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CHEMICAL COMPOSITION OF RIVERS AND LAKES

By Daniel A. Livingstone

DUKE UNIVERSITY, DURHAM, NORTH CAROLINA

ABSTRACT

This paper is a compilation of representative chemical data,
many previously unpublished, for the lake and river waters of

the world. The rate of chemical denudation for the continents
of the world ranges from 6 long tons per square mile for Aus-
tralia to 110 long tons per square mile for Europe. The rivers

of the world deliver 3.9 billion tons of dissolved material to

the sea each year, and the average concentration of the important
constituents in parts per million is: bicarbonate 58.4, sulfate

11.2, chloride 7.8, nitrate 1.0, calcium 15.0, magnesium 4.1,

sodium 6.3, potassium, 2.3, iron 0.67, and silica 13.1, for a total

of 120 ppm of dissolved solids. Although these 10 constituents
account for most of the dissolved material, all but 37 of the

naturally occurring elements have been detected in lake or river

water. The principal gaps in geochemical data for lakes and
rivers are long-term downstream averages for the general com-
position of large tropical rivers and trace-element analyses for

large rivers everywhere.

INTRODUCTION

Atmospheric precipitation is the principal source of

the water substance that makes up lakes and rivers on
the earth's surface. This is not pure water, but is in

equilibrium with atmospheric gases, and in addition

contains some dissolved and suspended mineral matter,

part of which is the original nucleus of crystal or droplet

condensation, and part taken up by the crystal or

droplet during its passage through the atmosphere.

Although a headwater stream or a lake with a small

catchment area, particularly in regions of relatively
insoluble rocks, may contain water that is almost

identical in chemical composition with rain water, it is

usual for lakes and rivers to contain much more sus-

pended and dissolved material than this. As water

percolates through the soil, it attacks the mineral

constituents physically and chemically, leaching out
the more soluble fractions. This water ultimately
finds its way into rivers with more or less delay in basins

filled with standing water, while evaporation from the

water surface tends to increase the salt concentration in

the water. More salts may be leached out of the

643S62—63 2

suspended material in the stream, or, alternatively,
salts may be removed from the water by the suspended
or bottom material through a variety of sorptive

processes. Organisms living in the water may take up
dissolved material, particularly nutrients such as

phosphate, nitrate, and silicate (Lund, 1950) that tend
to be in short supply, and drastically reduce its con-

centration in the water. At intervals large numbers of

these organisms may die, suddenly releasing their con-

centrates into the waters around them, and producing
a local and temporary concentration of the elements

characteristic of protoplasm.
Because of these changes, a river or lake is a complex

dynamic system. Its chemistry cannot be adequately
described in terms of static analysis, but must include

some information about the potentialities of the system
as well as information about the composition of its

water at a particular moment. Investigation of these

chemical potentialities is much more time consuming
than chemical analysis of a single water sample and for

some practical purposes it is not necessary, but the

serious shortage of attempts to measure it introduces

grave uncertainties into the geochemical data for this

part of the biosphere.
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ISOTOPIC COMPOSITION OF LAKE AND RIVER WATER

In addition to the variation in the suspended and dis-

solved load of lake and river water, there is a consider-

able variation in the composition of the pure water sub-

stance itself. It has long been known that there are

variations in the density of pure water from natural

sources, and in the last few years a number of studies

of the isotopic composition of natural water samples
have been made. Mass spectrography has permitted
the determination of the stable isotopes, while low-

background counting methods have permitted the assay
of even the short-lived mass-three isotope of hydrogen.

Oxygen-17 does not appear to have been measured
in natural waters. In air and commercial oxygen the

18
/0

17 ratio is 4.9 ±0.2 (Murphey, 1941), so the natural

variations in oxygen-17 content of water are probably

barely measurable with present mass-spectrographic
methods. Oxygen- 18 has been measured by a number
of investigators, each referring the results to some arbi-

trary standard. The largest body of results referred to

a single standard appears to be that of Dansgaard (see

table 1), who used a Danish oxygen standard with

0.1950 atom-percent of oxygen-18. It appears from

the data, which are reproduced in table 1, that the
18
/0

16 ratio is higher in climates where there is a great
deal of post-precipitational evaporation, leading to a

loss of the lighter isotope.

Table 1.
—Oxygen-18 content of lakes and rivers

[Analyses by Dansgaard (1954). The reference used was a Danish COa standard with
0.1950 atoms percent of Oi»]

Locality

Pasig River, Manila, Philippine Islands
River water, Minglasulla, Cebu, Philippine Islands.
Water fall, Maxwill, Taiping, Malaya
Waterfall Gardens, Penang

Me-Yome River, Prae, Siam
River water, Bangkok
Hoogly River, Ganges
Ravi River, Madhopur, Pakistan

Little Fugela, Winterton, Natal
Seven Mile Stream, Hilton Road, Natal
Ukamba Stream, Natal National Park
Mulunguzi Stream, Zoniba Plateau, Nyasaland-

Namadzi Stream, Nyondtwe
Perana River, Posadas Misiones, Argentina
River wate., San Nicolas, Buenos Aires

Lugan River, Delta of Tigra _ _

San Juan River, Rosario, Santa Fe, N. Mex..
Lake Nahuel, Huapsi, Neuguen, Argentina..
Lake at West Vancouver, Canada

Mosquito Creek, North Vancouver, Canada.
River water, Salta, Argentina

Do. _

Red River, Godhavn, Greenland

Date

Aug. 7, 1953

July 19,1953
Aug. 1, 1953

June 29,1953
Sept. 30, 1953

Aug. 12,1953
July 8, 1953

Jan. 14,1954
Jan. 31,1954
Jan. 14,1954
June 7, 1953

June 14,1953
Oct. 0, 1953
Oct. 13,1953
Oct. 12,1953

Sept. 11,1953
Sept. 8,1953
June 19,1953

June 19,1953
Nov. 20, 1953

Nov. 20, 1953
NOV. 20, 1952

0'» atoms/
10W atoms

19.82
19.73
19.74
19.77

19.72
19.71
19.72
19.77

19.81
19.82
19.82
19.79

19.75
19.80
19.78
19.82

19.92
19.70
19.68

19.67
19.58
19.60
19.58

A large number of analyses for deuterium given by
Friedman are reproduced in table 2. It is evident that

evaporational fractionation is involved here. In

another study, Clarke and others (1954) found that

the deuterium content of Thames water was near the

oceanic value. The slight evaporative enrichment in

the oceanic Thames basin appears to be sufficient to

equal the impoverishment during evaporation from the

ocean.

Tritium, though much less abundant, can be measured

because it is a beta-emitter. Libby has summarized

his data on the tritium content of fresh waters of the

world, and they are presented in table 3. This isotope

has a half-life of 12 years and the time since leaving the

atmosphere, as well as the partition due to evaporation
or melting, determines its concentration in natural

waters.

Some early measurements of water density are of

interest in connection with isotope concentration. For

example, it has been claimed that the water in the
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depths of Lake Baikal (Mendelejev, 1935, Ingerson,

1953) is somewhat denser than surface water, but the

isotopes concerned have not been measured. In view

of the very considerable body of evidence for vertical

mixing in Lake Baikal (Tolmachev, 1957a, 1957b),
this result must be viewed with suspicion until such

time as it has been verified by mass-spectrometric
methods.

Table 2.—Deuterium content of lakes and rivers

[The working standard contained 0.0148±0.0001 mole percent deuterium. Recalcu-
lated from Friedman (1953)]

Locality

Columbia River, Trail, British Columbia.
Violin Lake, Trail, British Columbia

Do
Do

Juneau Glacier, 235 ft below surface
Juneau Glacier, 155 ft below surface

Grasshopper Glacier, Park County, Mont
Salt Lake boat harbor, Great Salt Lake, Utah.

Gullmar Fjord, west coast of Sweden
Mississippi River, Baton Rouge, La—
Mississippi River, Clinton, Iowa
Platte River near Ashland, Nebr •

St. Lawrence River, Ogdensburg, N.Y '

Susquehanna River at Marietta, Pa 1

Apalachicola River, Chattachoochee, Fla '_

Sacramento River, Verona, Calif i

San Joaquin River, Vernalis, Calif 1

Connecticut River, Thompsonville, Conn.
Ohio River, Louisville, Ky
Arkansas River, Van Buren, Ark

Rio Grande near Mission, Tex
Missouri River, Kansas City, Mo
Red River near Colbert, Okla
Red River of the North, Oslo, Minn >

Colorado River at Yuma, Ariz
Snake River near Clarkston, Wash
Roanoke River near Scotland Neck, N. C
Monongahela River, near Morgantown, W. Va.

Date

July 17, 1943..
June 26, 1944..

Nov. 6, 1943...

Sept. 23, 1943.

-Aug. 19, 1948.

Apr. 29, 1952.,

May 3, 1948-
June 2, 1948..

May 7, 1948-

June 11, 1948.

May 29, 1948.

July 7, 1948...
June 17, 1948.

June4, 1948. .

June 3, 1948. .

Apr. 1-30, 1948...
June 12, 1948

March-April 1948

July 12, 1948

June 4, 1948

June 17, 1948..

Mar. 26, 1943.

Atoms H*/
10' atoms Hi

13.3
13.5
13.5
13.8

13.8
13.8
13.2
14.1

15.1

14.9
U4. 6

U4.9

'14. 9
1 14.8
15.4
14.6

U4. 5
14.5
14.8
15.3

15.3
13.8
15.3

114.8

13.8
1 13.9
15.0
14.6

Craig and Boato (1955, p. 406) say that these determinations must be discarded,
the containers being faulty and evaporation having occurred.

