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THE DATA OF GEOCHEMISTRY.
| By F. W. CLARKE. - |

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
veriable 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

1The first edition of this volume was published in 1908 as Bulletin 330 of the United States Geological
Survey. The work has been revised and enlarged for the present edition. 0
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rock, for example, may be composed mainly of eight chemical ele-
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 agency 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 purpose 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
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second and third shells are relatively thin, and consist of material
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 .ne 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
genera] 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 twenty-five 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.

1 The recent Principles of chemjcal geology, by J. V. Elsden (London, 1910), is an excellent though brief
treatise on this aspect of geochemistry. It covers, however, only a small portion of the field.



CHAPTER L

THE CHEMICAL ELEMENTS.
'NATURE OF THE ELEMENTS.

Although many thousands of compounds are 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 produc-
tion 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 ele-
ments, polonium, actinium, radiothorium, ionium, etc., are also dis-

1F. W. Clarke, Pop. Sci. Monthly, January, 1873. See also the later well-known speculations ot J.
Norman Lockyer.
2 This subject will be discussed at length later.
12
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regarded for the reasons that they are imperfectly known and geo-

logically unimportant.. The recently discovered celtium, and niton, -
the emanation of radium, are too little known to be included here.
The chemical elements.
= sy, | 5 |

Aluminum......... Al 27.1 Molybdenum........ Mo 96.0
Antimony......... Sb | 120.2 Neodymium........ Nd | 144.3
Argon_............. A 39.88 || Neon....cooonnnnnn. Ne 20.0
Arsenic............. As 74.96 || Nickel............. "Ni 58. 68
Barium............. Ba | 187.37 || Nitrogen............ N 14. 01
Bismuth............ Bi | 208.0 OSMIUM. ... nnenennn Os | 190.9
Boron.............. B 11.0 Oxygen............ 0 16.00
Bromine............ Br 79.92 | Palladium.......... Pd | 106.7 |-
Cadmium........... Cd |-112.40 | Phosphorus......... P 31.04 ‘
Ceesium . ..evenennnn Cs 182.81 | Platinum............ Pt 195. 2
Caleium........... Ca | 40.09 || Potagsium.........., K 39.10
Carbon............. C 12.00 | Praseodymium...... Pr | 140.6
Cerium............. Ce | 140.25 | Radium............. Ra | 226.4 .
Chlorine........... Cl 35.46 || Rhodium............ Rh | 102.9 N
Chromium.......... Cr 52.0 Rubidium..........] Rb 85. 45
Cobalt.............. Co 58.97 | Ruthenium......... Ru | 10L7
Columbium........ Cb 93.5 Samarium.......... Sa 150. 4
Copper.....ccceee-.. Cu 63.57 || Scandium........... Se 44.1
Dysprosium........ Dy | 162.5 .|| Selenium............ Se 79.2
Erblum............ Er | 167.4 Silicon............. Si 28.3
Europium......... Eu | 152.0 Silver.......ceeune.. Ag | 107.88
Fluorine............ F 19.0 Sodium............. Na 23.00
Gadolinium......... Gd | 157.3 Strontium.......... Sr 87.63
Gallium............ Ga 69.9 Sulphur............. S 32.07
Germanium........ Ge 72.5 Tantalum........... Ta | 18L5
Glucinum.......... Gl 9.1 Tellurium.......... Te | 127.5
Gold.............. Au | 197.2 Terbium............ Th | 159.2
Helium............ He 3.99 || Thallium........... Tl 204.0
Hydrogen........... H 1.008 || Thorium............ Th | 232.4
Indium............ In 114. 8 Thulium........... Tm | 168.5
Todine............. I 126.92 || Tin........ .- Sn 119.0

Iridium... .- Ir 193.1 Titanium . Ti 48.1

Iron..... .- Fe 65. 85 Tungsten.. w 184.0

Krypton... . Kr 82.9 Uranium.. .. T 238.5
Lanthanum........ La | 139.0 Vanadium. ......... v 51.06
Lead............... Pb | 207.10 || Xenon............. Xe | 130.2
Lithium............ Li 6.94 1} Ytterbium

Lutecium........... Lu | 174.0 (Neoytterblum) Yb { 172.0

Magnesium. ....... Mg 24.32 | Yttrium........ Yt 89.0
.Manganese.......... Mn 54.93 || Zinc............... Zn 65. 37
Mercury...c.ccounen Hg | 200.6 Zirconium.......... Zr 90. 6

DISTRIBUTION OF THE ELEMEN"I‘S.1

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.

1 For an early table showing distribution, see Elie de Beaumont, Bull. Soc. géol. France, 2d ser., vol. 4,
184647, p. 1333,
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Being easily oxidized, it nowhere occurs hative. Found chiefly in
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
oxide 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

S~ sulpharsenides of the heavy metals, as oxide, and in a considerable
number of arsenates. Arsepopyrite is the commonest arsenical min-
eral. Arsenic is very widely diffused and traces of it exist norma,lly
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.
,i Barvmm.—-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, vanadate, and arsenate exist as rela-
tively rare mineral species.
i 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 or 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 zinc,
which it resembles. Occurs generally as the sulphide, greenockite.

1 On barium in soils, see G. H. Failyer, Bull. Bur. Soils No. 72, U. 8. Dept. Agr., 1910,
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Ozsium.—A rare metal of the alkaline group, allied to potassium.
Often found in lepidolite, and in the waters of some mineral springs.
The very rare mineral pollucite is a silicate of aluminum and ceesium.

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 once been identified in a meteorite.

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
elzolite 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.

Cobalt.—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,
and samarskite being typical examples. All these minerals are
" most abundant in pegmacite veins.

1 Also known s “niobium.” The name columbium has nearly 40 years’ priority.
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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 rare-earth metals of the yttrium group. See
“Yttrium.”

Europium.—Another metal of the rare earths, of slight importance.

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

Gadolinium.—One of the metals of the rare earths. See ‘“Cerium”
and “Yttrium.”

Gallium.—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 & 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. It is also present, in
very small traces, in sea water.

Helium.—An inert gas obtained from uraninite. The largest
quantities are derived from the highly crystalline uraninite found
in pegmatite. The massive mineral from metalliferous veins con-
tains little or no helium. Traces of helium also exist in the at-
mosphere, in spring waters, and in some samples of natural gas.

Holmium.—One of the rare-earth metals. Little known.

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
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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.

Indium.—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.

Todine.—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.

Iridium.—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 & normal constituent are numbered by hundreds. _

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

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

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 a vanadate. 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-earth minerals. See ‘“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 magnesium silicates, and

_dolomite, the carbonate of magnesia and lime, is also found in
enormous quantities. Magnesium compounds occur in sea water and
in many mineral springs. The metal is not found native.

- Manganese.—Widely diffused in sinall quantities. Found in most
rocks and in some mineral waters. Never native. Occurs commonly
101381°—Bull. 491—11——2 '

'
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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 mercury, but is usually found, locally concentrated,
in the form of the sulphide, cinnabar. Chlorides of mercury, the
selenide and the telluride, are relatively rare minerals. Cinnabar
has been observed in process of deposition by solfataric action at
Sylphur Bank, California; and Steamboat Springs, Nevada.

Molybdenum.—One of the rarer metals. Most frequently found in
granite in the form of thé sulphide, molybdenite. The molybdates
of iron, calcium, and lead are 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 cobalt. Found native, alloyed with
iron, in meteorites 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.

Nf»trogen —The predominant element of the atmosphere, in which
it is uncombined. Also abundant in organic 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 in
enormous quantities. Some volcanic waters contain nitrogen in the
form of ammonium compounds.

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

Ozygen.—The 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
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 bones, 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,
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and generally uncombined. To the latter statement there are two -
known exceptions—sperrylite is platinum arsenide, and laurite is
ruthenium sulphide. Native platinum, platiniridium, iridosmine, 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. 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 cesium. 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 sulphu1 with which it
is commonly associated. Found native, and also in the selenides of
copper, silver, mercury, lead, bismuth, and thallium. A few selenites
exist as secondary minerals.

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 sulphide, 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

1 Proc. Roy. Soc., vol. 77, ser. A, 1906, p. 472.
28jtzungsb. Berlin Akad., 1908, p. 851. See also a later paper in Chem. News, vol. 102, 1910, p. 211.
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. 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 agirite. 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, haliynite 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, with
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.”

Thalliwm.—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. _

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
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-

1F. P. Dunnington (Am. Jour. Sci., 3d ser., vol. 42, 1891, p. 491) has shown the abundance of titanium
in soils and clays. He gives about eighty determinations.
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rences are as titanite, ilmenite, rutile, and perofskite. The element
is often concentrated in beds of titanic iron ore.

Tungsten.—An acid-forming heavy metal allied to molybdenum.
Found as tungstates of iron, manganese, calcium, and lead in the
minerals wolfram, hitbnerite, scheelite, and stolzite.

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 preceding paragraph, is an impure vanadate of potas-
sium and uranium. Sulvanite is a sulphovanadate of copper.
Patronite, a sulphide of vanadium, forms a large deposit at one locality
in Peru.

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

Yitrium 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 silicates,
and in some of the columbo-tantalate group of minerals. The min-
erals of the rare earths are generally found in granit;e or pegmatite
veins.

Zine.—Common, but not 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 sﬂmates, troostite and willemite, are the character—
istic ores.

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

RELATIVE ABUNDANCE OF THE ELEMENTS.

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

L The old ytterbium, the ytterbium of the former edition of this work, has been proved to be complex
by G. Urbain and Auer von Welsbach, working independently. The two components of the former ytter-
bium are by Urbain named neoytterbium and lutecium. For these Welsbach proposes the names alde-
baranium and cassiopeium. The name ytterbium is here retained for the main component of the mixture
and lutecium for the other, as having priority over its synonym.
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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 con-
tinents 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 I 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 deter-
mined, is equivalent to that of 1,268,000 cubic miles of water, the unit
of density. . Combining these data, we get the following expression
for the composition of the known matter of our globe:

Composition of known matter of the earth,

Density of crust................ P " 2.5 2.7
Atmosphere.......... e per cent. . 0.03 0.03
Ocean. .......:..... oo i, do.... 7.08 6. 58
Solid erust. ..., do....| 92.89 93. 39
' 100. 00 100. 00

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
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

18ir John Murray (Scottish Geog. Mag., 1888, p. 39) estimates the volume of the ocean at 323,722,150
cubic miles. K. Karstens, more recently (Eine neue Berechnung der mittleren Tiefen der Oceane, Inaug.
Diss., Kiel, 1894), put it at 1,285,935,211 cubic kilometers, or 307,496,000 cubic miles. Karstens gives a good
summary of previous estimates, which vary widely. To change the figure given above would be a strain-
ing after unattainable precision.

2The 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,
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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 entire
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. Hven 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.

Composition of oceanic salts. Composition of ocean.

NaCl..oo il TT76 | O 85.79
MgClye e 10.88 | Hovoreeeeaee e ei it 10. 67
MESO4. v e 0 70 e BN 2.07
(0100 P 3.60 | Nao oo, 1.14
O O 2046 | Mg 14
MgBr, c22 1 Qe 05
CaC0guneeani e iiiaaaiaeanaann 7 I G 04
il I~ T 09

10000 B . 008

L . 002

100. 00 .

It is worth while at this point to consider how large a mass of
matter these oceanic 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
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

1 In vol. 1, Physics and chemistry.
2 According to J. Joly (Sci. Trans. Roy. Soc. Dublin, 2d ser., vol. 7, 1899, p. 30) the sodium chloride in
. the ocean would cover the entire globe 112 feet deep.

v
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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 com-
puting the average composition of the ocean and its average signifi-
cance as a part of all terrestrial matter are maxima, and therefore
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.
The following averages are now available for comparison:

i A. My original average of 880 analyses, of which 207 were made in the laboratory
of the United States Geological Survey and 673 were collected from other sources.
Many of these analyses were incomplete.

B. The average of 680 analyses from the records of the Survey laboratories, plus
some hundreds of determinations of silica, lime, and alkalies. The Survey data up
to January 1, 1897.

C. The average of 830 analyses from the Survey records, plus some partial deter-
minations. The Survey data up to January 1, 1900.

D. An average of all the analyses, partial or complete, made up to January 1, 1908,
in the laboratories of the Survey.?

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

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

Now, omitting minor constituents, which rarely appear except in
the more modern analyses, these averages may be tabulated together,

1 Bull. Philos. Soc. Washington, vol. 11, 1889, p. 131. Alsoin Bull. U. 8. Geol. Survey No. 78, 1891, p. 34.

2 See Bull. U. S. Geol. Survey No. 419, 1910, p. 4, for details.

8 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.

1 Prof, Paper U. S. Geol. Survey No. 14, 1903, p. 106. In this average and in Harker’s there are figures
for manganese, which I 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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although they are not absolutely comparable. The comparison
assumes the following form:

Average composition of igneous rocks.

Clarke. Harker. | Washington.

A B C D E F
10, e e 58.50 | 50.77 | 50.71| 60.97 | 58.98 | ~ 58 239
ALG, 1504 | 15.38 | 15.41| 15.29 | 15.41| 15.796
FeyOgvnomooninl 394| 265| 2.63| 2.63| 478 3,334
FeO.ononn 348 344| 352| 3.40| 270 3,874
MgO.. ..ol 4.49| 440| 436| 396| 3.7 3,843
CaO. .. .ol 52| 48| 490| 48| 48 5. 221
Na 0. .ol 320| 361| 355| 3.47| 318 3,912
L0 2.00| 2.83| 28| 300 277 3,161
H,0'at100°. .. ... L 06 | mrezaefrereisn 47 } 0 17 1363
H,0 above 100°.........00.. ' 1sUse| Laslp % 1,428
Ti0,........... et .5b .53 .60 T4 .52 1,039
P,OL. .l o2l lar| 22| 2| a1 "373
99.66 | 99.14 | 99.22 | 100.56 | 99.26 | 100.583

Although these six 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 omitted; in two it 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 rocks, reduced to. uniformity.

A B C D E F

61.22 | 61.12 | 61.82| 60.76 58.96
15.75 | 16.77 | 15.51 | 16.87 15. 99
2.71 2.69 2. 67 4.92 3.37
3.53 3.60 3.45 2.78 3.93
4.51 4.46 4.02 3.82 3.89
4,93 5. 02 4.96 4.97 5. 28
3.69 3.63 3.51 3.28 3.96
2.90 2.87 3.04 2.85 3.20
.54 .61 .75 .63 1.05
.22 .23 .27 .22 .37

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

Of the averages, only D and F need be considered any further,
for they include the largest masses of trustworthy data. A was only
a preliminary computation, B and C are included under D; Harker’s
average contains too many incomplete analyses. D and F, however,
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are not strictly equivalent. Washington’s average relates only to
analyses which were nominally complete and made in many labora-
tories by very diverse methods. My average represents the homo-
geneous work of one laboratory, and includes, moreover, many partial
determinations. For the simpler salic rocks determinations of silica,
lime, and alkalies are generally all that is needed for petrographic
purposes. 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 theaverage
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. This conclusion is in line with the criticisms of F. P.
Mennell,! 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 rocks reveals a preponderance of
calcium over alkalies which waters from purely granitic environment
could hardly possess. Granitoid rocks may possibly be the most
abundant, but the average composition is likely to be nearer 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 con-
stituents of the rocks remain to be taken into account. In the labor-
atory of the Geological Survey the analyses of igneous rocks have been
unusually elaborate, and many things have been determined 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.?

1Geol. Mag., 1904, p. 263; 1909, p. 212. For other discussions of the data given in my lormer papers see
L. De Launay, Revue gén. sci., Apr. 30, 1904; and C. Ochsenius, Zeitschr. prakt. Geologie, May, 1898. Com-
parealso R. A. Daly (Buil. U. S. Geol. Survey No. 209, 1903, p. 110), who argues that the universal or funda-
mental magma is approximately basaltic. -

3 F. Loewinson-Lessing (Geol. Mag., 1911, p. 248) argues in favor of two fundamental magmas, the grani-
toid and gabbroid. Theseare thought to be present in about equal proportions in the iithosphere, and their
average composition is close to that found by Clarke and Washington. On the mean atomic weight of the
earth’s crust see L. De Launay, Compt. Rend., vol. 150, 1910, p. 1270.

3In this table all analyses of igneous rocks made in the laboratory of the Survey down to Nov. 1, 1910,
have been utilized.
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. Average composition of igneous rocks in detail.

Number of Reduced to
det%tl;g:li;a,- Average. ;01 per cent. In elementary form,
1,584 60. 97 59.93 47.05
1,075 15. 23 14.97 28.26
1,124 2.63 2. 58 7.98
1,122 3.48 3.42 4.47
1,210 3.92 3.85 2.34
1,437 4.87 4.78 3.43
1, 496 3.46 3.40 2. 54
1,488 3.04 2.99 2.50
781 .48 .47 .16
845 1.50 1.47 .45
1,025 | - .75 .74 . 025
298 .03 .03 .13
628 .49 .48 11
1,025 .26 .26 11
748 11 11 .06
258 .06 .06 110
96 .10 .10 097
728 .11 11 .033
611 .04 .04 .077
1,038 .10 .10 .023
284 .03 .03 .033
267 .05 .05 .018
87 .02 .02 . 004
577 .01 B 1 | ) R
101. 74 100. 00 100. 000

In this computation the figures for C, Zr, C], F, Ni, Cr, and V are
only very rough approximations. They are all, except possibly F,
a little too high. They show, however, that these elements exist
in igneous rocks in determinable quantities. 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. It is probable that no one of them,
except possibly copper, would reach 0.01 per cent. The elements
not mentioned in the table can not amount to more than 0.5 per
cent altogether, 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

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

% Science, January 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 minerals. W. Vernadsky (Chem. Zent., 1910, vol. 2, p. 1775) has also found that indium, thallium,
gollium, rubidium, and cesium are widely distributed in spectroscopic traces.



28 THE DATA OF GEOCHEMISTRY.

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 78 shales; or, more strictly, the average of two smaller composites, properly
weighted. .

B. Composite analysis of 253 sandstones.

C. Composite analysis of 345 limestones.

@ Includes organic matter.

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
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 diox-
ide which have been added to the original igneous material, we can not
recombine the composite analyses so as to reproduce exactly the com-

1 These mixtures were prepared by G. W. Stose, under the direction of G. K. Gilbert. The analyses
were made by H. N. Stokes in the laboratory of the United States Geological Survey. See Bull. U. S
Geol. Survey No. 228, 1904, p. 20.
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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 whick the igneous rocks have been
decomposed.

If we assume that all of 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 2.54; 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
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

. 1 For an elaborate attempt in this direction, see C. R. Van Hise, A treatise on metamorphism: Mon.

U. 8. Geol. Survey, vol. 47, 1904, pp. 947~1002.
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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 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
Washington’s data will give a much lower figure. A further allow-
ance of 10 per cent, which is excessive, for the increase in volume due
to oxidation, 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 composition of the lithosphere 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 account for the salt in the sea. Of the two
suppositions, the former is the more probable; but neither assumption
is necessary. If, however, we assume that our igneous rocks are not
altogether primary, 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 conse-
quently much too large.

From another point of view, the thinness of the sediments can be
simply illustrated. The superﬁcml area of the earth is 199,712,000
square miles, of which 55,000,000 are land. According to G‘reikie,l the
. mean elevation of all the continents is 2,411 feet. Hence, if all of 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 igneous rock 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
comp051t10n

1 Text-book of geology, 4th ed., vol. 1, 1903, p. 49.

.
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QUAEZ. et tieeeeeteeteeeeeeeeaeceaecaancaanasnsonasaananans 12.0
Feldspars. ... e 59.5
Hornblende and pyroXene......ccieeeeevuceeerecnenceenenennnns 16.8
L 3.8
Accessory minerals........coeoioiiiiiiiiiiiiiii it eaaea 7.9

100.0

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

Average composition of shale and sandstone.

Shale. Sandstone.
22.3 66.8
30.0 11.5
25.0 6.6

5.6 1.8
5.7 11.1
11.4 2.2
100.0 100.0

a The total percentage of free silica.
b Probably sericite in part. In that case the feldspar figure becomes 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, 4.79
per cent of lime. This would form 8.55 per cent of calcium carbon-
ate, or 11.2 per cent of an average limestone. But at least half of
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 me-
moir, 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 subjoined table. The analyses of the sedimentary rocks are
recalculated to 100 per cent.

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-
itributes the sedimentaries into 80 per cent shales, 11 per cent sandstones, and 9 per cent limestones.
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Average composition of the lithosphere.

Igneous Shale Sandstone | Iimestone Welehted

95 %Ielr cent).| (4 per cent). (%ggt f"' (%fﬂt ¢ asegrgge.
59. 93 58. 10 78.33 5.19 59. 85
14. 97 15. 40 4.77 .81 14. 87
2. 58 4.02 1.07 .54 2.63
3.42 2.45 11 2N PO 3.35
3.85 2.44 1.16 7.89 3.77
4.78 3.11 5. 50 42, 57 4.81
3.40 1.30 | - .45 .05 3.29
2.99 3.24 1.31 .33 3.02
1.94 5.00 1. 63 77 2.05
.74 65 .25 06 .73
B R ] .03
48 2.63 5.03 41. 54 .70
26 17 .08 .04 .25
) ) T PR PR .09 .10
.......... 64 07 .05 .02
[0 P P .02 .06
(4 AR PR PR .10
11 15 T PR, .10
[0 N .04
10 |t .05 .09
(17 T O A A .03
05 | e, .05
(17 O R PR .02
(1) 1 AR PO . .01
.............................. .03
100. 00 100. 00 100. 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
assumptions made as to the relative proportions of the sedimentaries.
If the work were ideally exact, the last column of figures should dif-
fer from the first symmetrically, being higher in water and carbon
dioxide and lower in all other constituents. Lime and potash, how-
ever, show small gains, which are abnormal and indicative to some
extent of the errors above mentioned. It is possible that excessive
weight has been assigned to the limestones, but on that theme it is
hardly worth while to speculate. The values chosen for the sedi-
ments 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. o

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
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been miade, based upon the fact that all rocks are more or less porous.!
Van Hise, however, has shown 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
metres 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 1gneous rocks, and he concludes that the
volume of subterranean water is about one one-hundredth that of
the ocean. In either 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 increased by less than 0.1 per cent.

With the date 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-
posmon of the hthosphere. the hydrosphere and the atmosphere,
then, is as follows:

Average composition of known terrestrial matter.

Lithosphere, | Hydrosphere, A‘;elf]”'

93 per cent. 7 per cent. atmosphere
OXygen...cooeeneiiii i 47.17 85.79 49. 85
Silicon. . .o oo 28.00 .. .......... 26. 03
Aluminum. ..... ... ... .. 7.84 {............ 7.28
Tron.ee e . 4,44 ..., 4.12
Calcium. . ...... ... ... ... ..... 3.42 .05 - 3.18
Magnesium. . . . ...oovniiiii i 2.27 .14 2.11
Sodium. ....cooiiii i 2.43 1.14 2.33
Potassium. . . ... ... 2.49 .04 2.33
Hydrogen...........ooooiiiiiii it .23 10. 67 .97
Titanium.........o.vieenn i 44 )l .41
Carbon... oo .19 002 19
Chlorine. «eueeeieee e ieaeas .06 2.07 20
Bromine....o...oooii 008 |............

1 8ee A. Delesse, Bull. Soc. géol. France, vol. 29, 1861, p. 64; J. D. Dana, Manual of geology, 4th ed., 1895,
D. 209; W. B. Greenlee, Am. Geologist, vol. 18, 1896, p. 33; O. Keller, Annales des mines, 9th ser., vol.
12, 1897, p. 32; C. S. Slichter, Water-Supply Paper U. S. Geol. Survey No. 67, 1902, p. 14; T. C. Cham-
berlin and R. D. Salisbury, Geology, vol. 1, 1904, p. 209; C. R. Van Hise, A treatise on metamorphism:
Mon. U. S. Geol. Survey, vol. 47, 1904, p. 129; M. L. Fuller, Water-Supply Paper U. S. Geol. Survey
No. 160, 1906, p. 59.

2See A. D. Hall and N. J. H. Miller (Jour. Agr. Sci., vol. 2, p. 343), on nitrogen in unweathered sedi-
mentary rocks. From 0.04 to 0.107 per cent was found. H. Erdmann (Ber. Deutsch. chem. Gesell., vol. 29,
1896, p. 1710) found traces of nitrogen in several rare minerals from pegmatite. Inalater paper,in Arbeiten
auf den Gebieten der Gross-Gasindustrie, No. 1, 1909, Erdmann computes that each square meter of land,
to a depth of 15 kilometers, contains 5 metric tons of nitrogen. The total amount of nitrogen in the rocks
is much less than that in the atmosphere alone.

101381°—Bull. 491—11—3
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Average composition of known terrestrial matter—Continued. \

o
ere, Average, in-
pereens, | Tpereent.” | g uding
Phosphorus 0.10
Sulphur.........o.ooo .10
Barlum...... .. ... ... ... .09
Manganese .08
Strontium. . .. . . .03
Nitrogen. ....... e .03
Fluorine......... ... . . .10
All other elements.......................... 250 el 4T
- 100. 00 100. 00 100. 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 below atomic weight 56, and above
that, in the analyses given on page 27, 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 a 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. ’

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
classification of the elements; and in its light some of their associa-
tions become extremely suggestive.

When the elements are tabulated in the order of their atomic weights,
the periodicity shown in the following scheme at once becomes evident:
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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, are
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
prophesies 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, the youngest member of the elementary series, falls
into its proper place in line with its near relative, barium.

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 cirdumstances ; 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
for neighbors rather than for substances that are more remote. For

13ee especially F. P. Venable, Development of the periodic law, Easton, Pennsylvania, 1836. The larger
manuals of chemistry all discuss the law somewhat fully. T. Carnelley (Ber. Deutsch. chem, Gesell.,
vol. 17,1884, p. 2287) has especially studied the bearings of the periodic law on the occurrence of the elements
in natare.
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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, even
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 ceesium 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 questicn. On the geological
side other considerations must be taken into account, and it is easily
. 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
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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 farther. 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
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

1 Zeitsch. 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.
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-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.

Average composition of stony meteorites.

s

Found. |Recalculated.

S0, o e e 38.98 45. 46
ALO, . 2.75 3.21
FC. e 11.61 [..........
FeO . o e 16. 54 19. 29
Ca0 . et i 1.77 2.06
MgO . L 23.03 26. 86
N0 o .95 111
KO o o oo, 133 38
MnO. . .56 65
Chromite. . . ... .84 98
B TR 0 A S 1.32|.........
e e e e e e e e 1.85 |-ceennnnnn
N B ) O
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. 1If, 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.2

1 Am, Jour. Sci., 4th ser., vol. 27, 1909, p. 469. See also W. A. Wahl, Zeitschr, anorg. Chemie, vol. 69, 1910,
p. 52. '

3 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 the earth and assigns to it a low temperature.



CHAPTER I1.

THE ATMOSPHERE.
COMPOSITION OF THE ATMOSPLRE.

The outer, gaseous envelope of our globe—the atmosphere—is com-
monly regarded as rather simple in its constitution, and indeed so it
is, in comparison with the complexity of the ocean and the solid rocks
beneath. Broadly considered, it consists of three chief constituents—
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 Sir William Ramsay for the following percent-
age estimate of their relative quantities.

The principal constituents of the atmosphere.

B.y weight. | By volume.

ORYBOIL - - e e e e SRR 93.024 | 20,941
Natrogen. . .oo. o 75. 539 78.122
Argon......o........iiilll e . 1437 .937

100. 000 100. 000

With the argon occur certain rare gases whose proportions Ramsay

estimates as follows:!
Per cent by volume.

Krypton. . o 0.028
D0 1) + 005
& 21 1 A 0004
B =1 0123

These gases, with argon, are absolutely inert; and as they seem to
have little geological significance they demand no further considera-
tion here.?

