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GROUND WATER IN SAN JOAQUIN VALLEY,
CALIFORNIA.

By W. C. MexpeNHALL, R. B. DoLE, and HERMAN STABLER.

INTRODUCTION.
By W. C. MENDENHALL,
DEVELOPMENT OF IRRIGATION IN THE SOUTHWEST.

The agricultural industry in the southwestern part of the United
States is peculiar in that within that region consumption tends con-
stantly to exceed production. This condition is due to the large
areas of desert, which are unsuited for agriculture but support many
other industries. The irrigated land in the 11 arid States, lying for
the most part west of the crest of the Rocky Mountains, was 7,254,110
acres in 1899, when the Twelfth Census was taken, and 13,202,889
acres in 1909, when the Thirteenth Census was taken. Although
irrigation development has not been so rapid since 1909 as during
the preceding decade, it has nevertheless continued, and large tracts
are added each year to the reclaimed areas through the operation of
the reclamation act, the Carey Acts, the desert-land law, and the
development of lands in private ownership. Meanwhile general
industrial expansion continues, although less rapidly than at earlier
periods, and under the influence of this expansion and the pressure
of population from the East most of the Western States are making
important additions to their population each year.

In the States of Nevada, Arizona, and New Mexico the mining
industry becomes yearly of greater importance, and the influx of
people engaged in it is increasing correspondingly. The increase
in the production of petroleum in California from 395,000 barrels
in 1892 to 14,000,000 barrels in 1902 and 86,450,000 barrels in 1912
represents an amazing growth in an industry and in the population
necessary to support it, which in turn greatly increases the demand
for food products and thus stimulates agricultural development.
The growth of trade with oriental countries and the development of
the mineral resources of Alaska have resulted in great accessions to
the population of the Pacific coast seaports, particularly those about
San Francisco Bay and Puget Sound, and in greatly increased
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demands for food products. The passage in 1914 of an Alaskan rail-
road bill promises to invrease the northern market during the con-
struction period at least, and the completion of the Panama Canal
will open eastern and European markets to certain types of Pacific
coast products, to which these markets are now closed. Southern
California, as that portion of the State lying south of the Tehachapi
Mountains is called, has become established as a playground for the
people of the entire United States, and of the thousands of tourists
who visit this area each year many become permanent residents.

Of the areas in the Southwest within which food products for its
cities, its tourist centers, and its mining regions must be raised, the
largest and most promising is the interior lowland known as the
Great Central Valley of California. The southern segment of this
lowland, San Joaquin Valley, contains about 7,500,000 acres, of
which 1,728,975 acres was under irrigation in 1912(%. Southern
California contains approximately a million acres of land that would
be cultivable if water were applied to it; yet in this region, where the
water resources are fully utilized, perhaps a quarter of a million acres
are under irrigation, and the remaining area either is nonproductive
or yields a relatively low-grade and uncertain crop through the
application of dry-farming methods.

Furthermore, the density of population in the irrigated valleys
south of the Tehachapi and the large and rapidly growing cities
there means the consumption of practically all the staple food prod-
ucts raised. Fruits, especially the citrus varieties, are grown for
export, and in some years more grain is produced than is necessary
for local needs; but in general the demand in this area for food sta-
ples is in excess of the local supply and this condition will be accen-
tuated rather than ameliorated in the future.

Imperial Valley, in extreme southeastern California, is rapidly
becoming a very productive area through the utilization of Colorado
River water, and many other sections might be mentioned whose
acreage will increase the total area under irrigation, but all of them
together are smaller than San Joaquin Valley, which, with that of the
Sacramento, must become the chief agricultural district of the
Southwest.

The agricultural development of this valley is controlled by the
distribution of rainfall, the character of the soils, and the possibility
of applying other water than that which reaches the valley as a direct
result of precipitation upon its surface. Its extreme southern end,
in the vicinity of Bakersfield, is strictly arid, the average rainfall
there being less than 5 inches. Precipitation increases gradually
toward the north, until at Red Bluff, in the northern end of Sacra-
mento Valley, the annual rainfall averages 25.7 inches. Intermediate
areas receive an amount of precipitation intermediate between these
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two extremes; but south of San Francisco Bay the available records
indicate a rainfall of less than 16 inches, and over the greater part of
this area, of less than 12 inches—an amount insufficient to insure
crops, even of grain, and entirely inadequate for the other diverse
food crops which a dense population demands.

The progressive increase in aridity from the northern toward the
southern end of the valley trough prevails to an equally marled
extent east of the valley, in the mountain areas from which its surface
waters are drawn. The total run-off from the Sierra, according to
the best available records, is about 12,000,000 acre-feet annually.
Of this amount, 3,300,000 acre-feet is supplied by the streams from
Kings River southward and 8,700,000 acre-feet by the streams north
of Kings River. The combined drainage area of the streams from
Kings River southward is 4,871 square miles; that of the streams
north of Kings River is 7,714 square miles. That is, a southern por-
tion of the Sierra, whose area is nearly seven-tenths as large as the
northern portion, yields but one-third as much water in the form of
stream discharge. Hence in the south end of San Joaquin Valley
the acreage which is irrigable by the use of surface waters is very
much less than that in the northern end of the valley, and the area
available for development there is correspondingly greater than that
available farther north.

The question of water supply is, of course, not the only one that
confronts those who desire to see the development of San Joaquin
Valley proceed rapidly, although it is properly regarded as the most
pressing. The quality of the soil, particularly with reference to the
presence of hardpan or of alkali, is of the utmost importance. Exten-
sive alkali areas exist along the axis of the valley and part way up its
eastern slope, especially at points where the ground waters lie close
to the surface, and hardpans of at least two types underlie some of
the higher and otherwise most valuable lands. These soil problems
are being studied systematically by the soil experts of the Depart-
ment of Agriculture ! and the reports that are issued should be sup-
plemented as rapidly as possible, until definite information as to soils
is available for the entire valley.

The conditions already outlined—namely, the great actual and the
much greater prospective importance of San Joaquin Valley as an
agriculturally productive center—have led during the last decade to
greatly increased interest in the possibility of adding to the acreage
under irrigation, and hence to the output in food products.

Irrigation enterprises, like those based upon other industries, inva-
riably pass through a pioneer stage, in which only the most easily

1 Lapham, Macy H., and Heileman, W. H., Soil survey of the Hanford area, California: U, 8. Dept.
Agr., Bur. Soils, Field Operations 1901, The results of similar surveys are available for areas about
Bakersfield, Modesto, Turlock, Madera, Fresno, Portersville, and Stockton.
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accessible resources are utilized. In this stage the land holdings are
large, the methods of application of water are wasteful, and the
agricultural output is low. Only later, when the population becomes
much more dense and the need of greater output is clearly recognized,
do methods so improve that the ratio of output to area, to re-
sources, and to investment becomes such as to satisfy reasonable
economic demands.

In southern California irrigation methods have been carried to a
greater degree of refinement than in any other section of the United
States. When irrigation began there, during the first third of the
nineteenth century, short crude ditches were constructed by which
the waters utilized were diverted from the lower courses of the
streams to near-by lands upon which they were turned, and the only
products were grain and pasture, by which the flocks and herds were
carried through the dry season. Such methods were in vogue until
the late sixties and early seventies, when American settlers entered
the country and attempted to utilize lands that had been regarded
as entirely worthless. These settlers brought with them capital, and
constructed their ditches on higher lines and in a much better manner
than were the old Spanish zanjas. They applied water much less
lavishly, to larger areas, and with much better unit results, and so by
continued improvements of this type all of the surface waters were
finally utilized to the best advantage. But settlers continued to
flock to the region, and attention was then turned to the underground
waters, which were developed at first only to supplement the surface
supplies. Such reservoir sites as were available were also filed upon
and made use of, and eventually many enterprises were started, some
of which depended on a combination of surface and underground
waters, and others on underground waters alone. Still later refine-
ments resulted in the reconstruction of many of the old ditches, the
replacement of open canals by underground pipes, and the elimination
thereby of waste by seepage and evaporation. In the lower lands
wells were drilled which yielded flowing water, and stream waters
which had previously been utilized on these lower lands were diverted
to the bench lands, where products of higher value could be grown.

