain.
OCEANIC SEDIMENTS.!

On the subject of oceanic sediments there is a voluminous literature.
A great part of it relates to what may be called mechanical deposits,
like gravel, sand, river silt, and so on—a class of substance that does
not concern us now. Their chemical character will be discussed else-
where, with reference to their origin. Near land, and especially at the
mouths of rivers, the sea bottom is covered mainly by mechanical
sediments or by the remains of marine ammals in mid-ocean the
deposits are of a very different type.

An entire volume of the Challenger reports, by J. Murray and
A. F. Renard, is devoted to the subject of “Deep-sea deposits,” and
special attention is paid to substances formed by chemical action on
the ocean floor.? The larger deposits may be classified as follows:

Deposits on the occan floor.

4 by g7
Nome, Ajorago dopin | Tergmigsoof
Redelay...oooiiiiiiiiiiii i es 2,730 6.70
Radiolarian 00Z€. « .« «cvreuneeenaiea i 2, 894 4.01
Diatom 00z€. . .o v i e 1,477 22.96
Globigering 00Z@. « .. ovnne et i 2,049 64. 47
Pteropod 00Z€.eeneaeacnnnnnn i 1, 044 79.25

The oozes derive their names from the characteristic organic
remains which they contain, and they merge by slight gradations
one into another. The classification is obviously approximate, not
absolute. If we consider them together, and include the coral muds,
the average percentage of calcium carbonate upon the sea bottom at
various depths is as follows:

Variation of calcium carbonate with depth.

Per cent. . Per cent.
Under 500 fathoms. .............. 86.04 | 2,000 to 2,500 fathoms. . ......... 46.73
500 to 1,000 fathoms.............. 66.86 | 2,500 to 3,000 fathoms........... 17.36
1,000 to 1,500 fathoms. .......... 70.87 | 3,000 to 3,500 fathoms. .......... .88
1,500 to 2,000 fathoms. ... ....... 69.55 | 3,500 to 4,000 fathoms........... None.

The disappearance of carbonates with increasing depth is thus
clearly shown,

Of all these deposits, the red clay, which covers about 51,500,000
square miles, is the most extensive, and from a chemical point of view

1 A treatise by L. W. Collet (Les dépots marins, Paris, 1908) deals with this subject quite fully.
3 See also J. Murray, Geog. Jour., vol. 19, 1902, p. 691, on material collected in 1901 by 8. 8. Britannia,

118750°—19—Bull. 695 9
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the most interesting. It is universally distributed in the occanic -
basins, but is typical only at depths ranging from 2,200 to 4,000
fathoms and far from land. Various theories have been proposed to
account for its formation; but Murray and Renard look on it as essen-
tially a chemical deposit, produced by the decomposition of silicates
of volcanic origin. Remnants of volcanic rocks are found on nearly
all parts of the ocean floor, and fragments of pumice are particularly
common. Some of these doubtless came from ordinary subaerial vol-
canoes, either as direct flows into the ocean, or as voleanic dust borne
long distances by currents of air. Other fragments represent sub-
marine volcanoes. Some of the specimens studied by Murray and
Renard were quite fresh, others were largely decomposed; and in a
number of them zeolites had been formed by subaqueous alteration.
Crystals of phillipsite were repeatedly identified. The color of the
clay is due to ferric oxide or hydroxide, which is easily removable by
means of strong acids. In all essential respects the clay resembles the
residues formed by the decay of igneous rocks. Its composition,
as shown by many analyses, is extremely variable.

That sea water will attack and dissolve silicates is well known,

although its efficiency is less than that of fresh water. On this -

subject the experiments of J. Thoulet ! have been often quoted, and
A. Johnstone ? has shown that even so refractory a mineral as tale is
slowly but perceptibly soluble. The process of change is of course
almost inconceivably slow; but in the quiet depths of the ocean it has
doubtless been going on throughout all geological time. It began
when the first volcanic ejectamenta entered the sea, if such a moment
- can be imagined, and has been operative continuously to the present
day. Cosmic and other dusts have contributed something to the
formation of the clay, and so, too, have animal remains; but volcanic
matter seems to have been the chief starting point. This is the view
of Murray and Renard, and it is the opinion best sustained by chemical
evidence. Possibly, however, submarine volcanoes must also he
‘taken into account.