In addition to the elements enumerated above, ordinary air con-
tains, in varying quantities, aqueous vapor, hydrogen dioxide, ozones,
carbon dioxide, ammonia and other compounds of nitrogen, sometimes

1 Proc. Roy. Soc., vol. SOA; 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.
3 Helium, as the end product of radioactive changes, may demand someatteution later.

40
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sulphur, traces of hydrogen, organic matter, and suspended solids;
and among these substances some of the most active agents in produc-
ing 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 tendencies 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 true.
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. | Maximum. Mean.
analyses.
. ¢
V. Regnaulte. .. ...| Paris.._............ 100 20. 913 20. 999 20. 960
R. W. Bunsene.....| Heidelberg. . . 28 20. 840 20. 970 20, 924
R. Angus Smith @. .| Manchester. . . 32 20.78 21. 02 20. 943
Do..oooiiilot. M?unéams of Scot- 34 20. 80 21.18 20. 970
an
U. Kreuslerd........ Near Bonn........ 45 20.901 20. 939 20. 922
W. Hempel c........ Dresden............ 46 20. 877 20. 971 20. 930
W. Hempeld........ Tromsoe........... L3 O 21. 00 20. 92
Doceeeaeaa Para......co....... 28 20.86 J.......... 20. 89
A. é\duntz a.nd E.Au- | Cape Horn ......... 20 20.72 20.97 20. 864
1n. ¢
E. W. Morley /. ....| Cleveland, Ohio.... 45 20. 90 20. 95 20. 933

a See R. Angus Smith’s excellent book, Air and rain, London, 1872. This work contains hundreds of
thcr analyses.
b Ber. Deutsch. chem. Gesell., vol. 20, 1887, p. 991.
¢ Idem, vol. 18, 1885, p. 1800.
d Idem, vol. 20, 1887, p. 1864.
eCo &)t Rend., vol. 102, 1886, &
f Cited by HempelmBer Deutsch. chem Gegell., vol. 20, 1887, p. 1864.

Some of these variations are doubtless due to different methods
of determination, 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 near
the poles than at the equator, an inference that would seem to need
additional data before it can be regarded as established. The most
significant variation of all, however, has been pointed out by E. W.
Morley.! As oxygen is heavier than nitrogen, it has been supposed

1 Am. Jour. Scl,, 3d ser., vol. 18, 1879, p. 168; vol. 22, 1881, p. 417. For the distribution of the different
gases in the atmosphere according to elevation see W. J. Humphreys, Bull. Mount Weather Observatory,
vol. 2, 1800, p. 68.
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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
is not absolutely established. 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 identifica-
tion of ozone remains somewhat uncertain, at least so far as ordi-
nary chemical 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 bands 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. Qzone is also a powerful absorbent
of solar radiations, and may possibly exert some influence in modi-
fying terrestrial climates. Its generation by auroral discharges as
well as by ultra-violet rays is considered in this connection by
Humphreys. '

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

1 8ee 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 ozone in the atmosphere amounts to less than one part in four thousand
millions.
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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 0Xy-
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, yielding
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. The relative 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 19.4

Methane. o c e ettt e et 12.1
Benzene and its homologues............0 ... .. e 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
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 swainps
According to H. Henriet,® formaldehyde exists in the atmosphere in

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

2 Phil. Mag., 6th ser., vol. 3, 1902, p. 416. See also a criticism by A. Ledue, Compt Rend., vol. 135, 1902,
p. 860; and replies to Raylelgh and Leduc by Gautier, idem, vol. 135, p. 1025; 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.

3Compt. Rend., vol. 138, 1904, pp. 203, 1272.
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quantities ranging from 2 to 6 grams in 100 cubic meters. Bodies
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.

Determinations of carbon dioxide in air.

: Number of de-] COgz (volumes

Analyst. Locality. terminations. per10,0(000fair).

J.Reisete ......... ... ....... Paris. ..o 3.027

Do Near Dieppe............ - 92 2. 942

T. C. Van Niys and B. F. Bloomington, Indiana . . 18 2.816
Adams.b

A. Petermann and J. Graftiau ¢. .| Gembloux, Belgium. ... 525 2.94

E.A. Lettsand R. F. Blake d ...| Belfast................. 46 2.91

aCompt. Rend., vol. 88, 1879, p. 1007.

h Am. Chem. Jour vol. 9, 1887, p. 64,

cCited by Letts and BlaKe.

dSci. Proc. Roy. Dublin Soc., vol. 9, pt. 2, 1900, pp. 107-270.

1 Annales chim. phys., 5th ser., vol. 29, 1883, p. 427.

2 Jour, Chem. Soc., vol. 51, 1887, p. 500. A later figure gives 17.41 pounds. See N. H. J. Miller, Jour.
Agr. Sci,, vol. 1, 1905, p. 2902. Miller cites data from Catania, Sicily, giving 20.89 pounds. G. Gray (Rept.
Australasian Assoc. Adv. Sci., vol. 1, 1888, p. 138) found 15.2 pounds per acre per annum in 43 years’ obser-
vations at Lincoln, New Zealand,

3Very elaborate data are given in R. Angus Smith’s Air and rain, to which reference has already been
made. See also the excellent paper by E. A. Letts and R. F. Blake, Sci. Proc. Roy. Dublin Soc., vol. 9,
pt. 2, 1900, pp. 107-270. The latter memoir contains a summary of all the determinations previously made
with a very thorough bibliography of the subject.
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At 3 parts in 10,000 the carbon dioxide in the atmosphere amounts
to about 2,200,000,000,000 tons, equivalent to 600,600,000,000 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.2 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 animals, and the decay of
organic matter all generate this gas. From mineral 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
still more startling. Were there no counterbalancing of this increase
in atmospheric carbon, animal life would soon become impossible
upon our planet. Figures like those given above convey some faint
notion of the magnitude of the chemical processes now under con-
sideration.

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

1A. Krogh (Meddelelser om Groenland, vol. 26, 1904, p. 419) estimates the total COj in the atmosphere
at 2.4X1012 tons. Van Hise (Mon. U. 8. Geol. Survey, vol. 47, 1904, p. 964) and Dittmar (Challenger
Report, vol. 1, pt. 2, p. 954) give figures of the same order. Chamberlin (Jour. Geology, vol. 7, 1899, p. 682)
makes a8 somewhat higher estimate. ’

2 For example, E. L. Moss (Proc. Roy. Dublin Soe., 2d ser., vol. 2, 1878, p. 34) found that Arctic air is
richer in carbon dioxide than the air of England. In airfrom Greenland A. Krogh (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 R. Legendre (Compt. Rend., vol. 143, 1806, p. 526) in ocean air was 3.35
in 10.000. .

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

4 Loc. oit. The present consumption of coal exceeds 1,000,000,000 tons. Krogh'’s figures should be corre-
spondingly modified. .

6 Phil. Mag., 5thser., vol. 14, 1882, p. 387,
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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
one hundred 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! illus-
trates the effect of weathering by the statement 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 atmosphere. He also computes that a
similar shell of pure carbon, of density 1.25 and 0.7 meter in thick-
ness, would require for its combustion all the oxygen of the air.
Such estimates may have slight numerical value, but they serve
to show how vast and how important the processes under considera-
tion really are. The carbon of the coal measures and of the sedi-
mentary rocks has all been drawn, directly or indirectly, from the
atmosphere. Soluble carbonates, 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 sedimentary rocks, as computed with the aid of
data given in the preceding chapter, is about 30,000 times as much
as is now contained in the atmosphere. T. C. Chamberlin 2 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.

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 phys1cal side, and as regards carbon dioxide, this question has
been discussed by S. Arrhenius,3 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 correspond-
ing loss of carbon dioxide would lead to a lowering of temperature;
and in variations of this kind we may find an explanation of the
alterations of climate which have undoubtedly occurred. The glacial

L Am. Jour. Sci., 3d ser., vol. 19, 1880, p. 349.
3 Jour, Geology, vol. 7, 1899 p. 682.
3 Phil. Mag., 5th ser., vol 41, 1896, p. 237. Annalen d. Physik, 4th ser vol. 4, 1901, p. 690,
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period, for example, may have been due to a loss of carbon dioxide
from the atmosphere. To account for such gains and losses, Arrhe-
nius cites with great fullness the work of A. G. Hégbom, who regards-
volcanoes as the chief source of supply. Just as individual volca-

noes 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. Hogbom 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 volcanic action is the im-
portant factor of the problem.

This theory of Arrhenius has been, however, a.subject of miuch
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 Arr-
henius are untenable, on the ground of K. J. Angstrém’s® physical
researches. Angstrém has shown that carbon dioxide in the atmos-
phere can not possibly absorb more than 16 per cent of the terres-
trial radiations, and that variations in its amount are of very small
effect. Furthermore, 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 negli-
gible. The principal absorbent of terrestrial radiations is the vapor
of water. Whether the theory of Arrhenius is in harmony with the
facts of historical geology—that is, whether periods of volcanic
activity have coincided with warmer climates, and a slackening of
activity with lowering of temperature—is also in dispute. Appar-
ently, 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 dlscussed

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

3 Centralbl. Min., Geol. u. Pal., 1908, p. 553; 1909, p, 660. Rejoinder by Arrhenius, idem, 1909, p. 481,

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

4 Annals Astropnys. Observ., vol. 2, 1908, pp. 172, 175.

8 On the geologic side of the question see 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 E. Philippi, Cen-
tralbl. Min., Geol. u. Pal., 1908, p. 360. The papers referred to contain many other references to litera-
ture.
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RAINFALLY.

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 reenforce 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
solation 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 afterwards 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
ingredients 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 dry
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,
and when it condenses to rain it dissolves oxygen, nitrogen, carbon
dioxide, and other gases. These substances differ in solubility, and
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°.

63.20 63.35 63. 49 63. 62 63. 69
33.88 33.97 " 34.05 34.12 34.17
2.92 2.68 2. 46 2.26 2.14

©100.00 | 100.00 | 100.00 | 100.00 100. 00

In air from sea water O. Petterson and K. Sondén * found nearly
34 per cent of oxygen. In dissolved air, then, and especially in rain,
oxygen is concentrated, and in that way its effectiveness is increased.

1 See H. Brereton Baker, Proc. Roy. Soc., vol. 45,1888, p, 1.

2 Liebig’s Annalen, vol. 93, 1855, p. 48. See also M. Baumert, idem, vol. 88, 1853, p. 17, for evidence of tha
same order.

8 Ber. Deutsch. chem. Gesell., vol. 22, 1889, p. 1439.
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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:

Nitrogen brought to the surface of the earth by rain.
[Pounds per acre per annum. ]

Nitrogen.
Locality. Remarks.
Ammoniacal.|  Nitrie. Total.
Rothamsted, Englande. ....... 2,408 |.. ... oiiliat 5 years’ average.
Rothamsted, England ®........ 2.71 1.13 3.84 | 1888-1901.
Near Paris €..ooeeneeeinnvninis|imnnnean]eannn..s . 8.93 | 11 years’ average.
Caracas, Venezuelad.. ... . .[... ...... 0.516 |.......... :
Gembloux, Belgiume......... | il 9.20 | 2} years’ average.
Barbados/f...............oiilll 1. 009 2.443 3.452 | 5 years’ average.
British Guianag................ 1. 006 1.886 3.541 | 20 years’ average.
Kansash............ooooiiilt 2.63 1.06 3.69 | 3 years’ average.
Utah?. . ... oiiiiicieiana... 5.06 0. 356 5.42 | 3 years’ average.
Mississippid. . .cocvenenennediaaeaan ¥ PO 3.636 | 3 years’ average.
New Zealand ® ..__..._._..o_ .| oo 2.08 | 4% years’ average.

aeR. Warington Jour. Chem. Soc., vol. 51, 1887, 2p 500. .

4N H. J. Miller, Jour. Agr. Sci., vol. 1, 1905 F 86.  See also R. Warington, Jour. Chem. Soc., vol. 35,
1889, p. 537, for earlier figures. Miifer givesa table for 35 localities, and also an excellent bibliography of the
entire subject of nitrogen, sulphuric acid, and chlorine in rain.

cAlbert Levy, Jour. Chem. Soc., vol. 56, 1889, p. 209. (Abstract.) 10.01 kilos per hectare.

@ A. Muntz end V. Marcano, Compt. Rend., vol. 108, 1889, ¥ 1062.

e A. Petermann and J. Graffiau, our. Chem. Soc., vol. 64, 1893, abst. ii, p. 548. 10.31 kilos per hectare.

73."B. Harrison and J. William$, Jour. Am. Chem. Soc., vol. 19, 1897, p. 1.

?J. B. Harrison, Rept. Dept. Sci. and Agr., British Guiana, 1609-10." For earlier figures see preceding
reference.’

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

iR, W, Erwin, Fourth Ann. Rept. Utah Agr. Coll. Exper. Sta., 1893.
AlH\i‘tchinson, 'fenth Ann. Rept. Mississippi Agr. and Mech. Coll. Exper. Sta., 1897. See also Eighth

nn. Rept.

kG. Gray, Rept. Australasian Assoc. Adv. Sci., vol. 1, 1888, p. 138. The figures include some albumi-
noid nitrogen. } ,

In most cases ammonia is in excess over nitric acid; but in the
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
present 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-

1 For the older data see R. Angus Smith, Air and rain, London, 1872.
101381°—Buli. 491—11—+4 :
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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.*

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 frem volca-
noes; but these are minor factors of little more than local signif-
icance. 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 thatfollow
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.]

Locality. Chlorine. Sodium Remarks.
Cirencester, England a. . _ ... .}............ 36.10 | 26 years’ average.
Rothamsted, England b...._... 14. 40 24.00
Rothamsted, England ¢........ 14.87 | oeeei .
Perugia, Ttaly @........ . ... .l oo.o.... 37.95 | In 1887.
Ceylon e. ... . ............... 180.63 |............
Calcutta e... ... ... ... 32.87 |l
Madras €........ ... ... 36.27 f...........
Odessa, Russia /................ 1700 ...,
Barbados 9..................... 116.98 |............ 5 years’ average.
British Guiana *................ 129. 24 195.00 | 20 years’ average.
New Zealand ¢................ 61.20 ............ 4} years’ average.

E. Kinch. Jour. Chem. Soc., vol. 77, 1900, p. 1271.
R. Warington, idem, vol. 51, 1887, p. 500.
N. H. J. Miller, Jour. Agr. Scl., vol. 1, 1605, p-
@. Bellucei, Jour. Chem. Soc., abstract, vol. 56, 1899, p. 299. 42.531 kilos per hectare.
Cited by Miller, loc. cit.
J. Pirovarofi, Ann. Jgeol. min. Russie, vol. 9, 1908, g 274. 19 kilos per hectare.
¢ J. B. Harrison and J. Williams, Jour. Am. Chem. Soc., vol. 19, 1897, p. 1.

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

¢ G. Gray, Rept. Australasian Assoc. Adv. Sci., vol. 1, 1888, p. 138.

292. Miller gives ﬁgurés for several other localities.

=

a
b
¢
d
.
7

17, Schloesing (Contributions & 1’6tude de la chimie 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 ammomia
and nitrates in the air.

3 See T. M. Drown, in Rept. Massachusetts State Board of Health, etc., vol. 1, December, 1889. Mrs.
Ellen S. 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, see G. C. Whipple and D. D. Jackson, Tech. Quart., vol. 13, 1800, 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. .
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Furthermore, we have the older researches of Pierre,' whose anal-
yses were made in 1851 at Caen, in Normandy, where each hectare of
soil was found to receive annually, in rain, the following impurities:

NaCloo oo i 37.5 | Nag80,eeeo i 8.4
KCL o 8.2 | KoSO0yeereeiii i 8.0
MgCly. e 2.5 [CaS0,. .o i 6.2
CaCly. ..ol L8 I MgBO el 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 atmos-
pheric 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 and saline lakes 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
“cyclic 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 studied in definite,
quantitative terms.

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 sus-
ceptible to chemical change. Dust, also, whether cosmic or terres-
trial, furnishes the nuclei around which drops of rain are formed,
and so reinforces the activity of atmospheric moisture.

1 See 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 cubic meter.

2 8itzungsb. Akad. 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 thig subject E. Dubois
(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.

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

¢ Compt. Rend., vol. 112, 1891, p. 449.

6 See J. Altken, Proc. Roy. Soc. Edinburgh, vol. 17, 1890, p. 193. . An interesting lecture by A. Ditte
(Revue scient., 5th ser., vol. 2, 1904, p. 709), on metals in the atmosphere, Is well worthy of notice. It
deals with dust, meteoric matter, cyclic salts, ammonium compounds, etc. .
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THE PRIMITIVE ATMOSPHERE.

Although the main purpose of this memoir 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. Even 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 live. 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 a 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.!
It is more likely that carbon dioxide has been added to the atmosphere
by volcanic 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 phenomena, several essentially

distinet 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 also 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 argues 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.

8 Sciénce, vol. 2, 1883, p. 820.

— —_—
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able to satisfy all demands. But what evidence have we that such an
atmosphere exists? = S. Meunier,! criticizing Hunt, points out that
some planets have excessive and others deficient atmospheres, and
that a cosmic uniformity 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 deter-
mined relates to the adequacy and the source 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 example of
such an atmospheric death ??

Another theory relative to the atmosphere is based upon the belief
that the unoxidized, but oxidizable, substances in the primitive rocks
are sufficient in quantity to absorb all the oxygen of the air. If our
globe solidified from a molten condition, and if, as commonly sup-
posed, oxidized compcunds 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 & maximum
in Carboniferous time, and has since diminished. Stevenson’s argu-
ment 1s 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 atmospheric supply of oxygen is stead-
ily increasing, while that of carbon dioxide diminishes. The fact
that no oxygen has been found in the gases extracted from rocks is

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

21t is probable that the combustion of carbonaceous meteorites in the atmosphere may add carbon dioxide
to it, but the quantity so supplied can hardly be estimated. It is possibly large. ,

2Chem. News, vol. 67, 1893, p. 135. Also several notes in vols. 68, 69, and 70. For Koene’s work see Phip-

‘ son’s papers, 1893-94. [2

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

® Phil. Mag., 5th ser., vol. 50, 1900, pp. 312, 399; 6th ser., vol. 4, 1902, p. 435; vol.9, 1905, p. 88; vol. 11, 1906,
p- 226.

6 Phil. Mag., 5th ser., vol. 47, 1899, pp. 85-8Y.
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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 prepared
the atmosphere to sustain animal life. The arguments are ingenious,
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 will be considered at length
in another chapter.

1 Jour. Geology, vol. 13, 1905, p. 319. 3 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 ma-
terial. In time the accumulation of originally cold matter developed
pressure enough to raise the central portions of the mass to a high
temperature, and gases were then expelled. Thus the atmosphere
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, me-
thane, and both oxides of carbon are the gases in question, but there
is no 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 tem-
perature 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 been 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. 653; vol. 6, 1898, pp. 459, 609; vol. 7, 1899, pp. 545, 667, 751. Seealso H. L.
Fairchild, Am. Geologist, vol. 33, 1904, p. 94.

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

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

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

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

8 For a historical summary relative to the supposed gaseous interior of the earth see 8. Giinther, Jahres-
ber. Geog. Gesell. Miinchen, 1890-91, Heft 14, p. 1. See also the monograph by H. Thiene, Temperatur
und Zustand des Erdinnern, Jena, 1907,



CHAPTER 111
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 portion returns by evapora-
.tion to the atmosphere. According to an estimate by Sir John Mur-
ray,’ 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 carries 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 con-
sidered, and that represents 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 aqueous 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, particu-
larly with regard to limestones. The moment that water leaves the
atmosphere and enters the porous earth its chemical and solvent activ-
ities 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

1 Excluding those belonging to closed basins.

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

3 Estimates 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
total run-off. His analytical data were too few and too limited in range for a close computation. :
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data are abundant, but unfortunately complicated by a lack of uni-
formity in the methods of statement, which latter are often unsatis-
factory and even misleading. The analysis of a water can be reported
in several different .ways, as in grains 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
another 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 essentially 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, potas-
sium, caldium, magnesium, chlorine, and the radicles of sulphuric
and carbonic acids; or, in ordinary parlance, three acids and four
bases. If these are combined into salts at least twelve such com-
pounds must be assumed, and there is no definite law by which their
relative proportions can be calculated. A combination, however, is
commonly taken for granted, and each chemist allots the several acids
to the several bases according to his individual judgment. The
twelve 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 jonic form of statement has been used in the Survey laboratory since 1883. In Furope it has had
strong advocacy from Prof. C. von Than, Min. pet. Mitt., vol. 11, p. 487, 1890. It is now rapidly supplant-
ing the older system. On the geochemical interpretation of water analyses see Chase Palmer, Bull. U. 8.
Geol. Survey No. 479, 1911.
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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 conclu-
sions be drawn. For convenience, then, we may regard these sub-
stances as colloidal 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 copsider an analysis as representing the compo-.
sition of the anhydrous inorganic matter which is left when a water
has been evaporated to dryness, the difficulty as regards iron dis-
appears, for ferrous carbonate is then decomposed and ferric oxide
remains. A similar difficulty in respect to the presence of bicar-
bonates also vanishes at the same time, for the bicarbonates of calcium
and magnesium can only exist in solution and not in the anhydrous
residues. If, in a given water, notable quantities of lime, magnesia,
and carbonic acid are found, bicarbonic iocns must be present, for
without them the bases could not continue dissolved ; but after evapo-
ration only the normal salts remain. Sodium and potassium bicar-
" bonates 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 most intelligible. ‘

Before proceeding farther, 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
water from Platte River near Greeley, Colorado,! which he himseif
states in several forms. In the first column of the subjoined table

1 Bull. Colora,do_ Agr. Exper. Sta. No. 82, 1903, p. 56.
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the results are given in oxides, 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 foregoing pages, the composition of the
residue in radicles or ions, and in percentages of total anhydrous
inorganic solids. ‘
Analysis of water stated in different forms.

Grains
per Parts per Per
imperial million. cent.
gallon. .
[ (6 ... 0.891 | CaSO4...o...... 457.7 [ SiOg. .. .eeoiiio.. 1026
(310 32.601 | MgSO,y.......... 236.0 | SO4eeeceeenena.. .. 55.28
COpuvviieea. 4554 | K80, ... ... 9.4 |CO;. e ... 8.78
() U 2.681 | N2ySO,.nnnn.-. 62.5 [Cl................ 3.79
JUE: 2 11.463 | NaCl.......... 63.2 [Na............... 12,02
KO .355 | NayCOg......... 156.9 | K. ... ... .41
CaO.......oooioenn 13.117 | Na,SiO;......... 219 [Ca..ooeininian.n 13.24
MgO............. 5.530 | (FeAl),O;...... 2.7 | Mg 4.69
(FeAl)yOz. ..o L e .189 | Mn,Oy. ... ..... 2.7 | RyOge v eoeeeinn .53
Mn,Oy..oo ool .189 | Ignition ORRREEE 34.2 100,00
Ignition.......... 2.397 | Excess 8i0,. ... 13 “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 SiO, 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 ““sdlinity,”
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.

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 im-
purities. 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 there-
fore significant in this connection. All these analyses are reduced
to a uniform standard, in accordance with the rules laid down in the
preceding pages.!

1 Innumerable analyses of wells, springs, and underground waters generally are to be found scattered

through the literature. See for example, S. W. McCallie, Bull. Geol. Survey Georgia No. 16, 1908, and -

E. Bartow, Bull. Univ. Illinois, vol. 6, No. 3, 1808.
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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 (o] D E F
COge e 53.59 | 47.14 | 27.29 | 11.73 | 12.15 6. 22
SO4c i i e 3.40 6.67 | 16.37 | 31.62} 51.86 60.97
Cl. .. 1.35 4.18 1.50 | 22.28 .45 trace
Canen 30.95 [ 22.67 | 14.39{ 19.49 | 23.58 22,37
Mg. .. ol 3.45 6.17 2.23 3.26 1.47 2.62
Na. oo 1.08 5.32 5.72 | 10.62 4.16 4.32
Kool .63 3.97 .34 .34 .21
SiOg. v 5.55 7.85 | 27.17 .67 599 | 2.80
ALOg. . e trace [........ ool
[ N A IR, 1.86 .o e, .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
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already cited.! Cache la 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 E is the one cited on page 59 to show different forms of
statement. In all cases I omit Headden’s figures for ‘‘ignition,”
and deal with the anhydrous residues alone.

Analyses of water from Colorado rivers.

A. Cache la Poudre River above the north fork.

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

D. Cache la Poudre River 3 miles below Greeley.

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

Grains per imperial gallon.

A B C D B

CO,eeeeee e 0.6029 | 2.3731 5.920,( 5.087 4. 554
.1946 | 1.8699 | 54.970 | 30.374 | 32.601
.1037 | .1055 2.770 | 2.145 2. 681
.5238 | 3.0364 | 18.938 | 14.087 [ 13.117
trace | L0223 |... ... . fooaoiieiiat.
L1257 | .8857 | 12.190 | 5.592 5. 530
.3750 | .6631 | 14.590 | 9.117 | 11.463

0855 | 1921 |  .451| .372| .35

i0, .6053 | .6245| 1.035| .951| .891
(ATFE);04- e eveemeseoiae 0113 | L0171 | .079 | .039| .189
Mn,Ogeeeee e eeen . TR 0018 | .0112| trace | .078| .189
2.6296 | 9.8009 | 110.943 | 67.842 | 71.570

Less O=Cl.......ooooiieii. .. 0234 | .0238 | .624 | .483 | .604

2.6062 | 9.7771 | 110. 319 | 67.359 | 70.966

Reduced analyses, in percentages.

COge e 31.91 ] 33.68 7.34 | 10.34 8.78
. 23.36 59.99 | 54.33 55. 28

1.10 2.52 3.19 3.79
22.58 12.31 | 15.00 13.24
A9
5.53 6. 65 5.00 4.69
5.12 9.84 | 10.09 12.02

1. 66 .34 .46 .41

6.49 .94 1.42 1.26

.29 .07 L 17 .53

100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per million............. 37 137 1,571 958 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
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, re-
duced 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, however,
the difference between SiO, and the SiO, radicle may be neglected.

Analyses of water from Arkansas River at two points in Colorado.

C&’%’y’,{" Rockyford.
GO ece i e 37.55 2.65
0 14. 62 60. 69
L 3.77 4. 89
07 Nt 20. 24 12.78
N 5.13 3.76
N il 9. 57 14. 50
Ko s .60 .28
S (0 8.19 .45
RO e I % 2

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.? This
stream flows through an arid region, in which incrustations or
efforescences 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 standard are as follows:

1 Bull. Colorado Agr. Exper. Sta. No. 82, 1903. Headden also gives analyses of water from 8t. Vrain,
Big Thompson, Boulder, and Clear creeks, and from many reservoirs, irrigating ditches, and wells. See
also Am., Jour. Sci., 4th ser., vol. 16, 1903, p. 169.

2 Bull. Soc. géol. France, 2d ser., vol. 14, 1857, p. 352. A later analysis by Balland is given in Jour. Chem.
Soc., vol. 36, 1879, p. 699, 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.

'



LAKES AND RIVERS. 63

Analyses of water from River Chélif, Algeria.

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

A B c

070 7 0.93 1.11 9.31
0 40.36 | 25.87 29. 64
) 26.40 | 39.28 26. 54
0 e 7.46 6. 63 11. 85
ME oo oo 412 442 411
N o e 20.64 | 22.61 17.03
S10,- - e e e e 06| .04 .34
Fey0 oo 03| .04, 118

. 100. 00 | 100.00 | 100.00
Salinity, parts permillion......_... ... ... . .. .. . ... 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-
cially when the latter is collected at only one point. 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 ade-
quate to the purpose in view—a condition which is not always

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 mate-
rial 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 three publi-
cations, in which a large number of American rivers have been
studied with remarkable exhaustiveness. For each river or lake
many analyses were made, in such a manner as to give its average

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. Water-Supply Paper 274, by Herman Stabler, also contains many
analyses of river waters.
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composition 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 determined, and the alkalies, as a rule, were weighed together
and calculated as all sodium. Later work, by Chase Palmer, cor-
rected 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.

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:

Analyses of water from the Great Lakes and the St. Lawrence.