As a result of this intensity of development it is probable that in no
area in the United States are the waters so thoroughly utilized as in
the region that lies south of the Tehachapi Mountains. In their pas-
sage from the mountains, where they originate in precipitation, to the
sea, where they are lost, some portions of these waters are used as
many as eight times—in power plants, in irrigation from surface
streams, and finally by the recovery of that portion of the surface
flow which, sinking into the alluvial fans, augments the supply in the
underground reservoirs.
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Much of San Joaquin Valley is still in the pioneer stage of irri-
gation development, depending almost exclusively on surface waters,
and in a large part of the area waste is great, over-use is the rule, and,
as a consequence, minimum production results from a maximum use
of water.” But the pioneer stage is passing. Engineers trained in
more refined methods are entering the region and applying their
training. Special communities, like those about Portersville and
Lindsay, where citrus fruits are raised, have for a decade or more used
deep ground waters, whose cost greatly exceeds that of surface
waters where the latter are available in other parts of the valley.
This relatively high cost is amply justified, however, in the citrus
belt by the great value of the product

In other parts of the valley, as, for example, in the neighborhood
of Corcoran, capitalists who had profited in other regions through the
use of flowing artesian waters have undertaken to develop colonies by
utilizing waters of this type, whose existence had been proved years
before by the owners of large cattle ranches, who had put down wells
to obtain water for stock.

In still other districts, as about Bakersfield, Stockton, and Fresno,
isolated individual pumping plants have been installed within the last
decade, and by their use lands whose owners had been unable to
secure rights to the limited supply of surface waters have been
brought within the productive zone.

INVESTIGATIONS BY THE UNITED STATES GEOLOGICAL
SURVEY.

These more or less isolated experiments and their successful out-
come have resulted in a widespread recognition of the fact that the
productivity of San Joaquin Valley can be greatly increased by the
utilization of the heretofore neglected ground-water resources. This
recognition has been followed logically by a desire for specific infor-
mation as to the quality, occurrence, accesmbﬂlty, character, and
proper use of waters of this type.

In response to this demand the Geological Survey and the Recla-
mation” Service began a study of the ground-water resources of the
valley in 1905. This work was continued as funds became available
in 1906 and 1907 by the engineers and geologists of the Survey, and
in 1908 a preliminary report ! was issued. The plan at that time in
mind was to supplement the preliminary statistical study of devel-
opments by more comprehensive work on the geological conditions
controlling the distribution and circulation of the ground waters, by
a careful field reconnaissance of the chemical characteristics of the
waters, since the preliminary work had revealed the importance of

1 Mendenhall, W. C., Preliminary report on the ground waters of San Joaquin Valley, California; U. 8,
Geol. Survey Water-Supply Paper 222, 1908,
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this element in the problem, and by a careful study of pumping costs
under various conditions as developed by the experience of irrigators
in the valley. The pressure of work in other directions has rendered
it impossible to carry out this plan fully. Further field geologic
studies have not been possible, but the chemical reconnaissance was
completed by R. B. Dole in the fall of 1910, and his report, long ready
for publication, is included as a part of this volume. Herman Stabler
examined a large number of pumping plants in the valley during the
same season, and the results of his studies are also included for the
benefit of water users in the valley.

Certain detailed data omitted from Water-Supply Paper 222 but
forming the basis of many of the conclusions reached in it are
also now published. The tables of wells examined and their costs,
equipment, and yields are referred to especially. As a number of
years have elapsed since the completion of these tables, they do not
summarize the later developments. The addition of later wells would
add to the mass of data rather than alter the conclusions to be drawn,
however, so that their omission is not considered to be of great sig-
nificance.

In the preparation of Plates I and II the topographic and engi-
neering map of San Joaquin Valley issued by the California State
Engineering Department in 1886 has been used as a foundation.
- Some additions and corrections have been made as a result of later
surveys, especially those made by the United States Geological Sur-
vey about Bakersfield and along the southern and western borders of
the valley, but the earlier map has been used substantially in its
original form for the greater part of the valley. On Plate I (in
pocket) the area in which flowing wells may be obtained has been
outlined with as much accuracy as the information at hand permits.
Beyond the limits of the belt of flowing wells the attitude of the
ground-water plane has been indicated by hydrographic contours
which are based on the elevations of the surface as indicated by the
topographic sketch contours of the base map. Neither set of con-
tours is accurate in detail, but it is believed that the relations hetween
the two—that is, the depths to ground water at various points—are
correct within a reasonable margin of error, so that the map will be
of practical value. It must be remembered, in using this map, that
ground-water levels do not everywhere remain constant. On the
deltas and in the irrigated areas there is a more or less regular annual
variation in level, the plane of saturation rising during the high-water
period—the period of maximum irrigation in early summer—and fall-
ing during the low-water period in the autumn and early winter. In
the past there has been a marked permanent rise in the ground-water
level in areas to which water has been applied by the construction of
the large canals of the greater irrigation systems. This rise still con-
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tinues in some localities, to which water has been applied for a num-
ber of years, and it will be marked in regions to which canal systems
may be extended in the future, although the chief changes of this
character have doubtless already been brought about. In one or two
limited localities there is probably also a general decline in ground-
water levels. It is not possible, of course, to indicate a varying water
level by a single set of hydrographic contours. Those used indicate
about the position and form of the water plane in the period from
1905 to 1907.
GEOGRAPHY OF THE VALLEY.

San Joaquin Valley and Sacramento Valley together constitute the
Great Central Valley of California, with an area of nearly 16,000
square miles. (Seefig.1.) Thislevel-floored depression is more than
500 miles long and varies from 20 to 50 miles in width. East of it the
Sierra rises to an elevation between 14,000 and 15,000 feet above
sea level, and west of it the lower Coast Ranges separate it from the
Pacific. The greatest elevation of the Sierra is near its eastern edge
and all its important drainage is westward toward the Great Valley,
an important fact upon which the greater part of the actual and
prospective agricultural value of the valley depends. The Coast
Ranges are a series of parallel ridges of moderate elevation that in-
close valleys, like those of the Salinas and Santa Clara, which, when
not too arid, are highly productive.

The Great Valley itself exhibits little diversity in its physical aspect.
Such differences as exist between its north and south ends are cli-
matic, or, if physical, are directly due to climatic differences. Among
local physical features based upon climatic differences may be men-
tioned the Tulare basin at the south end of San Joaquin Valley.
The basin is due to the aridity of the region and the consequent exten-
sive development of alluvial fans. Two of these, extending from
Kings River on the east and Los Gatos Creek on the west side of the
valley, have coalesced in a low ridge south of which lie the Tulare
Lake and Kern Lake depressions. Basing different in character and
situation, but originating nevertheless in climatic conditions, are the
overflow basins of the Sacramento and the lower San Joaquin valleys,
of which the Yolo basin may be mentioned as a type. These basins
occupy the lowest portions of the flood plains just outside the ridges
that form the immediate river banks.

The central valley opens to San Francisco Bay and thence to the
Pacific through Carquinez Straits and the Golden Gate, and the com-
bined drainages of the Sacramento and San Joaquin systems dis-
charge through these gateways. Other passes, like the Tehachapi,
the Tejon, and Walker Pass near the south end of San Joaquin Valley
and the Livermore Valley gateway near Carquinez Straits, extend
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across the mountain barriers that surround the central lowland, but
they are not so low nor so pronounced as the central tidal gateway.
In general it may be said that the Great Valley is completely inclosed
except for this opening.
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F1GURE 1.—Index map showing location of San Joaquin Valley (shaded area).

The larger lobe of the central depression, extending southward
from Cosumnes River and Suisun Bay, is generally known as San
Joaquin Valley, although it is not all drained directly by San Joaquin
River and its tributaries. The southern, more arid third of the de-
pression, extending from Kings River delta to Tehachapi Mountains,
has no surface outlet under normal conditions, and the surplus surface
waters accumulate in the Tulare Lake depression and Buena Vista
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reservoir. Originally Kern Lake received a portion of the excess
from Kern River, but through the protection afforded by a restrain-
_ing dike water is kept out of it except when unusual floods break
the restraining dam. The original lake bottoms have -now become
valuable wheat lands.

The streams that drain into the valley from the Sierra carry prac-
tically all of the water that reaches it. They are in every way more
important than those that enter it from the west. They have larger
drainage basins, individually and collectively; they have longer
courses; and they flow from higher mountains, with a much greater
rainfall and a better protective covering of forest and brush; hence
their discharge is many times greater and much less erratic than that
of the west-side streams. A

The total drainage area! tributary to the valley from the Sierra
is 16,089 square miles; from the Tehachapi and Coast ranges 4,293
square miles; and the area of the valley floor is 11,513 square miles.
The total area of the San Joaquin basin is therefore 31,895 square
miles, '

The average run-off of the principal east-side streams north of
Kings River, with a combined drainage area of 7,714 square miles, is
about 8,700,000 acre-feet, while that of Kings, Kaweah, Tule, and
Kern rivers, discharging into the Tulare basin from a watershed with
an area of 4,871 square miles, is about 3,300,000 acre-feet. The total
discharge into the valley from 12,585 square miles of Sierra water-
shed is therefore about 12,000,000 acre-feet.