Density measurements are more valuable as in-

dicators of problems to be investigated by more re-

fined tools than as sources of hydrologic information.

CHEMICAL COMPOSITION OF LAKE AND RIVER WATER

NATURE AND CAUSES OF VARIATIONS IN
COMPOSITION

River water is extremely variable in chemical com-

position. To begin with, there may be a considerable

variation in the chemistry of the rainwater that is

falling on a river basin. Gorham (1958) has studied

the chemistry of the daily precipitation in the lake

district of England over a period of 1 year and has

found variation in the concentration and composition
of the salts in rainwater depending on the previous

history of the air mass from which it falls (fig. 1).

After deposition there is more or less concentration

of the salt content by evaporation of moisture from
the surface of the drainage basin. This produces

Table 3.— Tritium content of lakes and rivers

[Analyses from Libby (1955)]

Locality

Mississippi River, St. Louis, Mo.
Do
Do
Do
Do

Do.
Do.

Mississippi River, Rock Island, EL.
Do
Do

Do-
Do..
Do-

Mississippi River, Memphis, Term
Mississippi River, New Orleans, La..

Sangamon River, Decatur, El.

Arkansas River, Conway, Ark
River Elbe, Hamburg, Germany-
River Weser, Bremen, Germany..
River Rhone, Lyons, France

River Main near Wiirzburg, Germany
River Loire, Digoin, France
Stream near Cambridge, England, about 1 mile
below spring source

River Donau, near Ulm, Germany
River Mosel, near Metz, France

River Seine, near Nogent, France
River Fulda, near Kassel, Germany -

River Rhine, between Geisenheim and Riides-
heim

River Marne, Joinville, France

Shasta Dam, Calif

El Rito de los Frijoles, Jemez Mountains,
N. Mex

Rio Grande, northwest of Santa Fe, N. Mex
Winsor Creek, just above junction with Pecos,
Cowles, N. Mex

Rio Guajataca at Lares, Puerto Rico
Rio Arecibo at Utuado, Puerto Rico

River Tomokoa, Fla., on Route 92 near Daytona
Beach

Alafia River, Fla., on route 60 about 20 miles east
of Tampa _._

Mean of three samples of University of Chicago
tap water, believed to be representative of
Lake Michigan

Lake behind Shasta Dam, Calif
Effluent from Schoharie Reservoir, Allaben,
N.Y...

Roundout Reservoir, Palisades, N.Y

Date

19SS
Jan. 31
Feb. 4
Feb. 10

Feb. 20
Mar. 17

Apr. 17
July 22

Jan. 29
Feb. 6
Feb. 24

Mar. 16

Apr. 17
June 30
Feb. 4

Feb. 8

19SS

Aug. 6

19S8
Mar. 20

Aug. 31

Sept. 1

Sept. 10

Sept. 13

Sept. 9

Sept. 12.

Sept. 7-

Sept. 8-
Sept. 24.

Sept. 7—
Sept. 8_.

Jan. 30.
1964

Feb. 7..

Feb. 7_

Feb. 22_.

Mar. 2..

Mar. 2..

Mar. 19.

Mar. 22.

Before Feb. 15..

Feb. 6..

Feb. 6..

Atoms H»/10i»
atoms Hi

5.6 ±0.6
4. 5 ±0. 6
6. ±0. 9
6. 4 ±0. 6

5.4 ±2.4

6.0 ±0.4
7. 3 ±0. 4
2.5 ±0.3
3.7 ±0.4
4. 4 ±0. 2

3.2 ±0.2
5.3 ±0.3
7. 2 ±0. 7
6.0 ±1.0
4.7 ±0.3

1.15±0.08

3. 12±0. 10
2. 67±0. 12
1. 76±0. 10
2. 64±0. 16

1.76±0.19
2.11±0.14

1. 25±0. 10
2. 13±0. 38
2. 15±0. 12

1. 80±0. 3
2. 35±0. 1

2.1 ±0.2
2.1 ±0.2

2. 7 ±0.1

27. 2±0. 4
6.6 ±0.2

9. 9 ±0. 2
0. 7 ±0. 2
1.1 ±0.2

45.4±0.6

60 ±3

1.64±0.04
2. 7 ±0. 15

8.4 ±0.3
7.2 ±0.3

variations in chemical content not only from basin

to basin, but also from time to time.

The most important factor introducing temporal

variability into river-water chemistry, however, seems

to be the relative contribution of ground water and sur-

face runoff, as they are affected by changes in discharge.
In general, the contribution of ground water to a river

tends to be relatively stable, but the contribution of

surface runoff tends to be variable. When rainfall

on the basin has been light or absent for some pro-
tracted period of time, the nourishment of the stream

is almost entirely by ground water. When rainfall is

heavy, and particularly when it is concentrated in

short periods of time, the nourishment of the swollen

stream may be almost entirely by runoff. Ground

water, by its long-standing intimate contact with rocks
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N

Fiodke 1.—Mean daily supply of chloride and sulfate plus nitrate in relation to wind
direction. The inner and outer circles delimit 50 and 100 meq/100 m*, respectively.

High chloride is characteristic of winds from a southwesterly direction, that is,

from the sea, whereas sulfate and nitrate are high in winds blowing from the in-

dustrial regions lying cast and southeast of the station in the English Lake district

where the rain was collected. After Gorham (1958). Reprinted by permission
of the Eoyal Society, London.

and mineral soil, is usually much more concentrated

than surface runoff, the more so because it is usually in

contact with the mineral material of the soil under
conditions of oxygen and carbon dioxide tension that

are particularly favorable to the solution of many
mineral components. As a result, the concentration

of dissolved matter of river water usually bears an in-

verse relation to discharge, although the relation is

seldom simple. The water of heavy rains has less

opportunity to be concentrated by evaporation and is

usually less concentrated to begin with than the water
of light showers. These combined effects cause rivers

at high stage to be less concentrated than rivers at low

stage. Although it is usually difficult to separate the

various concentration processes, their net effects are

usually greatest in arid lands. For example, the

Moreau River, S. Dak., with an annual discharge of 2

inches over the 1,570 square miles of its drainage

basin, has a total ion content that ranges from 160 to

3,400 ppm (parts per million) during a single year.

Monthly analyses for the principal elements are given
in table 4. This may be contrasted with a range from
36 to 57 ppm for Mayo River, N.C. (table 5), from a

humid region with an annual discharge of 17 inches

over the 260 square miles of its drainage basin.

It is impossible to appreciate the full extent of the de-

pendence of river chemistry on discharge from the

comparison of monthly means, which smooth out the

more dramatic fluctuations. Complete data do not

appear to be available for any stream showing violent

Table 4.—Moreau River at Bixby, S. Dak., showing changes in chemical composition of a stream in a semiarid region

[The drainage area above the sampling station is 1,670 square miles and the data, which cover the water year October 1949-September 1950, have been recalculated from U.S.
Geol. Survey (1955b)]

Date of Sample

1949

Oct. 1-3
Oct. 4-12
Oct. 13-28
Oct. 27-31
Nov. 1-30
Dec. 1-21

1950

Mar. 6-9
Mar. 10
Mar. 14-Apr. 1...
Apr. 3

Apr. 4-6

Apr. 7.

Apr. 11-14

Apr. 15-17

Apr. 18-20

Apr. 21

Apr. 22-26

Apr. 27

Apr. 28-May 15—
May 16-31
June 1-30

July 1-31

Aug. 1-6

Aug. 6-8
Aug. 9-31

Sept. 1-19

Sept. 20-24

Sept. 25-30

Mean
discharge

(cfs)

3.2
16
7.0
8.0
4.1
3.2

123
100
126

2,900
2,800
6,690
1.260
7,600
1,350
363
280
160
470
45
30
14
4.1
76
6.7
4.6
34
6.2

pH

8.9
8.9
8.5
8.3
8.4
8.4

8.4
7.3
7.2
7.2
7.1
7.4
7.2
7.4
7.5
7.1

7.3
7.5
7.6
8.0
7.9
7.9
7.9
7.9
8.3
8.3
7.8

Percent

SiOi

0.2
.3
1.3
1.0

3.0
1.5
3 2
8.1
6.4
5.4
5.0
5.6
3.1
2.1
2.1
1.5
2.0
1.6
.6

2.1
.7

1.9
.7

Fe

0.002
.002
.010
.005
.005
.002

.003

.004

.009

.015

.027

.011

.014

.005

.007

.003

.004

.002

.001

.002

.002

.002

.024

.004

.003

.054

.004

Ca

0.5
.6

1.7
1.9
2.3
1.3

3.0
4.4
4.9
7.5
9.2
10.1
9.1
8.2
9.1
8.6
6.7
7.3
7.2
6.6
3.8
4.6
2.1
3.1
1.8
1.4
2.1
1.8

Mg

1.0
.6
.5
.2
.6
.9

1.4
1.4
1.4
2.8
2.6
2.5
2.1
2.5
3.2
2.5
2.5
2.8
2.6
4.6
2.6
1.6
.7
.8

1.1

.4

Na

0.3
.2
.5
.4

.9

.8
1.1
3.2
1.6
1.3
1.2
1.2
1.1
.9
.8
.6
.7
.6
.5
.5
.5
.9
.5
.4
.7
.6

COj

2.6
3.2
1.7
1.7
1.2
1.2

HC03 SOt CI

0.9
.7
.6
.6
.6
.6

.7
1.9
.7
.3
1.2
.7
.7
.9
.6
.6
.7
.6
.6

.6

.9
1.1

.7

0.02
.02
.03
.02
.02
.01

NOj

0.05
.08
.22
.09
.06
.02

.39

.40

.64
2.73
.80
.64
.61
.37
.66
.26
.28
.14
.18
.14
.07
.06
.07
.63
.15
.08
.26
.08

0.02
.02
.02
.02
.02
.02

.02

.01

.02

.06

.04

.03

.03

.04

.03

.04

.02

.02

.01

.01

.01

.01

.02

.06

.03

.03

.04

.00

Total
ions

(ppm)

3,400
2,430
1.200
1,450
1,740
3,810

540
890
410
160
250
300
340
270
390
540
610
810
800

1,170
2,000
1,800
1,890

660

1,430
1,760
920

1,440
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tions to explain the general uniformity of the water of

large rivers.