A. Lake Superior at Sault Ste. Marie. Mean of 11 analyses of samples, taken monthly between Sep-
tember 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. F. Jackman, cited by A. C.
Lane in Water-Supply Paper U. 8. Geol. Survey No. 31, 1899, p. 27; and by G. L. Heath, Rept. State Board
Geol. Survey Michigan, 1903, p. 119.

B. Lake Michigan at St. Ignace. Mean 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, is
given 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 June 21, 1907.

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

E. TheSt. Lawrence at Ogdensburg. Mean of 11 samples taken between September 18, 1906, and August
19, 1907.

Analyses A to E by R. B. Doleand M. G. Roberts. Sees Water-Supply Paper U, 8. Geol. Survey No. 236.

F. The St. Lawrence at Pointe des Cascades, near Vaudreuil, above Montreal. Analysis by T. Sterry
Hunt, Phil. 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 C D E F G

COg.cviiii 47.42 | 49.45 | 47.26 | 44.70 | 45.70 | 41.66 | 44.43
S0,..... e 3.62 6.15 5. 77 9.83 9.15 5.19 ) 11.17
Cloooiii s 1.89 2.31 2.42 6.58 5. 87 1.561 | - 2.41
NOjeeeieiaaaiann .86 .26 .38 .23 ' I R P
Ca. e 22.42 1 22.21 | 22.33 | 23.45| 23.66 | 20.08 | 20.67
Mg, ol -5.35 7.01 6. 52 5.75 5.49 4.52 6.44
Naveae e 5. 52 4,02, 4.10 4.92 4.81 3.20 4.87
Koo T2 el
SiOy. oo 12.76 8.54 | 11.16 4.46 5,03 23.12| 10.01
Fe,Og. o oo, .16 .05 .06 .08 06 |o
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100. 00

Salinity, parts per mil-
lon.._ .............. 0. 60 118 108 133 | 134 160 148

1 Supplied by Chase Palmer. For details see Bull. U. S. Geol. Survey No. 479, 1911,
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The following analyses represent tributaries to the St. Lawrence: *

Analyses of water from tributaries to the St. Lawrence.

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

I. 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, between September 9, 1906, to October 7,
1907. Dole, Roberts, and Palmer, analysts.

L. Genesee River at Rdchester, 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 Ogdensburg, New York. Mean of 35 composites, September 9, 1906, to Sep-
tember 9, 1907. Same analysts as under I and J.

N. Ottawa River at Ottawa, Canada. High water, July, 1907. Analysis by F. T. Shutt and A. G.
Spencer, Trans. Roy. Soc. Canada, 3d 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. S. Geol. 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 Palmer. An earlier analysis of water from the Maumee, by Chandler, and one of the Ottawa, by T. 8.
Hunt, are given in the former edition of this book (Bulletin 330).

H I J K L M N 0
COpuennnnnn.. 42.00 | 44.37 | 47.32 | 29.63 | 37.94 | 39.10 | 35.44 | 45.81
Soo I 469 |12.88 | 9.54 | 16.25 | 25.29 | 12.24 | 8.57 | 11.03
ol | 609) 300| 141]1355| L41| .59 L42| 178
NG, I ‘89| 79| La2|...... 59 (...
Cano 18.08°| 21,85 | 22.82 | 19.20 | 24 48| 19.40 | 16/58| 21,19
MG eeeemeemnio 5.74| 7.42| 7.47| 5.44| 5.29| 5.23| 4.74 | 421
Ne. ...l 513 | 3.20| 2.87| 6.79| 2.59| 6.57 | 4.51 | 880
K.. . o 2.55| .89 .70| 162| 135| 1.80| 159
SiOueeannniin 14.15| 546 | 7.05| 578 | .82|14.03|20.03| 5.58
FeOpe oo 157 | 04| 03| .13 } 83| .45 }a7 19 }1.60
ALO. . L T T
100. 00-[100. 00 [100. 00 |100. 00 [100. 00 [100. 00 [100. 00 [100. 00

Salinity, parts per ' _

million. ............ 51| 258 | 242 208| 10| 77| 45| 67

@ Includes small amounts of PO 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 sedimentary 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, ¥ and G, are, however, far from concordant and can
not be given much weight.

1 Other tributaries that have been analyzed are as follows: Goése Lake, Michigan (Geol. Survey Michigan,
vol. 8, pt. 8, 1903, p. 235); Torch Lake, Portage Lake, Pine River, Thunder River (Rept. State Board
Geol. Survey Michigan, 1903); Traverse Bay, Detrolit, Shiawasses, Grand, Cass, Chippewa, Tittabawasses,
and Boardman rivers, Manistee and Muskegon lakes, cited by A. C. Lane in Water-Supply Paper U. 8.
Geal. Survey No. 31, 1903.

101381°—Bull. 491—11—-5
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According to estimates made by engineers of the United States
Army, the flow of the St. Lawrence past Ogdensburg is 248,518 cubic-
feet per second. This, with a selinity of 134 parts per million, 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 subjoined analyses are
the most useful. In all of them bicarbonates are reduced to normal
form, and organic matter is omitted from the calculation.

Analyses of waters from 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; is computed to satisfy bases.

D. Merrimac Riverabove Concord, New Hampshire. Analysisby 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 former 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 as 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,
P. 703, 1868; and another by H. Wurtz in Am. Chemist, vol. 4, pp. 99, 133. 1873.

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 36 composite samples, September 10, 1906,
to September 17,1907, Same analystsand reference as under E. Similar annual averages for the riverat
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 alkahes are given as corrected by Palmer.

A B C D E F G H

CO;...... 26.83 | 26.53 | 20.29 | 28.15 | 35.45 | 29.48 | 32.95 | 23. 54
SO i 14.46 | 13.08 | 24.85 | 12.78 | 15.84 | 14.08 | 17.49 | 27. 53
Cl. o 13.83 |1 12.72 | 4.76 | 878 | 3.96| 5.52 | 4.23| 7.19
NOge e e e 791 2.23| 1.60 | 3.02
Caneeii i 14.94 | 14.78 | 15.83 | 17.14 | 20.79 | 14.08 | 17.49 | 18.64
Mg........... 1.8 | 1.69f 2.27 | 4.18 | 3.76 | 4.58 | 4.81| 4.08
Naooooooiiiiiio. 12.79 [ 11.63 ) 5.17 | 6.16 | 6.53 | 9.27 | 6.70 | 6.84
Koo 429 442 2.07 | trace | 1.78 | 1.76 | 1.46 | 1.33
Si0p.cceeeeiiiaiia 9.68 | 13.33 | 18.63 | 18.14 | 10.90 | 18.77 | 13.12 | 7.72
AL, } 1.38 } 182 | g g | L34 | oo el
Fe,O0g0cccceencnaan.n. 3.33 20 .23 15 11
: 100. 00 |100. 00 |100.00 [100. 00 {100.00 |100. 00 |100. 00 {100. 00
Sal].mty, parts per mil-

lion............ . 14.5| 16.5 | 48.3 170 108 85 70 112
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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 pro-
foundly modified by drainage from factories and pulp mills. Its head-
waters, flowing from a region of crystalline rocks, mamly granitic,
are remarkably pure.

Analyses of waters from Atlantic slope—II.

I. Potomag 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. Same 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, Water-Supply Paper
U. 8. Geol. Survey No. 192, 1907, pp. 296-297. 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 asunder I. A thesis by A. F. White, Washington and Lee University, 1906, con-

" tains partial analyses of tributaries of the James near Lexington, Virginia. See also an analysis of James

River water by W. H. Taylor, Rept. to Richmond Board of Health, 1877, cited in the former edition of
this book (Bulletin 330).

M. Dan River at South Boston, Virginia. Composite of 21 samples, September 3, 1906 to May 2,1907.
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 samplcs, October 1, 1906, to October 19,
~907. Same analysts as under I.

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

I J K L M N )

COg.eieiiii 13.69 | 47.22 | 44.37 | 36.02 | 25.43 | 34.99 | 24.93
SO eceeiia ot 44,85 4. 43 7.68 8.67 5.34 5.90 4.90
Ol 4.95 2.14 4.44 2.81 5.03 2.95 6.34
NOgueeiaaiea e 70 1.86|........ .37 1.73 .67 43
Ca.iieeiiiiii 18.56 | 22.85| 27.40 | 17.10 8.79 | 12.74 8. 50
Mg 3. 56 5. 86 4.08 3. 66 2.35 4.69 2. 59
Nawooeoeei e 6.11 3.86 2.83 7.20 9.10 6.70 [ 10.09
Koo 1.08 1.00 85 1.34 2.04 1. 47 1.87
37 (0 P 6.35 | 10.71 4.56 | 21.98 | 37.68| 28.15| 37.47
ALG,. } PP ISR FEOUORN INUROTRN SR
Fe,0p0ciiiivinnninn... 15 07 85 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,
approaches the normal or average type of river waters. According

.
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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 dramed The dissolved
matter corresponds to 80 tons per square mile.

Analyses of waters of Atlantic slope—III.

P. Cape Fear River at Wilmington, North Carolina. Mean analysis of 30 composite samples, taken

between October 2, 1906, and October 9, 1907.

probably modified by tidal contamination.
Q. Pedee River near Pedee, 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, Octcber 27, 1906, to May 3,

1907 Evans, analyst.

Dole, Roberts, Palmer, and Collins, analysts. Water

. 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, 1908, to October 22, 1907,

Same analysts as under Q.

U. Ocmulgee River near Macon, Georgia. Mean of 33 composites, October 19 1906, to October 21, 1907,

Same analysts as under Q.

V. Oconee River near Dublin, Georgia. Mean of 32 composites, October 18, 1906, to October 17, 1907.

Same analysts as under Q. All the analyses in this table are from Water-Supply Paper 236. Potassium’

determinations supplied by Palmer.

P Q R S T U v
00z ceeeeaneananns 26.57 | 23.33 | 26.01( 25.15| 22.49 | 21.06 | 26.00
10 YA 6.91| '5.95| 801 6.33] 9.12| 7.48| 8.86
Cl..  eiiiennnn.. 12.52 | 4.60| 5.61| 422| 38.19| 4.28| 4.86
NOg e eeeanaannnns. .43 .89 .69 .60| .91| 1.07| 143
C8. e e, 10.80 | 10.25 | 13.46| 9.49| 8.67| 9.62| 12.14
O 3.24| 193] 208| 27| 12| 183| 229
N eeneeneaneeanaanns *14.04 | 10.99 [\ 9.62| 10.84 | 14.42 | 10.23 | 10.14
K. .. 195| 2.82 | 2.41] 412| 290| 2.8
Si0p. v eneeneannannnn 21.38 | 38.65| 33.65| 37.65| 34.95| 39.70 | 30.00
FeOy o omvmninnins 216 .59| .87| .e0| .91| 1.83| 143
100.00 | 100. 00 { 100.00 | 100.00 | 100.00 | 100.00 | 100. 00
Salinity, parts per
million.............. 57 69 62 73 60 69 68

Analyses 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. Chattahoochee River at West Point, Georgia.

1907. Dole, Evans, Palmer,and Collins, analysts.
C. Oostanaula River near Rome, Georgia. Mean of 31 composites, October 21, 1906, to October 28, 1907,

Same analysts as under B.

Mean of 34 composites, October 26, 1906, to October 18,

D. Cahaba River near Birmingham, Alabama. Mean of 30 composites, November 1, 1906, to November
1, 1907. Same analysts as under B. For a single analysis of water from the Cahaba see R. S. Hodges,
Geol. Survey Alabama, Underground water resources, 1907. Thisreport contains many analyses of springs

and wells.

E. Alabama River at Selma, Alabama. Mean of 33 composites, November 5, 1906, to October 17, 1907.
Evans, Dole, Palmer, Collins, and W. Van Winkle, analysts.
F. Tombigbee River near Epes,‘Alabama. Mean of 33 composites, October 24, 1906, to October 24, 1907.

Same analysts as under B.
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G. Pearl River, near Jackson, Mississippi. Mean of 32 composites, October 16, 1906, to October 19, 1807.
Same analysts as under B.

All the analyses in this table are recalculated from Water-Supply Paper 236, including later alkali deter-
minations by Palmer.

A B C D E F G

00 22.73 | 21.82| 82.06| 32.53 | 27.86| 33.34| 25.29
SOyeeeuenaeaaennnn 8.95| 8.49| '504| 1L.18| 10.63| 6.37| 10.31
(o) O 417 3.96| 221 279| 272] 8.03| 5.48
NOj. e cuvienannnns 90| 132 50| .76| .83 61 112
Gl e eeneieeaennn 1312 9.06| 1474 | 16.52| 15.35 | 18.18 | 11.43
Mg......: et 209 L51| 319| 817| 3.42| L8| 177
Naeeeeeeneionnnnn]] 10,44 | 12.08 9. 60 8.78 | 1L.33 8181 11.59
Koo, 3.40| 1.96| 3.18| 212| 2382| 322
[S2 (0, eeeo| 3577 | 37.73| 29.48 | 20.33 | 24.79 | 25.25| 28.99
FeyOg.cvcvuuennnn.nn. 183 1L13| 1L22| .76 .95 .90 .80
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100. 00

Salinity, parts 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 crystalline schists, and owe much less to sedlmentary
environments.

THE MISSISSIPPI BASIN.

For the great river system of the Mississippi the chemical data are
abundant, but of very 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
southwald
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Amnalyses of water from Misstssippt River.a

A. Mississippi River at Brainerd, Minnesota. Analysis by C. F. Sidener, Thirteenth Ann. Rept. Geol.
Nat. Hist. Survey Minnesota, 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, talen 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 composite samples, taken between January 10,
1907, and January 1, 1908. Analyses by J. R. Evans, W. Van Winkle, R. B. Dole, Chase Palmer, and
W. D. Collins. Later alkali determinations by Palmer.

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

H. Mississippi River at New Orleans. Mean of 52 composite samples, 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 Collins in Water-Supply Paper
239 and Dole in Water-Supply Paper 236. :

A B (o} D E F G H
COgecceeeeo 51.65 | 48.03 | 42.27 | 43.15 | 33.23 | 30.23 | 30.27 | 34.98
SO4ec i 1.05 | 9.35 | 13.58 | 12.55 | 21.74 | 20.50 | 19. 69 | 15. 37
Ol 48 83 2.09) 2.21| 3.79| 4.10|11.05| 6.21
NO,. R P, 731 1.01| 1.10]| 1..05 8l |....... 1. 60
o AR AR SRR AR AU AU IR 27 |ounn..
[0 22.94 | 20.77 { 18.68 | 18.06 | 17.08 | 17.16 | 20.25 | 20. 50
Mg. . oo 4.09| 7.27| 7.35| 8.03 | 6.22| 5.72 | 4.66 | 5.38
Na.ooooiieiiiiaa.. 5.14 1 5.19 1 5.65 }} 5.52 |} 8.15| 8.09 | 6.86 [] 8.33
Kool 1.75 ' 1.52 | "1.57
SiOge et 9.40 | 7.78 | 9.09 | 9.03 | 8.54 | 11.44 | 507 | 7.05
ALO, . . Q0L e 12 45
FeyOqeooeeeeiiie 1.49 05 .28 35 20 43 .08 13
JU5¢7X 0 JPRI Y PO MR IR RPUIP SRR R ...
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

aFor 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 former 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. éu:vey, vol. 6, 1896, p. 365), contains other analyses of
Mississippi water, and also of Missouri, Cedar, Des Moines, Coon, ‘Boyer, Wapsipinicon, Skunk, Chariton,
Grand, Nodaway,and West Nishnabotna rivers. These too are incomplete. The early analyses of Missis-
sippi water by Avequin and by Jonesare of no value for presentpur&oses. 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. At New Orleans, also, there is
“probably some ‘‘cyclic sodium’’ brought in rainfall from the Gulf of
Mexico. On the whole, carbonates predominate in the Mississippi
water, with all else subordinate.

—_—
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If we accept the ﬁgures given by J. L. Greenleaf! who puts the
average outflow of the river at 664,000 cubic feet per second, the
mean salinity of 166 parts per million corresponds to a total trans-
port of material in solution of 98,369,000 metric tons annually. This
is equivalent to a little over 78 metric tons from each square mile
of territory drained. It is the contribution of the entire Mississippi
Valley to the salinity of the ocean, but it is subject to some correc-
tions that need to be determined hereafter.

The next table gives analyses of waters tributary to the upper
Mississippi within the States of Minnesota and Wisconsin.?

Analyses of waters tributary to upper Mississippt River.

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

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

C. Bigstone Lake. Analysis by C. F. Sidener, Thirteenth Ann, Rept. Geol. Nat. Hist. Survey Minne-
sota, 1884, p. 98. Empties into Minnesota River.

D. Heron Lake. Analysis by Noyes, Eleventh Ann. Rept. Geol. Nat. Hist. Survey Minnesota, 1882,
p.173. Empties into 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, anesota. Mean analysis of 30 composite samples, taken between
September 24, 1906, and October 1, 1907. W. M. Barr, H. S, Spaulding, W. Van Winkle, R. B. Dole,
C. Palmer, and W. D. Collins, analysts. Alkali determinations as corrected by Palmer.

G. Chippewa River near Eau Claire, Wisconsin. Mean of 35 composites, September 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.

Anaslyses F, G, H, are recalculated from the figures given by Dole in Water-Supply Paper 236.

A B c D E F ‘¢ |om
COg.ceeneennnnnno....| 58.81 | 59.03 | 20.13 | 42.65 | 47.94 | 31.59 | 30.49 | 31.43
S .88 34.36 | 18.62 | 8.64 | 31.26 | 18.09 | 18.74
Cloo o, .72 .59 1.65) 1.14 .44 1.02] 1.42| 2.31
) 2 R R PO 1.39 [....... .43 .78 .99
L P 25.52 | 15.25 | 8.00 | 20.71 | 20.51 | 17.81 | 16.80 | 15.44
Mg 7.23110.71 | 8.61| 8.00| 7.43| 7.61| 6.07| 7.50
N iiianaiaaaans 1.03 | 6.68| 6.69 | 2.94} 3.31| 4.12 |110.46 |} 8.93

K. ool 2.32( 2.24) 1L01| 1.32 .1 1.16
153 10 2 .oof 437 2.97119.26| 2.61| 7.656| 4.99|15.50 [ 14.33
2 0 2 PR -1.66 .29 } 62| 321 .02 .39 .33
ALOg. e : B 117 PO R R
100. 00 {100. 00 (100. 00 |100.00 [100. 00 {100. 00 |100. 00 (100. 00

Salinity, parts per mil-

1415), D 110 144 554 212 | '275 480 90 98

t Am. Jour. Sci., 4th ser., vol. 2,1896, p. 20. Greenleaf gives detailed data for the important tributaries
of the Mississippi. The area drained by the river is put at 1,259,000 square miles,

2 For analyses of several other Minnesota waters, see Water-Supply Paper U. 8. Geol. Survey No. 193,
1907, p. 133,
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The following table gives analyses of waters tributary to the M1s-
sissippi in Ill1n01s and Iowa:

Analyses of tributaries in Illinois and Towa.

A. Rock River near Sterling, Illinois. Mean analysis of 36 composite samples, taken between August1,
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 26 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 near Shelbyville.

D. Cedar River near Cedar Rapids, Iowa. Mean 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 Iowa City, Iowa. Mean of 36 composites, September 6, 1906, to September 16, 1907.
Same analysts as under D.

F. Des Moines River at Keosauqua, Towa. 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

COgeeen e 48.56 | 38.42 | 42.13 | 44.80 | 42.17 | 34.96
SOqmneoo e 9.34 | 16.30 | 13.64 | 13.08 | 14.70 | 23.37
Ol.... ..l 2.06| 58| 277| 148| 1.47| 1.58
NO,. .. oo 142| 167| 1.92| 13| 1.15| 1.09
Chnemoo 18.30 | 18.24 | 18.86| 20.91 | 20.00| 19.09
Mg... . . 10.09 | 7.76 | 8.02| 6.97| 6.94| 6.91
II\I<a ...................... o)l 448 6.98[\ 5.62Q) 523 567\ 559
Si0,. oW 60| 465 6.84| 610 7.76( 7.24
Fe,Ogermnonmil | 15| L16|  .20| .o8| .14 17

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 give analyses of waters which reach the
Mississippi from the eastward by way of the Ohio.! For the Ohio
itself I have found no satisfactory data.

Analyses of waters tributary to Ohio River.

A. Allegheny Riverat Kittanning, Pennsylvania. Mean analysis of 36 composite samples taken between
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 Septem-
ber 2,1907. Same analysts as under A. Dolealso gives an annual average for the composition of Youghio-
gheny water.

C. Muskingum River at Zanesviile, 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, Roberts, Palmer, and Collins, analysts.

E. East Fork of White River near Azalia, Indiana. Mean of 37 composites, September 12, 1906, to
October 3, 1907. Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts.

F. West Fork of White River near Indianapolis, Indiana. Mean of 35 composites, September 8, 1906,
to September 12, 1907. Barr, Spaulding, and Van Winkle, analysts.

1 An analysis of Monongahela water by C. D. Howard and one of water from the Cumberland by N. T.
Lupton are given in the former edition of this book (Bulletin 330).
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G. Wabash River at Vincennes, Indiana. Mean of 31 composites, September 9, 1806, to September 16,
1807. Same analysts as under F.

H. Kentucky River at Frankfort, Kentucky. Mean of 36 composites, August 28, 1906, to September 4,
1907. Same analysts as under D.

I. 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 Nashville,
Tennessee. )

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

All the analyses in this series are recalculated from the figures given by Dole in Water-Supply I’aper
236, as corrected by the later alkali determinations of Palmer.

A B [ D E

COge et 21.51 | 11.47 | 24.71 | 43.64 47. 85
SO0, i 19.56 | 42.52 | 18.36 | 13.88 10. 58
Ol 16.10 4,121 17.07 1. 42 1.10
NOj e .82 2.32 .69 2.98 1.97
(0 O ¢ 16.10 | 15.47 18 36 | 20.46 21.51
Mo ©3.46| 2.8 | 406 8.33 8.11
Na e e 011,04 8.12 9.39 2.49 2.75
' 2.09 1.42 1.28 .83 77

9.09 | 10.82 5.98 5.89 5.29

.24 .90 .10 .08 .07

100. 00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per million....... e 87 81 244 289 279

F G H I J

L0 7 31.76 | 34.09 | 38.51 | 40.57 34. 57
S0 et 12.88 | 16.57 8.32 7.85 10.74
Ol 17.32 | 10.84 2.01 2.43 2.93
NOse o 1. 36 1.93 2. 51 1. 46 1.17
Ca 16.44 | 18.37 | 21.06 | 22.67 18. 56
Mg 6. 44 6. 63 3.71 3.48 4.00
Nt e 10.66 )| 7.56 | 5.82| 4.29 5.08
K. 1.41 2.34 2.83,
S10. ¢ e e 3.10] 3.92| 16.05 | 14.59 19. 54
Fe,O. ... ol 04| 09| 60| .32 .58
100. 00 | 100. 00 | 100.00 | 100.00 | 100.00

Salinity, parts per million............. . 450 336 104 124 101

For the largest tributary of the Mississippi—the Missouri—several
analyses are available. They are given in the following table, together
with analyses of its affluents.?

1 Two analyses of water from the Missouri, not used here, are given in the former 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.
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Analyses of water from Missouri River and tributaries.

- A. Missouri River near Florence, Nebraska. Mean 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. Mean 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 given on p. 59, 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. S. Dept. Agr., 1903.

H. Yellowstone Lake. Analysis by J. E. Whitfield, Bull. . 8. 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 determinations
communicated by Palmer.

A B C D E F G I
COp e 22,42 | 24,23 | 25.63 | 24.13 | 29.43 | 27.35 | 19.59 | 20.93
so.. L 37.69 | 32.74 | 30,44 32.77 | 22.18 | 1116 | 37.48 | 7.12
oLl 199 315| 3.52| 3.15| 2.18| 3.11| 6.32| 7.96
NO,..o o 40| 54| 85| 53| .83 |||
Coo LI 14,58 | 15.04 | 15.22 | 15.05 | 15.80 | 13.75|'15.07°| "7.29
Mg. . ...l 448 | 4.37| 4.68| 4.37] 3.67| 2.45| 510| .2
N ool 9.64| 9.22| 9.07 N10.68 | 8.06 | 7.3¢ | 8.82 |13 92
K. 1.70 | 1.50 190} 2.42| .85 | 1.96| 3.99
N, 34
Si0pn oo .95 | 807 | 849" "8I98 15 80| 31,73 A 5| a55L
ALG,.. L VRO IUDURON MO IEReRoet Rshes
FeyOawoooomnnin TR 7 T N Y BT } 2.26 } Lz
, 100. 00 [100.00 [100.00 [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 tributary of the Missouri a particularly mterestmg
group of analyses is at hand. The Kansas or Kaw River, with its
chief affluents, has been studied by E. H. S. Bailey and E. C. Franklin !
whose data, reduced as usual, are given below. It should be observed,
however, that the analyses are not complete; the sodium was calcu-
lated and the potassium not considered at all. The localities men-
tioned are all in the State of Kansas, and the arrangement of the
streams is from the west, eastward.

t Kansas Univ. Quart., vol. 3, 1894, p. 81.
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Analyses of water from Kansas River and tributaries.

A. Smoky Hill-River below Salina,

B. Saline River above New Cambria.

C. Solomon River above Solomon.

D. Republican River above Junction City.

E. Blue River.

T, Delaware Riverat Perryville (not to be confused with the eastern river of the same name). Analysis
by J. E. Curry.

G. Wakarusa River south of Lawrence. Analysis by J. E. Curry.

H. Kansas River, average of two analyses, one sample taken above Topeka, the other above Lawrence.
The two are fairly concordant.

A B C D E F G H
00y.cueneencnennnno..2[ 16,07 1 13.70 | 14.12 | 31.41 | 35.41 | 44.54 | 42.66 | 23.83
SOy ceenne-n s 24.52 | 16.94 | 23.36 | 13.71 | 16.17 | 11.28 | 7.59 | 18.15
Cloceiiiiiiieiio .| 22.41 | 34.61 | 24.55 | 10.02 | 6.48 | 6.03 | 6.69 | 18.80
Cleeeeeamae e 13.86 | 5.62 | 11.58 | 15.62 | 18.90 | 23.14 | 23.27 | 14.76
Mg.ooveeeeeeeeeonnene] 262 188 2.16| 319 | 4.91) 5.49) 3.12 | 3.51
Na. i 17.81 | 26.07 120.15 | 13.06 | 7.89 | 4.76 | 12.81 | 15.45
30 M 2.03| .98| 3.63 1161 859( 3.39| 2.77 [ 4.83
(Allfe)0g.ncenvnennn.. 68| .20| .45| 138| 1.65| L.37| 1L09| .67
100. 00 [100. 00 {100.00 {100.00 [100.00 (100.00 [100.00 {100. 00

Salinity, parts per
million............. 1,017 | 2,323 [ 1,105 | 554 | 436 | 396 | 499 | 766

The four westernmost of these streams flow from a relatively arid
region and are characterized by high salinity. They are peculiarly
poor in carbonates but rich in sodium and chlorine, conditions which
may be correlated with the great abundance of salt in Kansas. In
the Blue River carbonates begin to predominate; and in the eastern-
most rivers of the group, the Delaware and the Wakarusa, there is a
close approximation in chemical character to the streams of the At-
lantic slope. The Kansas River itself represents a blendmg of all'the
waters which flow into it.

Two analyses of water from the Arkansas River, by Headden,
have already been cited, but it seems well to reproduce them here,
with others of the same important stream and also of the Red Rwer,
as follows:*

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, For recent analyses of Kansas waters see H. N. Parker,
Water-Supply Paper 273, 1911. They should supplant the analyses cited above. -
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Analyses of water from Arkansas River and tributaries.

A. Arkansas River at Canon City, Colorado.

B. Arkansas River at Rockyford, Colorado. Analyses A and B by W. P. Headden, Bull. Colorado Agr.
Exper. Sta. No. 82, 1903.