The preponderance of east-side streams has given the valley floor
its well-marked unsymmetrical form. The valley axis, the line of
lowest depression, is throughout much nearer the western than the
eastern foothills. In places it lies against these hills, but elsewhere,
as between Los Gatos and Cantua creeks, the west-side slopes are
15 or 18 miles wide, at least one-half as wide as those of the east side.
They are also steeper than those of the east. Grades of 20 or even
40 feet to the mile are not rare, and it is unusual for the grades to
be less than 6 or 8 feet per mile. On the east side 30 feet to a mile
is about the maximum gradient, while 5 feet or less is perhaps the
average.

These conditions are due directly to the fact that the valley floor
has been built up by the alluvial material eroded by the streams
from the mountains east and west of the depression and deposited
in it. The larger and more active streams build flatter but more
extensive alluvial fans—the type that makes up the east-side slopes;
the more erratic and torrential streams of smaller volume build the
steeper and less extensive fans that constitute the west-side slopes.

1Hall, W. H., Physical data and statistics of California, pp. 396 et seq., State Eng. Dept. California, 1886.
98205°—wsp 398—16——2
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GEOLOGIC OUTLINE.!

ROCKS OF THE BORDER OF THE VALLEY.

In simplest outline, the geology of the eastern border of San
Joaquin Valley consists of the ‘“Bedrock series” of granites and
metamorphic sedimentary and igneous masses of pre-Cretaceous age,
overlain at the north and south ends of the valley in an interrupted
band occupying a zone of low relief between the Sierra proper and
the valley proper by a series of Tertiary sediments, entirely unaltered
and including beds as old as the Eocene, although the great body of
the material seems to be Miocene or Pliocene in age. Between San
Joaquin River and Portersville this zone of late sediments is missing,
and the sands and gravels of the valley proper lie upon the flanks of
the granites and the metamorphic complex. Because of this hiatus
the east-side Tertiary is separated into two bodies, of which the
northern extends from Fresno River nearly to the Cosumnes, and the
southern, conveniently designated as the Bakersfield area, extends
from Deer Creek to Cafiada de las Uvas.

The northern area of Tertiary rocks, which is chiefly in the Milton-
Merced regions, includes a lower, clayey series that has been called
the Ione formation, a middle zone of andesitic sandstone, coarse
volcanic breccias, and tuffaceous beds, and an upper gravelly series
that is in places auriferous. This upper series usually occurs along
the most westerly foothills and merges at many points with the
gravels and soils of the valley floor.

The southern area consists of alternating beds of soft sandstone,
clay, and gravel, the uppermost beds being coarse, like those of the
northern area, and scarcely distinguishable in some places from the
alluvium of the valley itself.

The geology of the western margin of the valley contrasts in many
ways with that of the eastern border. The oldest rocks of the Mount
Diablo Range—the easternmost of the coast ranges—comprise a
series of altered igneous and sedimentary rocks of Jurassio (%) age
known as the Franciscan formation, which extends along the axis of
the range from a point southwest of Coalinga to San Francisco Bay.
Overlying them on the valley side, but not continuously, is a series
of sandstones, shales, and conglomerates of Cretaceous and earliest
Tertiary (Eocene) age. Succeeding these in turn is a variable series,
locally of great thickness and usually but not always present in some
of its members, representing the middle and upper Tertiary. These
rocks, like the older sediments beneath them, are sandstones, shales,
and conglomerates, but usually they are less firmly indurated than
the Eocene and Cretaceous rocks. They overlie the latter uncon-
formably and contain many unconformities within themselves, with a

1 Abstract from a manuscript by H. R. Johnson, on the geology of the borders of San Joaquin Valley.
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resulting variability in thickness and irregularity in extent of indi-
vidual beds. This series contains the siliceous shales generally
spoken of in literature as the Monterey, besides a great variety and
abundance of sandstones and conglomerates. Toward the top of the
series are beds that clearly represent fresh water or subaerial deposi-
tion, undoubtedly much like that which is now taking place in Tulare
Lake and in the west-side alluvial fans. As a whole the sedimentary
series dips toward the valley, although interruptions like the anti-
cline of the Kettleman and McKittrick hills in places vary the pre-
vailing monoclinal dips. In general the structures of the valley
border are more complex at the south end than along the middle
portion and at the north.

The valley as a whole is a great structural trough and appears to
have been such a basin since well back in Tertiary time. Since it

"assumed its general troughlike form, gradual subsidence, perhaps
interrupted by periods of uplift, has continued and has been accom-
panied by deposition alternating at least along what is now its
western border with intervals of erosion. This interrupted but on
the whole continuous deposition seems to have been marine during
the early and middle Tertiary; but during the later Tertiary and
Pleistocene, when presumably the valley had been at least roughly
outlined by the growth of the Coast Ranges, fresh-water and terrestrial
conditions became more and more predominant, until the relations
of land and sea, of rivers and lakes, of coast line and interior, of
mountain and valley, as they exist now, were gradually evolved. As
these conditions developed, the ancestors of the present rivers
probably brought to the salt and fresh water bodies that occupied
the present site of the valley and its borders, or, in the latest phases
of the development, to the land surface itself, the clays, sands,
gravels, and alluvium that subsequently consolidated into the shales,
sandstones, and conglomerates of the late Tertiary and Pleistocene
series, just as the present rivers are supplying the alluvium that is
even now accumulating over the valley floor.

The very latest of these accumulations are the sand and silt and
gravel beds penetrated by the driller in his explorations for water
throughout the valley. They are like the early folded sandstones,
shales, and conglomerates exposed along the flanks of the valley,
except that they are generally finer, and are not yet consolidated or
disturbed. The greater part, perhaps all of them, accumulated as
stream wash on the valley surface or in interior lakes like the present
Tulare Lake, but a proportion of the older sediment that is greater as
we delve farther back into the geologic past accumulated in the sea
or in salt bays having free connection with the sea. It is these very
latest geologic deposits, saturated below the ground-water level by
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the fresh water supplied chiefly by the Sierran. streams, that con-
stitute the reservoirs drawn upon by the wells, whether flowing or
pumped, throughout the valley.

The chemical composition of the ground waters, as well as their
occurrence and accessibility, is related to the geology. Where the
valley alluvium is derived from the Cretaceous and Tertiary beds of
the coast ranges, rich in gypsum and other readily soluble minerals,
the ground waters contain large quantities of the salts. Where, on
the other hand, the alluvium is derived from the granites and meta-
morphic rocks of the Sierra, whose potassium, sodium, and calcium
compounds are in the form of difficultly soluble silicates, the ground
waters under ordinary conditions contain very little of these salts.

Obviously if the sands and gravels through which the ground
waters percolate were deposited under such conditions that salts
were deposited with them, as in the salt water of the sea or of bays’
like San Francisco Bay, or in interior lakes that are saline through
evaporation, as is true of Tulare Lake, then the ground waters them-
selves will quickly become saline, although when they leave the
mountains as surface waters, before their absorption by the alluvial
fans, they may be as pure natural waters as are known in the world.

ORIGIN OF THE PRESENT SURFACE OF THE VALLEY.

The lowland through the heart of California known as the Great
Valley, whose origin as a depression appears, in accordance with the
facts just outlined, to date well back into Tertiary time, owes its
actual surface to more recent action and to more obvious agents.
That surface is, in brief, a combination of the surfaces of a great
number of alluvial fans, originating at the mouths of the canyons
through which the tributary streams discharge from the mountains
into the valley.