In addition to the widespread formatlons mentioned in the fore-
going paragraphs, the sea bottom yields many interesting products
of a sporadic or local character. Among them are the well-known
manganese and phosphatic nodules and glauconite; and these we
may briefly consider in regular order.

Manganese, as oxide or hydroxide, exists in all deep-sea deposits,
sometimes as grains in the clay or ooze, sometimes as a coating upon
pumice, coral, shells, or fragments of bone, and often in the form of
nodular concretions made up of concentric layers about some other

1 Compt. Rend., vol. 108, 1889, p. 753. Sce also recent work by J. Joly, in Compt.rend. VIII Cong. géol.
internat., 1900, p. 774.
2 Proc. Roy. Soc. Edinburgh, vol. 16, 1889, p. 172,
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substance as a nucleus.! Even in shallow waters, as in Loch Fyne in
Scotland, these nodules have been found,? but they seem to be more
characteristic of the deeper ocean abysses, whence the dredge often
brings them up in great numbers.

The origin or mode of formation of the manganese nodules is stili

" in doubt. Murray ® regards the manganese as derived, like the red

clay, from the subaquecus decomposition of volcanic débris. C. W.
Giimbel * attributes the nodules to submarine springs holding manga-
nese in solution, which is precipitated on contact with sea water.
Buchanan ® invokes the reducing agency of organic matter, which
transforms the sulphates of sea water to sulphides, precipitating iron
and manganese in the latter form to be subsequently oxidized. This
view was contested by R. Irvine and J. Gibson ¢ who showed that
manganese sulphide was decomposed by sea water, the manganese
redissolving as bicarbonate. J.B. Boussingault ” holds that the man-
ganese was derived from carbonates carried in solution by oceanic
waters and a similar explanation has been offered by L. Dieulafait.®
The oxidation of the carbonates is supposed to take place at the sur-
face, through atmospheric contact, after which the precipitated oxide
falls to the bottom of the sea. :

Of all these theories, that of Murray seems to be the best substan-
tiated. The manganese can easily be derived from the alteration of
rock fragments, as it is by weathering on land; it goes into solution
as carbonate, is oxidized by the dissolved oxygen of the sea water,
and is precipitated near its point of derivation around any nuclei
which happen to be at hand. The nodules occur in close association
with altered volcanic materials, and most abundantly in connection
with the red clay of similar origin; furthermore, their impurities are
of the kind which the suggested mode of formation would lead us to
expect. In composition the nodules vary widely, ranging from 4.16
‘to 63.23 per cent of manganese oxide: The analysis by J. Gibson °
is the most complete one among the many which were made, and is
therefore selected as representative. The entire sample contained—

Water. ........ e et 29. G5
Aqueous extract 0 L i 2.44
Insoluble residue........ TR e, 17.93
Portion solublein HCL. ... ... ... ... .. .. ... 49,97

99.99

1 For full description see Challenger Rept., Decp-sca deposits, 1891, pp. 341-378. Bee also J. Murray and
R. Irvine, Trans. Roy. Soc. Edinburgh, vol. 37, 1895, p. 721.

37J. Y. Buchanan, Proc. Roy. Soc. Edinburgh, vol. 18, 1890, p. 19.

3 Proc. Roy. Soc. Edinburgh, vol. 9, 1876, p. 255. .

4 Sec abstract in Neues Jahrb., 1878, p. 869.

8 Proc. Roy. Soc. Edinburgh, vol. 18, 1890, p. 17,

3 Proc. Roy. Soc. Edinburgh, vol. 18, 1890, p. 54..

7 Annales chim. phys., 5th ser., vol. 27, 1882, p. 289. '

8 Compt. Rend., vol. 96, 1883, p. 718.

¢ Challenger Rept., Deep-sea deposits, 1891, pp. 417-423, :

10 Saline matter unavoidably inclosed in the nodules. Gibson gives its compositién in detail.
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The insoluble and soluble portions, recalculated separately, are
represented in the subjoined statement:

Analysis of manganese nodule.