This does not mean that sorption reactions can be

neglected in river chemistry. For some elements,

particularly the heavy metals, they are of the greatest

importance, and they have some effect on the contribu-

tion of river salt to sea water, but they do not seem to

be of great importance in controlling the general

composition of river waters.

Because of the great temporal and spatial variability

of river water, a single sample from a river can give

only a very inadequate measure of its chemistry.

Particularly in lands with a very great seasonal varia-

tion in rainfall, such an estimate may be in error by
several orders of magnitude. This is the quality of the

data available, however, and the analysts have to rely

frequently on a single sample to characterize major

rivers, particularly those in tropical and arctic regions.

It is very gratifying to have a few rivers to which it is

possible to given annual weighted means of water

composition at a number of points.

Chemical investigations of river water are usually

made to provide background information concerning
the utility of the water for industrial and agricultural

purposes. The ions that reduce the potability of the

water, or that produce objectionable hardness, are the

principal ones measured. A few minor elements

essential to plant or animal nutrition, such as boron,

fluorine, and fixed nitrogen are often included. Occa-

sionally heavy metals that may be of interest in measur-

ing industrial pollution, such as lead, arsenic, chromium,

zinc, and copper, are included in routine analyses of

this sort.

A substantial number of analyses have been made

by limnologists. These are, in general, of httle value

for geochemical purposes because the elements de-

termined are usually those that have biological im-

portance, such as oxygen, phosphorus, and nitrogen in

its various combined forms. In a few cases, particularly

for lakes in remote parts of the world, the major con-

stituents of the dissolved mineral matter of lake and

river water have been determined. Although these

analyses have a special value, as they often come from

lands devoid of industrial development and hence of

other analytical data, they are to be found in a very
small percentage of limnological papers, even of those

whose titles suggest a chemical emphasis.
Data that have been collected specifically for geo-

chemical purposes are extremely scarce. For the most

part they are restricted to a single element or a small

group of related elements, although some geochemists

working with trace elements are careful to present
data for the principal mineral constituents of the

waters under analysis. These are the most valuable

sources of data, but they are also the most scarce.

The most common geologic purpose for which the

chemical data dealing with river waters are used is the

calculation of the amount and nature of the substance

that is removed from the land by river waters and

deposited in the sea. It should be understood that

the data available for this purpose are scarce, incom-

plete, and not always accurate. By accepting them
at face value and ignoring the uncertainties involved

a spurious appearance of reliability can be given to

the calculated results, but they will, in fact, be less

reliable than ones incorporating a certain number of

reasonable assumptions.
The first source of error lies in the incompleteness

of the data. In general, it is only the highly industrial-

ized nations of the temperate zones that make routine

chemical analyses of river water. As a result many
great river systems of the world, particularly in the

tropics and the Arctic, have been analyzed, if at all,

only by an occasional interested traveler. The samples
collected in this way are usually transported elsewhere

for analysis, and in the meantime they are stored in

glass bottles that exchange a variable quantity of

soluble material with the water.

Even in the countries where water analyses are

routinely made, there is rather inadequate coverage.
As was demonstrated above, the concentration of

river water bears an inverse relation to the discharge.

If the discharge shows a great seasonal variation, a

single sample will not suffice for a calculation of the

quantity of dissolved material carried to the sea, even

if the annual variation of discharge is accurately
known. It is necessary to carry a systematic program
of sampling over a period of at least 12 months in

order to determine the chemical load of a stream.

Even this will not, of course, take into account varia-

tions due to wetter and dryer years.

The U.S. Geological Survey has made long-term

investigations of a number of streams, so it is possible

to avoid the errors due to discharge variations in a

number of American rivers. The procedure is to take

a series of daily samples and to combine them into

composite samples, usually every 10 days, for analysis.

This, in effect, yields a series of simple 10-day averages

for the chemical nature of the water. Such simple

averages will suggest that the river water of the

sampling period is somewhat less dilute than it actually

is, and a closer approach to the true mean concentration

is sometimes achieved by combining the daily water

samples in quantities proportional to the discharge

on the days they were collected.
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Errors of this sort will be minimal in considering

the chemical discharge of large streams into the ocean,

for such streams do not display as marked fluctuations

as their small tributaries. These errors may be more

important in computing the salt discharge into basins

of internal drainage.

A more serious error, and one that affects all the data

that are available for stream transport of mineral

substances, stems from general carelessness in dis-

criminating between dissolved and colloidal or sus-

pended material and a cavalier disregard for all the

mineral matter that does not meet the arbitrary

criteria of solution set up by a particular investigator.

For purposes of practical industrial water chem-

istry the errors introduced by these habits of thought
and analytical procedure may not be important.

Obviously the bedload of a stream will have little

effect upon its suitability as a source of boiler water,

but in calculations of the role of streams in geochemical

cycles these errors are more serious. The few careful

investigations, such as Strakhov's (1948) work with

iron in natural waters, deal with a very small number
of elements only.

The implicit assumption behind this practice of

ignoring all mineral matter that is not dissolved in

stream water seems to be that mineral matter is pres-

ent in only two states, as true solutions and as sus-

pensions, and that the suspended material consists

of unmodified rock, so that transport of the solid

material effects no chemical fractionation of the

earth's mantle. The transport of clay, silt, sand, and

gravel has been regarded as the sphere of the geo-

morphologist rather than of the geochemist.
For material of large-grade size this may be almost

true. Gravel carried by streams is probably not

changed very much chemically from the parent rock

from which it came, although one would like to have

more definite evidence of this. One should know to

what extent it is unmodified primary rock, and to

what extent it is the residue from which the elements

being carried in true solution by rivers have been

removed.

It is in considering the finer grades, however, that the

seriousness of ignoring suspended material becomes

apparent. Even such readily ionized and extremely
soluble elements as sodium and chlorine can be bound
in considerable quantity to fine mineral particles by
various sorption processes, of which the most important
is probably ion exchange. Data concerning the sorp-
tive capacities of suspended river solids are extremely
scarce. The study of Carritt and Goodgal (1954) on

Chesapeake Bay silts shows that the sorptive capacity

may be considerable, and further that it may be in-

fluenced by surrounding conditions, such as pH, in

such a way that ions strongly sorbed to the river silt

when it is in fresh water may be released as soon as

the river water mixes with the sea. The opposite
transfer is also possible. A river silt may enter the

sea with its sorptive capacity at a very low level of

saturation, and may, on entry into the ocean, immedi-

ately pick up a large quantity of ionized material

from the sea water and precipitate it on the ocean

floor. This is a separate process from the chemical

precipitation of certain dissolved components which
has been recognized ever since it became apparent that

there were discrepancies between the chemistry of

the sea and that of the rivers that nourished it.

The pernicious variability of filtration procedures al-

ready referred to must be considered. If a sample is

carefully filtered, the analysis should give a figure that

is representative of the dissolved material, using the

term "dissolved" to mean "consisting of aggregates
small enough to pass the particular filter used." If the

sample is not filtered prior to analysis, then not only
dissolved material, but also any sorbed material re-

moved by the method of analysis, will be included in

the result.

In the absence of exhaustive data on the sorptive

capacity and saturation of river silts, it is impossible to

evaluate the magnitude of this error exactly. It will

vary from element to element and from river to river.

For the principal components in most rivers it will not

be of very great importance. The quantity of sus-

pended material usually carried by streams is hardly an

order of magnitude greater than the quantity of dis-

solved material, according to usual methods of discrim-

inating between them. As only a small part of the

suspended material consists of sorbed components, esti-

mates of the total amount of mineral matter carried by
rivers or of the principal components of the mineral

matter are unlikely to be seriously in error.

Any complete consideration of the geochemical role

of rivers, however, cannot be restricted to the major
elements that are strongly ionized, but must include

the trace elements, plus more abundant elements that

vary widely in solubility under the conditions that

prevail in the hydrosphere.
Elements so scarce that they tend to limit the growth

of aquatic organisms provide another example of the

danger of trying to carry out geochemical calculations

with only the dissolved component of river solids.

Phosphorus, for example, may be reduced to so low a

level in waters that is is not detectable in inorganic so-

lution. Under such circumstances an analysis for phos-

phate ion will be completely misleading. There may
be appreciable phosphorus in the water in the bodies of

plants and animals or in the form of dissolved organic
materials. The same is true for nitrogen and silicon,
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and doubtless for other elements as well. The river

forms a dynamic system in which the biological ele-

ments are continually exchanging, and at a particular

time the fraction of the total mobile phosphorus, nitro-

gen, or silicon that is dissolved in the water may vary
from an indetectable amount to almost the whole of it.