C. Arkansas River at Little Rock, Arkansas. High water, December 20, 1888.

D. Arkansas River at Little Rock. Low water, August 22,1888. Analyses C and D by R. N. Brackett,
Ann. Rept. Arkansas Geol. Survey, 1891, vol. 2, pp.159,160. Recalculated here to standard form. Ac-
cording to J. C. Branner (idem, p. 164), the river carries in solution past Little Rock 6,828,350 tons annually.

E. Arkansas River at Little Rock. Mean analysis of 22 composite samples, taken between Novem-
cer 1, 1906, and October 24, 1907. Barr, Spaulding, Van Winkle, Dolé, Palmer, and Collins, analysts.
Recalculated from Water-Supply Paper 236.

F. Neosho River at Chanute, Kansas. A tributary of the Arkansas. Analysis by C. F. Gustavsen,
Kansas Univ. Sci. Bull., vol. 2, 1903, p. 243. Reduced from bicarbonate form.

G. Red River near Shreveport, Louisiana. Average of 34 composites March 19, 1906, to March 19, 1908,
Dole, Palmer, Collins, and Evans, analysts. Recalculated from Water- Supply Paper 236, with later
alkali determinations by Palmer.

A B (o] D E F G

[0 37. 55 2.65 20.92 | 10.80 | 11.89 | 21.74 | 13.01
SOpeceeeeni it 14.62 | 60.69 815 12.61 | 15.19 | 16.08 | 25.65
Cloo 3.77 4.89 | 22.21 | 38.55| 33.17 2.78 | 22.16
1 (o JRRRRRRR RN (RSURURS IR SRS 33 |........ 07
[0 20.24 | 12.78 7.20 7. 60 8.99 | 15.76 | 13.56
Mg 5.13 3.76 1.75 1.67 2.13 10 3.12
Na..... 9.57 | 14.50 | 19.83 |- 25.92 (1 23.53 7.911 15.74
.................... 60 28 3. 68 .74 .91
Si0gm e 8.19 45| 12.00 1.81 4.57 | 26.02 5.49
A12(2)3..................} J) S 61| Lo } P R
FegOgennommnnnnnannn il R 3.65| .06| .20 .29
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100. 00

Salinity, parts per
million..........:... 148 | 2,134 109 794 630 306 561

SOUTHWESTERN RIVERS.

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

1 An analysis of Rio Grande water by O. Loew is given in Rept. U. 8. 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.2,1910. Analysesof Rio Grande water by Fraps and Tilson are cited in Circular 103,
Office Exper. Sta., U. S. Dept. Agr., 1911,
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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
14, 1906, and November 19, 1907, Barr, Spaulding, Van Winkle, Dole, Palmer, and Collins, analysts.
Recalculated from Water-Supply Paper 236, with later alkali determinations by Palmer.

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

C. Rio Grande at Laredo, Texas. Mean of 37 composites, August 1,1905, to August 2, 1906. Heileman,
analyst, loc. cit.

D. Rio Grande at Mesilla, New Mexico. Average composition for an entire year, June, 1803, to June,
1894. Analyses by Arthur Goss, Bull. New Mexico Agr. Exper. Sta. No. 34, 1900. This bulletin also
contains analyses of water from Animas River, Santa Fe River, and Rio Bonito.

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. . Skinner, Bull.
Univ. Arizona Agric. Exper. Sta. No. 44, 1902. The average composition of the water during a year.

G. Gila River at head of Florence canal, below The Buttes, Arizona. Average of four analyses, by
Forbes and Skinner, representing twenty-one weekly composites. Samples taken between November
28, 1899, and November 5, 1900. '

H. Salt River at Mesa, Arizona. Average of six analyses covering forty 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

8i0;. This is reduced to SiOq in the table.

A B C D E F G H

COgeeceveniannnnn. 7.09128.60 | 11.55 | 17.28 | 1.54 | 13.02 | 12.10 | 9.61
SOeeciciiniinnan.. 25.49 1 12.48 | 30.10 | 31.33 | 43.73 | 28.61 | 16.07 [ 8.29
%l(.) .................... 30 % 17.52 | 21.65 | 13.55 | 22.56 | 19.92 | 29.78 | 41. 56
JSR R I | I AR PR PR DORPUN R RPN P
[0 P 11.06 | 15.45 | 13.73 | 14.78 | 13.43 1 10.35 | 8.03 | 7.15
Mg.oooennnaans .| L74] 514 3.03| 2.05| 3.62| 3.14| 2.52( 2.69
Naeee e 20.83 113.07 | 14.78 | 14.43 | 14.02 | 19.75 | 24. 53 | 26. 38
Ko 67 [ 1.50 85 | 1.95 77| 2.17| 2.31| 1.38
133 (0 P 2.01] 5.32{ 3.83 3.04| 4.66| 2.94
AL, LT Loz} L[ RO ) B
FeOgeuuciannnnnnnan.. 04 : S PO F
100. 00 {100. 00 1100. 00 {100. 00 {100. 00 |100. 00 [100. 00 |100. 00

Salinity, parts per ‘ : .
million............. 1,136 321 791 | 399 | 2,384 702 1 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.

NORTHWESTERN RIVERS.

The following table contains analyses of waters tributary to the
Pacific Ocean north of California.
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Analyses of northwestern waters.

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

B. Cedar River, Washington. Analysis by H. G. Knight, Rept. Washington Geol. Survey, vol. 1, 1901,
p. 285.

C. Snake River, Blackfoot area, Idaho. .

D. Powder River near Baker City, Oregon. Analyses C and D made under the direction of F. K. Came
eron, Fifth Rept. Bur. Soils, U. 8. Dept. Agr., 1903. An analysis of Powder River at a different point is
also given in this report. o

E. Columbia River at Mayger, Oregon. Analysis by B. Pilkington. Reported by C. E. Bradley, Jour.
Ind. Eng. Chem., vol. 2, 1910, p. 294.

F. Willamette River at Corvallis, Oregon. Pilkington, analyst, loc. cit. Recalculated with the aid of
a correction on p. 496 of the same journal.

G. Lost River, Klamath County, Oregon. Analysis by A. L. Knisely, Ann. Rept. Irr. and Drainage
Investigations, U. 8. Dept. Agr., 1904, p. 264.

A B c i p | = F oG

COgeevveiaiaie 46.16 | 32.65 | 26.31 3.17 | 31.66 | 24.07 | 52.64
SOfcceemaiiiie. 10.75 | 11.85| 13.36 | 64.28 | 10.62 | 10.29 3.37
Cl il 41 4.86 | 17.01 .34 | 10.62 9.63 1.46
PO .15 17 ...,
Ca, - 22.21 | 26.68 | 16.20 1.69 | 16.807 8.31 | 14.12
Mg oo 4.71 1.27 3.64 1.49 4.83 2.19 | 12.06
Naoooiia it 6.14 81| 15.38 | 28.09 7.72 | 10.72 2.78
Koo trace. |........ 8.10 .94 7.91 6.13 78
137 2 YRR AR ISR SRS I 81| 114 | 10.42
3110(2) ................... '{ ;8 5. 81 [l 4.63 | 26.48 |.......

504 e 4 } -------------------------------- }
50 NRRRARRRRRN ISR 16.07 | T 495 grly 237
100. 00 | 100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per mil-

116) 1 P 98 31 247 | 1,481 51.8 45.7 220

RIVERS OF CALIFORNIA.

For 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 edition of this
book;! the following table is recalculated from the figures reported
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.

1 Clear Lake, analysis by T. Price, cited in Water-Supply Paper U. S. Geol. Survey No. 45,1901. Feather
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.
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Analyses of water from rivers of California.

A. Russian River near Ukiah. Mean analysis of 37 composite samples, taken between December 31,
1907, and December 31, 1508.

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
Fes03+ Als0;.  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 tributaries
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, Stanislaus,
Tuolumne, Merced, and Kern.

D. Salinas River at Paso Robles. Mean of 30 composites taken in 1908. From about July 18 to October
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 RqO3 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 R403
only determined during the first half year.

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

H. Santa Ana River above Mentone. Mean of two series, 1906 and 1908. K and R3O; 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

COjeeenenccccncnnn...] 39:07 | 30.14 | 18.43 | 30.66 | 5.82 | 19.33 | 40.54 | 85.78

SO4nmemenennenennn 10.81 | 12.21 | 17.41 | 21.35 | 58.35 | 42.58 | 12.62 | 11.34
Cloioieeiaaie| 470 | 579 | 20.62 | 8.59| 4.89| 3.71| 8.22| 3.70
NOgnovmemmomminnnnns ) as | sa| a6l 730 .50
Cleevvneeenonnooeen.| 1461 [ 11,45 | 10.13 | 13.21 | 14.07 | 14.98 | 21.04 | 17.02
) R 7.62| 5.59 | 4.82| 6.17| 6.19| 6.68 | 4.59 | 4.00
Nooooeoneoeannannns 10.17 | 9.78 | 15.81 \12.99 | 8.94 | 8.10 |\ 8.41 | 10.67
U | SR 1.68| 108 1|f.... .. 37| LBLf...... 1.33
Si0geeens e 1207 | 19.12 | 9.38| 6.82°| 1.12| 3.56 | 8.79 | 13.68
ALOgeeneeneneeeanailenans .. 3.35| 1.56(....... 24| .53 ..., 1. 86

0 18] 41| .22 .05 .01| .02| .06| .12
' 100. 00 [100. 00 100. 00 [100. 00 [100. 00 [100. 00 [100.00 |100. 00
................. 145 | 118.5 | 183 | 448 | 2,412 | 714 | 246 152
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THE SASKATCHEWAN SYSTEM.

This complex river system comprises a number of important
branches, which finally unite in the Nelson River and empty into

Hudson Bay. . The following analyses represent waters from this

great drainage basin:

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. Vincent, Minnesota, near the Canadian boundary. . Analysis by W. A,
Noyes, op. ¢it., p. 172.

C. Red River of the North below the Assiniboine.

D. Assiniboine River above its junction with the Red. Analyses D and E 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. This stream enters Hudson Bay near the Nelson. Analyses
F and G by W. Dittmar, Rept. Progresc Geol. Survey Canada, 187980, p. 77 C.

A B c D E F

COy e cce e 32.52 | 41.20 | 31.47| 39.70 | 16.78 50. 36
SO, e 25.56 | 15.71 | 22.06 ] 16.52 | 41.85|........
Ol 69 4.89 8.78 5. 58 4.68 3.08
POl BT T R RN R P
NO,.. PR SR 98 |
Caner e 30.39 | 17.55 | 12.89 7 13.59 | 15.91 21.88
Mg 8.23 7.99 7.72 5.65 5.24
Na 1.97 5. 64 9.67 | 11.08 6. 22 4,22
Ko 1.19 1.37 1.18 1.16 97 1.37
7 Y PR 02 o
Si0ge e . 60 4. 57 5.72 4. 41 7.30 11.48
(ATFe)y0qn o omiennennnins 7.08 35 24 24 64| 2.37

100. 00 | 100. 00 | 100. 00 | 100.00 | 100.00 | 100.00
Salinity, parts per million..... 202 |- 284 551 | = 509 180 115

The following table gives analyses of the Bow River and its tribu-
taries, the Bow being the main western branch of the Saskatchewan.
All of 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.

1 Rept. Geol. Survey Canada, new ser., vol. 9, 1878, pp. 39-45 R.
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Analyses of water from Bow River and tributaries.

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

47.78 | 53.57 45. 55
13. 22 5. 59 17.13
.65 .51 .87
24.48 | 18.82 23. 69
6.23 7.57 6.32
3.28 7.14 3.92

trace 1. 34 .43
4. 36 5. 46 2.39
trace trace trace

.. . . . 100. 00 | 100.00 | 100.00
Salinity, parts per million.............. S128 ) 217 183 238 209

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 tendencies
are manifest. In the first place, practically all of the waters from
east of the 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 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 car-
bonates, and calcium, although sometimes dominant, 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 the Kansas River and its tributaries the passage from
one set of conditions to the other is clearly apparent. Western Kan-
sas is relatively arid, and the western branches of the river are poor

101381°—Bull. 491—11—6
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in carbonates. KEastern 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,
may have a sulphate character quite independent of the climatic
influences which otherwise seem to rule.

These local peculiarities of river water have been the subject of a
considerable number 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
Towa, 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 the Argentine
Republic, 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.
Apart from a few scattered memoirs I have found little of value
relating to the northern part of the continent. The following table
gives the available data for the Amazon and its tributaries:

! Compt. Rend., vol, 107, 1888, p. 908. See also J. Reindl, Natur, Wochenschr., vol. 20, 1905, p. 353,

’

e ~
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Analyses of water from Amazon River and tributaries.

A. The Amazon between the Narrows and Santarem. Analysis by P. 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 Grundziige der Geologie des
unteren Amazonasgebietes, Leipzig, 1903. Katzer estimeates 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. The Tapajos. Analysis by Katzer, loc. cit. Katzer also gives analyses of water from Parana-mirim,
the Maecuru, the Itapacuré-mirim, and several fresh-water lakes or lagoons.

A B C D

00 34.75 | 24.15| 26.78| 29.60
S0, e 7.37 2.26 | 10.57 7.39
Ol 3.85| 6.94 6.96 5.77
7 21.12 | 14.69 | 15.77 16. 84
M e 2.57 1.40 | 3.92 3.60
Na. oo 1.94 4.24 2.08 1.80
Ko 2.31 4.76 4.18 3.67
SI0,. e 18.80 | 28.69 | 2L.16| 24.02
(AIFe),0,. ..o . L 7.29 | 12.97| 8.50| 7.81

100.00 | 100.00 | 100.00 [ 100.00
Salinity, parts per million....... ... ... .. ... 59 37 45 38

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 Ayres. Analysis by J. J. Kyle, Chem. News, vol. 38, 1878, p. 28.

B. River Plata near Buenos Ayres. 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 Mercedes, see M. Puiggari, An. Soc. cient. Argentina, vol. 13, p. 49, 1882.

C. The Parana 5 miles above iis 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, p. 326, 1877. -

G. Colorado River, Argentina. Analysis by Kyle, 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.

A B [ D E F G

CO3. et 17.456 | 11.59 | 17.73 | 24.23 | 21.59 | 39.10 | 8.19
SOt 7.69 | 17.97 | 10.13 3.90 6.15 1.23 | 30.58
Clo.o.o.ooiiiiLl. 12.59 | 18.11 | 15.92 .61 5.12 | 4.43| 24.51
NOgereieieimiiiiiaieeaanan 6.68 |........ 5.50 [........ 1.95 |.......
Ca. oL 6.18 | 3.71 7.27 9.82 1 10.01L | 17.82 | 16.24
Mg oo 3.31 1.42 2.78 | 2.8 | 2.97 1.96 1.46
Na. oo 17.34 | 24.89| 14.96| 3.75 5.92 1 10.24| 15.78
K. 3.09|........ 4061 312 |
iiloé ................. 21 23 10.82 | 20.73 | 46.22 | 44.32 | 21.75 3.24
200 o v 6 - 73 I N | O | Ry P
FeyOy. +vvnnni 00 4.41 } 4811 gy |l 3.92)p 1.52 7777
100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per mil-
00, ..o 91 206 98 40 66 132 651
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Analyses of water from rivers in southern part of South America—Continued.

H. Rio Primero, Argentina.

I. Rio de fos Papagayos, Argentina. Analyses H and I by M. Siewert, 1n 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 Ta}ta] Chile. Analysis by A. Dietze, cited by L. Darapsky in Das Departement
Taltal, Berlin, 1900, p. 93.

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

H I J K L M N
CO3. et 39.47 06| 9.94( 39.13 | 28.27| 18.06 6.46
SO4eviceee i 5.76 | 31.81 | 27.75| 13.24 | 18.17 | 24.45| 36.50
() 6.41 | 32.63 | 2L.51°| 2.77 5.53 8.04 [.......
O U PR PR PR PR PN PO trace
L 16. 53 8.01 ] 11.29 | 19.63 | 13.20 | 14.93 6.61
Mg. oo 3.27 36 2.87 5.20 2.53 2.63 3.562
Naooooii e 9.09 | 26.48| 16.12 |, 1.82 7.19 | 15.37 8.96
.................... 4.67 49 4.41 5751 10.20 {.....,.. .36
SiOp. .ol 8.68 |........ 6.11 | 11.57 | 12.33 | 13.22 | 35.39
ALG, I 110 |-l 49 . 2 %0
FeyOp. o ooeieiiiiiitn 5.12 |oooideeiiLt .89 2.09 3.30 '
............................. B [
100.00 | 100.00 | 100.00 | 100.00 | 100.00 { 100.00 | 100.00
Sallmty, parts per mil-
lion................ 160 | 9,185 | 1,213 127 104 186 731

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 is peculiar
because of its high proportion of silica—a condition which will be
discussed later in the 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
all of them 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 British waters, and then to pass on
eastward.
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Analyses of British waters.

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

B. River Dee near Aberdeen, Scotland,

C. River Don near Aberdeen.

Analyses B and C by J. Smith, Jour. Chem. Soc., vol. 4, 1850, p. 123 ‘Organic matter rejected.

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.
Tor other analyses 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, Jour Chem. Soe., vol. 8, 1856, p. 97, and . M. Witt, Phil.
Mag., 4th ser., vol. 12, 1856, p. 114.

G. Lough Neagh Ireland. Analysis by J. F. Hodges, Chem. News, vol. 30, 1870, p. 103. An analysis of
the river Bann is also given.

See also C. M. Tidy, Jour. Chem. Soc., vol. 37, 1880, p. 268, for partial analyses of the Thames, Lea, Severn,
and Shannon. E. Hull, Geol. Mag., 1893, p. 171, cites analyses of Thirlmere, Bala Lake, and the Severn,
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 Kafrine are given. For analyses of the River Trent, sce Jour.
Soc. Chem. Ind., vol. 30, 1911, p. 70.

A B C D B F G

€O e 57.49 | 23.35| 23.15 | 41.86 | 39.53 | 33.90 | 35.23
so5. trace. | 15.70 | 16.20 | 11.82 | 14.72 | 18.10 | 10.68
oL 141 | 17.08| 1419 | 520 | 457| 570| 9 62
11\3183 ................... trace. [........feaioan.s .84 | trace. | trace. }.......
Can . 3777 | 17.%27 16:32°| "80.10°| 28 57| "27.00°| 1771
Mg. . o 95| 298| 3.54| 195 1s2| 170| 181
Na...... . 94 13,60 )\ 9.17| 2.26| 3.28| 870 1541
K. 225 L55| L10|.......
Sio,. Le2| 641[ 10.62] 3.26] 236 500/ 832
o 3.66 ) 672} 46|} s.60 [} 380 | oess
Fe,Og. o ovvvneiannnn.. 50 } 6.72
100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Sahmty, parts per mil-
................ 160 31 81| 22| 286 28| 155

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 downwards is quite
evident. The Thames, however, rises in the midland counties of
England where the waters 1ssumg 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
included, as tributary to the Rhone.

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

3J. Thoulet (Bull. Soc. géog., 7th ser., vol. 15, 1894, p. 557) gives partial analyses of lakes in the Vosges.
For French lakes in general, see A. Delebecque, Les lacs frangais, Paris, 1898. Sce also A. Delebécque and
L. Dupare, Compt. Rend., vol. 114, 1892, p. 984; and Arch. sci. phys. nat., 3d ser., vol. 27, 1892, p. 5(9;
vol. 28, 1892, p. 502.
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Analyses of waters in western Europe.

A. The Meuse at Lidge, Belgium. Computed from data given by W. Spring and E. Prost, Ann. Soc.
géol. Belg., vol. 11, 1884, p. 123. The Meuse carries past Litge, 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. Anslysis by H. Sainte-Claire Deville, Annales 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 Isdre. 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. Lossier, Arch. sci. phys. nat., 2d ser., vol. 62, 1878, p. 220.
Organic matter rejected.

I. The Arve. Average of six analyses by Lossier, loc. cit.

J. Lac Leman. Analysis by R. Brandenbourg, cited by F. A. Forel in Mém. Soc. Helvét., vol. 29, 1884,
Forel cites several other analyses of Lac Leman. See also Risler and Walter, Bull. Soc. Vaud., vol. 12, 1878,
p. 175. )

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

L. The Douro. Analysiscited in Mem. Com. mapa geol. Espaiia, Prov. Salamanca. Analyst not named.

A B [o] D E F
COge e 36. 48 39.78 30, 92 33. 07 50. 41 34.14
S0, 13.13 8.57 1.72 5. 59 1.53 24.11
Ol e, 3. 83 2.95 2.16 1.40 74 4.5H3
NOguoomoeoe 2.86 | 444 || 285 |ooenn.
[0 Y 28.90 29.13 14. 31 18.99 33.20 25.40
Mg .......................... 2. 68 63 1.34 .67 40 3.67
N oot e e e 2.24 2.87 6.93 4.42 1.53 } 4.32
R 87 86 1. 64 2.50 70
) 7 (1135 AP PSR RN AR S,
Si0g. e 6.02 9. 59 31. 59 29. 53 6.91 1.97
ALO, } 0 94 19| 529 |........ 92| 1.8
FeyOgevvveenii il : 99 4.10 2.28 1.31 | trace
B 132 O e ) I 20 R R
100. 00 | 100.00 | 100.00 | 100.00 | 100. 00 100. 00
Salinity, parts per million. ....{........ 254 134 137 230 188
G H 1 J K L
003 .......................... 27.92 36. 69 42, 37 33. 87 59. 14 33.73
SOy v i 23.18 26. 68 18. 81 26. 66 trace 23.37
[0} D .55 71 1. 46 52 69 7.74
NOgueomeaeaeae e 3.13 31| .82l
POyeeimns i e e e 41
[0 S 24, 89 26.42 29. 64 27. 81 34.40 23.93
Mg ........................... 1.48 3. 66 3.17 2.23 3.06 6.05
Na e oo e 2.75 3.98 2.53 2.53 trace 2.00
Koo .88 25 | trace 1.64
Si0g.c i e 13.08 1. 55 1.70 5. 63 2.71 1.03
pagu | Bl el g0 ) trmces |10
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 their rise. At their headwaters are many small lakes, and these

~——



P i

LAKES AND RIVERS. 87

have been exhaustively studied. In an elaborate thesis by F. 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. Lacde Champex, Canton Valais. Inmicrogranulite and protogine. A typeofthe 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 Aarinto the Rhine.

D. Lacd’Amsoldingen, Canton Berne. Inthe 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 1 B C D _E F

COgeeeaeeiiie i, 53.21 | 29.96 | 26.94| 53.84 [ 20.00 2.29
SO et . 5. 11.93 | 38.35| 3.32| 47.27 | 69.89
Clo............ e . 9.96 Y A N T & P P
Caoovnnnna.t. 19.15 | 29.65| 33.30 | 22.12 22.15
Mg..ooooooool : . 1.32 2.27 1.76 .47 4.96
Na. oo . 8.32 .64 1. 80 1.22 .09
Ko . 4.00 .38 .93 1.64 .16
35 . 13.93 .71 3.03 2.28 .42
A1203+F0203 .. 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| 122.5 2,373

a Including traces of manganese.
7

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 distinct 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 the lower 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
Tllyés 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 lake is included in this table
on account of its Alpine relationship.

1 Thesis, Univ. Geneva, 1906. Les lacs alpines suisses, 40, 130 pp. A few selected analyses appear in
Arch, sci. phys. nat., 4th ser., vol. 15, 1903, p. 467.

2 See also mcomplete annlyses of the Starnberger, Kochel,and Walchen lakes by J. Gebbing, Jahresber.
Geog. Gesell. Miinchen. 1901-2, p. 55. Also W. Ule’s monograph on the Wiirmsee, published by the Vereln
fiir Erdkunde, Leipzig, in 1901.
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Analyses of water from Bavarian and Austrian lakes.

. Walchensee.
Kochelsee.
. Starnberger- or Wiirmsee.
. Tegernsee. 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. Hallstiittersee, Upper Austria. Mean of two analyses,summer and winter samples, by N. von Lorenz,
Mitt. Geog. Ges. Wien, vol. 41,1898, p. 1.

1. Traun-or Gmundenersee, Upper Austria. Analysis by R. Godeffroy, Jahresber. Chemle, 1882, p. 1623.
Organic matter rejected.

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

aHEYQWR

A B o D E

COgeieeeeiiiiaeaeaeacanacesannaaasnans 50.83 | 48.46 | 54.69 | 48.25 50. 74
1 S 11.62 | 14.78 4.73 | 15.24 11.15
R 58 48 1.67 58 55
P P 1A N
[0 26.49 [ 24.66 | 24.09 | 26.17 26. 94
Mg, 7.00 6.17 7.98 6. 56 5.78
Na 99 1.52 .96 1.10 1.056
K oo 58 1.562f 2.14 88 1.07
S0 e e e e 1.00| 1.60| 1.26 44| 162
ALO; . o } 91 .73 2.44 73 1.05
FegOge e .04 .07 05 05
TiOgn e oo 04 |
100. 00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity, parts per million.............. 121 227 139 207 190

F G H I J

L0 S 49.58 1 50.59 | 38.43 ( 51.68 53. 29
SO, e 12.09 6. 64 9.43 8.99 4.17
0 1.92 65 | 10.94 2.44 3.13
PO, e 073 0 O R P
L S 23.22 | 32.65| 26.37 | 27.54 24. 56
Mg 817] 3.41| 3.8 5.21 6. 66
N 2.18 .70 6.50 | 2.82 2.49
Ko 971 124 2.77(........ 2.01
Si0y. e 92 1.73 1.31 31 2.33
ALOy oo 89 2.33 } 37 } 1.01 1.21
FeyOgenceiiai 06 11 .15
. 100. 00 | 100. 00 | 100.00 | 100.00 | 100.00

Salinity, parts per million.............. 191 98 | 137.5 99 178

These lakes are surrounded by sedimentary rocks, and all except
that of Hallstitt 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 high chlorine and sodium of the Hallstitt lake are
derived from neighboring salt beds.

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

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

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

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

C. The Rhine at Basel. Analysis by Pagenstecher, loc. ¢it.

* D. The Rhine at Strasburg. Analysis by H. Sa.inte-Clmre Deville, Annales chim. phys., 3d ser., vol. 23,
1848, p. 42.

E. The Rhine near Mainz. Analysis by E. Egger, Notizbl. Ver. Erdkunde, Darmstadt, 1887, p.9. An
earlier analysis is in the volume for 1886, p. 21.

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

G. The Rhine at Arnhelm. Analysis by J. W. Gunning, Jahresber. Chemie, 1854, p. 767.

H. The White Main.

1. The Red Main.

J. The united Main. Analyses H, I, and J by E. Spaeth Inaug. Diss. Erlangen, 1889. Spaeth slso
gives analyses of water from the Rodach Haslach, and Kronach, tributaries of the Main. '

K. The Main above Offenbach. Analysis by C. Merz, Jahresber. Chemie, 1866, p. 987.

L. The Malin 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 Main above 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.