Each stream that enters the valley brings with it from the moun-
tains a greater or a smaller quantity of sand, gravel, or bowlders.
All or a part of this burden is deposited in the valley, and the deposit
constitutes the alluvial fan of that particular stream. The apex of
each fan is the mouth of the stream canyon. From this apex it
broadens and flattens until it coalesces at its periphery with other
fans. The stream that built it usually spreads delta-wise over it,
discharging through a number of diverging channels into the trough
of the valley. As a rule these spreading distributaries flow upon the
surface of the fan, but some of the major streams from the San
Joaquin northward are incised into the valley floor in trenches
100 feet or less in depth. This must be due to special conditions,
such as recent change in volume of stream flow or in elevation of
the land relative to the sea—conditions not yet understood.
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The fans of different portions of the valley indicate by their mass
and form the conditions of volume and distribution of rainfall under
which they originated. The west-side fans, particularly those in
- the middle of the valley and near its southern end, are steep and
symmetrical, forms characteristic of areas of low rainfall very
irregularly distributed. 'The east-side fans are of much greater mass
and lower slope because the rivers that built them have a greater
flow of somewhat less irregular character. The Kern River fan has
grown westward against the McKittrick hills until it has isolated the
Buena Vista basin south of it. Before dams had been built, inter-
fering with the natural conditions here, a.shallow lake occupied the
present site of Buena Vista reservoir and the old bed of Kern Lake,
and during seasons of unusual rainfall there was overflow northward
toward Tulare Lake. The basin occupied by Tulare Lake is likewise
due to the aridity of the valley and the consequent development of
Kings River and Los Gatos Creek fans. South of the low, broad
ridge due to the coalescing of these two fans is the Tulare basin, in
which a part of the surplus water of the streams south of it accumu- -
lates. As a consequence of the flatness of this basin and the very
erratic character of the supply that reaches it, the lake fluctuates
widely in area during a series of years.

Northward from Tulare Lake basin the discharge of the streams is
sufficiently great and sufficiently constant to prevent the formation
of delta-dams like those formed by Kings River and Los Gatos Creek
fans, and an open channel is maintained from the San Joaquin north-
ward to Suisun Bay.

Along the lower course of the San Joaquin, conditions resemble
those in Sacramento Valley—that is, they are the conditions usual
along rivers draining humid rather than arid regions. Large areas
are subject to regular annual inundation during the spring floods or
are protected from this inundation only by artificial levees. The
greater part of the water that inundates this area is supplied by the
Sacramento system, but the greatest overflow occurs when the floods
appear in the two systems at the same time.

The essential fact as to the present valley surface is that it is a
direct result of stream action. It has everywhere been built up by
deposition from the streams or from the fluctuating lakes that are
themselves dependent upon the streams; and it is formed of materials
brought by the streams from the mountainous portions of their
drainage basins where they are eroding instead of depositing.
Throughout the south end of the valley its surface is a combination
of alluvial fan surfaces; at the north end of the valley these fans,
less strikingly and typically developed because of the greater pre-
cipitation there, still predominate along the valley borders, while the
center of the valley is a flood plain of the usual type.



29 GROUND WATER IN SAN JOAQUIN VALLEY.
SOILS.

As the valley surface has been molded by stream action into its
. present form, so the soils of the valley represent deposition by the
rivers of materials washed out of the mountains from which they
drain. This soil is modified in various ways after the streams have
deposited it—Dby disintegration of the rock particles where the
streams have left them, by the mingling of the products of vegetal
decay where vegetation is abundant, or by chemical processes in
place, such as the formation of hardpans or the accumulation of
alkalies; but the soil foundation, so to speak, reflects pretty closely
the type of rock outcropping in the drainage basin of the stream on
whose delta the particular soils are found.

For example, the soils of the deltas of Kern and Kings rivers are in
large part of granitic derivation, because granitic rocks form the
greater part of the mountain drainage basin of each of these rivers.
Their coarseness and the distribution of the coarse and fine phases
are to a certain extent matters of accident, due to the location of
present or past channels of the streams across their deltas; but in
steep alluvial fans the coarser and more bowldery soils occur nearer
the mountains. In the fans of those east-side streams from the
Merced northward, whose lower courses at least are cut through late
Tertiary formations containing a large percentage of lavas and derived
products, other types of soil result.

The west-side streams, draining mountains practically free from
granites and similar rocks but with soft serpentines, shales, and sand-
stones, deposit fragments of those rocks in their alluvial fans, and the
result is a soil type entirely different from that of the east side and
south end of the valley. These shale, clay, serpentine, and sand-
stone fragments disintegrate much more quickly than the granitic
sands that contain large proportions of such resistant minerals as
quartz and feldspar, and the result is the mellow, loamy soil with its
fragments of siliceous shale that makes much of the west slope of the
valley and is so productive whenever water can be applied to it.

Soil of another general class occurs at a few localities along the east
side of the valley. This soil is not of alluvial fan origin, brought into
the valley by the streams from the surrounding mountains, but is
due to decay in place of the rocks underlying the particular area
where it occurs. Soils of this class are found northeast of Fresno
beyond Clovis, and in some of the coves like Clark Valley north of
Reedley, and perhaps in other foothill valleys in the Portersville-
Lindsay district. Some of the rolling wheat lands found in a zone
along the eastern border of Stanislaus and Merced counties may alse
be regarded as derived from the decay of rock in place rather than
from inwashed alluvial fan material, but as the rock is itself a late
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Tertiary sediment differing but little from the alluvial fan material
of the same area, the classification of the soils as residual rather than
colluvial has no practical significance.

Another type of soil is neither more nor less than fine beach sand.
This type is best developed in a zone surrounding Tulare Lake, and
it represents the shore lines of that water body when it contained
much more water than at present. In places this sand has been
reworked by the wind—blown into inconspicuous dunes, as in the
“Sand Ridge’’ near the Kings-Kern county line.

Finally, there are the soils of the ““tule lands’’ and the “islands,”
the areas subject to overflow particularly along the lower course of
the San Joaquin and its tributaries, but present, although less exten-
sively developed, in other areas. These lands are black loams or
adobes or impure peats, and when reclaimed are particularly adapted
to certain classes of crops.

The Bureau of Soils of the Department of Agriculture has made
detailed surveys of certain areas in San Joaquin Valley as the begin-
ning of a general soil mapping of the entire valley. The sheets
at present available cover areas about Stockton, Modesto, Turlock,
Madera, Fresno, Hanford, Portersville, and Bakersfield. In the text
of the reports and in the maps that accompany them, the soils are
classified in great detail on a physical basis, and by a proper study of
this classification the geologic origin of most of the soils may be
traced.

Another task undertaken by the Bureau of Soils, of even greater
immediate value, is the mapping of the alkalies! This work is de-
signed to afford suggestions as to the management and reclamation
of alkali soils and prevention of the rise of the alkalies. When it
has been completed for the entire valley it will be of great service in
preventing sales of worthless lands to purchasers who buy in good
faith with the idea of establishing homes. Many sales of this kind
have been made in the valley, and any work that will tend to reduce
their number is to be welcomed.

SURFACE WATERS.

The streams of San Joaquin Valley and their characteristics have
been referred to incidentally in the preceding pages. These char-
acteristics depend upon the physical geography of south-central Cali-
fornia and the control which it exerts over climate. All of the peren-
nial and important streams flow from the Sierra.

Precipitation within the Sierra district depends upon altitude,
latitude, and longitude. TUp to a certain limit precipitation increases

I Mackie, W, W., Reclamation of white-ash land affected with alkali at Fresno, California: U. 8. Dept.
Agr. Bur. Soils Bull. 42, 1907,
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with increase of altitude; beyond that limit, which at the crossing of
the Central Pacific is at Cisco, 6,000 feet above sea and 1,000 feet
below the summit, precipitation decreases. Rainfall decreases also
southward along the summit of the Sierra as well as in the valleys;
and in those parts of the range, principally its southern portion, where
altitude does not increase regularly from the western toward the
eastern margin, so that the effect of longitude is not obscured by that
of altitude, vegetation indicates less rainfall as the desert border of
the range is approached.

Under these conditions, therefore, it is evident that the greatest
discharge per unit of area will come from those streams with the
greater proportion of their drainage basins farthest north, in the high
part of the Sierra but west of the summit.

The following table has been compiled from tables of discharge in
United States Geological Survey Water-Supply Papers 298 and 299
and unpublished records for July, August, and September, 1912, and
shows the yearly discharge in second-feet, per square mile for certain
rivers draining the western slope of the Sierra. Values are for the
year ending September 30.

TABLE 1.— Yearly discharge in second-feet per square mile of certain California rivers.