Strakhov (1948) has investigated the state of iron in

natural waters and has come to the conclusion that for

this element, under most circumstances, the proportion

of the total amount that is transported in a dissolved

form in river waters is very small. The fraction of geo-

chemical significance is bound on the surfaces of the

fine mineral grains carried in suspension. Vernadskii

(1948, in the Discussion of Strakhov's paper) has further

pointed out that even Strakhov overestimated the im-

portance of the dissolved iron, for the solubility product

of ferric iron is such that an insignificant amount is in

simple solution under ordinary conditions in most river

waters. This need not concern us, however, for we are

more interested in using "dissolved iron" in the sense

of the analysts who report this entity in their analyses

than in a rigorous physico-chemical way. Shapiro

(1957) has shown that some iron may be dissolved in

natural waters, despite the low solubility of ferric ion.

Organic compounds of moderate molecular weight

stabilize the iron and keep it in solution.

Iron is an extreme example, but it is not alone. The

behavior of manganese, cobalt, and nickel must be

rather similar. One must not lose sight of the solu-

bility of the solid silicates, including not only the dia-

toms, sponges, and other minute silica particles in the

river, but also the silica in the glass bottles that are still

commonly used as sample containers. The last source

of error is most likely to be serious for strongly alkaline

waters. Hutchinson (1937) found the following in-

creases in the silica content of some water samples from

Indian Tibet between the time of their collection in the

field and their analysis in the United States:

Tso Moriri—-

Tso Kav
Khyagar Tso.

Yaye Tso

Mitpal Tso..

Pangur Tso..

Pangong Tso.

Ororotse Tso.

Besides these sampling errors there is a certain am-
ount of error in the analytical procedures used to deter-

mine the composition of water samples. In earlier

editions of this work considerable effort was devoted to

SiOa content at

the time of col-

lection in Tibet

(ppm)
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Fioube 3.—Seasonal changes in the chemical composition of Imikpuk, a small lake

in Alaska near the Arctic Ocean. After Boyd (1959). Reprinted by permission of

Ecology.

Such seasonal changes are of rather restricted

extent. In most lakes the major ions, except the

components of the carbonate buffer system, remain

relatively constant in amount, and large changes in

water chemistry are restricted to the scarcer biologi-

cally important substances.

There are also diurnal changes in water chemistry,
but these are known to involve only the dissolved

gases, oxygen and carbon dioxide. During the day,

photosynthetic plants remove carbon dioxide from the

water and use it in the manufacture of carbohydrate,
giving up oxygen at the same time. During the night
the respiration of plants and animals reverses the process.

In very productive lakes, under the control of carbo-
nate buffer systems, uptake of carbon dioxide by
photosynthesizing plants occasionally may cause very
dramatic changes in pH, as first the free C02 ,

then the

HC03 ,
and finally carbonate is used in photosynthesis.

The latter step is accomplished by the hydrolysis of

calcium carbonate, and leaves calcium hydroxide in

the water. An example is given in figure 4.

Oxygen is easily and accurately measured, and forms

part of a great number of chemical analyses of lake

waters and of river waters as well. Most of these have
been spot analyses taken at a single and unspecified
time of day, and yield very little information of value
about the oxygen content of the water over a period
of 24 hours. Eecently there has been much interest

among limnologists in using diurnal oxygen change as
a measure of biological productivity (fig. 5), and one

may expect a great increase in the amount of informa-
tion about the magnitude of changes in this gas. At
present it is evident that the change is great in produc-

643862—63 3

12 p.m. 6 12 m.

Figube 4.—Diurnal pH changes in a small freshwater lake near Cape Town. After
Schiitle and Elsworth (1954). Reprinted by permission of Blackwell Scientific

Publications, Ltd., Oxford, England.

tive lakes but may not be measurable in unproductive
ones, and that the diurnal oxygen change in a single

body of water may change with the season.

In a shallow lake that mixes freely to the bottom,
gas changes are only diurnal, for diffusion from the

atmosphere makes up any net loss or gain that may take

place over 24 hours. Many lakes do not mix freely
to the bottom, however, and in the stagnant lower

layers of these the gas changes are cumulative and
have a profound effect on other aspects of the deep-
water chemistry as weU.

TIME OF DAY, IN HOURS
6 12 18

Light

Figure 5.—Diumal oxygen change in Silver Springs, Fla. After Odum (1956).

Reprinted by permission of American Society of Limnology and Oceanography,
Inc.
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Stratification is commonly the result of surface

heating by the sun. The warm surface water is lighter

than the deep water beneath it, and so resists the

tendency of the wind to stir it into the depths. Whether

or not a permanent stratification is set up depends on

the temperature range involved, upon the rate at which

the lake warms up at the beginning of the summer in

temperate lands or the sunny dry season in the tropics,

upon the wind strength, and upon the size and shape
of the lake. The wind is able to work effectively on

a lake several miles long and may mix it to a depth of

some tens of feet. If the total depth of the lake is not

greater than that, it will not stratify. On the other

hand, a small farm pond sheltered by thick woods may
be mixed only to a depth of few inches.

A thermally stratified lake may be considered as two

compartments: an upper freely circulating epilimnion
and a lower, nearly stagnant hypolimnion. The zone

of rapidly changing temperature that separates the two

compartments is commonly known as the thermocline

or clinolimnion.

An homologous stratification may be set up by differ-

ences in salt content of the deep and shallow water in a

lake. This may happen if salt springs flow into the

bottom, in a coastal lake if sea water at spring high
tide flows over the sill that separates the lake basin from

the sea, or as a result of internal biological processes.

It may also occur in semiarid lakes if a shift in drainage
of a nearby river causes it to pour fresh water over the

salt water in the lake basin. Stratification because of

salt differences is known as meromixis and usually lasts

for many years or even indefinitely. Its principal

difference from thermal stratification is this perma-

nence, for thermal stratification breaks down every
time the surface water cools enough for the wind to

mix it into the depths. The chemical results of

meromixis are cumulative and are usually more pro-
nounced than those of seasonal thermal stratification.

The chemical differences that develop between sur-

face and deep water in a stratified lake are of biological

origin. In the upper zone light is plentiful and photo-

synthesis is actively carried on. This removes carbon

dioxide from the water and adds oxygen to it. Dif-

fusion from the atmosphere tends to restore gaseous

equilibrium at the water surface, and turbulent mixing
tends to carry this water down into the depths, so that

there is no permanent change in the gas content of the

epilimnion. On a bright day, however, when the plant

community is actively photosynthesizing, temporary
changes will occur, as mentioned above in connection

with the diurnal gas changes of natural waters. The
amount of oxygen found at a depth of a few feet under
such conditions may be substantially more than the

water would hold if saturated at atmospheric pressure.

Although such water is sometimes said to be supersat-
urated with oxygen, it is not actually supersaturated
at the ambient pressure. When the oxygen content

exceeds the saturation value under the ambient con-

ditions, bubbles form. This phenomenon is com-

monly observed in dense plant beds growing in the

upper few meters of clear productive lakes.

Conditions in deep water are rather different. Light
is scarce and photosynthesis much reduced. Respira-

tion, however, continues apace, not only the respiration

of the animal community, but also the respiration of the

host of reducing organisms, particularly bacteria, that

are engaged in breaking down the organic substance

that settles from the productive epilimnion.

Oxygen is used up and carbon dioxide is produced in

the hypolimnion. There is no possibility of rapid

replenishment by diffusion from the atmosphere, which

is sealed off by the thermocline, and the gas changes are

cumulative. In meromictic lakes the gas changes will

accumulate for many years.

The change from oxidizing to reducing conditions

leads to the appearance of much nitrite, ammonia,
hydrogen sulfide, and ferrous iron in the water. It

also causes the release from the bottom sediments of a

considerable quantity of phosphorus and silica. The
seasonal cycle of events has been studied by Mortimer

(1941-42) in Esthwaite Water, a productive lake in the

English lake district that stratifies very strongly

during the summer and to some extent also during the

winter. Some of these results are shown in figure 6.

If a strong wind blows across a stratified lake, the

light surface water of the epilimnion will tend to pile

up on the downwind side of the lake. This may be so

pronounced as to strip all of the epilimnion from the

upwind side, exposing hypolimnetic water of very
different chemical composition. After the wind stops

blowing a standing wave of very great amplitude will

exist at the boundary between light and dense water,

and this wave may continue to oscillate for many days.

It is evident that any system showing as many tem-

poral and spatial variations in chemical content as a

deep lake will be inadequately represented by the chemi-

cal analysis of a single sample taken at some point on the

surface. In a lake with strong meromixis such a

sample will not even provide a rough idea of the mean

composition of the water. Limnologists are aware

of this state of affairs, but their chemical analyses are

usually very incomplete; geologists who are, in general,

more scrupulous about including all the major ions

in their chemical analyses, tend to sample lakes as if

they were temporally and spatially homogeneous.
With these general words of warning about the state

of present knowledge of the chemistry of lakes and

rivers, we may proceed to an examination of the data.
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OVERTURN
PARTIAL COMPLETE

0.4 0.2 0.2 0.4

Figure 6.—Redox potential near the mud-water interface and concentrations of dis-

solved substances in the water just over the mud surface of Esthwaite Water,
England, during 1940. Redox potential (E?) in volts, Os=dissolved oxygen,
Fe=fcrrous iron, Mn=manganese, P = phosphate as PiOj, NHi=ammonia,
NOj=nitrate nitrogen, all is in parts per million. After Mortimer, 1941-42.

Reprinted by permission of Blackwell Scientific Publications, Ltd., Oxford,

England.

GENEEAL ANALYSES
NORTH AMERICA

An overwhelming mass of chemical data exists for

the rivers of North America. Most of the analyses
have been made as part of a systematic sampling
program of the Water Resources Division of the U.S.