Portion soluble |- Insoluble -

in . portioa.
S0 U A 74.58
ST R IR ST
ALOs o e e 6.34 12.93
B O 26.97 4.79

If we include in this analysis the water of the original material we
see that it represents a mixture of manganese, iron, and aluminum
hydroxides, soluble in hydrochloric acid, with an insoluble residue of
silicates. The specimen came from a depth of 2,375 fathoms.

The phosphatic. concretions found on the ocean floor offer a sim-
pler problem for solution. As Murray and Renard* show, they are
directly derived from the ‘‘decaying bones of dead animals, upon
which carbonic acid exerts a powerful solvent action.”” They form,
like the manganese nodules, around various nuclei, but preferably
upon organic centers, such as shells. In many cases the phosphatic
matter was first deposited in cavities of shells, around which the
nodules -continued to grow, inclosing various muddy impurities.
Probably the ammoniacal salts which are generated by the decompo-
sition of organic matter in the bone play some part in the precipita-
tion of the calcium phosphate. The following analyses, by Klement,
show the composition of these bodies. A was from a depth of 150
and B from 1,900 fathoms.

1 Challenger Rept., Deep-sea deposits, 1891; pp. 397-400. On the phosphatic nodules of the Agulhas
Bank, see L, W. Collet, Proc. Roy. Soc. Edinburgh, vol. 25, 1905, p. 862; and L. Cayeux, Bull. Sce. gfol.
France, 4th ser., vol. 5, 1906, p. 750.



A%

THE OCEAN. : 133

Analyses of phosphatic concretions from sea bottom.

A B
23,54
10. 64
1.39
2.56
40. 95
.83
2.79
: 1.43
Loss onignition. ... ...t Undet. 3.65
Insoluble résidue. . ..o oot 17.34 11.93
95. 89 99.71

Analyses of the insoluble residue gave the following rcsults
Analyses of insoluble 7csulue Jrom phosphatic concretions.

A B
SH0g ettt et 77.43 | 76.58
AL G, 12.40 | 13.85
B 7.91 7.93
LT O e 1.07 1.27
MEO0. .o e el et 1.02 1.18
"99.83 ) 100.81

The concretions, then, consist mainly of calcium phosphate and
carbonate, mixed with sand and clay.

The last of the oceanic deposits which we need to consider in this
connection is glauconite, a hydrated silicate of potassium and ferric
iron. It is widely disseminated upon the sea bottom, but most abun-
dantly in comparatively shallow waters and near the mud line sur-
rounding continental shores—that is, it is formed ‘‘just beyond the
limits of wave and current action, or in other words, where the fine
muddy particles commence to make up a considerable portion of the
deposits.” It is developed principally in the interior of shells, but
its mode of formation is obscure. Murray and Renard argue that .
after the death of the organism the shell first becomes filled with fine
mud, upon which, in presence.of the sulphates of sea water, the
organic matter of the animal may act. The iron of the mud is re-
duced to sulphide, which afterward oxidizes to ferric hydroxide,
alumina being at the same time removed in solution and colloidal
silica set free. The latter, reacting upon the hydroxide, in presence
of potassium salts derived from adjacent minerals, finally generates

glauconite. This theory is supported by the observation that the

1 Murray and Renard, Challenger Rept., Decp-sed’deposits, 1891, p. 383.
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glauconitic shells are always associated with the detritus of terrigenous
rocks, containing orthoclase, muscovite, and other minerals from
wlnch the necessary potassium could be obtained. 1In a later portion
of this work we shall have to examine the subject of glauconite more
fully. An elaborate discussion of it would be out of place now.

Oceanic deposits, then, whether of shell, coral, red clay, manganese
nodules, or glauconite, are in a sense the fossil records of chemical
reactions which have taken place in the depths of the sea. They
represent both additions to and withdrawals of matter from the
waters of the ocean, with the formation of new substances by chemical
change.!

The relative quantities of the chemical sediments thus annually
formed can be approximately estimated. For this purpose we may
first compare in detail the actual amount of each radicle poured
into the ocean in one year with the total accumulation of saline
matter in the ocean itself. The data are given in the following table:

Comparison of oceanic and fluviatile salts.

A. The annual addition of each radicle, by rivers, computed fromn the data already given in the preced-
ing chapter.

B. The saline matter in the ocean, computed from Dittmar’s analyses, with Karstens’s value for the
volurae of the ocean, 1,285,935,211 cubic kilometers, and a mean density of 1.026.