1905-6 | 1906--7 | 1907-8 | 1908-9 |1909-10 | 1910-11 | 1911-12
Kern River near Bakersfield 108 foeveaei]onrnnnnn 1L.02{ 0.435] 0.590 0.247
Tule River at Portersville. . 1.731 0.805| 0.423 1.50 .631 .258
Kaweah River near Three Rlvers 2.88| 1.58 .670 2.13 925 | 1.45 .548
Kings River near Sanger......... .| 3805 218 .819 2.23 | L41 2. 24 . 764
San Joaquin River near Friant..... [ PO .960 2451 L71 3.00 .878
Merced River near Merced Falls. . | 2581 2.70 .656 1.89| L35 2.69 .651
Tuolumne River at Lagrange....... 3.24| 3.45 .987 2.45| L9t 3.15 . 967
Stanislaus River at nghts Ferry 3.51 | 4.13 . 876 2,811 201 3.43 .863
Calaveras Riverat Jenny Lind............. .l ... feecceii]oeninaan a1, 80 .667 | 2.34 .219
Mokelumne River near Clements. . . 2.90 | 3.61 1.03 2.48 | 1.95 3.30 .843
Cosumnes River at Michigan Bar.............|.......}...._... .396 L70) 122 | 231 . 356
American River at Fairoaks........ .| 3.45| 4.15 1.05 3.82( 2.56 3.98 911
Bear River at Van Trent........... | 295} 3.84 .988 278 135 2.70 .460
Yuba River near Smartsville...._... .| 4.11f 5.10 1.80 4.41| 3.03 4.00 1.28
Feather River at Oroville.............._...... 2.55| 3.56 1.32 2811 L71 2.66 . 791

@ 11 months, October missing.

An examination of the above table shows that there is a general
tendency toward increase in the discharge per square mile northward
from the Kern to the Feather. Except Kern, Merced, Calaveras,
Cosumnes, Bear, and Feather rivers the streams occupy comparable
positions on the western slope of the Sierra and drain the areas of
maximum precipitation for their respective latitudes. The rather
regular increase northward may therefore be assigned with confidence
to the effect of latitude on precipitation. The drainage basins of
both the Feather and the Kern extend into the very eastern part of
the Sierra beyond the zone of maximum precipitation, and the
inferiority of run-off from their basins as compared with that of
neighboring streams may be assigned, in part at least, to the effect of
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longitude—that is, their basins extend so far east as to be measurably -
affected by desert conditions. Altitude may also be a factor since
the Feather and the Kern drain portions of the range which are not
so high as some of the intermediate areas. The deficiencies of
Merced, Calaveras, Cosumnes, and Bear rivers may be in part
ascribed to altitude and in part to longitude as the major portion of
their areas does not extend to the summit. of the range. The dis-
charge of the principal east-side streams and the areas drained by
each are summarized in the following table, compiled from the records
of the State Engineering Department of California and from those of
the United States Geological Survey.

The number of years of observations from which the average dis-
charge was determined is also given. As the length of these records
varies from four to twenty-two years it is obvious that they differ in
value; but on the whole they supply a concrete indication of the
average amount of water discharged into the San Joaquin Valley
annually by its chief streams.

TABLE 2.— Mean annual run-off of streams from east side of San Joaguin Valley.

Lenlgth Drain-| Mean |Sec0nd-
o

. feet per
Stream. Years of record. age annual pe
: record. | area. | run-off. |SIitve
Square
Kern and Tulare Lake basins: Years. | miles. | Acrefeet.
Kern River near Bakersfield. .. .| 18701882, 1893-1906,1908-1912. 22| 2,345 695,000 0.409
Tule River near Portersville....| 1901-1912. ... ... cooemvai .. 11 266 137,000 711
KaRv;reah River near Three | 1903-1912.....cccvuvnennenannnn 9 520 506,000 1.34
ivers.
Kings River near Sanger........ 1895-1912. .. ceiimaeaeaeaaeas 17| 1,740 | 1,940,000 1.54
San Joaquin River proper:
SanJoaquin River near Friant. .| 1878-1882,1896-1901,1907-1913. 15| 1,640 | 1,944,000 1.64
Chowchilla Creek near Buch- | 1878-1884....ccoceeennnannnn 6 268 111,000 .571
anan.
Mariposa Creek at foothills..... 1878-1884 6 122 33,100 .375
Bear Creek at foothills.......... 1878-1884 6 166 47, 200 .393
Merced River near Merced Falls.| 1878-1882,1901-1912. - 15| 1,000 | 1,200,000 1.52
Tuolumne River near Lagrange.| 1878-1832,1805-1913........... 22| 1,548 | 2,050,000 1,18

Stanislaus River at Knights | 1878-1882,1895-1900,1903-1913. 19| 1,035 | 1,390,000 1.86

Ferry.

Calaveras Riverat Jenny Lind. .| 1908-1912. .. . cceoeereenaannn 4 395 351,000 | 1.23
Mokelumne River near Clements| 1878-1881,1901,1903-1913...... 14 631 988, 000 2,16
Dll'lyﬂ]or Jackson Creek at foot- | 1878-1884. . c.ccvecucmacaaaneas 6 283 172,000 841

s.
Co]saumnes River at Michigan | 1907-1918.....c.cccauveencnnen 6 536 400,000 103

ar.
7 PPN AR ISR IR 12,585 | 11,964,300 |........

NotE.—Compiled from Water-Sttpgly Paper 299. The records for 1878 to 1884 were collected by the
State Engineering Degl?rtment of California; many of them, however, were estimates based on run-off
of a%acent streams. These estimated records have been omitted from the above compilation when
for other years were available.

The high-water period of the Sierra streams comes during the late
spring and early summer months, when the snow accumulated in the
winter is melting most rapidly from the mountains; the low-water
flow comes during the late summer and fall months after the snows
are gone and before the winter rains have begun. These characteris-
tics are illustrated in the following table of monthly discharge of



26 GROUND WATER IN SAN JOAQUIN VALLEY.

“ Kings River for 1906, as determined by the United States Geological
Survey:!

TasLe 3.— Monthly discharge of Kings River near Sanger, 1906.

Discharge in second-feet.
Total in
Month. acre-feet.
Maximum. | Minimum.} Mean.

Jan 25,500 205 2,360 144,000
February.....coooooeiiaiaao.. 2,150 792 1,150 63,900
March 21,000 1,220 5,240 322,000
April 7,760 2,960 4,720 281,000
MY e e e 16,800 3,930 10, 700 658,000
JUDG . -t 26, 600 8,320 17,100 1,020, 000
July..... 22, 400 8,180 6,300 1,000, 000
August. .. 7, 1,870 4, 264, 000
- September 2,020 682 1,120 66, 600
October. ... .. 682 385 516 31,700
November.....c.c.eooveeeen ... een .. 610 330 397 23,600
DOCEMDOT. cnevee it 2,230 330 700 43,000

Each of the major streams discharges from the mountains upon the
eastern edge of the valley in & single channel, but after reaching the
valley it usually divides into a number of branches, thus spreading
over its delta. This characteristic is most marked in the streams that
flow into the southern end of the valley, for many of the northern
tributaries are incised in the valley floor and are thus confined
between definite banks. This distribution is much more pronounced
during the high-water period of early summer than at other seasons
of the year. A main channel of sufficient capacity to carry the low-
water flow proves inadequate during the flood period, and there is
then overflow into the numerous subsidiary channels.

The natural habit of all of the main streams has of course been
extensively modified by irrigation. Canal systems now take from
the channels practically all of the low-water flow and an important
percentage of the maximum early summer flow. These systems have
been described by Grunsky.?

The west-side streams are practically negligible as factors in the
San Joaquin Valley water supply. Only a few of them are perennial,
and the late summer flow of these is so slight that a few acres at most
can be irrigated by their use. A trifling amount of irrigation of this
type is accomplished by utilizing the waters from Los Gatos Creek,
Cantua Creek, and others.

1U. 8. Geol. Survey Water-Supply Paper 213, p. 159, 1907.
2 Grunsky, C. E., U. 8. Geol. Survey Water-Supply Papers 17,18, and 19. These papers are no longer
available for distribution, but they may be consulted in libraries.



OCCURRENCE AND UTILIZATION OF GROUND WATER. -

By W. C. MENDENHALL,
ORIGIN OF THE GROUND WATER.

The ground water of San Joaquin Valley has precisely the same
origin as its surface water—namely, the rainfall and snowfall in the
drainage basins tributary to the valley. It is in reality simply that
portion of the surface water that sinks into the sands and gravels of
the valley floor and makes the rest of its journey seaward by slow
percolation through the pores between the sand grains.

One of three things happens to the water that reaches the earth’s
surface as precipitation: (1) It returns directly to the air by evapora-
. tion from plant, soil, or water surfaces; or (2) it flows to the sea in
surface streams; or (3) it sinks into the ground and joins the body of
water that saturates the soil particles below the ground-water level.
It is with the latter part of the precipitation on the nearly 32,000
square miles of area included in San Joaquin Valley and the
mountain watershed tributary to it that we have to deal.