Geological Survey and have been published in a series

of Water-Supply Papers: Collins, Howard, and Love

(1943); Collins and Love (1944); Howard and Love

(1945); Howard (1948); U.S. Geological Survey (1947

1948]; 1949b; 1950 [1951]; 1952; 1953a, b; 1954a, b, c,

d; 1955a, b, c, d, e; 1956a, b, c; 1957a, b, c; 1958a, b, c,

d, e; 1959a, b, c, d, e, f; 1960a, b, c, d, e). In addition,

many reports deal with individual states. The follow-

ing is a selection from a very large number of references;

generally only the most recent ones of a series are

cited.

U.S. Geological Survey (1960f, g, h); Saunders and

Billingsley (1950); Geurin (1951); Geurin and Jeffery

(1957) ; Smith and others (1949) ; California Department
of Water Resources (1956, 1957); Lamar (1944);

Cherry (1961); Hershey (1955); Lamar and Laird

(1953); Lamar, Krieger, and Collier (1955); Hembree,
Colby, Swenson, and Davis (1952); Lamar (1943);
Pauszek (1952); Pauszek and Harris (1951); McAvoy
(1957); Woodward and Thomas (I960); White (1947);
Lamar and Schroeder (1951); Ohio River Valley Water
Sanitation Commission (1950 [1951]); Murphy (1955);
Dover (1956, 1959); Beamer (1953); Pennsylvania
State Planning Board (1947); Pauszek (1951); Hastings
and Rowley (1946); Irelan and others (1950); Irelan

(1957); Hughes and Jones (1961); Connor, Mitchell,
and others (1959); Lamar and Whetstone (1947);
Whetstone and McAvoy (1952); Kapustka (1957).

The older data are collected in Clarke (1924a).
Inventories of published and unpublished data may be
found in Northcraft and Westgarth (1957), U.S. Federal

Inter-Agency River Basin Commission (1948, 1954,

1956), and Westgarth and Northcraft (1956).

Lake sampling has not been nearly as comprehensive.
There are extensive sets of data both in government
publications and the limnological literature, but most
of the analyses are deficient because some important

major ions have been neglected, or because of insuf-

ficient sampling. Despite the wealth of data there are

serious gaps in the coverage even of the rivers. There
does not exist, for example, any really adequate series

of chemical data for the lower Mississippi.

Outside of the United States information is far more
scarce. It has not been possible to locate a reasonably

complete analysis of a single river in Mexico, and the

coverage for Canada is very poor. There are only a

few scraps of information for the whole MacKenzie
River system, and the chemistry of most of the northern

lakes and rivers is completely unknown. This is

particularly unfortunate because of the opportunities
Canada affords for the study of the geochemical

regimen of rivers that are completely within the tundra

zone. Even the waters of the well-settled parts of

the country, however, are represented by only a few

spot samples, and it is not possible to draw up a reliable

long-term mean for any Canadian river.

ST. LAWRENCE RIVER BASIN

A representative series of analyses is presented in

tables 6 and 7. The St. Lawrence basin is a well-
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watered region and the concentration of dissolved

salts is not high. A very marked difference is apparent,

however, between the waters draining the chemically

resistant rocks of the Canadian shield, with total

dissolved salts often well below 50 ppm, and those

draining the sedimentary rocks of the southern Great

Lakes region, with total dissolved salts mostly be-

tween 100 and 500 ppm. Some of the Canadian shield

waters, such as the Saguenay Eiver, are very dilute,

but they are ordinary calcium bicarbonate waters and

are not otherwise remarkable. Some rivers in the

St. Lawrence system, in particular the streams flowing
into Lake Erie from the south, such as the Cuyahoga
(table 6, analysis I) are subject to heavy industrial

pollution.
ATLANTIC COAST DRAINAGE

A selection of analyses representing waters of the

Atlantic Coast from Nova Scotia to Florida is pre-

sented in tables 8, 9, and 10. This is also a well-

watered area, and most of its waters are rather dilute.

Table 6.—Analyses, in parts per million, of water from the St. Lawrence River basin
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Table 8.—Analyses, in parts per million, of water from the Atlantic Coast drainage in Canada

G13
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There are minor differences between the waters of

the Atlantic Coast drainage, even within a small area,

as shown by the analyses by Gorham (1957a) of lake

waters from three kinds of rock in a single county in

Nova Scotia. The general picture is one of rather

dilute water and a remarkable uniformity from the

Gulf of St. Lawrence to Florida, where the concentra-

tion of calcium-bicarbonate waters is again more than

500 ppm. There are undoubtedly small pockets of

hard surface water farther north—for example, in the

regions of dolomite outcrop on Cape Breton Island—
and probably small streams with much saltier water as

well, for salt springs are known from the Atlantic Coast

drainage, but these aberrant waters are too local in

occurrence to affect the general composition of the major

streams, and too scarce to have been detected in the

sampling that has been done so far.

EASTERN TRIBUTARIES OF THE GUIF OF MEXICO

West of peninsular Florida rather dilute calcium

carbonate waters are again found (table 11).

Table 11.—Analyses, in parts per million, of water from the

eastern tributaries of the Gulf of Mexico
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Table 14.—Analyses, in parts per million, of water from the northwestern part of the Mississippi system

G15
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Table 16.—Analyses, in parts per million, of water from the Rio Grande and its tributaries
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Table 19.—Analyses, in parts per million, of water from the Basin-Range province and adjacent closed basins

G17
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Table 22.—Analyses, in parts per million, of water from closed

lakes of Saskatchewan

[All these analyses are from Rawson and Moore (1944). Tho same paper contains
about 45 less complete analyses of southern Saskatchewan lake waters]
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Table 24.— Analyses, in parts per million, of some other north-
western waters
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Table 26.—Analyses, in parts per million, oj

Mackenzie drainage
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Table 27.—Analyses, in parts per million, of water from the Hudson Bay drainage

[Analyses P-V are unpublished data for the Churchill River drainage in Saskatchewan provided by Dr. D. S. Rawson]
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Eurasian landmass there are only scattered analyses,

most of them incomplete.

It is evident from even the small number of analyses

presented in table 29 that the waters of Portugal are

varied and interesting. Only the Alviela water is of a

typical calcium bicarbonate type. In the others there

is almost as much magnesium as calcium in three out

of four waters, and there is more sodium than either

magnesium or calcium in the same three. Sulfate is

more important than bicarbonate in two waters, and

there is a considerable amount of chloride as well. In

a more dilute water these proportions of chloride, sul-

fate, and sodium might be attributed to sea-spray,

but in these waters, with several hundred parts per

million of total dissolved solids, it is likely that the ions

come from sedimentary rocks in the watersheds of the

rivers. It is evident that the Iberian peninsula would

repay close hydrochemical study.

The British Isles have a diversity of water chemistry

that befits their geology. The more concentrated

waters, with several hundred parts per million of total

Table 29.—Analyses, in parts per million, of water from Portugal

[Analyses from unpublished data provided by the Laboratorio de Analises Ftsico-

qulmicas e Micrograficas of the Companhia das Aguas de Lisboa]
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Table 34.—Analyses, in parts per million, of water from rivers in
Britain

[These data are from Suckling (1943, p. 339, 341, 342)]
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Data for lakes and rivers of the Mediterranean area

of Europe are very few. Stankovic (1931) presents

analyses lacking sodium and potassium for 10 Aegean
lakes.

Table 36.- -Analyses, in parts per million, of water from the Rhine
and the Elbe and their tributaries

[These data are recalculated from Clarke (1924b), after various authors]
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Table 40.—Further analyses, in milligrams per liter, of river water from the U.S.S.R.

[All analyses from Alckin (1953, lablc 45)]
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Table 43.—Analyses of water ftorn Kazakhstan

[Analyses A, B, and C have been recalculated from Posokhov (1949))



CHEMICAL COMPOSITION OF RIVERS AND LAKES G27

Table 40.—Analyses, in parts per million, of water from the Kanto districts, Japan

(These data have been recalculated from Kobayashi (1955))
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Table 47.—Miscellaneous analyses, in parts per million, of water from Japan

'Analyses A-N are from Yamagata (1951b); analyses O-V are from Sugihara (1952); analyses O-R appear to be for irrigation water. All the analyses are from the area infected
with schistosomiasis in Hiroshima Prefecture]
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Table 49.—Analyses of water from India, Pakistan, and Afghanistan

[Analyses C-E In milligrams per liter; all otjier analyses In parts per million]
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Table 51.—Analyses of waters from the Dead Sea system

[Analyses A, B, O and II in parts per million are from Irwin (1923, p. 430-433). The others in milligrams per liter are from Bentor (1961, p. 241)]

A.
B.
C.
D.
E.
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Table 56.—Some analyses, in parts per million, of reservoir ivaters

from South Aitslralia

[Unpublished analyses
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Table 59.-—Analyses, in milligrams per liter, of water from East African lakes

[All analyses except D are from Beadle (1932, p. 207). Except for the silicate and phosphate, all the analyses were carried out by the Government Chemist, London. Analysis
D is from Beauchamp (1954, p. 27)]
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Table 62.—Analyses, in parts per million, of water from
Mozambique

[All analyses are from unpublished data of the ReparticSo Teenies de Industria e

Oeologica of the Provincla de Mocambique]
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Table 65.—Analyses, in parts per million, of water from Nigeria

[Analysis B Is from the unpublished records of the Chemistry Dly. Ministry Health,
Kaduna, Nigeria. All others are from the unpublished records of the Federal

Depart. Chemistry, Lagos, Nigeria)
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Table 69.—Analyses, in parts per million, of water from French
West Africa

[These data are from unpublished work carried out by the Service Geologique of

French West Africal
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Table 72.—Miscellaneous analyses, in parts per million, of South
American waters

(Analyses A-C are from unpublished records of the Ministerio de Fomento y Obras
Fublicas of Peru. This Ministry has accumulated many partial analyses of lake
and river waters and many complete analyses of spring and well waters in addition
to the few presented here]
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to repair the obvious deficiencies in the data of river

chemistry. They are based principally on the work of

L'vovich (1945), and appear to be substantially correct,

except for a few spelling mistakes and two more im-

portant ones. The area of the Niger drainage basin is

given as 216,000 square miles, whereas it is actually
about 800,000 square miles, and the estimated total

discharge for the continent of North America seems to

be about 2,000,000 cfs too high.