Annual f.erm rivers Tn grs:ean

(metric tons X103). { (metric tensX10'2).
Lo T 961, 350 95. 6
SO0 e e 332, 030 | 3,553.0
6 P 155, 350 25, 538.0
1 5 R PR e 86.8
NOg. e e ee e e 24,614 |... ... e
or A 258, 357 14,130. 0
S P 57,982 510. 8
O e e e 557, 670 552.8
M. e 93, 264 | 1,721.0
ROgenenennn e 75,213 1...... et
Si0g...nnn-- i 319,170 |.. ...l ..
[ 10T ' W A 2, 735,600 X10° 46,188, 0 X102

If from each of the quantities in column A we subtract the amount
annually retained in solution by the sea, the difference will represent
the amount precipitated. To do this, an assumption must be made
as to the age of the ocean; but whatever figure is assumed, the resuits
will be of the same order of magnitude. For example, the ocean
contains 552.8 X 10* metric tons of dissolved calcium; which quan-
tity, divided by the assumed age, gives the annual increment. If
the age of the ocean is 100,000,000 years, the annual addition of

1 E.J. Jones (Jour. Asiatic Soc. Bengal, vol. 56, pt. 2, 1887, p. 209) has descriked another class of marine
nodules. They were dredged up in 675 fathoms of water off Colombo, Ceylon, and contained about 75 per
cent of barium sulphate.
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calcium has been 5,528,000 -tons; if only 50,000,000 years it is
11,056,000 tons. Subtracting these quantities from the total cal-
cium of the river waters the remainders become 552,142,000 and
546,614,000 tons, respectively; the difference being less than the
actual uncertainties of the computation. Calculating upon both
assumptions the annual precipitation of chemical sediments is as
follows, in metric tons:

AEC 0l 0CCAN (FCATS) «uutieitteeaen e eeeeneneaesannnnesannaamnaans 100,000,000 50,000,000

(10 e e 296, 500,000 | 260, 970, 000
e e e e 8§52, 142, 000 | 546, 614, 000
Mg. .ot e 76, 054, 000 58, 844, 000
K i 52, 874, 000 47,766, 000
RO, oo 75,213, 000 75, 213, 000
B0, oo 319,170, 000 319, 170, 000

If we assume that all the calcium and magnesium are precipitated
as carbonates and the sesquioxides as hydrates, the total amount
of chemical sediments annually deposited, including coral reefs
and calcareous oozes, is somewhere between 2,200,000,000 and
2,400,000,000 metric tons. A little lime undoubtedly goes down as
sulphate, although gypsum or anhydrite is found in oceanic sedi-
ments only in very small proportions. Probably much of the
sulphuric radicle is reduced by organic matter, forming sulphides.
The potassium is partly taken up by the clay substances of oceanic
silt and partly goes to form glauconite, but there are no data from
which to determine its actual distribution. Silica is assumed to be
wholly thrown down, the trifling residue held in solution being
negligible. Chlorine and sodium are held to rewnain dissolved.

The figures given above for the quantities of the chemical pre-
cipitates are, of course, by no means accurate. They are merely
rough approximations.to the truth, but they tell something of the
relative magnitudes. Even if we knew precisely the age of the ocean
it would not be practicable to reckon backward and so to determine
the total mass of deposits formed during geologic time. The
figures tell us what is happening to-day, but are inapplicable to the
past. The reason for this statement is, that apparently the different
deposits have formed at different rates. In the beginning of chemical
erosion fresh rocks were attacked, and relatively more silica and less
lime passed into solution. At present, limestones laid down in pre-
vious geologic ages are being dissolved, and calcium is added to the
ocean more rapidly. than in pre-Cambrian time. This is not mere
speculation. A study of river waters with reference to their origin,
whether from crystalline or sedimentary rocks, fully justifies my
assertions.
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So much for the annual precipitation. - J. Joly,! by a different
method, has calculated that the total mass of chemical sediments in
the ocean is about 19.5X10® metric tons. This estimate is not
inconsistent with the foregoing computations. Purely mechanical

sediments, such as river silt, volcanic ejectamenta, or dust brought

by the atmosphere from the land, are obviously left out of considera-
tion here. Their sum total could hardly be estimated, at least not
with existing data.?