A B c D E F a
COgueeeeiiiaaeeaia 51.64 | 48.60 | 53.05 | 36.69 | 41.12 | 46.96 | 35.79
SOceiiaeica 7.90 | 14.63 7.96 8.38 | 11.13 | 12.95| 12.23
(0 59 .08 57 .52 3.65 4,22 7.10
NOge e 1.00 L63 [L.ooooifoanan..
PO, ] DR DU R (@) 24|
Ca... 29.10 | 30.54 | 33.53 | 25.30 | 31.81 | 26.48 | 26.18
Mg, ool 5.11 4.71 2.87 .61 3.95 6.15 3.84
Naoooooie 1. 60 18 73 2.17 2.08 2.73 6.34
Koo 2.00 66 1.056 .02 4.04
8i0,... 2.06 1.26 1.29 | 21.07 2.69 .15 3.59
ALG,. T 1.09 } gg| .04 } %
S S R SR IS 2.51 .06
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100. 00
Sahmty, parts per mil-
lion.........o.o.o.... 141 213 166 232 178 190 159
H 1 h) K L M N
COyueeiiiieiiiiii et 36.15 | 41.83 | 39.69 | 34.39 | 35.85 | 29.43 | 35.43
SOeecaaea o 16.33 | 14.89} 15.46 | 26.41 | 24.69 | 22 43 7.91
Clo.ooa . 5.60 5.00 4.76 4. 69 1.91 8.39 | 15.37
NOjeoeeeeeee e 1. 66 .71 143 Lo el 1.12 2.61
2 O e R e (9 .41
(O 22.58 | 23.91 | 23.07 | 23.56 | 21.81 | 19.57 | 18.64
Meg. .ol 4.26 5. 85 5.52 6.90 7.30 5.77 5. 54
Nacoeweoaeeoaaaaaol] 410 2.64 2. 86. 1.73 1.25 6. 64 4. 28
Koo 1. 66 1.75 2.04 |........ trace 1.44 5. 40
illoé .6. 47 3.10 4.69 1.90 6. 67 4.12 4. 05
O .99
A } 1.19 } .32 } .48 } .42 } .52 .10‘} .36
100.00 | 100.00 | 100.00 | 100.00 | 100.-00 | 100.00 | 100. 00
Salinity, parts per mil-
lion...o..oooooaiio 126 194 147 240 221 299 182

a Included with Al3Og, etc.

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

One of the most thorough hydrochemical studies ever made of any
river system is that of the Elbe and its Bohemian tributaries by
J. Hanamann! In two memoirs upon the waters of Bohemia he
gives over one hundred and twenty analyses, tracing nearly all of the
important streams in the upper Elbe basin to their sources, cor-
relating each one with the geological formations in which it rises, 4
and showing the effect produced 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
& rich mass of data derived from other authorities.?

Analyses of the Elbe and its tributaries.

A. The Moldau above Prague. Mean of three analyses by A. B&lohoubek, Sitzungsb. K. b6hm. Gesell.

Wiss., 1876, p. 27.

. The Moldau below Kralup.

The Adler near its mouth.

. The Iser at its source.

The Iser near its mouth.

The Eger at its source. Analysis by E. Spaeth, Inaug. Diss., Erlangen, 1889.
. The Eger above Konigsberg.

The Eger near its mouth, at Bauschowitz.

1. The Saale near its source. Analysis by Spaeth, loc. cit.

J. The Saale at Blankenstein. Analysis by A. Schwager, Geognost. Jahreshefte, 1891, p. 91. Schwager
also gives analyses of the Saale 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. The Elbe at Melnik, above the mouth of the Moldau.

N. The Elbe at Leitmeritz, above the Eger.

O. The Elbe at Lobositz, below the Eger.

P, The Elbe at Tetschen, near the Bohemian {rontier.

The analyses are by Hanamann, except where otherwise stated. -

momEgOw

1 Archiv Natur. Landesdurchforschung Béhmen, vol. 9, No. 4, 1894; vol. 10, No. 5, 1898.

2 Other data relative to the Elbe and its tributaries are given by J. J. Breitenlohner (Verhandl. K.-k.
geol. Relchsanstalt 1876, p. 172) and F. Ullik (Abhandl. K. b6hm. Gesell. Wiss., 6th ser., vol. 10, 1880).
For analyses of the Elbe at Lauenburg, Hamburg, and Neufeldt, see H. Sussenguth 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 the
- sameauthor, Jahresber. 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. Earlich, Mitt. K. Priifungsanstalt fiir Wasserversorgung, Heft 9, Berlin, 1907, p. 1.”
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A B o) D E F G H
COf evvmnmennnaaaenans 32.86 | 34.52 | 46.23 | 21.29 | 47.74 | 11.68 | 26.64 | 26.84
8Oy ool 11.95(10.20 | 7.44 | 6.94 | 6.55 | 7.06 | 19.22 | 27.45
ClL.. ... 10.69 [ 10.17 | 3.20 { 11.08 | 3.00 | 23.85 | 8.16 | 6.55
NOj..oo.....: RRORNS RSO L76| 1.43| 1.24| .78|....... .50 | .46
POyoooooinins arhose |
Caeeennnn | 1352 | 16,71 | 26,73 | 8.14|'28.15 | 6.79 | 12.86 | 15.42
Mg. ... 4.88 | 4.64| 2.45| 2.19| 2.47 | 2.24| 3.51| 4.05
Naoooooo 10.22 | 8.40 | 4.29 | 13.86 | .71 | 11.93 | 11.66 | 10. 46
K. .00 '519| 405 2.38] 5.54| 2.01| 6.71] 2.98| 3.50
S$i0,. ...l 8.96 | 4.99| 553 |28.39 | 4.96|26.07 | 1219 | 4.17
(AlFe),05. ..o .. 1.26| 420 .32| 1.33| .63| 3.67| 2.28| 110

100. 00 {100. 00 |100. 00 J100. 00 |100.00 [100.00 |100.00 {100. 00
Salljnity, parts per mil-

ion....... 74 104 195 16 183 17 80 176

I J K L M N (6] P

COgeceieaaaeaaes 14.71 | 27.01 | 16.84 | 45.87 | 45.04 | 40.27 | 38.41 | 35.88
SO, 5.84 20,94 | 12.86 | 8.95 | 8.88 | 1086 | 12,45 | 14.88
QL 10.40 1084 | 7.61| 8.27| 8.3 | 5.00 | 5.96 | 5.7

......... LTI s
NO,. 162 | 428’ TIe0 | Tiea | 122 128l 140
Can I 4702°| 1419 | 876 | 26.41 | 2637 | 22.87 | 2219 | 20.92
Mg, 6.37 | 598| 219 | 3.21| 2.77| 3.24| 3.23| 3.63
Nawoooooro 990 | 898|11°06| 393 402| 562 635] 6.0
K. gee| 2099| 200 2.46| 3.06] 2.79| 2.87| 3.16
BiG, 35.10 | 4.79 |31 21| 409 | 4.66| 7.27| 6.42| 7.13
AL, 1.88 :
S A }traces 88 }3.18 } b 70 } .86 } .84 }1.04

100. 00 {100. 00 {100. 00 |100. 00 {100. 00 J100. 00 J100. 00 |100. 00
lon................ 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-
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
Schladabach 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.
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One table of analyses given by Hanamann is peculiarly instruc-
tive. 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 their sources.
A. From phyllite, five analyses. D. From basalt, four analyses.

B. From granite, six analyses. E. From the Cretaceous, four analyses.
C. From mica schist, six analyses.

A B ¢ D E

CO0g. e e 35.94 | 30.49 | 32.14 | 46.85 33.01
SOy e 6.45 | 14.12 | 12.86 7.94 27. 69
L 10.15 6.39.| 7.24 1. 66 2. 87
Ot 11091 11,89 | 12.61 | 20.07 22.12
Mg 5.02 3. 58 5. 08 5.76 5.29
N 11,20 10.57 | 10.85 6.22 3.43
Kool 4.39 5.63 | .4.22 3.20 2.72
S10g. i [ 14.94 | 17.33 | 15.00 7.67 2.87
FeyOge e e N ) PO

100. 00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts permillion............... 48 - 65 74 343 ' 603

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 when otherwise stated the
analyses are by A. Schwager.!

Analyses of water from the Danube and its tributaries.

A. The Woernitz above Wassertriidingen, Bavaria.

B. The Altmiihl above Herrieden, Bavaria.

Analyses A, B, by E. Miiller, Inaug. Diss., Erlangen, 1893. Other dissertations upon Bavarian waters
are by E. Kohn; 1889, M. Lechler, 1892; J. Mayrhofer, 1885, all from Erlangen. Spaeth’s dissertation has
already been cited. There is also one from Wiirzburg by F. Pecher,1887. In each dissertation the waters
are studied geologically.

C. The Naab. )

D. The Regen. For older but incomplete analyses of the Regen, 11z, and Rachelsee, see H. S. Johnson,
Liebig’s Annalen, vol. 95, 1855, p. 230. An analysis of Danube water taken at Vienna was made by G.
Bischof in 1852. An analysis of the Naab at its source is given by Spaeth, loe. cit.

E. TheIsar. For an analysis of the Isar at Munich, see G. Wittstein, Jahresher. 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, Ilz, 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 different
points. His work curiously overlaps or coincides with that published by Schwager. It includes geologic
correlations.

G. The Ilz.

. The Inn.

. The Erlau.

. The Danube above the Naab.

. The Danube above Regensburg.

. The Danube above the Ilz and Inn.

. The Danube 12 kilometers below Passau.
. The Danube at Greifenstein, 20 kilometers above Vienna, Mean of 23 analyses by J. F. Wolfbauer,
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.

ZRBr N

1 Geognost. Jahreshefte, 1893, p. 84. In Schwager’s analyses the iron is given as FeO. It i here
recalculated into FepOs. Traces of Mn, TiOg, and P2O;s are ignored.
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A B C D E F G H
COgeeiiiiiiiaiianans 41.14 | 12.64 | 47.23 | 27.55 | 49.53 | 52.43 | 15.87 | 44.85
9.54 | 11.14 | 12.07 | 3.29 | 18.26 | 14.40
4. 42 . 2.78 | 2.20
L1 .59 .09
.23 .59 .28
20.70 4,37 | 25.10
8.14 2.18 | 6.23

311| 6.50 | 2.14| 3.67| 9.92| 2.20
181 | 437 1L41] 479 437 1.13
3.51 | 19.50 | 1.45 | 3.72|32.54 | 2.89
30| 139 .21 59| .19

100. 00 {100. 00 1100.00 (100.00 |100.00 {100.00 100. 00 [100. 00

Salinity, parts per

million............. 325 | 461.5 110 | 38.3 | 203.5 217 30 166
1 J K L M N 0
COg-eeveeiiiai '16.77 | 53.51 | 51.70 | 50.16 | 48.29 | 50.10 | 49.03
SO e 14.78 7.11 8. 54 8.85 | 10.52 8.81 | 13.69
Cloe e 5.75 1.20 1.31 1.20 2.25 1.44 1.40
NOgpeeoeooeeeanannat. ALl .06 .06 L06 |
NOgeooeeiaae e .41 .23 .25 2.14 1.19 1.24 ... ...
(0 8.62 | 26.88 | 27.40 | 26.59 | 25.46 | 26.28 | 26.78
Mg..ooiiii. 1.50 6.21 6.00 6. 01 6.31| 5.9 6.97
I\ 8.95 1.47 1.12 1. 34 1.84 1. 69 .93
Koo 4.37 .96 .72 1.12 1.36 94 (..l
Si0p. o v 28.73 1.59 2.42 2.01 2.20 3.35 1.20
AlLOge o cvvieiein.... 9.30 .78 .42 .46 1 20 PO A
Fe,O00 o oveennan... .41 .06 .06 .06 .06 .20 | trace.
100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per .
million. . 47 217 204 201 184 167 151

Although the tributary waters (which should include the waters of
the Bavarian lakes as given in a previous table) show great differ-
ences in character, the regularity 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 ag
much.

Analyses of a few more waters of central Europe are given in the
next table,?

! For three small lakes near Halle and Eisleben see W. Ule, Die Mansfelder Seen, Inaug. Diss., Halle,
1888. A memoir by J. Wolff (Chemische Analyse der wichtigsten Fliisse und Seen Mecklenburgs, Wies-
baden, 1872) contains analyses of several small rivers and lakes. ,
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Analyses of water from central Europe.

A. The Weser at Rekum, 41 kilometers above its mouth. Mean of two analyses by F. Seyfert, Inaug.
Diss. Rostock, 1893. Contamination, tidal or other, seems to be evident.

B. The Oder near Breslau. Sample taken at high water. Analysis by O. Luedecke, Das Wasser des
Oderthales, etc., 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 Geol-
ogie, 2d ed., vol. 1, 1863, p. 275.

D. Balaton-or Plattensee, Hungary. Analysis by L. von Ilosvay, in Resultate der wissensch. Erforsch.,
Balatonsees, vol. 1, 1898, p. 6. Reduced from bicarbonate form.

A B C D

COgpennnnen.. OO PORPR 92,13 |- 17.92 | 47.78 | 38.80
S0,..... P 22.77 | 23.60 9.49 21.47
Ol e 17. 54 5. 46 2.70 2.98
e et 18.50 | 28.09 | 28.52 8. 87
Mg 3.11 3.28 4. 44 12.81
Na . e 10. 25 6.45 1. 57 6.14
Ko 195} 5.35 .39 3.27
SilO2 .......................................... 3.75 6. 57 4.49 4.48
Al Qg ; .82
FeyOeemm oo } 3.28 } - 62 .36

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.

Analyses of Swedish waters.

A. The Byske-elf, July. E. The Indalself, June.

B. The Klarelf, April. F. The Fyris, April,

C. The Kiarelf, October. G. The Fyris, October.

D. The Ljusnan, June.

A B C D E F G
COgeeveeiieiaiaan, 50.60 | 39.44 | 38.68 | 43.11 | 43.93 | 29.14 | 14.30
SOpceeeiii 4.01 5.85 7.63 4.57 7.24 | 24.58 { 39.08
Clooo 4,75 5.10 2.24 4.53 3.81 3.15 3.27
NOguuuae e 46 | trace |........ trace 13
POy e trace |-.......|.......
[0 11.57 | 14.95 ] 11.67 | 17.34 | 18.04 | 27.49 | 27.99
Mg..ooooiaoiit .64 51 .51 .24 .38 1.69 2.11
Naooooee 9.90 18.77 8.42 9.05| 11.33 2.92 3.33
Ko......... [ 9.00 3.78 5. 87 4. 89 2.36 1.73
Si0y. e 7.57 | 13.09 | 19.¥7 | 13.70 5.78 6. 00 6.19
(AlFe),05. et 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 mil-

lion................ 19. 25 27.6 25.5 24.8 33.71 170.3 | 178.1

1 Bull. Geol. Inst. Upsala, vol. 6, 1905, p. 101. In addition 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.
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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 significance
can be attached to a single analysis of a river water,

" Of Russian fresh waters only a few analyses are a,vallable,

follows:
Analyses of Russian walers.

A. The Angernsee. Mean of two analyses.

B. The Babitsee. .

Analyses A and B by F. Ludwig, Die Kiistenseen des Rigaer 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 predominant.

Analyses C to G are all by C.-Schmidt of Dorpat.

C. Lake Onega. Mél. chim. phys. St. Petersburg Acad., vol. 11, 1882, p. 637.

D. Lake Peipus. Bull. Acad. St. Pctersburg, vol. 24, 1878, p. 423. Schmidt has also analyzed water
from the small rivers Embach and Velikaya, tributary to Lake Peipus. See Mél. chim phys., vol. 8, 1873,
p. 494

E. The Dwina at Archangel. Analysis cited by J. Roth, Aligem. chem. Geol., 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 Dniester near Odessa. Analysis by J. G. N. Dragendorff, Jahresber. Chemie, 1863, p. 885.

Analyses of five Finnish river and lake waters are given by O. Aschan, Jour. prakt. Chemie, 24 ser.,
vol. 77, 1908, p. 172. For an-analysis of the small Lake Ingol, Government of Yeneseisk, Siberia, see
S. 8. Zaleski, Chem. Zeitung, vol. 16, 1892, p. 594.

A B C D E F G H

COgevveieiaciiaine 51.80 [ 40.14 | 25.76 | 59.57 | 26.38 | 43.73 | 49.85 | 32.51
SO 7.51 [ 23.45 | 5.36 .62 ]18.95 7 2.156| 6.93 | 23.62
[0 P 2,99 1.09|13.97 | 3.69|17.71 | 12.81 | 2.44| 8.93
£ A 4.11 5 2 I P 21 ...
POy e .47 .14 29 |....... 72 |......
[ 23.57 [ 27.10 | 8.99 | 25.54 [ 12.38 | 11.24 | 23.42 | 25.25
Mg 7.89| 5,49 6.8 ( 4.15| 7.58| 9.68| 3.57 | 5.33
Nacooooioiiniinan. 2.18 88]13.3¢4| 2.75| 8.98} 9.64| 5.8 61
R 1.00 33} 9.52 | 2.07| 5.55| 2.82 3.44. 3.75
Rb.ooo e S 0 R trace |.......l......
B 2 DU PR P .56 10 f.oifeea.. 08 |......
SiOy.ieeiii il 1.61 84 | 10.52 78| 1.74| 6.51| 2.03 |......
AlLOgeeoeeo oot 57 15T R R R A P
FeOpecnenniinnn.. 88 13 .43 14 44 1.42] 1.46|......
. |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. Ferecalculated into Fe30;. 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. Mohr did not determine carbonic acid. It is here
calculated, in all three analyses, to satisfy bases. The salinity here therefore differs from that given by
Mohr.

A B c D

0 T 27.06 | 26.01 | 29.38 30. 84
SOy e e 1.08 | 14.78 | 16.84 18.26
Ol 2.04 5.74 5.61 3.04
NO,. .l T4 | ..
PO, il 72 1.64 1.31 1.21
[ AN 15.78 | 11.75 | 14.69 16. 64
M. e e 4.62 3.45 3.37 2.43
N o 5.92 9.12 4.95 6.59
Koo 1.64 3.37 3.83 3.34
81106 .......................................... 33.45 | 23.81L | 19.65 17.25
A A4 SR R I I i } 2 } } I
FoyOpe oo osTly By o -40

. 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million....... ... ... .. ... 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 ? has been repeatedly analyzed with varying
results. The best data are as follows:

Analyses of water from the Nile.

A. The White Nile near Khartoum. . Average of three analyses.

B. The Blue Nile. Average of three analyses. Analyses A and B by W. Beam, Second Rept ‘Wellcome
Research Lab., Khartoum, 1906.

C. Average of twelve anal yses of monthly samples, taken from the Iower Nile between June 8, 1874, and

" May 13, 1875. Analyses by H. Letheby, cited by S. Baker in Proc. Inst. Civil Eng., vol. 60, 1880, p. 376.

The total solids contained 10.36 per cent of organic matter.

D. The Nile, about two hours journey below Cairo. Analysis by O. Popp, Liebig’s Anualen vol. 155,
1870, p. 344. The total solids contained 12.02 per cent of organic matter.

1 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, I’ Egypte, Paris, 1891) gives some very questionable analyses of the Blue
Nile, the White Nile, and the Nile near Cairo. According to Chélu the river carries past Cairo annually
51,428,500 metric tons of suspended solids and 20,772,400 metric tons in solution. On nitrates in the Nile
see A. Muntz, Compt. Rend., vol. 107, 1888, p. 231.

2 Analyses of the other great African rivers seem to be lacking. For the Chélif and references to some
smaller Algerian streams see p. 63 of this bulletin. .
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A B C D

(00 e ----| 42.97 | 41.74| 36.50 36.02
S0 e e .25 5.62 | 17.44 3.93
Cl..... e et 4.58 2.19 4.47 2.83
N oo .25 1| trace |o.......
PO, e e e trace .89
L 9.78 | 18.38 | 20.10 13.31
Mg 3.00 | 4.66| 4.01 7.39
N o 17.66 5.43 3.04 13.14
K 6.79 1.32 7.97 3.26
Si0g e e e 14.72 | 20.55 } 6.47 16. 88
Fe0pe e e : 2.65

o 100. 00 | 100.00 { 100.00 | 100.00
Salinity, parts per million.... ... .. . .. .. .. 174 130 168 119

In Letheby’s analyses the excess of potassium over sodium is very
peculiar, and at least improbable. In the White Nile the propor-

tion 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 con-
tains 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 invariably 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 weather-
ing agent, we have seen in a previous chapter how dissolved 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....oooooeiiiii 3.25 | AMAZON. .oeoiiei i 15.03
James..ooooeeie i 414 | Mohawk. ... 15.34
Maumee. - «-.oeniiiiiiaias 4.55 | Delaware........................ 16. 00
Nile...oooeiiiiiii 10.36 | Lough Neagh.................... 16. 40
Hudson...............ocoouons 11.42 | Xingu.ooooienii i 20. 63
Rhine............ ... ..., 11.93 | Tapajos.cceeee o e, 24.16
Cumberland..................... 1208 [ Plata. oo oo 49.59
Thames. - . ...ocooeieiennnan. 12,10 | Negro...oooooieiioiiiiiiienn.n. 53. 89
Genesee....coooeiiiiiiii 12.80 | Uruguay....oovveneecnnnnnnnn... 59.90

101381°—Bull. 491-—-11—-7
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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
or 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 ay be converted into carbonic acid
and water. Its chemical constitution is not accurately known, but it
consists in great part of a vague group of colloidal substances, whose
precise nature is yet to be made out. They appear to possess feebly
acidic properties, and have therefore received specific names, humie,
crenic, apocrenic, and ulmic acids, which terms, however, 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 statement, long current in
chemical literature, that the acids absorb nitrogen from rain water
and the air, and silica from the soil, forming a series of silico-azo-
humic acids, rests upon the unsupported 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 mmpler interpretation.

A comparison of the preceding table Wlth 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 Uruguay
River is so far the extreme example 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 appesrs 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 they can dissolve silica when alkalies are absent. As
colloids they are more likely to precipitate silica than to bring it
into solution.

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

1 8ee 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. Schreiner and E. C. Shorey, Bull. Bur. Soils No. 74, U. S. Dept. Agr.

2 A. Rodzyanko, Jour. Chem. Soc., vol. 62, pt. 2, 1892, p. 1373. Abstract from Jour. Russ. Chem. Soc.,
vol. 22, p. 208.

3 Compt. Rend., vol. 70, 1870, p. 1412.
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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-

wards 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.

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 the Desplaines River and thence passes through the Illinois
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 1500, represent-
ing Illinois River, are stated below. The percentages have been
calculated by myself, and the table is to be read going downstream.

Total solids and chlorine in Illinois and Mississippi rivers.

Total .
dissolved Chlorine.
solids.
Ilinois River— T | e percent.
At MOITIS. oottt 235.3 23.1 9.
At OttaWa. .o 269. 4 21.4 7.94
AtLasalle. ... ... .. ... il 245. 4 18.7 7.62
At Averyville...... .. ... ... .ioll.. 245.2 17.5 7.14
At HavVADNA . cooeeiee e 236.3 14.8 6.27
At Kampsville..............o oL 234.3 14.0 5.98
At Grafton........oooei i 232.6 13.1 5. 63
Mississippi River at Grafton...................... 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.

1 Chemical survey of the waters of Illinois, 1897-1902, Univ. Illinois, 1903.
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Total solids and chlorine in Mississippi River at Alton, Il

Total
dissolved Chlorine.
solids.
Parts per Parts per
million. million. Per cent.
100 feet from TIllinois shore........................ 194.1 7.
One-fourth distance across......................... 182.8 7.1 3.87
Midstream . .......o.oooii 160. 6 4.4 2.74
Three-fourths distance across...........eceeeeee.... 155.0 4.1 2.65
100 feet from Missourishore. ...................... 154. 2 3.5 2.27

The influence of the 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 proportmn of chlorine during the same period was only 1.21
per cent, and in the Fox River it was 1.98 per cent, calculated from
the total matter in solution. The 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 watérs 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 pres-
ent, and are therefore to be regarded, while dissolved, as bicarbonates.
Without this solvent much of the load would be dep0s1ted, 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 de-
caying 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 sediments found
in streams are mostly claylike in character, and rarely contain any
conspicuous proportion of carbonates or sulphates. Living organ-
isms, especially crustaceans, mollusks, and some aquatic plants, with-
draw calcium carbonate from solution; but how great their influence

1 A good summary of the relations between normal and polluted waters in the eastern and middle States
is given by M. O. Leighton in Water-Supply Paper U. S. Geol. Survey No.79,1903. Thesubject of normal
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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may be, relatively to an entire flow, we have no means of estimating.
Many agencies thus combine to modify the composition of a water,
but the relative magnitude of the several factors can hardly be deter-
mined. 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 carbonic or sulphuric ions predominate. The classification can
be still further subdivided with reference to the abundance of chlo-
rides or of silica, and again with regard to bases; but the two main
divisions still hold. Most waters are either carbonate or sulphate
in type, and we have already seen how climatic considerations de-
termine, in part at least, the chemical character of a stream. The
carbonates 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 acces-
sion of ground waters. One other point in this connection remains
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 experience of the United States Geological Survey. A quantity
of water rich in sulphates, from one of the alkaline lakes of Cali-
fornia, was sent to the laboratory in a wooden barrel. When re-
ceived, 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 pos-
sibility of similar transformations can not be ignored.

1 See N. Zelinsky, Jour. Chem. Soc.,.vol. 66,pt. 2,1894, abstract, p. 200; also M. W. Beyerinck, idem, vol.
80, pt. 2, abstract, p. 119; and R. H. Saltet and C. S. Stockvis, idem, vol. 80, pt. 2, 1901, p. 265.
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CHEMICAI: DENUDATION.

N ow, to sum up: A river is formed by the union of waters from
many sources, and each one owes its peculierities 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 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 measure 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. Itis
clear that an analysis of river water, taken at a single point and at one
stage of concentration, 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 approximately solved.

For example, Sir John Murray ! has computed, by averagmg the
analyses of nineteen rivers, not only the total amount of saline mat-
ter carried annually to the ocean, but also its composition. But his
estimate, 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 unobtamable, 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 exists.
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 area in question carries in solution 8,370,630
tons of dissolved mineral matter, or 143.5 tons from each square mile

1 Scottish Geog. Mag., vol. 3, 1887, p. 65.
2 Proc. Liverpool Geol. Soc., vol. 3, 1876-77, p. 211. Reprinted under the title ¢ Chemical denudation in
relation to geological time.””
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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 European
river basins, which, in British tons per square mile may be tabulated
as follows:

Rhone............ ... ... il 232 | Seine....cvevinieeiiiei i 97
Thames.........coveemiineennnnnnn 149 [ Rhine...............ol... . 92.3
Garonne. . ... e . 142 | Danube.........oiiii 72.7

The average for the entire lanfl 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 * 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.

Dt
Drainage area. (ﬁéfxgrgigihlg;. (tosgggg%gﬂgg
).

North Atlantic 159, 400 130
South Atlantic.. B, 123, 900 94
Eastern Gulf of MeXiC0. ... vvmvmmomomsmneonns 142,100 117
Western Gulf of Mexico.. ..., 315, 700 36
Mississippi River......................ll 1, 265, 000 108
Laurentian Basin (United States area)................... 175, 000 116
Colorado River of Arizona. ............oocooiiiiiiiiia.. 230, 000 51
South Pacific.....cooieeiiii i 72,700 177
North Pacific... .oooieieii L 270, 000 100
Total. .. e 2,753, 800 a 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

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 w1th 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.
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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.!

For the rest of North America only a rough estimate is possible.
The analyses of Canadian rivers given in previous 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 fairly 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, and through much of its course has scanty access to fresh
rocks. It waters a region which is thoroughly leached, and there-
fore finds but little material to dissolve. Large areas in South
America, like 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, hence a denudation factor
of 91.3 metric tons per square mile. For the Meuse above Liége
the figures published by Spring and Prost give a factor of 139 tons.

t Dole and Stabler’s figure for the denudation factor of the Mississippi is considerably larger than that
derived from Greenleaf’s data and the analyses cited on pp. 70, 71, ante.
2 Evolution of earth structures, London, 1903, pp. 255-282,
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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
of 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
characteristics of those from the humid areas of the United States.
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 Saint 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 fol-
lows: Assume three millions of square miles to average like Europe,
three millions like the United States, and one million like South
America. Large areas in Asia are obviously left out of considera-
tion; 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 tons.. 474,000,000 tons
South America.. 4,000,000 square milesat 50 tons.. 200, 000, 000 tons
3,000, 000 square milesat 100 tons.. 300, 000, 000 tons
7,000, 000 square milesat 84 tons.. 588,000,000 tons
8,000, 000 square milesat 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

1 Le Nil, 'Egypte, le Soudan, Paris, 1891.
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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 easily decomposed
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 balancing 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 Papet
236, and by Dole and Stabler in Water-Supply Paper 234. Each analysis is weighted proportionately to
the total amount of material annually carried by theriver. Thealkalies are given with Palmer’s determina-
tions of potassium.