Additional information was obtained from the

"Oxford Atlas" (Lewis and others, 1951) and the

"Encyclopedia Britannica" (Yust, 1949) as well as

from some manuscript notes made from L'vovich's

paper. The original was not available while the com-

putations were being made. For the United States

some information was obtained from "Large rivers of

the United States" (U.S. Geol. Survey, 1949a).

NORTH AMERICA

For half of North America there are sufficient

chemical and discharge measurements to permit a

direct computation of the amount of dissolved sub-

stance carried by the large rivers. This yields a figure

of 92 metric tons per square mile per year. It would
be possible to obtain an estimate for the entire conti-

nent by taking this as a representative sample, but a

more accurate mean can be obtained by weighting these

large rivers in proportion to the part of the entire con-

tinent that they represent, instead of in proportion to

their own drainage areas. The difficulty in making
this kind of estimate is that there are some parts of

the continent that are climatically very different from

any part whose rivers are known, so that a few data

from other parts of the world will have to be used.

The data are presented in table 75, supplemented by
estimates of conditions in places where they are lacking.
The two biggest gaps are in the Arctic regions and in

Mexico and Central America. These have been filled

by assuming that various parts of the areas concerned

were similar to parts of Alaska and South America.

A weighted mean of the information in this table leads

to an estimate of 85 metric tons per mile being carried

each year by the rivers of the North American conti-

nent. When proper allowance is given for the way in

which bicarbonate is expressed, this figure is about 8

percent above that obtained by Clarke (1924a, b). A
slight further correction might be made because this

figure is a mean for the amount delivered to the sea

by the entire land surface, including closed basins, but

it is evident that the agreement between this estimate

and the previous one is fairly good. Further informa-

tion for arctic and tropical North America will permit
a more exact estimate of chemical denudation of

Table 75.—Discharge and chemical denudation of North America
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to an underestimate of chloride and perhaps of silica.

The remainder of Europe has been assumed to be like

that part drained by the principal rivers, and a weighted

mean leads to the result that about 110 metric tons

per square mile are carried away each year. This

is the highest rate of chemical denudation of any

continent. The figure may be lowered somewhat when

data become available for Mediterranean Europe,

but it does seem well established that the rate of denuda-

tion is high. This is probably due mainly to the moist

European climate, although the large areas of fine-

grained Pleistocene deposits may also be an important

factor.

Table 76.—Discharge and chemical denudation of Europe

Region
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leached for a long time. In table 79, these perennial
rivers are represented by the water of the Eose River.

The intermittent rivers pose something of a problem.
The Murray River has a very low discharge rate, as

befits a river flowing through a semiarid land, but it is

surprisingly dilute. This river shows considerable

fluctuation from year to year
—

during some years it

ceases to flow at all—and one cannot help wondering
if the discharge figures represent dry years and the

chemical analyses wet years. If this is the case the

chemical denudation for Australia will be underesti-

mated to some extent, but even these figures of doubtful

reliability suffice to show that the smallest continent

contributes only a very small amount to the world

total for chemical denudation. It appears to yield

about 6 metric tons per square mile of total area.

Table 79.—Discharge and chemical denudation of Australia

Region
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Table 81.—Mean composition of river waters of the world, in parts per million

G41
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Table 82.—Bromine and iodine content of river and lake waters

Locality
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Table S3.—Boron content of lakes and rivers

Locality
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0.0003 to 0.002 ppm, with a mean of 0.00116. The

Na/Rb ratios ranged from 1,525 to 11,100 and the

ratio of the mean values was 3,578. This is very

similar to the findings of Borovik-Romanova already

referred to, with an average concentration of 0.0016

ppm and a ratio of 4,166. The K/Rb ratio found by
both of these workers is slightly in excess of 1,000, or

more than 10 times as great as that found by Schmidt.

Twenty-seven samples of water from major rivers of

North America had a mean rubidium content of 0.0017

ppm (W. H. Durum, written communication, 1960).

Rubidium seems to be considerably scarcer in the

hydrosphere, from which it is removed biologically

and probably chemically as well, than it is in the

litkosphere.
CESIUM

The only analyses for cesium appear to be six deter-

minations for rivers in Japan by Yamagata (1951b).

He found a range of cesium content between 0.00005

and 0.0002 ppm. The Na/Cs ratio ranged from 9,300

to 89,400 and the ratio of the mean contents was

31,900.
BERYIiliTOM

Beryllium appears to have been determined only by

Maliuga and Makarova (1956), who found 10 ppm of

total dry residue in both the River Il'kikan and the

River Gazimura, and by the U.S. Geological Survey,

which found between 0.1 and 1 ppb in the Atchafalaya

River, Louisiana (W. H. Durum, written communica-

tion, 1960).
STRONTIUM

The strontium content of lakes and rivers has been

studied most extensively by Oduni (1950, 1951, 1957),

who found that the Sr/Ca ratio reflected the geologic

environment, at least in part. It was high in the

presence of evaporite deposits, pegmatites, volcanic

rocks, fresh coral limestones, and limestones precipitated

directly from sea water. Lower Sr/Ca ratios were

found in association with consolidated limestones, re-

placed limestones, dolomites, nonvolcanic mafic igneous

rocks, and humid climate. A selection of Odum's data,

together with those of several other authors, is pre-

sented in table 85. Bristol Dry Lake is a locality

where celestite concretions occur, and the strontium

content of the Bristol water sample, which was very
concentrated and came from a drainage ditch in the

lakebed, is probably close to the maximum to be

expected in lake waters.

Additional information about strontium in water

may be found in table 19, in earlier editions of this

work, in the papers of Odum and Lohammar cited in

table 85, and in papers by Braidech and Emery (1935),

Borovik-Romanova, Korolev, and Kutsenko (1954),

Maliuga and Makarova (1956), Grushko and Shipitsyn

(1948), Nichols and McNall (1957), Horr, (1959),

and Skougstadt and Horr (1960).

Table 85.
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RADIUM

Radium has attracted attention because of its radio-

activity and there is much information about the

concentration of this element in natural waters. Data
for lakes and rivers are summarized in table 86. Most
of this information is brought together and discussed by
Lowder and Solon (1956).

There is obviously considerable variation in the

radium content of rivers. From the data presented in

the table it appears that there was a tenfold discrepancy

between the results of Lynch (in Lowder and Solon,

1956) and those of Hursh (1954, 1957), the two principal

analysts involved, but actually Hursh gives a much

larger body of data than those presented, which were

selected because the waters had not been treated by
flocculation, settling, and filtration before analysis.

Among the data for treated waters gathered by Hursh

are many radium concentrations as high as those of

Lynch. For the Mississippi River, the only water

which both have studied, Hursh obtained a higher value

than Lynch, even after filtration.

Table 86.—Radium content
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an amount of arsenic detectable with a method sensitive

to 1 ppb.

Sugawara, Tanaka, and Kanamori (1956) feel that

the older methods for arsenic were unreliable, being sub-

ject to contamination, particularly from glassware, and

it is possible that the development of more accurate

methods will show the present figures to be too high.

For the time being, however, it seems that arsenic con-

centrations of several parts per billion are to be expected

in ordinary dilute waters, and that concentrations of 1

ppm or more may be encountered in some concentrated

waters or in hydrothermal areas.

Antimony contents of as much as 40 ppb were found

by Braidech and Emery (1935) in their spectrographic

examination of United States water supplies. This

seems rather high, and may reflect contamination from

the pipes used to cany the water to the points where

samples were taken for analysis. If such a quantity

of antimony is actually to be foimd in natural waters,

it should be of some biogeochemical importance, and

the subject might repay further investigation.

Grazhdan (1957) lists bismuth among the elements

detected in several mineral waters of Turkmenistan.

There do not appear to be any quantitative data for

this element.

TEDS RARE GASES

Of the rare gases only argon has been investigated

seriously in lake or river water. Sugawara and

Tochikubo (1955) provide data for the argon content

of five water samples from three lakes in Japan, and

these are presented in table 88. The authors attribute

the supersaturation of hypolimnetic water to heating of

the deep water in situ without mixing. This sugges-

tion has been rejected by Hutchinson (1957), who has,

however, no alternative explanation to offer. If there

is a substantial ground-water flow into the lakes, they

may receive their excess argon in this way, for Sugawara
and Tochikubo found that ground waters were fre-

quently supersaturated, apparently as a result of

bubbles of air being carried in the ground water to a

depth at which there is appreciable solution, but such

massive ground-water flow seems even less likely than

heating in situ. The question is relevant to the prob-

lems of gas exchange in the swim bladders of deep-
water fishes and should be investigated in a variety of

lakes. Apparently Oana (1957) did not find appre-
ciable supersaturation. In river waters the argon con-

centration is presumably close to saturation at atmos-

pheric pressure, except in very torrential streams where

it might approach saturation at the ambient pressure.