POTASSIUM AND SULPHATES.

- In seeking to balance the gains and losses of the ocean some account
must be taken of potassium and of sulphates. The latter have
already been mentioned as partly reduced by organic matter, a
change which is counterbalanced to some extent by reoxidation
under other circumstances. On the whole, sulphates seem to accu-
mulate in the ocean, but the figures are not wholly concordant or
satisfactory. The extent of their precipitation is by no means clear,
although they are found in all the clays and ‘00zes in trivial propor-
tions.

With potassium other conditions hold, and river and ocean waters
are not at all alike. In river waters, on an average, the proportion
of potassium is about one-fourth that of the sodium;?® but in sea

. water it is only one-thirtieth. In the igneous rocks sodium and
potassium are nearly equal; they pass unequally into the streams,
and in the ocean the difference is still further increased. What
becomes of the potassium ?

The answer to this question is simple. Hydrous silicates of alumi-
num, the eclays, are able to take up considerable proportions of
potassium and to remove its salts from solutions. According to J. M.
van Bemmelen,* ordinary soils will extract more potassium than
sodium from solutions in which the salts of both metals are present,
even where the sodium is in excess. Potassium, then, is removed
from natural waters as they percolate through the soil, or else by the
suspended silt carried by streams. The sodium is not so largely with-
drawn, and therefore its relative proportion tends steadily to increase.
One metal is deposited with the sechmenta, the other remains in
solution.

1 Radioactivity and geology, pp. 57, 58.

21In an interesting but not altogether conclusive paper (Jour. Geology, vol. 2, 1894, p. 318) J. A. Udden
hasendeavored to show that the dust carried by the atmosphere is of greater amount than the silt trans-
ported by rivers. Scealso E. E. Free, Science, vol. 29, 1909, p. 423. In Bull. Bur. Soils No. 68, U. S. Dept.
Agr., 1911, Free gives an elaborate discussion of the movement of the soil by wind, and a full blbho"rzg)hy
of the subject.

3 Many of theanalyses of river water, as published, show no potassiuin, but this only means that they
arc incomplete.  In such cases the alkalies were weighed together and in calculatmn the potassium was
ignored. Thisis especially true of boiler-water analyses.

4 Landw. Versuchs-Stationen (Berlin), vol. 21, 1877, p. 135. Theadsorption of potassium has been cstah-
lished by the work of many investigators.



Vs

THE OCEAN., 137

These observations are confirmed in part by analyses of oceanic

- deposits, although the evidence is often incomplete. The larger

number of analyses given for clay, mud, and ooze in the Challenger
report contain no mention of alkalies, but when the latter are noted
the potassium is commonly, not always, in excess.! In glauconite and
phillipsite deposits potassium always predominates. L. Schmelck,? in

his analyses of clays from the northern Atlantic, records no alkalies,
but K. Natterer,® in sediments from the eastern Mediterranean and

the Red Sea, found small quantities of potash and soda, and in nearly
every instance potash was the more abundant of the two. In short,
if the recorded analyses are correct, the clays and oozes of the deep
sea have been partly leached of their alkalies; but some of the po-
tassium from the original volcanic material, with less sodium, has
been retained in the production of zeolites. Nearer to land potassium
has'been used in the formation of glauconite, and still nearer, where
mechanical. sediments appear, a similar discrimination is- evident.
Sodium dissolves, but potassium is held back. Potassium salts are
also absorbed by some seaweeds in large quantities. This has been
recently shown by D. M. Balch,* who finds that the giant alge of the
California coast are remarkably rich in potassium chloride.

THE CHLORINE OF SEA WATER.

It is not possible at present to trace all of the changes which take
place in ocean water, nor to account with certainty for the difference
between sea salts and the material received from streams. In chem-
ical character, fresh and salt water are opposites, as a brief inspection
of the data will show. In ocean water, C1>S0,>CO,; in average
river water, CO, >80, >Cl.  So also for the bases—in the first case,
Na >Mg >Ca; in the other, Ca >Mg >Na—a complete reversal of the
order. We can understand the accumulation of sodium in the ocean,
and some of the losses are accounted for, but the great excess of
chlorine in sea water is not easily explained. In average river water
sodium is largely in excess of chlorine; in the ocean the opposite is
true, and we can not well avoid asking whence the halogen element
was derived. Here we enter the field of speculation, and the evi-
dence upon which we can base an opinion is scanty indeed.”