In the outline of the geologic history of the valley it has been
pointed out that its entire surface is made up of the surfaces of con-
tiguous alluvial fans, and that the valley is underlain to a depth that
can not be determined accurately, but that doubtless runs into thou-
sands of feet, by porous, unconsolidated, alluvial-fan material,
mingled, in some areas, with lake deposits. This material has been
transported from the mountains to the valley by the agency of run-
ning water. Many times its own volume of water has passed through
and over it in the course of its removal from the mountains to the
valley. It was deposited by and in water and has been more or less
continuously saturated ever since.

A large but quite undeterminable portion of the run-off from the
mountains each year sinks and joins the ground water. Of the
3,300,000 acre-feet discharged annually into the valley south of the
Kings River-San Joaquin divide, only the small portion that spills
northward from Kings River itself reaches the sea over the surface,
because there has been no -outflow from Tulare Lake for forty years.
The greater part evaporates or sinks to join the underground supply.
Northward from Kings River the surface waters are greater in
volume than south of it and serve effectually to keep the sands and
gravels beneath them saturated.

27
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UNDERGROUND CIRCULATION.

Ground waters near the surface usually move slowly in the direc-
tion of the surface slope and at rates that vary with the gradient
of the slope and the coarseness of the material through which they
- percolate. The freedom of the outlet by which they escape is also
important. They may be ponded by a restricted outlet just as
surface waters may. Measurements of rates of ground-water move-
ments in San Joaquin Valley are not available, but facts stated
in the following paragraph indicate pretty plainly the conditions
~ that probably prevail:

1. The alluvial fans that make up the valley floor are generally of
low slope and fine material. The fans of the Cafiada de las Uvas and
of San Emigdio Creek, at the south end of the valley, and of Pala
Prieta and Los Gatos creeks on the west side are exceptions; but the
streams that have produced them contribute so small a proportion
of the ground waters that they may be disregarded. 2. The general
slope of the lowest line of the valley, from the south to the north, is
not only not continuous, in that it is interrupted by ridges like that
north of the Tulare basin, but it averages only about 1 foot to the mile,
a very low gradient for a semiarid region. 3. The wells drilled
throughout the valley prove that the sediments underlying it are all
fine. 4. The surface outlet of the San Joaquin and Sacramento
drainage is by way of Suisun Bay and the straits of Carquinez to San
Francisco Bay; but the straits are restricted, and it is not probable
that bedrock lies far beneath the surface in their vicinity. In short,
there is no adequate outlet for the ground waters of the Great Valley,
which is canoe-shaped, with only a notch in the rim at the straits
through which the surface waters spill. All these conditions
favor slow movement of the ground waters about the borders
and at the ends of the valley, with their practical stagnation along
the lower San Joaquin because there is no adequate outlet for them
there. To be sure, capillarity and evaporation afford some slight
escape for the ground waters as they approach the surface in their
slow movement along the valley axis. The great alkali areas of
the west slope and of the valley trough indicate escape of ground
waters, because it is by this escape that the alkalies are concentrated
at the surface; but the outlet provided in this way is of slight
consequence when compared with the total body of ground waters.

The belief that there is little movement in the subsurface waters
of the lower San Joaquin is strengthened by a consideration of their
chemical characteristics. Some of the ground waters of the upper
deltas of the east side are among the purest waters of this type known,
while those from the shallow flowing wells of the bottom of Tulare
Lake and from the deeper wells of the north end of the valley are so
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heavily charged with mineral matter as not to be potable or suitable
for irrigation purposes. Ground waters dissolve the soluble minerals
from the rock fragments—the clay, sand, or gravel particles with
which they are in contact. The amount thus dissolved depends upon
the chemical combinations in which the minerals exist, some being
much more soluble than others, and upon the length of time during
which the waters are in contact with them. In general, the alkalies
in the sands and gravels of the east side are in the most resistant form,
the silicates of the granitic débris from the Sierra; the alkalies of the.
sands and gravels of the west side are in less resistant form, the sul-
phates and carbonates of the Cretaceous and Tertiary shales and
sandstones; hence the ground waters of the high parts of the east
slopes of the valley, which move with comparative rapidity, are
much purer than the waters from similar situations on the west side.
Furthermore, the-volume of water poured out upon the east-side
fans is many times greater than that discharged upon the west side,
so that the alkalies dissolved are greatly diluted. But down in the
trough of the valley, especially near its north end, the ground waters
contain a much larger percentage of salts, even than those of the west
side. If there were rapid circulation of ground waters here, this con-
dition should not exist, for the dissolved salts should be gradually
carried out. The fact that the waters are highly mineralized is
regarded then as additional evidence of sluggish circulation, or per-
haps practical stagnation.

QUANTITY OF GROUND WATER.

Little need be said of the quantity of ground water in the
valley, for two reasons: The first is that although it is clear that the
quantity is enormous, it is not possible to estimate it with any exact-
ness; the second is that the actual quantity is not of so much impor- -
tance in itg use as its accessibility and the rapidity with which it is
restored when withdrawn.

The area of the valley is about 11,500 square miles. The depth of
the sands and gravels which are saturated with the ground waters is
probably not less than a mile at the maximum, and may be much
more. The average depth is equally unknown, but wells 1,000 or
2,000 feet deep, or even more, that are scattered throughout the val-
ley, do not reach the bottom of the unconsolidated sands and gravels;
so it may safely be assumed to be one-quarter of a mile and more.
At this depth, nearly 3,000 cubic miles of sands, gravels, and clays
are saturated with ground water, and if the porosity is 20 per cent
the conclusion is reached that 600 cubic miles of water underlies the
valley—certainly both a sufficiently conservative and a sufficiently
startling estimate. But this includes waters of all qualities, some not
usable, and some lying at great depths and not accessible.
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ACCESSIBILITY AND AVAILABILITY OF GROUND WATER.

One of the most important elements in the cost of ground water,
of course, is its accessibility, by which is generally meant the depth
at which it stands beneath the surface; but the depth of boring
necessary to develop it and, if pumped, the amount that it is drawn
down when the pumps are in operation are also important elements.

The cheapest waters in general are those that flow out at the sur-
face, even though deep wells may be necessary to develop them and
the initial cost may therefore be great. But these waters may not
always be most available, because they are to be had only in the lower
parts of the valley, where, because of climatic conditions and alka-
linity of soil, many of the lands are less valuable than those farther
up the slopes. Generally speaking, about the borders of the valley
the ground waters lie at the shallowest depths in the deltas and at
the greatest depths in the interareas. The flood channels and the
irrigation ditches are the lines along which recharge of the ground
waters is effected; hence in their vicinity the ground-water level lies
near the surface and the pumping lift is at a minimum.

Beneath the higher parts of the west-side slopes, unfortunately,
where water is most needed, it i1s not accessible. The conditions
here illustrate well the dependence of the ground water upon local
surface supply. Surface run-off is most limited in this area and the
ground water lies at too great depth for profitable utilization.

DEVELOPMENT OF GROUND WATER.

The development of ground water in the valley is as yet in its
infancy. It does not compare in intensity with that in southern
California, where, with an irrigated district of perhaps a quarter of
- a million acres, there are nearly 3,000 flowing wells, costing about
$675,000 and yielding nearly 200 cubic feet of water per second, and
at least 1,500 pumping plants in which $2,500,000 or more is
invested, by which an average of nearly 300 cubic feet per second of
water is produced. Other minor wells increase the investment, but
add little to the product. The total estimated investment in the
development of ground water, exclusive of the distribution systems,
is about $5,000,000 in this restricted district and the water produced
is approximately 500 cubic feet per second. For comparison with
this development south of the Tehachapi, the following estimates
have been prepared from the records obtained by the United States
Geological Survey in 1905-1907 to indicate the relatively meager
development in San Joaquin Valley at that time.
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TasLe 4.—Ground-water development in San Joaguin Valley in 1906.

Num- Num-{ Esti-

County bel;gf Esg& Esgzi ber of matgd Estt‘i;1 E%tlmtgd Potal oot
ounty. | arte- | ma ma ump- | cos ma otal cost.

sian | cost. yield. pi P well and | capacity. (one-sixth yield

wells. . plants. plant. capacity).

Sec.t. Sec.-ft Sec.-ft.