There appears to be some further information about

the rare gases in a paper by Dzens-Litovskii (1939), but

the abstract available states only that the gases coming

off the Sultan-Sanzhar Lake are 5.7 percent methane,
91.8 percent nitrogen and rare gases, and 1.023 percent

krypton, xenon, and heavy gases.

Table 88.—Argon content of lake water

[After Sugawara and Toehikuko (1955)]

Lake
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CADMIUM

Cadmium appears to have been detected in river or

lake water only once, by Maliuga (1941), who detected

between 9.66 and SO. 5 ppb in water of the Urov River.

This seems rather high, and the mean cadmium content

of lakes and rivers is probably below Maliuga's mimi-

nnun figure. COPPER

Copper is removed very easily from solution in

natural waters (Murata, 1952; Kimura, Fujiwara, and

Nagashima, 1951) both chemically, by precipitation as

the carbonate, and by sorption reactions with the sus-

pended material or even the walls of the container used

to collect the water sample (Kauranne, 1955). Unless

care is given to sampling and filtration procedures, it

may be difficult to interpret the results of an investi-

gation of the copper content of lake or river water.

Riley (1939), studying the copper-cycle in the relatively

copper-rich water of lakes in Connecticut, and Heide

and Singer (1954), working on the Saale Eiver, have

provided some information about the various fractions

Table 89.—Copper content of lakes and rivers

Locality

Linsley Pond, Conn.:
Cu ion range
Sestonic Cu, range
Organic Cu, range
Total Cu, range
Total Cu, mean

Lake Quonnapaug, Conn.:
Cu ion, range
Sestonic Cu, range
Organic Cu, range
Total Cu, range
Total Cu, mean

Lake Quassapaug, Conn.:
Cu ion, range
Sestonic Cu, range
Organic Cu, range
Total Cu, range
Total Cu, mean

440 Maine lakes:

Range
Mean

One water, Japan, over a 2-year
period:
Range
Mean

Clear waters, Japan

United States water supplies
69 Norwegian streams and
springs:
Range
Mean

Several rivers remote from indus-
trial contamination, England.

Lake Windermere, England..

Brown-water tarns, Westmorland,
England.

Pang-gong Tso, Tibet
Saale River at Gbschwitz, mean of

12 monthly analyses:
Dissolved
Suspended
Total _ _

,

Saale River at 7 sampling stations:

Dissolved, range
Suspended, range.

Total, range
536 California waters:

Range

Mean
Rivers of the U.S.S.R.: mean

Cu (ppb)

5-66
0-163
0-187
11-383

53

4-99
0-196
0-109
9-370
40.8

4-28
0-76

0-117
10-203

40.1

0. 07-140
10.38

0. 2-1. 3

.6

<1

0-3, 200
180

0-36

15

14-17

10

12
3
15

8-29
0. 5-2. 7

8. 5-29. 9

0-60

6
10.5

Author

Riley (1939).
Do.
Do.
Do.

Riley in Hutchinson (1957,

p. 812).

Rilev (1939).
Do.
Do.
Do.

Riley in Hutchinson (1967,

p. 812).

Rilev (1939).
Do.
Do.
Do.

Riley in Hutchinson (1957,
p. 812).

Kleinkopf (1955).
Do.

Morita (1950).
Do.

Sugawara, Oana, and Morita
(1948).

Braidech and Emery (1935).

Vogt and Rosenquist (1942).
Do.

Atkins (1933).

Riley in Hutchinson (1957,

p. 811.)
Do.

Do.

Heide and Singer (1954).
Do.
Do.

Do.
Do.
Do.

Calif. Dept. Water Resources

(1957).

Konovalov (1959).

of copper present in natural waters; their results are

summarized in table 89. There is reason to believe

that much of Riley's organic fraction was not actually

associated with dissolved organic compounds: a large

part of it was removable by ultrafiltration and so was
associated with colloidal material. Much of the col-

loidal material in waters of this sort is inorganic rather

than organic. Heide and Singer's high figure of 29

ppb reflects industrial contamination. In general the

dissolved and suspended copper content of the Saale

increases downstream.

The copper content of waters in Japan is not as

low as it may appear from the results presented in

table 75. These results are probably comparable with

the copper ion figures of Riley. Turbid waters in

Japan contain much more copper. Thirty-five river

waters sampled by the International Association of

Hydrology in North America and Norway had a

mean copper content of 8.7 ppb (W. H. Durum, written

communication, 1960).

Many data are now being provided by dithizone

testing of waters in geochemical prospecting programs.
These data are, for the most part, of limited geo-

chemical usefulness because little attention is paid to

filtration, copper is not always separated from other

heavy metals giving a similar result, and the waters

sampled tend to be from copper-rich areas and to

contain more total copper than average lake and river

water.

Taking all the data into account, it is likely that

the mean copper content of ordinary fresh waters is

about 10 ppb.

In addition to the information presented in table 75,

additional copper analyses of lake and river waters

may be found in tables 19, 47, and 65 of the general

section of this report, in Kleinkopf (1955, 1960), and

in Maliuga, (1945). Data for groups of heavy metals,

among which copper is probably the most important,

may be found in Boyle, Illsley, and Green (1955);

Boyle, and others (1958); and Boyle, Pekar, and

and Patterson (1956).

COBALT AND NICKEL,

There appear to be only four investigations of

cobalt in the water of lakes and rivers. The results

of Maliuga (1945, 1946) suggest a cobalt content two

orders of magnitude greater than that reported by
Benoit (1956). The failure of Braidech and Emery
(1935) to find more than a trace of cobalt, and that

only in 3 waters out of 24, supports the findings of

Benoit. It is known, however, that the cobalt con-

tent of soils varies enough to make cobalt deficiency a

serious problem, at least to ruminants, and it is possible

that Maliuga and Benoit have been measuring genuine
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differences in the cobalt contents of their separate

regions. Most major rivers of North America (Durum,
written communication, 1960) usuaUy contain no

detectable cobalt, but a few samples contain 5 or

more ppb. The mean content for 30 samples is

0.89 ppb.
For nickel there are more data, and some of these,

together with a summary of the information about

cobalt, are presented in table 90. Hutchinson (1957,

p. 824-825) has suggested that the single high value

of Braidech and Emery is due to contamination and

that the normal range of nickel content is from to

10 ppb with a mean of 5 ppb. Taking the new data

for rivers of North America into account, it is likely

that the global mean is close to 10 ppb. Passamaneck's

analysis of water from a mining district shows that

some waters may have a nickel content that is an

order of magnitude higher.

Table 90.—Cobalt and nickel content c
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Some further information about the zinc content of

waters maj7 be obtained from the geochemical prospect-

ing papers of Kauranne and of Boyle and his co-workers

to which reference already has been made.

TITANIUM

By far the largest body of information about the

titanium content of lakes and rivers is that provided by
Kleinkopf (1955, 1960), who found between 0.05 and
27.5 ppb in 440 lake waters of Maine with a mean value

of 1.60 ppb. Braidech and Emery (1935) found at

least a trace in half of the public water supplies thej
T

investigated. Untreated water from Lake Michigan,
with a content of 70 ppb contained the most, but

samples from five other localities contained 20 ppb.
Hutchinson (1941) found 50 ppb of titanium in hy-

polimnetic water from Linsley Pond. Thirty-three

samples from major rivers of North America had a

mean titanium content of 13.2 ppb (W. H. Durum,
written communication, 1960). Nothing is known
about the state of the titanium measured by any of

these investigators, and it is at least possible that the

titanium was all in suspension.

ZIRCONIUM

Zirconium appears to have been detected in lake

waters only by Kleinkopf (1955, 1960) who found it to

be uniformly present in 440 lake waters of Maine, with

a range from 0.05 to 22.5 ppb and a mean of 2.61 ppb.

TIN

The tin content of waters has been studied by
Braidech and Emery (1935), who found contents as

high as 100 ppb with a mean of 17 ppb in 24 water

samples. Water from Lake Michigan, the only un-

treated surface water included in their study, contained

40 ppb. Kleinkopf (1955, 1960), working with 419
lake waters of Maine, found much less tin. The range
in the tin content in the lake waters of Maine was only
as high as 2.50 ppb and the mean was 0.038 ppb.
These figures are so discordant as to suggest analytical
error in one of the investigations.

LEAD

The most valuable set of data for the lead content of

lake and river water is that of Kleinkopf (1955, 1960),
who found between 0.03 and 115.0 ppb of the element
in 440 lakes of Maine. The mean was 2.30. Thirty-
three samples of water from major rivers in North
America contained an average of 6.6 ppb of lead

(W.H. Durum, written communication, 1960). Dataof
Braidech and Emery (1935) are open to question because

of possible contamination from the pipes of the water

systems from which they obtained their samples, but
their finding of 2 ppb in water from Lake Michigan is

concordant with the results of Kleinkopf, although

their mean of 26 ppb for the entire series of 24 water

supplies seems suspiciously high. Eighteen of 536

waters of California (Calif. Dept. Water Resources,

1957) contained between 5 and 20 ppb of detectable

lead. The mean for the entire series was 0.3 ppb.
Lead was among the heavy metals studied by Boyle

and his co-workers in the papers to which reference

has already been made. Newton (1944) has presented
some additional data on the high lead content of rivers

polluted by mine wastes.

From the data available it seems likely that the

global mean lead content for lakes and rivers lies be-

tween 1 and 10 ppb.