B. Waters of South America. Average made up from the cited analyses, welghted as follows: Amazon,
12; Uruguay, 1; Negro, 1; all smaller streams, 2. The Rio de la 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 each group proportionally to its drainage area.

D. Waters of Asia. Made up of the averages A, B, C, weighted 3:3: 1 as explained in a previous para-
graph.

E. Watersof Africa. Made up of theaverage for the Nileand that for South America as already described.

F. General average, in which each 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), as

reduced to the uniform standard adopted in this book.. Organic matter as given by Murray is 10.37 per
cent of the total solids.

1 For more details with ref&wce to these computations see ¥. W, Clarke, A preliminary study of chem-
ical denudation: Smithsonian Mise. Col}., vol. 56, No. 5, 1910.
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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
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 denudation 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 one 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 deritved partly from the atmosphere and partly
from the solution of limestones. Dealing now only with the existing
discharge of rivers, we must subtract these atmospheric 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, or 1:3.4 nearly. The last figure should be higher,
~ because of the more rapid solution of the limestones, 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

1 Tstimate by A. von Tillo, actually 75.7 and 24.3.
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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 dissolved matter, 2,735,000,000 tons, there
remains 2,491,585,000 tons, or about 62.3 tons per square mile on the
average, for the 40,000,000 of square miles of land which are assumed
to drain into the ocean. Thisimplies 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 correc-
tions, 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.

1 Spring and Prost, in their work on the Meuse, and Ullik, in his study of the Elbe, have attempted to
measure the amount of human contamination. This, obviously, must be very variable. In rivers like
the Yukon or the Colorado it is negligible; in the Mississippi or the Hudson it is doubtlesslarge. Insmall
streams in thickly settled manufacturing districts the amount of pollution is often enormous.



CHAPTER V. :
THE OCEAN.
ELEMENTS IN THE OCEAN.

For 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.

Todine. —Chleﬂy found in the ashes of seaweeds According to E.
Sonstadt,® it is present in sea water in the form of an iodate. 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 much smaller quantities.

Fluorine.—Found directly, and also in the boiler scale of oceanic
steamers. A. Carnot’s determinations ¢ show that the water of the
Atlantic contains 0.822 gram of fluorine to the cubic meter.” P.
Carles ® has reported fluorine in the shells of mollusks.

Nitrogen.—Present as ammonia, in organic matter, and in dissolved
air. The ammonia of sea water has been repeatedly investigated.

1 For the volume of the ocean and of its contained salts, see ante, pp. 22, 23.

2Phil. Trans., vol. 155, 1865, pp. 203-262. Seealso J. Roth, Aligemeine 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) a good summary of earlicr work on
tho less important elements in sea water. The book is essentially biochemical in character, and deals
mainly with the relations of sea water to life.

8 Chem. News, vol. 74, 1896, p. 316.

4 Compt. Rend., vol. 128, 1899, p. 1069; vol. 129, 1899, p. 9.

6 Zeitschr. anal. Chemie, vol. 17, 1878, p. 305.

6 Annales des mines, 9th ser., vol. 10, 1896, p. 175.

7 See also earlier determinations by G. Forchhammer and G. Wilson, Edinburgh New Phil. Jour., vol.
48, 1850, p. 345.

8 Compt. Rend., vol. 144, 1907, pp. 437, 1240. 109
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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 carbonate,
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 bottom of the sea are considered further 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 contains
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 prob-
ably take their silica from clayey matter in mechanical suspension.
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 also in the ashes of marine
plants. J. A. Veatch,® who examined water from the coast of Cali-
fornid, found boric acid almost exclusively in samples collected over
a submarine ridge, parallel with the land, but 30 to 40 miles away.
He suggests for it a volcanic origin from submerged sources.

Lathium —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 quantl-
tatively by Schmidt, whose analyses will be cited later.

Casium.—Also found by Sonstadt.

Barium and strontium.—Can be detected by ordinary methods.
Also found in the ashes of seaweeds and in boiler scale.!!

1 Compt. Rend., vol. 81, 1875 p. 619.

2 Annales chim. phys., 5th ser., vol. 14, 1878, p. 380. Dieulafait mentlons earlier work by Marchand
and Boussingault.

3 Contributions & 1’6tude de la chimie agricole, in Fremy’s Encyclopédie chimique, 1888.

4 Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 89.

6 Monatsh. Chemie, vol. 14, 1893, p. 675; vol. 15, 1894, p. 596; vol. 16, 1895, p. 591; vol. 20, 1899, p. 1. See
also E. Raben, Wissenschaftlichen Meeresuntersuchungen, vol. 11, Kiel, 1910, p. 303. Many determina-
tions are given, and 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 Wissenschaftlichen Meeresuntersuchungen, vol. 11, Kiel, 1910, p. 311.

. 9 Proc. California Acad. Sci., vol. 2, 1859, p. 7.

10 Annales chim. phys., 5th ser., vol. 17, 1879, p. 377. See also Thorpe and Morton’s analysis of water
from the Irish Sea, 1871, cited on pp. 112, 113,

11 On strontium in sea water see Dieulafait, Compt. Rend., vol. 84, 1877, p. 1303.
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Aluminum and tron.—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.? 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. 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
of gold and 169.5 of silver. In deep-sea dredgings Wagoner 1
detected even larger quantities of both precious metals.

Radium.—Ocean water, sea salt, and oceanic sediments are all
more or less radioactive. From measurements of this radioactivity

1 Compt. Rend., vol. 96, 1883, p. 718.

2 Jdem, vol. 98, 1884, p. 1417.

3 Annales chim. phys., 5th ser., vol 18, 1879, p. 359.

4 Idem, vol. 21, 1880, p. 266.

5 Proc. Roy. Soc. New South Wales, vol. 29, 1895, pp. 335, 350.

6 Chem. News, vol. 25, 1872, pp. 196, 231, 241; vol. 74,1896, p. 316; Am. Chemist, vol. 3, 1872, p. 206.

7 Jour. Soc. Chem. Ind., vol. 11, 1892, p. 351. From Norsk Tekn. Tidsskr. '

8 Proc. Roy. Soc. New South Wales, vol. 29, 1895, pp. 335, 350.

9 Jour. Chem. Soc., vol. 71, 1897, p. 208.

10 Trans. Am. Inst. Min. Eng., vol. 27, 1897, p. 615.

11 Tdem, vol. 31, 1901, p. 806.

12Tdem, vol. 38, 1907, p. 704. P. DeWilde (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 also discussed the possibility of its economic recovery.
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the amount of radium is inferred.! According to Joly, 1 cubic
centimeter of sea water, on the average, contains 0.017 X107 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 nec-
essary to recapitulate them here. With a few exceptions I shall con-
fine 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, compared with
the salinity of lakes and rivers, I shall express it generally in percent-
ages rather than in parts per million. The analyses themselves I have
reduced to ionic form, ignoring bicarbonates, -as in the tables given
in the preceding chapter. The selected data are as follows: 2

Analyses of oceanic salts.

A. Mean of 77 analyses of ocean water from many localities, collected by the Challenger expedition.
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 collected 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 Dieppe. 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 FesO3, NHj, and N3O; are here added together. A trace of lithium was also
reported.

E. The Baltic Sea between Oeland and Gothland. Analysis by C. Schmidt, Bull. Acad. St. Peters-
burg, 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 SiOz found by Schimidt are so small that I have
added them together. Salinity of this sample, 0.7215 per cent.

F. The Atlantic at Bahia Blanca, coast of Argentina. Mean of two samples, taken at low and high
tide. Analyses by F. Lahille, reported 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.

1 See R. J. Strutt, Proc. Roy. Soc., vol. 78A, 1907, p. 151; A. S. Eve, Phil. Mag., 6th ser., vol. 18, 1909,
p. 102; J. Joly, idem, vol. 15, 1908, p. 385; vol. 18, 1909, p. 396. In a volume entitled “Radioactivity and
geology,” London, 1909, pp. 45-58, Joly sums up the relations of the ocean to radium.

2 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. 2888. 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. Akad. 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. See
also W. Skey, 3d 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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G. The Gulf of Mexico, off Loggerhead Key, near Florida. Analysis by G. Steiger, labcratory of the
U. S. Geological Survey, 1910. Salinity, 3.549 per cent.

H. From near Beaufort, North Carolina. Mean of five analyses of samples taken under varying con-
ditions, 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, Den Norske Nordhavs-Expedition, pt. 9, 1882, p. 1.
Soda 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.  Salinity, 2.598 to 2.968 per cent.

K. The Arctic Ocean between the White Sea and Nova Zembla. Mean of two analyses by Schmidt,
loc. cit.

L. The Siberian Ocean. Water collected by the Vega expedition. Mean of four analyses by Forsberg,
Vega Exped. Rept., vol. 2, 1883, p. 376. Salinity, 1.378 to 3.457 per cent.

M. The Mediterranean 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. Salinity, 38.789 grams per liter.
Analysis by Schloesing, loc. cit.

O. The eastern 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, 1894, 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; 44 partial analyses. Natterer
gives the figures here utilized as averages of varying numbers of doterminations. Mg, Na, and K not
determined. Salinity, 2.310 to 4.061 per cent.

A B c D E ¥ G H
Cloeieea 55.292| 55.185! 55.04| 55.21] 55.01f 54.62| 55.24| 55.25
25 .188]  .179 .19 .19 R | 7. ...
SOeceereniannna... 7.692] 7.914| 7.86 7.69) 8.00; 8.01 7.54] 7.56
COgecuiaiaanii . 207 . 213 .18 .09 .14 .27 .34 .37
N 30. 593] 30.260| 30.71] 30.82| 30.47| 30.20 30.80| 30.76
Keveeooiieeeaaeo e L106] 1.109 1. 06, 1.16 .96 2.10 1.10] 1.14
| 37 « TSRO IR P PR B (17 Y R F
[0 1.197| 1.244 1.27 1. 21 1. 67 1. 36 1.22] 1.22
M, 3.725| 3.896] 3.69] 3.6l 3.53] 3.36] 3.59] 3.70
Fe, 8103 POgoevonnoiibe el e OBl e |
Fo, NHo NOy. ooy ool
(FeAl),G,, Si0,. .| N DR
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(0] D 55.46 | 55.22 | 55.30 [155.45 | 55.53 | 55.11 | 55.30 | 55.45
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SOgcec i 7.59 | 7.8 7.78 | 7.79| 7.74| 7.89 | 7.72| 7.67
COgeees it 30 .10 07 ... 19 20 19 28
Naoooooooooiiii.o. 30.53 | 30.65 | 30.85 | 30.41 | 30.37 | 30.64 | 30.51 |......
Koo 1.12 .93 89| L17 | 109 109 | L12|......
Rboooo L .04 04 e e
Ca 1.21¢{ 1.2 L16} 118 1.26 | 1.23 ) 1.19| 1.22

- SR 3.79| 3.75| 3.69| 3.8 | 3.64{ 3.65| 3.81|......
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-Q. The Black Sea. Average of six analyses by S. Kolotoff, Jour. Russ. Phys. Chem. Soc., vol. 24,
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. For 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.

8. 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, 1899, p. 1; vol. 21,
1900, p. 1037. Water collected in the Suez Canal, the Timsah Lake, and the two Bitter Lakes. Many
other partial analyses are given. The salinity of these particular samples ranged from 5.085 to 5.854 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. chim., vol. 10, p. 594. Also Jahresber. Chemie, 1877, p. 1370. Schmidt’s rubidinm
determinations need verification.

X. The “Mare Morto,”” an inclosed body of water on the island Lacromo in the Adriatic, having under-
ground connection with the sea. Salinity, 3.1744 per cent. Analysis by W. Loebisch and L. Sipbcz,
Min. Mitt., 1876, p. 171.

Q R S T U v w X

(o) P 55.12 | 55.59 | 55.60 | 55.96 | 55.46 | 55.43 | 55.41 | 54.78
Breowwowinonnef 18| 14 13| 18| 18| 13| .13| .2
SOy .o, 7.47| 7.67| 7.65| 7.49|.7.91| 7.76| 7.79 | 7.60
CO0f. e, 46| .o1| .o2| .13| .04| .03| .05| .72
Noouooneoaneaenne. 30.46 | 31.21 | 30.81 | 30.31 | 30.23 | 30.67 | 30.89 | 30.57
Keooooolos0 118 64| 97| 106| .94 .97 .85| L11
Rb....... . ........|...... 03] .04 ..., 03| .o04| .03|......
Ca. 141 105 .89| 1.22| 1.19| 1.19| 1.16]| 1.25
oo 374 3.64| 3.87| 3.65! 4.03| 3.75| 3.67| 3.71

Fe 'Si0,, POse oo 02| 02l 04| 03| .021.....
100. 00 [100. 00 [100. 00 [100.00 [100. 00 [100.00 [100.00 {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. The waters of the Baltic
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
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
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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.

A. Liquid intermingled with snow, collected on Arctic ice at —32°.
B. Another sample free from snow, also collected at —32°.

A B

Cl4+Br.....oocoouonn.. S 62.47 |  63.52
S0 e - e e e e e 1.26 .82
N e e et e e e e 25.88 | 27.85
K et e e e L 97| 106
Bl e e e e e et e e et S 200 Lsl
Y PP 7.42|  5.24

100.00 | 100.00

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

1 Natterer also, in the memoirs already 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, 1905,
p. 902. On this theme there is an extensive literature, but physical problems can be only incidentally con-
sidered in the present memoir. :

2Vol. 2, 1882, pp. 948-1003.

3 Vega Exped. Rept., vol. 2, 1883, pp. 349-380.

4 See O. Pettersson, op. cit., 1883, p. 376,
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African shoreis very great, and thesalinity is therefore excessive. Fur-
thermore, 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 Danube, 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 changing, but the
gains, although large 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 680,000 years to make up
the total oceanic amount.?

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 triflings and needs no further

1 Proe. Roy. Soc. Edinburgh, vol. 17, 1889, pp. 100-101.

2 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. Canadian
Inst., vol. 7, 1903, p. 535.

T
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consideration here. Streams bring 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 caleium 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 for the crystal-
line carbonate. This difference bears directly 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
re-solution, however, occurs, especially where the waves have beaten
the coral into sand, and this subject has been well studied by J.
Murray and R. Irvine.* 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
only 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

* 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, see W. 8. Anderson, Proc. Roy. Soc. Edinburgh, vol. 16, 1889, p. 318; and J. Thoulet, Compt.
Rend., vol. 110, 1890, p. 652.

8 Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 79.

¢ Zeitschr. anorg. Chemie, vol. 17, 1898, p. 170.
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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 to 0.1264
gram of CaCO,. 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.? Under certain conditions
the carbonate thus produced may assume the solid form, and be pre-
cipitated as a sort of calcareous ooze. This, however, can take place
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 saturated
with carbonates, and a precipitate forming on the surface of the open
ocean would be redissolved before it could settle to the bottom.
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

1 Proc. Sec. Sci., Amsterdam Acad., vol. 3, 1901, p. 63.

2 Neues Jahrb., Beil. Bd. 16, 1903, p. 505,

3 W. Dittmar, Challenger Rept., Physics and chemistry, vol. 1, 1884, p. 211.
4 See summary in vol. 2 of the Narrative, 1882, pp. 948 et seq.
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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 redissolve,
or at least not readily.® The silica brought in by rivers is partly dis-
posed 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
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 substances that do
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 animals; 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:

1 8ee J. Murray and R. Irvine, Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 79.

2 On the circulation of calcium carbonate, and its relation to the age of the earth, see E. Dubois, Proc. Sec.
Sci., Amsterdam Acad., vol. 3, 1901, pp. 43, 116.

3 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.

4 A recent treatise by L. W. Collet (Les dépOts marins, Paris, 1908) deals with this subject quite fully.

5 Seealso J. Murray, Geog. Jour., vol. 19, 1902, p. 691; on material collected in 1901 by 8. 8. Britannia.
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Deposits on the ocean floor.

Name. Ayemgodopth | Pargontsoof
Redclay.......oooooiii 2,730 6.70
Radiolarianooze. ... ........ccooeian.... P e 2, 894 4,01
Diatom 00ze . . . . ... 1, 477 22.96
Globigerina 00ze ........... ... ... i 2,049 64. 47
Pteropod ooze. . . ... ... 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:

Percentage of calcium carbonate on the ocean floor at various depths.

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,
the most interesting. It is universally distributed in the oceanic
basins, but is typical only at depths ranging from 2,200 to 4,000 fath-
oms 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 volcanic dust borne
long distances by currents of air. Other fragments represent sub-
marine volcanoes. Some of the fragments 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

—— TN
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subject the experiments of J. Thoulet * have been often quoted, and
A. Johnstone 2 has shown that even so refractory a mineral as talc is
slowly but preceptibly 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. '
In addition to the widespread formations 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 glaucomte, 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 & 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
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
characterlstlc 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 still
in doubt. Murray ® regards the manganese as derived, like the red
clay, from the subaqueous decomposition of volcanic débris. C. W.
Gimbel ¢ attributes the nodules to submarine springs holding manga-
nese in solution, which is precipitated on contact with sea water.
Buchanan 7 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 éxplanation has been offered by L. Dieulafait.t

t Compt. Rend., vol. 108, 1889, p. 753. See also recent work by J. Joly, in Compt. rend. VIII. Cong. géol.
internat., 1900, p. 774.

3 Proc. Roy. Soc. Edinburgh, vol. 16, 1889, p. 172.

3 For full description see Challenger Rept., Deep-sea deposits, 1891, pp. 341-378. Seealso J, Murray and
R. Irvine, Trans. Roy. Soc. Edinburgh, vol. 37, 1895, p. 721.

4J.Y. Buchanan, Proc. Roy. Soc. Edinburgh, vol. 18, 1890, p. 19.

6 Proc. Roy. Soc. Edinburgh, vol. 9, 1876, p. 255.

6 See abstract in Neues Jahrb., 1878, p. 869.

7 Proc. Roy. Soc. Edinburgh, vol. 18, 1890, p. 17.

8 Idem, vol. 18, 1890, p. 54.

9 Annales chim. phys., 5th ser., vol. 27, 1882, p. 289,

10 Compt. Rend., vol. 96, 1883, p. 718,
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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 gasily 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 prempltated near its point of derivation around any nucle1
which happened 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.

Water. .. e B S 29. 65
Aqueous extract?. ... ............ e 2.44
Insoluble residue. . . .. .....oooiie ... 17.93
Portion solublein HCl. . ... ... .. .. iiiiiii i 49.97
‘ ' ‘ 99. 99

The insoluble and soluble portions, recalculated separately, are
represented in the subjoined statement: -

Analysis of manganese nodule.

The entire sample contained—

Portion soluble Insoluble
in HCL. portion,

(35 10 P ) B 74. 58
115 10 PRt .72
AL g e i . 6.34 12.93
Py 26.97 4.79
MO e 4.60 |............
00 . e 4.02 1.45
. (O .1
BaO. oo .67
MO0 42.94 | ...
NiOuo oo R 196 |.....ioei..
€00 e e B 20 PO
ZnO0 . e 20 il
CUO. o e N2 N
PbO . e 10 oLl
1 X0 06 [
NagO oo 3. 62
KO e .95
T O .22 .11
200 R 4 |
MoOy. o 20 |ooil
B0 et e e B R
0L .58 |.
Peroxide 15 977-C:) « W 9.42 | oiuL....

99. 99 99. 93

1 Challenger Rept., Deep-sea deposits, 1891, pp. 417-423.

3 Saline matter unavoidably inclosed in the nodules. Gibson gives its composition in detail.

2
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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.

Analyses of phosphatic concretions from sea bottom.

A B
| X T 19.96 | 23.54
0 12.05 10. 64
S0+ - et e 1.7 1.39
ST0gn e e e e e e e e 1.36 2.56
Ca0 et e 89,41 40. 95
MO e et .67 .83
F€y0 e e e e e e 2.54 | 2.79
ALO g e e 1.19 1.43
Loss on ignition. .. ... ... ... ...l undet. 3.65
Insoluble residue. ..o.ve e e e 17.34 | 11.93

95. 89 99.71

Analyses of the insoluble residue gave the following results:

Analyses of insoluble residue from phosphatic concretions.

A B
77.43 76. 58
12. 40 13.85

7.91 7.93

1.07 1.27

1.02 1.18
99.83 | 100. 81

The concretions, then, consist mainly of calcium phosphate and car-
bonate, mixed with sand and clay.

1 Challenger Rept., Deep-sea deposits, 1891, pp. 397-400. On the phosphatic nodules of the Agulhasg
Bank, see L. W. Collet, Proc. Roy. Soc. Edinburgh, vol. 25, 1905, p. 862; and L. Cayeux, Bull. Soc. géol.
France, 4th ser., vol. 5, 1906, p. 750.
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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 issupported by the observation that the glau-
conitic shells are always associated with the detritus of terrigenous
rocks, containing orthoclase, muscovite, and other minerals from
which the necessary potassium could be obtained. In 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.

1 Murray and Renard, Challenger Rept., Deep-sea deposits, p. 383, 1891.

2 K, J. Jones (Jour. Asiatic Soc. Bengal, vol. 56, pt. 2, 1887, p. 209) has described another class of marine
nodules. They were dredged up in 675 fathoms of water off Colombo, Ceylon, and contained about 75 per
cent of barjum sulphate.



THE OCEAN, 125

Comparison of ocean and river water.

A. The annual addition of each radicle by rivers, computed from the data already givén in the preceding
chapter.

B. The saline matter in the ocean, computed from Dittmar’s analyses, with Karstens’s value for the
volume of the ocean, 1,285,935,211 cubic kilometers, and a mean density of 1.026.

Annual fﬁ)m rivers In o%ean
(metric tonsX103). |(metric tonsX1012).
961, 350 95. 6
332, 030 3,563.0
155, 350 25, 538. 0
............... 86. 8
24,614 |..............
158, 357 14, 130. 0
57,982 510. 8
557, 670 552. 8
93, 264 1,721.0
75,213 |. .ol
319,170 |.eeveennnnn.
0 2,735, 0003<10° |46, 188. 010 12

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 results

-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
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: .

ABe Of0CEAN (FEAIS)euu e nn et et tai e eeanenaansanaeeannnnaaas 100, 000, 000 50, 000, 000

T 296, 500, 000 | 260, 970, 000
OB e e e e e 552,142, 000 | 546, 614, 000
Mg e, 76,054,000 | 58, 844, 000
R o e e 52,874,000 | 47,766, 000
R,04........ . e e, 75,213,000 | 75,213,000
S0 g w et 319, 170, 000 | 319, 170, 000
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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 remain 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 geological 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.

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 19.5 X 10'® 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.?

i

1 Radioactivity and geology, pp. 57, 58.

3 In an interesting but not altogether conclusive paper (Jour. Geology, vol. 2, 1894, p. 318) J. A. Udden
has endeavored to show that the dust carried by the atmosphere is of greater amount than the silt trans-
ported by rivers. Seealso 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 bibliography
of the subject.
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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 oozes in trivial propor-
tions.

With potassium other conditions hold, and river and ocean water
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 clays, are able to take up considerable proportions of po-
tassium 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 sediments, the other remains in
solution. :

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 Medi-
terranean and the Red Sea, found small quantities of potash and soda,

1 Many of the analyses of river water, as published, show no potassium, but this only means that they
are incomplete. In such cases the alkalies were weighed together and in calculation the potassium was
ignored. This is especially true of boiler-water analyses.

2 Landw. Versuchs-Stationen (Berlin), vol. 21,1877, p.135. The absorption of potassium has heen estab-
lished by the work of many investigators.

8 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.

4 Den Norske Nordhavs-Expedition, pt. 9, 1832, p. 35.

8 Monatsh. Chemie, vol. 14, 1893, p.'624; vol. 15, 1894, p. 530; vol. 20, 1899, p. 1.
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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 potassium from the original volcanic material, with less
sodium, has been retained in the production of zeolites. Nearer land
potassium has been used in the formation of glauconite, and still
nearer, when mechanical sediments appear, a similar discrimination
is evident. Sodium dissolves, but potassium is held back. Potas-
sium 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 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 dif-
ference between sea salts and the material received from streams. In
chemical character, fresh and salt water are opposites, as a brief
inspection of the data will show. In ocean water, Cl >SO,>CO,; in
average river water, CO,>S0,>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 evidence 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-
descent mags, its primitive atmosphere 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
argument has been especially 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

t Jour. Indust. and Eng. Chem., vol. 1, 1909, p. 777.

2 On the ratio between sodium and chlorine in the salts carried by rivers to the sea, see E. Dubois, Proc.
Sec. Sci., Amsterdam Acad., vol. 4,1902, p. 388. On the ratio between Cl and SO4 in sea water see E. Rup-
pin, Zeitschr. anorg. Chemie, vol. 69, 1910, p. 232.

3 Am, Jour. Sci., 2d ser., vol. 39, 1865, p. 176; and various papers in his Chemical and geological essays.
See also J. Joly, onsthe geologic age of the earth, in Trans. Roy. Dublin Soc., vol. 7, 2d ser., 1899, p. 23; and
R. A. Taylor, Proc. Manchester Lit. Phil. Soc., vol. 50, 1906, p. ix.
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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 free from lime. The absence of fossils from rocks of
an age immediately preceding-a period rich in highly developed cal-
careous 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. It is possible, however, that the pre-Cambrian
animals were developed under conditions which favored the forma-
tion of aragonitic rather than calcitic exoskeletons. Aragonitic
shells dissolve much more readily than those formed of calcite, and
therefore rarely appear as fossils. .
Another group of writers, seeking to avoid the nebular hypothesm,
conceive the earth as having been built up by the slow aggregation of
small, solid, and cold meteoric bodies. Each 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 frequently 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 certain meteoric irons have crum-
bled into masses of rust and disappeared as specimens from museums. -
If, now, the earth was formed from meteoric masses, some of them
doubtless contained this annoying impurity, and chlorine from that
source may have reached the primeval ocean. In fact, A. Daubrée ?
found lawrenceite in the terrestrial native iron from Ovifak. The
planetesimal hypothesis is evidently not inconsistent with the excess
of oceanic chlorine. It is also in harmony with the idea advanced by
E. Suess,* that the ocean has received large accessions from volcanic
sources. Hydrochloric acid and volatile chlorides exist in volcanic
emanations and must, to some extent, reach the sea. G. F. Becker

t Am. Jour. Sci., 4th ser., vol. 23, 1907,p 93. Also a later paper in Bull. Geol Soc. America, vol. 20, 1909,
p. 153.

3See T. C. Chamberlin, Jour. Geology, vol. 5, 1897, pp. 653 et seq.; also H. L. Fairchild, Am. Geologist,
vol. 23, 1899, p. 04.

8Etudes synthétiques de géologie expérimentale, 1879, p. 557.

¢ Geog. Jour., vol. 20, 1902, p. 520. See also C. Doelter, Sitzungsb. Akad. Wien, vol. 112, 1803, p. 704.

101381°—Bull. 491—11—39
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has recently ! discussed this phase of the problem and has shown that
a comparatively moderate emission of volcanic chlorine would fully
account for the excess of that element in the ocean. But if, as has
often been suggested, the volcanic gases were first derived from
oceanic mﬁltratlons, they represent no gain to the ocean, and this
question is still at issue.

THE DISSOLVED GASES.

Up to this point we have considered only the saline matter of the
ocean; but the dissolved gases are almost equally important and have
been the subject of exhaustive investigations. The earlier researches
were not altogether satisfactory, and we need therefore examine only
the more recent data, first as to the air and then as to the carbonic
acid of sea water.

The solubility of a gas in water varies Wlth its nature and with the
temperature, being greatest in the cold and diminishing as the sol-

- vent becomes warmer. The Arctic Ocean, therefore, dissolves more

air than the waters of tropical regions, and it also seems to carry a
greater proportion of oxygen. We have already seen, in studying
the atmosphere, that water exercises a selective function in the solu-
tion of air, so'that the dissolved gaseous mixture is enriched in oxy-
gen. Ordinary air contains by volume only about one part in five of
oxygen; dissolved air contains, roughly, one part in three; although,
as we shall see, the proportion changes as conditions vary. Even the
salinity of the ocean must probably be taken into account, for the
reason that some if not all gases are less soluble in salt than in fresh
water. According to the experiments by F. Clowes and J. W. H.
Biggs,? salt water dissolves only 82.9 per cent as much oxygen as is
absorbed by fresh water. So large a difference can not well be
ignored.