Kemn......... 112 | $161, 400 73.46 104 | $138,632 255. 84 42.64 $300,032 § 116.1
Tulare........ 124 | 189,968 23.31 191 | 244,008 162.72 ¢ 54.24 434,066 77.55
PO 771 112,959 19.3 3 1,530 1.34 .24 114,489 19.54
Fresno. ...... 4 40, 7.5 28 [ceeennnnnn 30 5L 12,50
adera....... 31 13,237 7.81 17 44,931 40.8 6.8 58,168 14.61
ced....... 133 48,013 7.9 43 46, 700 40.93 6.82 04,713 14.77
Stanislaus. . .. 3, 831 1 [ DO 8.35 1.39 |oeceenannnn 2.39
San Joaquin. |- ceeee]erieeaveesernennans 202 | 123,836 250 4167 |oueeeinnann 41.67

522 | 569,407 140.33 597 | 599,727 759. 98 158.80 | 1,001,468 | 299.13

@ One-third capacity.

The data on which these estimates were based were neither so
complete nor so satisfactory as those used in southern California,
and therefore the conclusions must be regarded as suggestive rather
than as accurate in detail. As an example of one of the weak points
in the estimates, attention may be called to the column in which the
output of the pumping plants is recorded. Generally these plants
are used in the irrigation of alfalfa or of garden products. Some
of them are independent sources of water; others are auxiliary to
gravity waters and are used only when the latter are not available;
some are in the southern part of the valley, where the rainfall is
less than 5 inches; others are in the northern part of the valley, where
the rainfall is more than twice as heavy, and where on this account
less water need be applied artificially. Of course the pumps are not
in constant operation anywhere, but the percentage of the year that
they are run varies with local conditions. No exact estimate of
this percentage can be made, but it has been assumed in the estimates
that the pumps are operated the equivalent of two months continu-
ously, hence, that their output for the year is one-sixth of what it
would be were they in constant operation. This estimate is more
likely to be too high than too low. In one county, Tulare, which
includes the Portersville, Exeter, and Lindsay citrus districts, a
larger factor is used. Most of the pumps in this county are used
for citrus irrigation, and it is assumed here that their output is one-
third of what it would be were they in continuous operation. This
estimate should not be excessive.

Accepting the estimates, then, as they are, we find that in San
Joaquin Valley there were in 1905-6 between 500 and 600 flowing
wells and a somewhat greater number of pumping plants, representing
an investment between $1,000,000 and $1,500,000 and yielding in
the neighborhood of 300 cubic feet per second. The number of wells
then was about one-fourth that of southern California, the investment
one-third, and the product about one-half, although the total irrigable
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area of San Joaquin Valley is nearly 10 times that of the southern
field and the ground waters available are probably in similar ratio.
This comparison, even though the figures upon which it is based are
not complete, gives a graphic idea of the development that may yet
be accomplished in central California by the full use of the ground-
water resources.

A later review of ground-water development and conditions has
been prepared by S. T. Harding and Ralph D. Robertson.! Their
conclusions, based largely on the data herein presented but supple-
mented by some later statistical information, may be quoted:

It is estimated in this report [Water-Supply Paper 222] that the ultimate amount
of ground water developed may be 10 times that then developed in southern
California, or 5,000 cubic feet per second. At that time [1905-6] about 300 cubic feet
per second was being developed in the San Joaquin Valley. This has been more than
doubled since. If 5,000 cubic feet per second is obtained for six months of the year,
it will equal a total of 1,810,000 acre-feet, or approximately 15 per cent of the total
mean annual discharge of the streams at the edge of the valley. Considering the gen-
erally open structure of the subsoils, the seepage of this amount or more can be con-
sidered as reasonable. Increase in gravity irrigation should increase the quantity
reaching ground supplies. Ground water in sufficient quantity for irrigation can be
obtained in all parts of the valley proper, except in the west-side areas. In the lower
valley floor artesian flow can be secured, although this is not extensively used for
irrigation. While the quantities available decrease and the lifts required increase
from the valley trough to the east-side foothills, the value of the products which can
be grown increases, so that the highest development may be found in the regions of
smallest ground-water supply. As pumping for irrigation requires both an initial cost
and an operation expense that are plainly evident to irrigators, the pumped water is
generally used more economically than that from gravity canals. Asa large portion of
the water at present pumped is used to supplement the water received from canals,
it is not reasonable to expect the area irrigated from ground water will be entirely
additional to that irrigated from canals. While any estimate of the total possibilities
of the ground supplies must be liable to much uncertainty, the area eventually
irrigated wholly by this means will certainly be several times that at present
supplied and may reach a total of 600,000 acres. While use of ground water
will be rather general throughout the lower valley floor and east-side plains, the
largest use will be where gravity supplies are the least accessible, as in San Joaquin
County, or where supplemental pump supplies are the most profitable, as in the
Fresno district.

VALUE OF THE WATERS FOR IRRIGATION.

Although the ground waters of the valley have been known and
used in minor ways practically ever since its settlement, it is never-
theless true that the movement for their extensive utilization as
sources of irrigation supply is a late phase of development, for many
of the earlier attempts to make use of them resulted in failure.

Among the causes that have contributed to past failures may be
mentioned: Application of the developed waters to poor lands;

1 Harding, 8. T., and Robertson, R. D., Irrigation resources of central Califarnia: California Conserva-
tion Comm. Rept, for 1912, pp. 172-240.
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wasteful methods of application; dependence on the continuance of
artesian flow; lack of adjustment to the greater cost of pumped
waters as compared with that of the gravity waters upon which
reliance has heretofore been placed; lack of intensive farming meth-
ods and of proper adaptation of crops to soil and locality; too large
farm units; and, in a few cases, inadequate transportation facilities.

The most potent of all these causes has been the prevalence of the
easy-going methods of the pioneer—the careless, wasteful habits that
are a direct inheritance from the grazing and grain-raising period
which has not yet passed from the valley. Land and such waters as
are utilized have cost little heretofore in San Joaquin Valley, and
things that cost little are lightly valued, no matter what their intrinsic
worth. This spirit is fostered by the immense holdings of some of
the larger companies. Few of these companies practice intensive
cultivation, though their lands are among the best in the valley.
Usually hay and grain are raised to feed through the dry season the
stock that is in pasture during the grazing period. But although
not as .a rule intensely cultivated and by no means producing the
maximum of food products or supporting the largest possible popu-
lation, most of the large holdings are more carefully and successfully
managed than the quarter section of the small farmer.

Despite all obstacles and discouragements, however, the use of
ground waters is gradually extending. Special high-priced products
like the citrus fruits of the Portersville-Lindsay district justify heavy
expenditures for production, and ground water has long been success-
fully used in this section. The success of pumping water to great
heights to irrigate the specially early citrus fruits of this region is fully
demonstrated, the acreage devoted to these products is constantly
extending, and the yield is increasing rapidly as groves planted
recently approach maturity.

Irrigation by means of pumped ground water is also proving suc-
cessful under the entirely different conditions that exist about
Lathrop, Lodi, and Stockton, in San Joaquin County. Several hun-
dred small pumping plants are in operation in this county, the greater
number of which have been installed within a few years. By their
use alfalfa, vineyards, and varied crops of fruits and vegetables are
successfully grown. Windmills also are extensively used, often with
auxiliary gas engines attached to the same well. The area in which
this type of irrigation is practiced is closely settled, houses are neat,
prosperous looking, and well cared for, the villages and cities which
supply the country trade and market the products are flourishing,
and altogether there is every evidence of successful endeavor and
abundant prosperity.

Still other communities whose existence depends upon the utiliza-
tion of ground waters are the recently established colonies in Kings,

98205°—wsp 398—16——3
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Tulare, and Kern counties, of which the Corcoran settlement is a
type. This particular locality is within the artesian basin, and a
group of deep wells yield flowing waters which are utilized for all pur-
poses. As a result, successful dairy farms have been established,
sugar beets are raised, and a factory has been built for the manufac-
ture of sugar from them.

It is thus evident that there is a gradual awakening to the value of
the ground waters and their usability, although in many localities the
advocate of the use of these waters is still met by the statement that
they can not be developed and applied at a profit under agricultural
conditions as they now exist. It is true that the pumped watersare
more expensive than the ditch waters, whose cost as a rule is very
low. The average cost of current for pumping the water used by the
Kern County Land Co. near Bakersfield, with an average lift of 30
feet, is $1.29 per second-foot for 24 hours on the basis of a charge of
15 cents per horsepower per hour for electric current, whereas the
charge for surface water in the same locality is 75 cents per second-
foot for 24 hours—that is, the current for pumping the ground water
costs more than the surface water. When it is remembered, however,
that almost universally in San Joaquin Valley water is used in great
excess, to the immediate and ultimate injury not only of the lands to
which it is applied but of adjacent lands; that on many of the delta
lands there is as yet but little intensive cultivation, and that therefore
the margin of profit is low; that there is an important proportion of
large holdings and absentee ownership dependent upon inefficient hired
labor; and above all that, in the midst of the communities in which
it is asserted that pumped waters can not be profitably used in agri-
culture individuals may generally be found who are using them with
striking success; when all of these things are taken into consideration,
it may be asserted with confidence that the greatest increase in the
agricultural development in this valley in the future will be brought
about by a utilization of the ground-water supplies, whose develop-
ment has only begun and whose value is as yet but faintly realized.