To the advocates of the nebular hypothesis the problem is compara-
tively simple. If our globe was formed by cooling from an incan-

1 This conclusion is confirmed by a recent and very complete analysis of the ‘‘red clay,” conducted in
the laboratory of the United States Geological Survey. These sediments will be considered more fully in
another chapter.

2 Den Norske Notdhavs-Expedition, pt. 9, 1882, p. 35.

3 Monatsh. Chemie, vol. 14, 1893, p. 624; vol. 15, 1894, p. 530; vol. 20, 1899, p. 1.

4 Jour. Indust. and Eng. Chem., vol. 1, 1909, p. 777. These alge are now being commercially exploited
as a source of potassium chloride. .

, 6 On the ratio between sodium and chlorine in the salts carried by rivers to the sca, sce E. Dubois, Proc.
Sec. Sci., Amsterdam Acad., vol. 4, 1902, p. 388. On the ratio between Cl and SOy in sea water, see E.
Ruppin, Zeitschr. anorg. Chemie, vol. 69, 1910, p. 232.
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descent mass, its primitive atmesphere and ocean must have been
quite unlike the present envelopes, and we may fairly suppose that

they contained large quantities of acid substances. Hydrochloric’

acid in the atmosphere would imply a solution of hydrochloric acid
in the sea, which might in time be neutralized by the bases dissolved
from rocks and poured by rivers into the common reservoir. This
azoument has been especlally developed by T. Sterry Hunt,® who
shows that, if his premises are sound, the primeval ocean must have
been much richer in calcium and magnesium than the sea is to-day.
The richness of some artesian waters of Canada in lime salts, waters
which Hunt regards as fossil remainders from the early sea, may be
cited in support of his views.

On the other hand, R. A. Daly? has cited paleontological data in
favor of the view that the pre-Cambrian ocean was nearly freg from
lime. The absence of fossils from rocks of an age immediately pre-
ceding a period rich in highly developed calcareous forms is taken as
evidence that the earliest life was essentially shell-less and soft-
bodied, in consequence of a deficiency of lime salts in its environment.
Itis possible, however, that the pre-Cambrian animals were developed
under conditions which favored the formation of aragonmitic rather
than calcitic exoskeletons. Aragonitic shells dissolve much more
readily than those formed of calmte, and therefore rarely appear as
fossils.

Another group of Wnters seeking to avoid the nebular hypotheSIS,
conceive the earth as havmg been built up by the slow aggrec'atlon
of small, solid, and cold meteoric bodies.? Kach of these, it is
supposed carried with it entangled or occluded atmospheric material.
In course of time central heat was developed by pressure, and a
partial expulsion of gas followed, thus forming an atmosphere

“ derived from within. When the atmosphere became adequate to
retain solar heat, and so to raise the surface temperature of the
globe above the freezing point, the hydrosphere came into existence;
but of its chemical nature at the beginning nothing, so far as I am
aware, has been said by the advocates of this doctrine. There is,
however, an analogy which may be utilized. Meteoric iron fre-
quently incloses anhydrous ferrous chloride, or lawrenceite, a fact
of which the curators of collections are painfully aware. The ferrous
chloride deliquesces, the liquid formed then undergoes oxidation,
ferric hydroxide is deposited, and acid solutions are developed which
still further attack the iron. Through this process of corrosion

1 Am. Jour. Sci., 2d ser., vol. 39, 1865, p. 176; and various papers in his Chemical and geological essays.
See also J. Joly, on the geologic age of the earth, in Trans. Roy. Dublin Soc., 2d ser., vol. 7, 1899, p. 23; and
R. A. Taylor, Proc. Manchester Lit. Philos. Soc., vol. 50, 1906, p. ix.

2 Am. Jour. Sci., 4th ser., vol. 23, 1907, p. 93 A]soalater paper in Bull. Geol. Soc. America, vol. 20, 1909,
p. 153.
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