To illustrate the difference in solubility between the two principal
atmospheric gases, we may use the data given by O. Pettersson and
K. Sondén.® In pure water the gases dissolve unequally, and the fol-
lowing table shows their solubility throughout a fair range of atmos-
pheric temperatures. The figures represent the number of cubic cen-
timeters of each gas, at 760 millimeters pressure, required to saturate
1liter of water; and the last column gives the percentage of oxygen in
the dissolved mixture, when N+ 0O =100.

1 Smithsonian Mise. Coll., vol. 56, No. 6, 1910.
. 2 Jour. Soc. Chem. Ind., vol 23, 1904, p. 358. .
3 Ber. Deutsch. chem, Gesell vol. 22, 1889, p. 1439. See also R. W. Bunsen, Gasometnsche Methoden;
W. Dittmar, in his Challenger report and A. Hamberg, Bihang K Svensk Vet Akad Handl., vol. 10,
No. 13, 1884.
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Solubility of nitrogen and oxygen in water at various temperatures.

Tempera- Nitrogen Oxygen Percentage
“ture. absorbed. | absorbed. | of oxygen.
cm?, cmd,
0 19. 53 10. 01 33.88
6. 00 16. 34 8.28 33. 60
6.32 16. 60 8.39 33.55
9.18 15. 58 7.90 33. 60
13.70 14.16 7.14 33.51
14.10 14.16 7.05 33.24

When we recall the fact that ordinary air contains only 21 per cent

of oxygen, the magnitude of the change produced by solution becomes

manifest. :

In sea water the same relation holds approximately, but the enrich-
ment is slightly greater. H. Tornoe,' assisted by S. Svendsen, made
94 analyses of air extracted from the water of the North Atlantic
and found the oxygen in the mixture N+ O to range from a minimum
of 31.0 to a maximum of 36.7 per cent. Between 70° and 80° lati-
tude-the average was 35.64 per cent; below 70° it was-34.96. At the
surface the mean percentage of oxygen was 35.3, and it diminished
with the depth from which the samples were taken down to 300
fathoms, when the proportion was reduced to 32.5. Below 300
fathoms the percentage of oxygen was nearly constant. O. Jacobsen,?
analyzing dissolved air from the water of the North Sea,.obtained -
a range of 25.20 to 34.46 per cent, the surface average being 33.95.

Stlll more elaborate aré the data published by W. Dittmar,® whose

_samples of dissolved air came from many pomts in the Atlantlc,

Pacific, Indian, and Antarctic oceans. The maximum amount was
found in the Antarctic—28.58 cubic centimeters of air to the liter of
water, containing 35.01 per cent of oxygen. The ‘minimum, 13.73
cubic centimeters and 33.11 per cent, was obtained at a point south-
east of the Philippine Islands. The general conclusions as to the
solubility of nitrogen and oxygen in sea water at different tempera-
tures appear in the table following.

i Den Norske Nordhavs-Expedition, Chemistry, 1880, pp. 1-23. Tornoe in this memoir gives a good
summary of the earlier investigations. .

2 Die Ergehnisse der Untersuchungsfahrten S. M. Knbt. Drache, Berlin, 1886. An earller memoir by
Jacobsen is printed in Liebig’s Annalen, vol. 167, 1873, pp. 1 et seq.

8 Challenger Rept., Physics and chemistry, vol. 1,1884. For the table cited below, see p. 224. Also for a
summary of the results obtained, see the ¢“Narrative ** of the expedition.
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' Solubtlity of nitrogen and oxygen in sea water at various temperatures.

Tompersure, | Dilved | Diswlved | Eercotago
0 15. 60 8.18 34. 40

5 13. 86 7.22 34.24

10 12. 47 6.45 34.09

15 11. 34 5.83 33.93

20 10. 41 5.31 33.78

25 - 9. 62 4,87 33. 62

30 8.94 4. 50 33. 47

35 8.36 4.17 33.31

. @ Supposed to be measured dry, at 0° C. and 760 millimeters pressure; in other words, the normal volumes
'gll' gcotﬂ?xc centimeters in 1 liter of sea water at the given temperatures. The‘‘ nitrogen’’ of coursg includes

No argument is needed to show the importance of the facts thus
developed. The dissolved oxygen plays a double part in the activities
of the ocean—first in maintaining the life of marine organisms, and
secondly in oxidizing dead matter of organic origin. By the latter
process carbon dioxide is generated, and that compound, as we have
already seen, helps to hold calcium carbonate in solution. Its other
function as a possible regulator of climate will be considered presently.

Free or half-combined! carbonic acid is received by the ocean from
various sources. It may be absorbed directly from the atmosphere or
brought down in rain; it enters the sea dissolved in river water; it is
derived from decaying organic matter, and submarine volcanic
springs contribute a part of the supply. The free gas is also liberated
from bicarbonates by the action of coral and shell building animals,
which assimilate the normal calcium salt. Carbonic acid is continu-
ally added to the ocean and continually lost, either to the atmosphere
again or in the maintenance of marine plants, and we can not say how
nearly the balance between accretions and losses may be preserved.
The equilibrium is probably far from perfect; it may be disturbed by
changes in temperature or by the agitation of waves, and every varia-
tion in it leads to important consequences. It is estimated that the
ocean contains from eighteen to twenty-seven times as much carbon
dioxide as the atmosphere, and that it is therefore, as T. Schloesing ?
has pointed out, the great regulative reservoir of the gas.

Nearly all of the authorities thus far quoted with reference to the
dissolved air of sea water have also studied the omnipresent carbonic
acid. Jacobsen, Hamberg, Tornoe, Buchanan, Dittmar, Natterer, and
others have made numerous determinations of its amount, and as a
general rule the quantities found were insufficient to transform all of

1 A much used but inexact expression. It describes the second molecule of carbonic acid which converts
the normal salts into bicarbonates.

2 Compt. Rend., vol. 90, 1880, p. 1410. See also A. Krogh, Meddelelser om Groenland, vol. 26, 1904,
pp. 333, 409. .
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the normal calcium carbonate into the acid salt. Tornoe, as the aver-
age of 78 sea-water analyses, found 52.78 miligrams to the liter of
fully combined carbon dioxide, and in addition 43.64 milligrams avail-
able for the formation of blcarbonates Results of the same order
were obtained by Natterer in his examination of waters from the Med-
iterranean. Normal carbonate and bicarbonate are both present in
sea water, although in a few exceptional determinations during the
Challenger expedition the carbonic acid was clearly in excess. Such
instances, however, are rare, and are ascribable to purely local and
unusual conditions. '

The carbonic-acid determinations of the Challenger voyage were
conducted partly by J. Y. Buchanan on shipboard, and partly by
W. Dittmar on land.* The combined acid has already been accounted
for in the analyses given for sea salts; the ‘‘loose,” free, or half-
combined acid, is more variable. Its average amount, in milligrams
to the liter, at different temperatures appears in the following table:

Average amount of free carbonic acid in sea water at various temperatures.

[Milligrams per liter.]

Temperature: Temperature:
25t028.7. .. ...l 35. 88 100015 ccenennan .. e 43.50
206025 ..o 37.18 51010, ccceeeinii 47.21
15t020.. .0 42. 68 —1l4to+3.2. ... 63.31

That is, the ocean contains less free carbonic acid in warm than in
cold latitudes. Its average quantity is estimated by Murray at 45
milligrams per liter, which is equivalent to a layer of carbon 3.45
centimeters thick over the entire oceanic area. For different depths
of water the variations in carbonic acid are less pronounced, as may
be seen from the subjoined averages:

Average amount of free carbonic acid in sea water at various depths.

[Milligrams per liter.] v
Surface...... .ol 42.6 | 300 fathoms...........ooiiiiiits 44.0

25 fathoms........... ... .......... 33.7 | 400 fathoms....................... 41.1
50 fathoms........................ 48.8 | 800 fathoms....................... 42.2
100 tathoms. ... L. ... 43.6 | More than 800 fathoms. ........... 44.6
200 fathoms....................... 44.6 | Bottom....... ... o il 47.4

The figures are derived from 195 determinations by Buchanan, and
the individual numbers range from 19.3 to 96 milligrams to the liter.
In 15 determinations the carbonic acid was in excess of the amount
necessary to form bicarbonates; in only 22 was it sufficient to fully
convert the normal into the acid salt.

In the hght of the evidence just presented, and speaking from the
point of view of the modern theory of solutions, we may say that the

1 See vol. 1 of the report on physics and chemistry and part 2 of the ‘“Narrative,’”” p. 979; also J. Y.
Buchanan, in Proc. Roy. Soc., vol. 22, pp. 192,483, 1874. The tables cited are from the ‘Narrative.”
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water of the ocean contains not only the normal carbonic ions, CO,,
but also a considerable proportion of the bicarbonic ions HCO,.
The latter ions are unstable, and their existence is conditional on
temperature, so that although they are continually forming they are
as continually being decomposed. That is, between the ocean and
the atmosphere there is an interchange of carbonic acid, which is
released from the water in warm climates and absorbed again in the
cold. The atmospheric supply of carbon dioxide is thus alternately
enriched and impoverished, and the conditions affecting equilibrium
are of several kinds. This problem has been elaborately discussed
by C. F. Tolman, jr.,! from the standpoint of the physical chemist,
and his memoir should be consulted for the detailed argument. The

essential features of the evidence upon which a theoretical discussion’

can be based are already before us. We have considered the oceanic
losses and gains of carbon dioxide, and it remains to correlate them
with the corresponding changes in the atmosphere. This can not be
done quantitatively, for the rates of consumption and supply are not
measurable. In particular, the carbon dioxide from volcanoes ‘and
volcanic springs is not a determinable quantity.

That the surface of the earth has been subjected to climatic alterna-
tions, to glacial periods and epochs of greater warmth, is a common-
place of geology. To account for such changes, various astronomical
and physical theories have been proposed, and with these, of course,
chemistry has nothing to do. . Whether, for example, the solar con-
stant of radiation is really a constant or not is a question which the
chemist can not attempt to answer. The chemical portion of the
problem is all that concerns us now; and that relates to the variable
carbonation of the atmosphere.

The researches of Arrhenius on the possible climatic significance of
carbon dioxide were cited and criticized in a previous chapter, and we
then saw that its variation in the atmosphere might be attributed to
fluctuating volcanic activity. A varying supply of the gas was
postulated, and its influence on atmospheric temperatures was shown
to offer a plausible, but not well-sustained, explanation of alternating
climates. A variable consumption of carbon dioxide would obviously
produce much the same effect, and it is therefore evident that supply
and loss must be considered together. Disregarding for the moment
the doubtful validity of Arrhenius’s hypothesis, we may consider the
interesting work of T. C. Chamberlin,? who has sought to show that
the ocean is the prime agent in producing the observed changes.
The supplies of carbon dioxide are drawn from the storehouse of the

1 Jour. Geology, vol. 7, 1899, p. 585. See also memoirs by C. J. J. Fox, Trans. Faraday Soc., vol. 5, 1909,
p. 68; J. Stieglitz, Pub. 107, Carnegie Inst. of Washington, 1909, p. 235; E. Ruppin, Zeitschr. anorg. Chemie,
vol. 66, 1910, p. 122. Ruppin discusses especially the alkalinity of sea water.

2 Jour. Geology, vol. 5, 1897, p. 653; vol. 6, 1898, pp. 459, 609; vol. 7, 1899, pp. 545, 667, 751. Chamberlin’s
views are criticized by A. Krogh in Meddelelser om Groenland, vol. 26, 1904, pp. 333, 409.
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ocean, they are consumed in the decomposition of silicates on land,
and they are regenerated by the action of lime-secreting animals,
which set carbonic acid free, as well as by changes in temperature.

According to Chambetlin, an important factor in climatic vari-
ation is the fluctuating elevation- of the land. During periods of
maximum elevation, when the largest land surfaces are exposed to
atmospheric action, the consumption of carbon dioxide in rock
weathering is great and the air becomes impoverished. When depres-
sion occurs and the oceanic area enlarges, a smaller quantity of sili-
cates is decomposed and less carbonic acid disappears. The first
change is thought to produce a lowering of temperature, which is
increased by the consequent greater absorbability of carbon dioxide in
sea water; the second causes a relative rise, intensified by a release of
the gas from solution. Enlargement of land area implies a low tem-
perature, whereas a decrease is conducive to warmth, both conditions
hinging on the variability produced in the atmospheric supply of car-
bonic acid and its effectiveness as a retainer of solar radiations.

But this is not all of the story. A depression of the land is ac-
companied by an increased area of shoal water in which lime-
secreting organisms can flourish, and they liberate carbon dioxide
from bicarbonates. A period of limestone formation is therefore
correlated with an enrichment of the atmosphere, and consequently
with the maintenance of a mild climate. The ocean is the great
reservoir of carbonic acid, and upon its exchanges with the atmos-
phere the variations of climate are supposed partly to depend. This
argument does not exclude consideration of the volcanic side of the
problem, but the oceanic factor seems to be the larger of the two.

Chamberlin’s theory is ingenious, but may perhaps carry more
weight if stated in somewhat different form. C. G. Abbot and F. E.
Fowle,! who have studied the influence of the atmosphere upon solar
radiations with great care, show that in the lowerregions of the atmos-
phere water vapor is present in such quantities as almost completely to
extinguish the radiation from the earth irrespective of the presence
of carbon dioxide. They therefore say that ‘it does not appear
possible that the presence or absence or increase or decrease of the
carbonic acid contents of the air are likely to appreciably influence
the temperature of the earth’s surface.”

Water vapor, then, is the chief agent in the atmospheric regulation
of climate, and to this conclusion Chamberlin’s theory may be
adjusted. When the area of land surface increases, evaporation
from the ocean diminishes, and vice versa. The climatic conditions
may vary as Chamberlin claims, but the relative dryness or wetness
of the atmosphere may be the true cause of fluctuating temperatures,
rather than the carbon dioxide. '

1 Annals Astrophys. Observ., vol. 2, 1808, pp. 172, 175.
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INFLUENCE OF LIVING ORGANISMS ON THE OCEAN.

One other important factor in marine chemistry remains to be
considered—namely, the influence of living organisms. These, both
plants and animals, are almost incredibly abundant in the ocean,’
and their vital processes play a great part in its chemical activities.
This fact has already been noted on what might be called its inor-
ganic side—that is, with reference to the function of marine organ-
isms in secreting phosphate and carbonate of lime. Coral reefs and
the submarine oozes are made up of animal remains, calcareous or
siliceous, and their aggregate amount is something enormous.

The living animals, however, do much more than to secrete inor-
ganic material. In developing they absorb large quantities of car-
bon, hydrogen, nitrogen, and oxygen, the principal constituents of
their soft tissues. These elements, in one form of combination or
another, are released again by decomposition after the organism
dies, and they are also eliminated to a certain extent by the vital
processes of the living creatures. Where life is abundant there car-
bon dioxide is abundant also, and its activity as a solvent of calcium
carbonate is greatest.? The relations of the ocean to carbon dioxide
can not be completely studied without taking into account both
plant and animal life.

When marine animals die they may become food for others, the
scavengers of the sea, or they may simply decompose. The latter
fate, obviously, most often befalls creatures whose soft parts are
protected by hard shells. Water, carbon dioxide, and ammoniacal
salts are the chief products of decomposition, and ammonium car-
bonate, thus formed, acts as a precipitant of calcium compounds.®
The calcium carbonate thus thrown down is in a finely divided con-
dition, and therefore peculiarly available for absorption by coral
and shell builders. The ammonium salts also, as shown by Murray
and Irvine, are food for the marine flora, and on that some portions
of the fauna subsist.

But this is not all. Decomposing organic matter reduces the
sulphates of sea water to sulphides, which by reaction with carbonic
acid yield sulphureted hydrogen. This process, as shown by Murray -
and Irvine! is particularly effective in bottom waters in contact
with ‘“blue mud,” and by it local changes are produced in the
composition of the waters themselves. Bacteria also assist in the

1 The'abundance of life in the ocean is admirably stated by W. K. Brooks, in Jour. Geology, vol. 2, 1894,
P. 455. Its chemical significance can hardly be exaggerated. ’

2 See W. L. Carpenter in C. Wyville Thomson’s Depths of the sea, 1874, pp. 502-511. Where COq was
abundant in bottom waters, the dredge brought up a good haul of living forms. Where it was deficient,
the hauls were poor.

3 8ee J. Murray and R. Irvine, Proc. Roy. Soc. Edinburgh, vol. 17, 1889, p. 89.

4 Trans. Roy. Soc. Edinburgh, vol. 37, 1895, p. 481. See also Challenger Rept., Deep-sea deposits, 1891,
p. 254; W. N. Hartley, Proc. Roy. Soc. Edinburgh, vol. 21, 1897, p. 25; and Murray and Irvine, idem,
p. 35.
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process, and according to N. Androussof,! this H,S fermentation is
especially conspicuous in the Black Sea. Some of the hydrogen
sulphide passes into the atmosphere and is lost to the ocean; some
of it reacts upon the iron silicates of the sea floor, to form pyrite or
marcasite; and some is reoxidized to produce sulphates again.
From all of these considerations we see that the biochemistry of the
ocean is curiously complex, and that its processes are conducted
upon an enormous scale. The magnitude of their influence can not
be expressed in any quantitative terms, and must long remain an
unmeasured factor in marine statistics. In all probability the cir-
culation and distribution of carbon in the ocean is as much influ-
enced by living beings as by exchanges between the sea and the

atmosphere.
AGE OF THE OCEAN.

The facts that we can estimate, with some approach to exactness,
the absolute amount of sodium in the sea, and that it is added in a
presumably constant manner without serious losses, have led to va-
rious attempts toward using its quantity in geological statistics.?
The sodium of the ocean seems to furnish a quantitative datum from
which we can reason, whereas calcium, magnesium, silica, potassium,
etc., are more or less deposited from solution, and so become una-
yailable for the discussion of such problems as that of geologic time.

Nearly 200 years ago Edmund Halley ® suggested that the age of
the earth might be ascertained by measuring the rate at which rivers
delivered salt to the sea. The suggestion was of course fruitless for
the time being, because the data needed for such a computation were
undetermined, but it was nevertheless pertinent, and it now seems
to be approaching realization. For reasons already given, the
method proposed for estimating geologic time can as yet be only ap-
plied provisionally, the data still being 1mperfect although rapidly
accumulating. The present state of the problem is worth consider-
ing now.

The first really serious attempt to measure geologic time by the
annual additions of sodium to the ocean seems to have been made by
J. Joly*in 1899. Joly, with Murray’s figures for rainfall, run-off, and

1 Guide des excursions du VIIL. Cong. géol. internat., No. 29.

3 See, for example, Chapter I of the present volume, where the relative volumes of the sedimentary rocks
are estimated.

8 Phil. Trans., vol. 29, 1715, p. 296. See an abstract in G. F. Becker’s Age of the earth Smithsonian
Mise. Coll., vol. .)6 No. 6, 1910; also in Science, vol. 31, 1910, p. 459.

4 Trans. Roy Dublin Soc., 2d ser., vol. 7,1899, p. 23, and wu,h later corrections, Rept. British Assoc. Adv.
Sei., 1900, p. 369. Criticized by W. Ma.ckie, Trans. Edinburgh Geol. Soc., vol. 8, 1902, p. 240; and O. Fisher,
Geol. Mag., 1900, p. 124. See also V. von Lozinski, Mitt. K.-k. geog. Gesell. Wien, vol. 44,1901, p.74. He
cites a paper by E. von Romer, Kosmos, vol. 25, 1900, p. 1, which T have not seen. Related memoirs are
by E. Dubois, Proc. Sec. Sci., Amsterdam Acad., vol. 3, 1901, pp. 43, 116; vol. 4, 1902, p. 388; H. S. Shelton,
Chem. News, vol. 99, 1010, p. 253; Jour. Geology, vol. 18, 1910, p. 190. The presidential address of W. J.
Sollas (Quart. Jour. Geol. Soc., vol. 65, 1909, p. x1i) is mainly devoted to this theme. For moredetails see
F. W. Clarke, Smithsonian Mise. Coll., vol. 56, No. 5, 1910, and G. F. Becker, idem, No. 6.
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the average composition of river water, combined with Dittmar’s

analyses of oceanic salts and an estimate of the mass of the ocean,

deduced an uncorrected value for the age of the ocean of 97,600,000

years. The calculation is very simple, and by the following equation:
Na in ocean

Annual Na in rivers

=Age of ocean.

Joly’s data, 'however, were much less satisfactory than the data
now at hand, as given in this and the preceding chapter With them
the equation now becomes

14,130 X 10%2
158,357 X 10°

the crude age of the ocean to which certain corrections are yet to be
applied.! The first of these to be studied tends to increase the quo-
tient, others to diminish it. ,

A part of the sodium found in the discharge of rivers is the so-
called ““cyclic sodium”; that is, sodium in the form of salt lifted
from the sea as spray and blown inland to return again to its source
in the drainage {rom the land.? Near the sea coast this cyclic salt is
abundant; inland its quantity is small. The table given in Chapter
IT illustrates the way in which the amount falls off as we recede from
the shore, and the isochlors of the New England “chlorine maps”
show the same thing most.conclusively. Joly estimates that the cor-
rection for cyclic salt may be 10 per cent; but Becker in his paper
on the age of the earth has discussed the isochlor evidence mathe-
matically, and found that 6 per cent is a more trustworthy value.-
By Ackroyd the significance of the correction is enormously overesti-
mated. Adopting Becker’s figure, and deducting 6 per cent from the
total river load of sodium, the remainder becomes 148,846,000 metric

tons, which, divided into the sodium of the ocean gives a quotient of
94,712,000 years. Joly’s correction of 10 per cent is very nearly

“equivalent to the assumption that the entire run-off of the globe,
6,524 cubic miles, according to Murray, carries on an average one part
per million of chlorine. The chlorine maps, so far as they have been
made, show this figure to be excessive.

The foregoing correction for ““ cyclic salt’’ is, however, not final. It
has already been suggested that the wind- borne salt is only in parn
restored to the ocean, at least within reasonable time. Some of it is
retained by the soil, if not permanently, at least rather tenaciously;

=89,222,900;

1 These figures differ from those given in my Preliminary study of chemical denudation. In thatIused
Dole’s data for American rivers, in which all the alkalies were reckoned as sodium alone. Thenew compu-
tation is based on Palmer’s determinations of potassium, which must be subtracted from the former sum.
The latter gave 175,040,000 metric tons Na (=K), as against the 158,357,000 Na now employed.

2 For the quantities of salt thus transported see the table given in Chapter II. For a discussion of the
significance of the correction for cyclic sodium, see J. Joly, Geol. Mag., 1901, pp. 344, 504; Chem. News, vol.
83, p. 301; and British Assoc. Report, 1900, p. 369. Also W. Ackroyd, Geol. Mag., 1901, pp. 445, 558; Chem.
News, vol. 83, 1901, p. 265; vol. 84, 1901, p. 56.
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and the portion which falls into depressions of the land may remain
undisturbed almost indefinitely. In arid regions, like the coasts of
Peru, Arabia, and parts of western Africa, a large quantity of cyclic
salt must be so retained in hollows or valleys which do not drain into

the sea. Torrential rains, which occur at rare intervals, may return

a part of it to the ocean, but not all. Some writers, like Ackroyd,!
for example, have attributed the saline matter of the Dead Sea to an
accumulation of wind-borne salt, an assumption which contains
elements of truth, but is probably extreme. A more definite instance
of the sort is furnished by the Sambhar salt lake in northern India,
as studied by T. H. Holland and W. A. K. Christie.? This lake,
situated in an inclosed drainage basin of 2,200 square miles and over,
400 miles inland, appears to receive the greater part, if not all of its
salt from dust-laden winds which, during g¢he four hot, dry months,
sweep over the plains between it and the arm of the sea known as the
Rann of Cutch. Analyses of the air during the dry season showed
a quantity of salt so carried which amounted to at least 3,000 metric
tons over the Sambhar lake annually, and 130,000 tons into Rajpu-
tana. These quantities are sufficient to account for the accumulated
salt of the lake, which the authors were unable to explain in any
other way. -

Examples like this of the Sambhar lake are of course exceptional.
In a rainy region salt dust is quickly dissolved and carried away in
the drainage. Only in a dry period can it be transported as dust

* from its original point of deposition to points much farther inland.
- It appears, however, that some salt is so withdrawn, at least for an

indefinitely long time, from the normal circulation, and should, if it
could be estimated, be added to the amount now in the ocean. Such
a corréction, however, would doubtless be quite trivial, and, there-
fore, negligible; and the same remark must apply to all the visible
accumulations of rock salt, like those of the Stassfurt region, which

‘'were once laid down by the evaporation of sea water. The saline

matter of the ocean, if concentrated, would represent a volume of
over 4,800,000 cubic mlles a quantity compa.red with which all beds

“of rock salt become ms1gn1ﬁcant

But although the visible accumulations of salt are rela,tlvely insig-
nificant, it is possible that there may be quantities of disseminated
salt which are not so. The sedimentary rocks of marine origin must
contain, in the aggregate, vast amounts of saline matter, widely dis-
tributed, but rarely determined by analysis. These sediments, laid
down from the sea, can not have been completely freed from adherent
salts, which, ms1gn1ﬁcant in a single ton of rock, must be quite appre-
ciable when cubic miles are considered. The fact that their presence
is not shown in ordinary analyses merely means that they were not

1 Chem. News, vol. 89, 1904, p. 13. 2 Records Geol. Survey India, vol. 38, 1809, p. 154.
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sought for. Published analyses, whether of rocks or of waters, are
rarely complete, especla.lly with regard to those substances Wthh
may be said to occur in ““traces.”

It is perhaps not possible to evaluate the quantity of this dissem-
inated salt, and yet a maximum limit may be assigned to it. In
Chapter I it was shown that 84,300,000 cubic miles ! of the average
igneous rock would yield, upon decomposition, all the sodium of
the ocean and the sedimentaries. The volume of the sandstones
would be approximately 15 per cent of this quantity, or 12,645,000
cubic miles. Assume now that the sandstones, the most porous
of rocks, contain an average pore space of 20 per cent, or 2,529,000
cubic miles, and that all of it was once filled with sea water, repre-
senting 118,730,000,000,000 metric tons of sodium. If all of that
sodium were now present; in the sandstones, and chemical erosion
began at the rate assigned to the rivers, namely, 158,357,000 tons
of sodium annually, the entire accumulation would be removed in
about 750,000 years. This, compared with the crude estimate
already reached for geologic time is almost a negligible quantity.
The correction for disseminated salt is therefore small, and not
likely to exceed 1 per cent.

The foregoing calculations, so far as they relate to the age of the
ocean, imply the assumption that the rivers have added sodlum to
the sea at an average uniform rate, slight accelerations being offset -
by small temporary retardations. For the moment let us consider
one phase of this suggested variability. The present rate of discharge
has been hastened during modern times by human agency, and that
acceleration may be important to take into account. The sewage
of cities, the refuse of chemical manufactures, etc., is poured into
the ocean, and so disturbs the rate of accumulation of sodium quite
perceptibly. The change due to chemical industries, so far as it
is measurable, is wholly modern, and that due to human excretions
is limited to the time since man first appeared upon the earth. Its’
exact magnitude, of course, can not be determined, but its order
seems to be measurable, as follows

According to the best estimates, about 14,500,000 metric tons of
common salt are annually produced equlvalent to 5,700,000 tons of
sodium. ~ If all of that was annually returned to the ocean, it would
amount to a correction of about 3.25 per cent on the total addition of
sodium to the sea. The fact that much of it came directly or indi-
rectly from the ocean in the first place is immaterial to the present
discussion; the rate of discharge is affected. All of this sodium,
however, is not returned; much of it is permanently fixed in manu-
factured articles. The total may be larger, because of other additions,

1.This quantity, it must be remembered, is a maximum. The true value is probably very much less,
by 10 per cent or even more.
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excretory in great part, which can not be estimated, but we may
assume, nevertheless, a maximum of 3 per cent as the correction to
be applied. Allowing 6 per cent, as already determined, to cyclic or
wind-borne sodium, and 1 per cent to disseminated salt of marine
origin, the total correction is 10 per cent. This reduces the
158,357,000 tons of river sodium to 142,521,000 tons, and the quo-
tient. representing crude geologic time becomes 99,143,000 years.