VANADIUM

The first analysis of vanadium in lake or river water

appears to be that of Braidech and Emery (1935) who
found 20 ppb in water from Lake Michigan and failed

to detect it in any other of the 24 waters they examined.
Bertrand (1950), reviewing the biogeochemistry of the

element, was able to cite several analyses for springs
but none for lakes and rivers. Paraje (1950), studying
28 water supplies in the southern part of Cordoba,

Argentina, found as much as 1,400 ppb with a mean of

320 ppb, but he did not specify the sources of the water

supplies and it is likely that most, if not all, were ground
waters. In addition, the region is geochemically
unusual, being extremely arid and characterized

especially by high arsenic concentrations, and is

unlikely to have a vanadium content that is typical of

ordinary lake and river waters.

The most important study of vanadium in lakes and
rivers is that of Sugawara, Naito, and Yamada (1956).

They found a range from 0.1 to 1.0 ppb with a mean of

0.91 in 21 samples of river water. SLx samples of rain

and snow water gave a range between 0.33 and 2.8 with

a mean of 1.10 ppb but some of this meteoric vanadium

appeared to be associated with soot from the industrial

combustion of coal and petroleum, although it was
filterable. Lake sediment also was enriched in vana-

dium, though apparently not biologically, for the

plankton did not accumulate it.

Kleinkopf (1955, 1960) found vanadium contents

as high as 2.1 ppb and a mean content of 0.112 ppb in

440 lake waters of Maine. This is in reasonable agree-
ment with the results from Japan, and taken all to-

gether, the evidence suggests that the vanadium con-

tent of ordinary lake and river waters is somewhat less

than 1 ppb. The element is widely and rather uni-

formly dispersed.
CHROMIUM

Braidech and Emery (1935) detected chromium in

22 of the 24 water supplies they studied. The amount

ranged as high as 40 ppb with a mean of 5 ppb. Water
from Lake Michigan contained 2 ppb. Chromium,
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was also among the elements studied by Kleinkopf

(1955, 1960), who found amounts as high as 8 ppb in

440 lake waters from Maine. The mean was 0.177,

somewhat lower than that of Braidech and Emery.
Five hundred and thirty-six waters of California

(Calif. Dept. Water Eesources, 1957) contained as

much as 20 ppb with a mean of 0.3. Thirty-four

samples from major rivers of North America contained

as much as 84 ppb chromium with the rather high

mean of 10.8 ppb (W. H. Durum, written communica-

tion, 1960). With this much information one can

only say that the mean chromium content of ordinary

lake and river waters probably lies between 0.1 and 10

ppb, but may be a little higher.

MOLYBDENUM

The first measurements of the molybdenum content

of lake or river waters appear to be those of Kleinkopf

(1955, 1960), who found figures of as much as 2.50 ppb
in 419 lake waters from Maine. The mean of his

analyses was 0.023 ppb. Geidorov and Efendiev (1958)

found a mean content of 6.7 ppb in river waters of the

Istisu and Bagyrasakh areas, Azerbaidzhan, which are

rich in the element. Braidech and Emery (1935)

found traces of molybdenum in some of their waters,

but Novokhatskii and Kalinin (1939) were not able to

detect its presence in the salt lakes of Kazakhstan. In

a recent survey of major rivers of North America

figures up to 6.9 ppb were found. The mean for 29

samples was 0.84 ppm, but in more than half of these it

was not possible to demonstrate the existence of the

element (W. H. Durum, written communication, 1960).

MANGANESE

Very little is known about the state of manganese in

lake and river waters. Hutchinson (1957), in his

account of the limnological behavior of the element,
was forced to reason by analogy with its known be-

havior in soils, taking into account redox conditions

prevailing in lakes.

Kleinkopf (1955, 1960), found a range from 0.02 to

87.5 ppb of manganese in 440 lake waters from Maine.

The mean was 3.8 ppb. After a few investigations of

variations with depth which did not yield positive

results, he investigated only surface waters, but other

workers have demonstrated very pronounced changes
in manganese concentration with depths in stratified

lakes. The most common situation appears to be one

in which the manganese content is high in the reduced

bottom water; it reaches high concentrations at a

somewhat shallower depth than iron, presumably be-

cause manganous ion is released from the bottom at a

slightly higher redox potential than ferrous iron

(Hutchinson, 1957, p. 809). A less common situation

occurs in some lakes, notably Ranu Klindungan in

Java, which has a very pronounced peak in the manga-
nese curve just below the thermocline with lower

concentrations in the deep hypolhnnion and a much
lower content in the surface water. Ruttner (1930)

believed that a manganiferous spring was involved in

the case of Ranu Klindungan, but in other lakes, such

as Schleinsee, Germany, a similar though less pro-
nounced manganese curve appears to be generated by
the accumulation of manganese in the unmixed layers

just below the level where oxygen is present in amounts

sufficient to precipitate manganous ion from solution

^Hutchinson, 1957, p. 810).

Ohle (1934) studying lakes in North Germany found

a total manganese content between less than 5 and as

much as 200 ppb. The mean was 25 ppb. One lake,

Trammersee, had a variation in manganese throughout
a single year that covered almost the entire range,
from less than 5 ppb to 133 ppb. Juday, Birge, and

Meloche (1938) found comparable amounts, 3 to 23 ppb
in the surface waters of 8 Wisconsin lakes. The deep
water of one lake contained 1200 ppb. Uniformly high

manganese contents have been recorded for some
waters—for example, 50 to 250 (mean of 140 ppb) for

Linsley Pond (Hutchinson, 1957, p. 803-804) and 80

to 120 ppb for the Mississippi River at Fairport, Iowa

(Wiebe, 1930). The mean for the rivers of the U.S.S.R.

is 11.9 ppb (Konovalov, 1959), but the global average
is probably somewhat higher.

Lohammar (1938) has provided a very substantial

body of information on the manganese content of

waters of Sweden. There seems to be a slight difference

in the waters of northern and southern Sweden in this

respect. In north Sweden the range was > 10—460

ppb, with a mean of 33 ppb, and in south Sweden

>10-S50 ppb, with a mean of 44 ppb. Waters from

northern Sweden have a much higher iron content than

those from southern Sweden, and there seems very
little doubt that the Fe/Mn ratio is significantly

higher for the northern (30) than for the southern (5)

waters.

Additional data for manganese may be found in

papers by Yoshimura (1931a, b), Ruttner (1937),

Einsele (1937, 1940), Yatsula (1959), and Harvey
(1949) as well as in tables 9, 12, 13, 25-27, 29, 35, 47,

50, 54, 66, 68, 71, and 72 of the general section of this

report.
uranium:

Because of its radioactivity uranium has been the

subject of a number of hydrochemical investigations.

Some of the results are summarized in table 91. The
variation in the uranium content of natural waters is

so great that it would be necessary to have information

from all the major river systems in order to draw up a

reliable mean figure. A number of important rivers
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seem to contain about 0.1 ppb, but it would not take

many like the Danube to raise the world average to

Koczy's (1954) estimate of 1 ppb, which seems to be a

reasonable figure.

Table 91.—Uranium content of lakes and rivers

Locality

Allegheny River, Pa
Allegheny River, Pa
Ohio River, Pa
Chartiers Creek
Monongahela River, Pa
Great Salt Lake, Utah
Hudson River, N.Y
St. Lawrence River
Mississippi River..
Various United States rivers:

Dissolved

Total
Rivers, North America, range..
Rivers, world average
Rivers, central Europe
Danube at Vienna
Surface waters, Wisconsin, mi
nois, and Texas.

Lake Mendota, Wis

Uranium
(ppb)

50
<25

5

<2.5
<25
<2. 5

.022

.016

.040

.6

. 016-. 040

47

. 13-3. 5

.4

Author

Lynch, f?iLowderand Solon (1956).
Do.
Do.
Do.
Do.

Kohman and Saito (1954).
Ronaand Urry (1952).

Do.
Do.

Adams, in Holland and Kulp
(1954).
Do.

Kohman and Saito (1954).

Koczy (1954).
Hoflman (1942).

Do.

Jndson and Osmond (1955).
Do.

RADIOACTIVE ISOTOPES

The uranium and radium content of lakes and rivers

has been dealt with previously (see p. 45, 50). The
other elements in the radium and thorium series which

have been investigated are thorium, for which Koczy
(1954) gives a figure of 0.02 ppb, and radon, for which

Jacobi (1949) gives a range from 1.4XIO-12 to 2.1 XIO" 12

ppb. Protactinium-231, which has the next longest

half-life, does not seem to have been detected; the same

is true of the elements of the actinium series, which are

very scarce.

Lowder and Solon (1956, p. 13) have summarized

the information about naturally occurring radioisotopes

other than those of the series discussed above. Their

table, abbreviated to those elements which may be

reasonably expected to be present in measurable

amounts in lake and river waters, is reproduced in table

92. Isotopic compositions are not, of course, constant,

but will depend on the history of the material analyzed.

Marguez and Costa (1955) have detected naturally

produced phosphorus-32 and Goel and others (1959)

have measured phosphorus-32, phosphorus-33, beryl-

lium-17, and sulfur-35 in rain water, so these isotopes

probably are to be expected in some lake and river

waters also. Data on the tritium content of lakes and

rivers have already been presented in table 3.

Some additional information on radioactivity can be

found in Hess (1943 and Love (1951).

STABLE ISOTOPES

Apart from hydrogen and oxygen, isotopic ratios are

seldom computed for lakes and rivers. It is evident

that most, and probably all, chemical elements in the

hydrosphere may be expected to show variations in

isotopic proportions. Thode, Wanless, and Wallough

Table 92.—Some singly occurring natural radioisotopes of elements

that are chemically delectable in lakes or rivers

Isotope
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Table 93.—Proximate composition of dissolved organic matter

from Wisconsin lake waters containing varying amounts of total

organic carbon
[Data of Birge and Juday (1934)]

Carbon
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