The corrections so far considered are all in one direction, and
increase, by a roughly evaluated amount, the apparent age of the
ocean. Other corrections, whose magnitudes are more  uncertain,
tend to compensate the former group. The ocean may have con-
tained primitive sodium, over and above that since contributed by
rivers. It receives some sodium from the decomposition of rocks by
marine erosion, which is estimated by Joly as a correction of less than

6 per cent and more than 3 per cent on the value assigned to geologic

time. Sodium is also derived from volcanic ejectamenta, from

“juvenile”” waters, and possibly from submarine rivers and springs.
The last possibility has been considered by Sollas,! but no numerical
correction can be devised for it. These four sources of sodium in the
sea may be grouped together as non-fluviatile, and reduce the numera-
tor of the fraction which gives the age of the ocean. Whether they
exceed, balance, or only in part compensate the other corrections it
is impossible to say.

From the foregoing computations it is to be inferred that the age of
the ocean, since the earth assimed its present form, is somewhat less
than 100,000,000 years. If, however, any serious change of rate in

.the supply of sodium to the sea has taken place during geologic

time, the estimate must be correspondingly altered. This side of the
question has been studied by G. F. Becker in the memoir already
cited, who has shown that the rate was probably greater in early
times than now, and has steadily tended to diminish. When erosion
began, the waters had fresh rocks to work upon. Now, three-fourths
of the land area of the globe are covered by sedimentary rocks or by
detrital and alluvial material, from which a large part of the sodium
has been leached. The accessible supply of sodium has decreased,
and it may be supposed that at some remote time in the future it will
be altogether exhausted. From considerations of this order Becker
has developed an equation representing the supply of sodium to the
ocean during past time by a descending exponential, and has shown
that the age of the ocean, as deduced from the data already given,
must lie somewhere between 50 and 70 millions of years. The higher
figure, he thinks, is closer to the truth than the lower one. If the
ocean was initially saline the estimate of its age would be still further

) Presidential address, Quart. Jour. Geol. Soc., May, 1909.
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reduced. ‘Becker’s conclusions are fairly accordant with the results
derived from physical, astronomical and paleontological evidence,
although the study of radioactivity among minerals has led to much
higher figures for the age of the earth. The latter line of evidence
will be considered in another chapter, but it seems that the rate of
chemical erosion offers a more tangible and definite mode of attack
upon the problem of geologic time. The problem can not be regarded
as definitely solved, however, until all available methods of estima-
tion shall have converged to one common conclusion.t

1A valnable summary of the evidence relative to the age of the earth, by J. Joly, appeared in Philos
Mag., 6th ser., vol. 22, 1911, p. 358.
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CHAPTER V.
THE WATERS OF CLOSED BASINS.

PRELIMINARY STATEMENT.

In dealing with the ocean and its tribuatry rivers we have studied
the hydrosphere in its larger sense, the waters all forming part of one
great system of circulation which can be treated as a unit. But on
all the continents there are isolated areas from which the drainage
never reaches the sea. Streams originate in the higher portions of

such areas, resembling in all respects those tributary to:the ocean.
Their waters gather in depressions and, ultimately, by the concentra-
tion of their saline constituents form salt or alkaline lakes or even
dry beds of solid residues. The latter condition is developed in
small areas of great aridity, where evaporation is so rapid that no
large body of water can accumulate; but the more important closed
basins are characterized by the formation of permanent reservoirs,
such as the Caspian, the Great Salt Lake, and the Dead Sea. Each
basin exhibits individual peculiarities of more or less local origin,
and therefore each one must be studied separately. No such uni-
formity as that shown by the ocean is manifested here, although in
some lakes we can recognize a curious approximation in chemical
character to that of the open sea."

THE BONNEVILLE BASIN.

To American students the most accessible and therefore the most
interesting of these isolated regions is that known as ‘‘the Great
Basin” in the western part of the United States. This area is fully
described in two monographs of the United States Geological Survey,!
in which it is represented as having been formerly the seat of two great
lakes, Bonneville and Lahontan, of which only the remnants now
exist. The Great Salt Lake of Utah is the chief remainder of Lake
Bonneville and, with its accessory waters, may well occupy our
attention first.

The water of Great Salt Lake has been repeatedly analyzed—on the
whole with fairly concordant results, except in regard to salinity.
The latter varies with changes in the level of the lake, but is always
several times greater than that of sea water. An early, incomplete
analysis by L. D. Gale and a questionable one by H. Bassett are

1 G. K. Gilbert, Lake Bonneville: Mon. I, 1890. I. C. Russell, The geological history of Lake Lahontan:
\Mon. XI, 1885, '
143
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hardly worth reproducing.! The other available data, expressed in
percentages of total salts, are as follows:

Analyses of water from Great Salt Lake.

A. By 0.D. Allen, Rept. U. 8. Geol. Expl. 40th Par.,vol. 2,1877,p. 433. Water collected in1869. A trdce
of boric acid is also reported, in addition to the substances named in the table. Allen also gives analyses
of a saline soil from a mud flat near Great Salt Lake. It contained 16.40 per cent of soluble matter much
like that of the lake water. )

B. By Charles Smart. Cited in Resoufces and attractions of the Territory of Utah, Omaha, 1879.
Analysis made in 1877.

C. By E. von Cochenhausen, for C. Ochsenius, Zeitschr. Deutsch. geol. Gesell., vol. 34, 1882, p. 359.
Sample collected by Ochsenius April 16, 1879. Ochsenius also gives an analysis of the salt manufactured
from the water of Great Salt Lake.

D. By J. E. Talmage, Science, vol. 14, 1889, p. 445. Collected in 1889. An analysis of a sample taken in
in 1885 is also given.

E. By E. Waller, School of Mines Quart., vol. 14, 1892, p. 57. A trace of boric acid is also reported.

F. By W. Blum. Collected in 1904. Recalculated to 100 per cent. Reported by Talmage in Scottish
Geog. Mag., vol. 20, 1904, p. 424. An earlier paper by Talmage on the lake is in the same journal, vol. 17,
1901, . 617.

G. By W. C. Ebaugh and K. Williams, Chem. Zeitung, vol. 32, 1908, p. 409. Collected in October, 1907.

H. By W. Macfarlane, Science, vol. 32, 1910, p. 568. Collected in February, 1910. A number of other
analyses, complete or incomplete, are cited in this paper by Ebaugh and Macfarlane.

A B C D E F G H

[0 55.99 | 56.21 | 55.57 | 56. 54 55.69 | 55.25 | 55.11 | 53.72
Br.. ... trace f......)ieeeiiifeaaa.. trace | trace |.......[......
SO e 6.57 | 6.89| 6.86 | 5.97 6.52 | 6.73| 6.66| 5.95
1010 2SN PR [/ SR R RN A PR P
Licoeiie o trace |... ... ..ii]eaeal. 0l | trace [.......|......
Naooooooeaeaa ... 33.15 | 33.45 | 33.17 | 33.39 32.92 | 34.65 | 32.97 | 32.81
Koo, 1.60 | (?) 1.59 | 1.08 1.70 | 2.64| 3.13| 4.99
[0 PRI I .20 .21 .42 1.05 .16 .17 .31
Mg.oieieeieiiaaooll 2,521 3,18 2.60| 2.60 2.10 571 1.96 | 2.22
Fe,04, ALOg, SiO,. .o oo o] 0L e

100. 00 (100. 00 {100. 00 {100. 00 | 100.00 [100. 00 |100. 00 {100. 00
Salinity, per cent.._|14.6 54 [13. 790 |15. 671 {19. 558 | 23.036 | 27.72 | 22.99 | 17.68

a More correctly, 230.355 grams per _liter.

Although the salinity of the lake is very variable and from four to
seven times as great as that of the ocean, its saline matter has nearly
the same composition. The absence of carbonates, the higher sodium,
and the lower magnesium are the most definite variations from the
oceanic standard; but the general similarity, the identity of type, is
unmistakable. Gilbert estimates the quantity of sodium chloride
contained in the lake at about 400 millions and the sulphate at 30
millions of tons.

For the waters tributary to Great Salt Lake, many analyses are
available.? The following table relates to some of the streams, except

1 They are cited in Gilbert’s monograph. Bassett’s analysls is exceedingly high in potassium.

2 In addition to the data given here, see analyses by J. T. Kingsbury, of City, Red Butte, Farmington,
Emigration, Parleys, Big Cottonwood, and Little Cottonwood creeks, cited by G. B. Richardson in Water-
Supply Paper U. 8. Geol. Survey No. 157, 1906, p. 30; analyses made in 1882 and 1884. Field Operations
Bur. Soils, U. S. Dept. Agr., 1903, p. 1138, contains analyses of Provo River, Spanish Fork, American Fork,
and Dry, Payson, Santaquin, Currant, and Warm creeks, but the analyst is not named.

P
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that Sevier Lake, an outlying remnant of Lake Bonneville, is included
as a matter of convenience. The analyses are all reduced to standard
form, with bicarbonate radicles recalculated to normal CO,. Salinity
is stated in parts per million:

Analyses of waters tributary to Great Salt Lake.

A. Bear River at Evanston, Wyoming. Analysis by F. W. Clarke, Bull. U. S. Geol. Survey No. 9,
1884, p. 30.

B. Bear River at Corinne, Utah, near its mouth. Analysisreceived from the Southern Pacific Railroad.

C. Jordan River at intake of Utah and Salt Lake canal. Analysis by ¥F. K. Cameron, Rept. No. 64,
Bur. Soils, U. S. Dept. Agr., 1900, p. 108.

D. Jordan River near Salt Lake City. Analysis by Cameron, loc. cit.

E. City Creek, Utah. Analysis by T. M. Chatard, Bull. U. 8. Geol. Survey, No. 9, 1884, p. 29.

F. Ogden River at Ogden, Utah.

G. Weber River at mouth of canyon. Analyses F and G made under the direction of F. K. Cameron,

‘Field Operations Div. Soils, U. S. Dept. Agr., 1900, p.-226.

H. Sevier Lake. Analysis by Oscar Loew, Rept. U. S. Geog. Surveys W. 100th Mer., vol. 3, 1875, p. 114,
Sample taken in 1872.

A B ¢ p. | E F o H
(0] 2.68)32.36|35.54 |34.76 | 5.38|23.21 | 13.73 | 52. 66
SO4ceeiiia 5.76 | 816} 26.54 | 30.68 | 2.87 | 5.65 | 9.25 | 10.88
COgeeecieiiiaian.. 52.68 | 21.53 | 2.67 | trace | 52.57 | 33.68 | 40.00 |......
Naoooooooil 4.49 120.54 126.13 123.04 ] 3.74 | 11.31 | 8.37 | 33.33
... , , 416 | 419 |......
(O 23.69 {10.12 [ 7.59 | 10.26 | 24.19 | 16.05 | 18.19 .12
Mg.oooeiiiiaaa 6.86| 4.76 | 1.53| 1.26} 7.15| 5.94| 6.27 | 3.01.
Si0,. e 884 | 3.69 oo foooil]. e
(AlFe)yOquuucecnneni]ennn... 253 | ceieiafeaeann AL |
R 100. 00 [100. 0O |100. 00 [100. 00 [100.00 {100. 00 (100. 00 |100. 00
Salinity, parts per mil-

lion.................| 185 637 892 [ 1,090 243 444 455 (86,400

Utah Lake, at the head of the Jordan River, has furnished material
for & most instructive series of analyses, as follows:

Analyses of water from Utah Lake.

A. By F. W. Clarke, Bull. U. 8. Geol. Survey No. 9, 1884, p. 20.

B. By F. K. Cameron, 1899.

C. By B. E. Brown, 1903.

D. Mean of three analyses by A. Seidell, 1904. Samples taken in May.

E. By B. E. Brown, 1904. Collected August 31. For analyses B, C, D, and E, see F. K. Camerog, Jour.
m

Am. Chem. Soc., vol. 27, 1905, p. 113. All are here reduced to terms of normal carbonates.
A B C D E

Ol e 4.04 | 35.48 | 26.23 | 24.75 26. 87
13 0 42.68 | 26.53 | 28.49 | 28.25 30.14
1 19. 88 2.66 | 10.23 | 12.35 8.48
7 e .06 fo.o....
N 5.81 ) 26.20 | 19.28 | 18.19 | 18.34
Koo , f 2.34 | 2.17 1.75
0 18.24 7.58 6.25 5.90 5.34
) o R O A 13 P
D - 6.08 1.55 7.18 6.18 6.85
S L 3.27 oot 2.00 2.23

i 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million. .._......... 306 892 | 1,281 | 1,165 1,254

101381°—Bull. 491—11—10
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Although the foregoing analyses are, in one respect or another,
incomplete, they tell an intelligible story. Bear River at Evanston
is a normal river water, which upon evaporation would yield mainly
calcium carbonate, and so, too, is City Creek. Bear River, near its
mouth, has changed its character almost completely and has evidently
taken up large quantities of sodium chloride from the soil. Utah
Lake, in the twenty years intervening between the earliest and latest
analyses, has undergone a thorough transformation, and its salinity
has more than quadrupled. From a fresh water of the sulphate type
it has become distinctly saline, and this change is probably a result
of irrigation. Its natural supplies of water have been diverted into
irrigating ditches, and at the same time salts have been leached out
from the soil and washed into the lake. To some extent these salts
have been brought to the surface as a result of cultivation, so much
so that considerable areas of land bordering upon the lake have ceased
to be available for agriculture. Its outlet, the Jordan River, exhibits
the same peculiarities. As for Sevier Lake, which is now reduced to
a mere pool in consequence of irrigation along its sources, its water
resembles that of Great Salt Lake, except that at the time the analysis
was made it was only about half as saline.

All of the waters tributary to Great Salt Lake, so far as they have
been examined, contain notable quantities of carbonates, which are
absent from the lake itself. These salts have evidently been precipi-
tated from solution, and evidence of this process is found in beds of
oolitic sand, composed mainly of calcium carbonate, which exist at
various points along the lake shore.! The strong brine of the lake
seems to be incapable of holding calcium carbonate in solution.

THE LAHONTAN BASIN.

The Quaternary Lake Lahontan, which once covered an area of
8,400 square miles in northwestern Nevada, is now represented by a
number of relatively small, scattered sheets of water and many
alkaline or saline beds. Instead of one large basin there are now
several basins, and each one is fed by independent sources of fresh
water. Each lake, therefore, has its own individual peculiarities, as
the various analyses show. Some of the lakes exist only during the
humid season, when large areas are covered by a thin layer of water;
others are permanent sheets of considerable depth. Our data relate
only to the latter, with their sources of supply.

In the statement of some analyses precision, in a certain sense, has
been sacrificed to uniformity. In strongly alkaline waters the radicle
SiO, may possibly exist instead of the colloidal SiO,. In no case,

1 See analyses by R. W. Woodward, cited in Rept. U. S. Geol. Explor. 40th Par., vol. 2, 1877, p. 435.
Also an analysis by T. M. Chatard, in Bull. U. S. Geol. Survey No. 228, 1904, p. 331.

e —————
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however, is the silica high enough to cause a serious error in this
respect, and a fraction of 1 per cent will cover the uncertainty. A
graver criticism might be based upon the representation of all the car-
bonates as normal, for bicarbonates are undoubtedly present in some
of the waters, which on evaporation deposit trona in large quantities.
If, however, we regard the analyses as representing the percentage
composition of ignited residues, the suggested objection no longer
holds. We can compare our data upon the uniform basis adopted
hitherto, and leave the question of bicarbonates for separate con-
sideration later. The divergent character of the analyses seems to
render some such:procedure necessary. It is only by eliminating
variables that we can secure comparable results.

In the next table two groups of analyses appear. Lake Tahoe, a
typical mountain lake of great purity, empties through the Truckee
River, which terminates in Winnemucca and Pyramid lakes. These -
waters are included in the first group. The second comprises the
Walker River and Walker Lake. The individual analyses, which,
except when otherwise stated, are recalculated from the laboratory
records of the Survey, are as follows:

Analyses of Lahontan waters—1I.

A. Lake Tahoe, California. Analysis by F'. W, Clarke.

B. Truckee River, Nevada. Mean of two concordant ‘boiler-water analyses’’ received from the
Southern‘Pacific Railroad.

C. Pyramid Lake, Nevada. Mean of four concordant analyses by Clarke.

D. Winnemucca Lake, Nevada. Analysis by Clarke.

E. Walker River, Nevada. Analysis by Clarke. .

F. Walker Lake, Nevada. Mean of two analyses by Clarke. For analyses A, C, D, E, and F, see
Bull. U, 8. Geol. Survey No. 9, 1884.

A B C D E F

Cleeeeie e 3.18| 7.59| 4104 | 47.88| 7.50 | 23.77
SO e 7.47 12. 87 5.25 3.76 16. 14 21.29
COmmmn 38.73 | 33.30 | 14.28 | 7.93| 30.34 | 17.34
Newoooooooaeeen 00 20010 ) 17.26 | 33.84 | 36.68 ) 18.07 } 34.83
K. 4.56 211 1.94

Ca.. Ll 12,86 | 1.02| .25| .55 12.96 .90
M. o | 45| 49| 298| .49 221| 156
SiO,. . 18. 95 }14 | 95| 7| 1278 .31
(AIFQ) Oy om0 AT

100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Salinity parts per million. . ... 73 | 153 | 3,486 | 3,602 | 180 | 2,500

The changes shown by these waters ! are elaborately discussed by
Russell in his work on Lake Lahontan. Ordinary fresh waters rich
in carbonates and in calcium are concentrated, and the lime salts are
finally thrown out in the form of tufa. The tufa, however, instead of

1 Ixcept that of analysis B, which is more recent.
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being an oolitic or granular deposit, as in the Bonneville basin, is in
the form of crystals, ‘“thinolite,”” pseudomorplious after some
unknown mineral, which may have been a calcium chloro-carbonate.
This peculiar variety of tufa is characteristic of the Lahontan basin;
but the mode of its formation is uncertain.!

Four more analyses of Lahontan waters remain to be considered,

as follows:
Analyses of Lahontan waters—II.

@G. Humboldt River, Nevada. Analysis by T. M. Chatard.

H. Humboldt Lake, Nevada. Analysis by O. D. Allen, Rept. U. 8. Geol. Explor. 40th Par., vol. 2,
1877, p. 743.

1. The large Soda Lake, Ragtown, Nevada. Surface sample. Analysis by Chatard.

J. The large Soda Lake, sample from a depth of 30.5 meters. Analysis by Chatard. For these analyses
of Chatard’s see Bull. U. 8. Geol. Survey No. 9, 1884. An earlier analysis of Soda Lake by O. D. Allen
is given in the Fortieth Parallel report, vol. 2, 1877, p. 748. It is less complete than Chatard’s, but other-
wise not very different. This water contains bicarbonates. Specific gravity, 1.101.

G H I J

0 2.19 | 31.82| 36.51 35. 38
1 A 13.92 3.27 | 10.36 10. 50
L0 39.55 | 21.57 | 13.78 15. 89
PO, e 07 oo
ByOy. - oo e 25 26

Y 13.63 |.29.97 | 36.63 35.38
Kl 2.92 6. 54 2.01 2.13
0 14.28 L35 |eeennnafornnnnn.
Mg 3.62| '1.88 22 21
S10, e e 9.51 3.53 24 25
ALG,. 38 ..

. 100.00 | 100.00 | 100.00 | 100.00
Salinity, parts per million...................... 361 929 (113,700 | 113,700

The first two of these analyses show the change from river to
lake water very clearly. There is a concentration of chlorides and
a relative loss in silica, magnesium, and calcium. The water of Soda
Lake is more than three times as concentrated as sea water, and of
an entirely different type. It has no visible supply of water except
from springs near its margin, and at certain times it deposits trona
and also gaylussite in notable quantities. Gaylussite is a carbonate
of calcium and sodium, but no calcium is shown by Chatard’s analy-
ses. It must, therefore, be deposited by the lake about as rapidly
as it is received. The tributary springs have not been investigated.

The Lahontan waters, then, are distinctly alkaline, whereas the
lakes of the Bonneville basin are salt. The cause of the difference

1 See discussion by E. S. Dana, in Bull. U. 8. Geol. Survey No. 12, 1884. Calcite pseudomorphs, simi-
lar to thinolite and called pesudogaylussite, have been discussed by F. J. P. van Calker (Zeitschr. Kryst.
Min., vol. 28, 1897, p. 556) and C. O. Trechmann (idem, vol. 35, 1902, p. 283). The Australian glendonite
is calcite pseudomorphous after glauberite, and sometimes forms crystals 15 to 20 inches long. SeeT. W, E,
David, Rec. Geol. Survey New South Wales, vol. 8, 1905, p. 162.
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must be sought in the sources from which the waters are derived,
and one distinction is clear. Great Salt Lake is fed by streams and
springs which flow in great part through sedimentary formations.
Its saline matter is a concentration of old salts which were laid down
long ago. The Lahontan lakes, on the other hand, are supplied with
water from areas of igneous rocks, in which rhyolites and andesites
are especially abundant and from which the alkalies may be obtained.
They represent, therefore, a primary concentration of leached mate-
rial, as contrasted with the secondary origin of the Bonneville brine.
The difference is easily recognized, but it does not explain all of the
phenomena. To account for the large amounts of chlorine in the
waters, particularly in that of Great Salt Lake, is not so easy a
matter. So far as I am aware, no plausible solution of the latter
problem has yet been suggested. The cosmological speculations,
which help us in the case of the ocean, hardly seem to be applicable

here.
LAKES OF CALIFORNIA.

In California there are a number of alkaline lakes having a gen-
eral resemblance to those of the Lahontan basin. The following
analyses are available, and in them, as usual, bicarbonates, if reported, -
have been reduced to normal form.
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Analyses of water from alkaline lakes in California.

A. Mono Lake. Analysis by T. M. Chatard, Bull. U. S. Geol. Survey No. 60, p. 53, 1890. Sample
taken in 1882. Specific gravity, 1.045. An improbable analysis of Mono Lake water, by Winslow Ander-
son, is given in his Mineral springs and health resorts of California, San Francisco, 1892, p. 198. In it the
calcium salts predominate over all others. 4

B. Owens River at Charlies Butte. Mean of 36 ten-day composite samples, taken between December
31, 1907, and December 31, 1908. Average analysis by W. Van Winkle and F. M. Eaton, Water-Supply
Paper U. 8. Geol. Survey No. 227, p. 121. A similar annual average is given for the water at Round Valley,
farther upstream.

C. Owens Lake. Analysis by Chatard, op. cit., p. 58. Specific gravity, 1.062. For an early analysis
of Owens Lake see O. Loew, Ann. Rept. Geog. Surveys W. 100th Mer., 1876, p. 190.

D. Owens Lake. Analysis by C. H. Stone, cited by W. T. Lee in Water-Supply Paper U. S Geol.
Survey No. 181, 1906, p. 22. Sample taken in August, 1905.

E. Black Lake, near Benton, Mono County. Analysis by Loew, op. cit., p. 191.

F. Tulare Lake in 1880.

G. Tulare Lake in 1889. Analyses F and G by E. W. Hilgard, Appendlx to Rept. Univ. California
Exper. Sta., 1900. This lake has an outlet during floods, but not at other times.

H. Bora.x Lake. Analysis by W. H. Melville, published by G. F. Becker in Mon. U. 8. Geol. Survey,
vol. 13, 1888, p. 265. In addition to the substances named in the table, the original residue contained 4.5
per cent of organic matter.

A B i C D E F G H
Cl. ... .. 23.34 | 9.49 | 25.67 | 24.82 | 7.68 | 17.38 | 20.26 | 32.27
Brooe e trace |o.cooofeeaant .04
Y PR RO PR trace |.......fo.ooo|oael
SO cceeiii 12.86 | 15.53 | 9.95| 9.93 | 13.24 | 16.91 | 20. 77 13
COgeeeciienaaaaa. 23.42 | 29.84 | 23.51 | 24.55 | 37.73 | 26.55 | 19.55 | 22.47
PO, L11 4 trace [ooo..ileaao. 02
B0 32 0....... 48 14 | trace |l oo... 5.05
NOgeueeeoeeoeeeeaee i, 48 ... A5 |
5, SO PR PR B .03 | trace ...l foa.ioifoaln.
Nawoooooai it 37.93 119.83 | 37.83 | 38.09 | 39.05 | 33.51 | 35.79 | 38.10
Keoeaeeeeeaaiio] L8 } 2.18| 1.62| 2.03| 1.82| 2.44| 1.52
Rb, Oseeeii e trace |ooeeceifoiaeiii]eaia et
[0 S 04| 8.92 .02 02 [-...... 1. 50 28 03
Mg............. 10| 3.45 .01 0L |....... 1.78 26 35
Si0,eceeeecii it .14 | 12.37 .29 .14 27 55 65 01
ALOgeceee oo trace |....... 04 Y EEETEE EEPPEEN CRP R
FeyOgeneannnnnio it trace 09 02 } [ TR P F .01
D6 VX 0 (R R O TN M U IO
A8 O e 05 ||
. 100. 00 |109. 00 {100. 00 |100. 00 (100. 00 {100. 00 100. 00 (100. 00
Salinity, parts per :
million............ 51,170 | 339 (72,700 |213.700(18, 500 | 1,360 | 4,910 |76, 560

Like Soda Lake, Owens and Mono lakes both yield trona on evapo-
ration, and at Owens Lake it has been prepared on a commercial scale.!
Soda Lake was also utilized at one time for the same purpose.
Borax Lake, according to Becker, derives its boron from nelghbonng
hot springs. It depos1ts some calcareous sinter.

1 See Chatard’s memoir on ““natural soda’ in Bull. U. S. Geol. Survey No. 60, 1890. The nature of the
product will be considered later in the chapter on saline residues.
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NORTHERN LAKES.

The region of alkaline lakes continues northward from Nevada and
California, and several of the waters have been analyzed. The
analyses are given in the subjoined table.

Analyses of water from northern alkaline lakes.

A. Abert Lake, Oregon. Analysis by T. M. Chatard, Bull. U. S. Geol. Survey No. 60, 1890, p. 55. An
earlier analysis by Taylor is not in accord with this.

B. Harney Lake, Oregon. Analysis by George Steiger in the laboratory of the Survey.

C. Soap Lake, Washington. Analysis by Steiger, Bull. U” 8. Geol. Survey No. 113, 1893, p. 113.

D. Soap Lake. Analysis by H. G. Knight, Ann. Rept. Washington Geol. Survey, vol. 1, 1901, p. 295.

E. Moses Lake, Washington. Analysis by Knight, op. cit., p. 294.

F. Goodenough Lake, a shallow pond 28 miles north of Clinton, British Columbia. Analysis by F. G.
Wait, Ann. Rept. Geol. Survey Canada, new ser., vol. 11, 1898, p. 48 R.

A B C D E F

................ 49 |........ .62
92 |..... D PR R trace
35.78 1 39.60 | 38.14 | 19.86 36.17
191 122 |........ 6.65
none trace trace 8.41 02
07 04 .29 7.25 04

28 42 .47 5.06 04
none |........ trace } 111 33
none |........ frace |f T |e.......

100. 00 | 100.00 | 100.00 | 100.00 | 100. 00
10,477 | 28,195 | 27,416 | 2,966 | 103, 470

All of these waters contain bicarbonates. Goodenough Lake de-
posits natron, Na,CO,.10H,0, of which an analysis is given. Moses
Lake, the most dilute of all, is the only one which carries appreciable
quantities of lime and magnesia. From the more conce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>