It will probably be true in the future, as it has been in the past, that
side by side with successful attempts at the utilization of ground
waters will be unsuccessful attempts, and that the general move-
ment for full realization upon this asset will be checked here and
there by conspicuous failures widely advertised. This is a condi-
tion that always arises in any general advance. Each failure
should teach its individual lesson as to a particular way not to under-
take development or to apply water, and should not be interpreted
as an argument against the usefulness of the resource under proper
conditions, for the fundamental facts remain that ground waters
exist beneath the floor of San Joaquin Valley in immense volume and
that over wide areas they are of high quality and very accessible.
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They are certain, therefore, to be widely used in the future, and by
their use hundreds of thousands of acres now arid and unproductive
will be brought to yield handsomely.

The development of the ground waters under the condlblons that
exist at present, when the chief argument against them is their cost
as compared with that of the surface waters which have set the stand-
ard, should follow two or three lines.

In the first place, pumping plants in the higher parts of the delta
lands should be used as adjuncts to insufficient gravity supplies. The
supply of the gravity waters during the flood months of May, June,
and July is from 2 or 3 to 15 or 20 times that available during the
months of August, September, and October, when many crops are
maturing. As a consequence many owners of late rights to gravity
waters secure a portion of the flow during the early high-water
period, but are left without it during the low-water period, when
there is only sufficient to satisfy the earliest rights. Such owners
often have enough gravity water for one or two early irrigations, but
not more. Under present conditions, therefore, the maturing of late
crops is a precarious matter with them, and they are confined prac-
tically to those products which will yield returns when irrigated only
in the spring or early summer. This s a serious handicap, as it greatly
limits the range of their agricultural activity and often condemns
their land to idleness during half of the year. By the installation of
pumping plants, to be operated only when gravity waters are not,
available, this handicap is removed, and yet the cost of irrigation is
much less than where no surface waters are available and pumps
must be operated continuously.

In the second place, in districts that have a market for garden
products or for those special farm products whose value and yield
justify some expense in their production, as sweet potatoes, celery,
asparagus, or onions, the small land owner can well afford to install
an individual pumping plant independent of surface supplies. The
same method will be successful with crops that require only one or
two irrigations a year, as, for example, some of the fancy varieties
of grapes that are now raised so profitably in the northern part of
the valley.

Another line to be followed in development is the utilization of
flowing artesian waters. Along the axis of the valley is a zone with
an area of about 4,300 square miles within which flowing waters are
available. Over perhaps two-thirds of this area the flowing waters
are sufficiently pure to be suitable for use in irrigation.

None of these lines along which it is suggested that ground waters
may be used are experiments. Each has been followed successfully
in some of the communities in the valley, although in other sections
quite as favorably situated the investigator will be told that pumped
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or flowing waters can not be used profitably. Communities, like
individuals, fall into ruts, acquire bad habits, and lose the power of
initiative. In this condition they may overlook or fail to utilize
some of their most valuable assets.

In the course of this investigation nearly 4,000 wells in the valley
have been examined and data collected as to depth, yield, cost, ete.
Among them are many flowing wells. For most of the wells the data
are incomplete, but from the records available the following averages
have been determined:

TaBLE 5.—Awerage size, depth, yield, cost, etc., of flowing wells.

A Yield i berua% Iélhtggset
Number | Average interes
County. aver- (diameter ]()fztt)h (miner’s Aggg?ge on cost | . PeT,
aged. | (inches). * |inches).e g at8per | i oh per
cent. yea?.

10 10 621 53.3 81,545 | $123.60 $2.30

71~ 9 1,037 30 2, 204. 40 6.81

32 8 7 26 1,711 |  136.88 5.26

7 8 936 20 1,540 123.20 6.16

16 7 350 53 470 37.60 6.84

a A California miner’s inch equals 0.02 second-foot.

These averages are based upon the actual experience of owners of
wells already drilled and flowing. They therefore have a definite
value as a basis for estimating costs of artesian waters to be obtained
as a result of future developments. They may be compared with
the charge made on the Kern delta for gravity water, namely, 75
cents per second-foot for 24 hours, equivalent to $5.47 per miner’s
inch per annum.

In comment upon the table it is to be said that the Kern County
average is too low, because it happens that among the wells for
which sufficiently complete data exist for computing these averages
there were one or two of exceptionally great yield that have unduly
raised the average yield and reduced the cost, thereby giving a figure
lower than that which will probably be realized in future develop-
ment.

It must be remembered further that the figures are based on the
assumption that the entire year’s flow will be utilized. This assump-
tion can be realized only by the construction of reservoirs in which
the water will be stored during the nonirrigating season for use
when wanted. Such construction will add to the cost and will
reduce the supply in three ways: (1) By a reduction of flow because
of the increased height of delivery necessary to discharge into a res-
ervoir; (2) through loss by evaporation from the surface of the
reservoir; (3) through loss by seepage from the reservoir.

The uncertainty as to the amount that will be delivered by any
artesian well is another disturbing factor in making exact calcula-
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tions. The area within which flowing waters are procurable has been
outlined with approximate accuracy, but the yield of any well can
be determined only after the well has been sunk and the necessary
capital invested in it. Some of the wells used in computations have
delivered much more than the average supply and so have yielded
exceptionally cheap waters; others have delivered less than the
average, and their waters are correspondingly expensive.

Another condition that must be realized is this: When the number
of wells drawing from the artesian supply is greatly increased in any
particular neighborhood, the wells interfere and the yield of each is
lessened. When the maximum acreage is dependent on artesian
flow under these conditions, the installation of pumping machinery
may become necessary in order to insure the continuance of an ade-
quate water supply.

As against these disadvantages, which have been rather fully out-
lined, as is essential in any frank and therefore useful discussion, are to
be placed regularity and relative constancy of the supply and its avail-
ability at all times, as compared with the fluctuations of surface waters
unavailable except during the flood season to any but the owners of
the oldest rights. An added advantage where the landowner owns
his well is his complete control over his water supply. He may
irrigate when and how he will, and thus most economically, and is not
dependent upon the adjustment of supply among a number of users
from a common source.



QUALITY OF THE WATERS.
By R. B. DoiE.
IMPORTANCE OF QUALITY.

The wide range in the mineral content and consequently in the use-
fulness of the ground waters of San Joaquin Valley makes it neces-
sary to know their composition before undertaking water projects
involving any considerable expenditure. Most of the surface run-off
may be used indefinitely in irrigation without deleterious effect, and
ground water nearly as good can be obtained in many parts of the
region, while certain aquifers yield supplies abundant in quantity
but so highly mineralized that they are poisonous to vegetation. In
the estimation of the railroad locator the amount of dissolved solids
throughout the entire area is such as to make the quality of the water
supplies equal in importance to quantity. Softening plants are
necessary on the west side, and railroads are obliged to haul water to
several stations, where the available supplies are unfit for steaming.
In further extension of railroads through some townships the diffi-
culty of procuring supplies that can be rendered suitable for locomo-
tives will doubtless make quality of water the determining factor in
the location of tanks, stations, and roundhouses. The wineries,
breweries, ice factories, and la,undrles also must have water of proper
quality, and the establishment of paper mills, strawboard mills,
starch factories, sugar works, and other water-consuming mills of
industries closely related to modern farming will make the quality
of this important raw material a still more pressing problem. At
present the needs of irrigation turn attention to all possible sources,
because the demands of intensive farming have so far exceeded the
available surface supply that underground waters are largely utilized
and are depended on exclusively in some districts. This rapidly
increasing draft on the ground reservoirs will ultimately bring about
complete utilization of all supplies that can be safely applied under
careful supervision and improved methods of irrigation.

Study of the chemical characteristics of water in this region is par-
ticularly interesting because of the great variety of conditions that
affect the mineral content. The east side of the valley, filled with
alluvium derived from hard, difficultly soluble rocks and furnished
with water from the granitics of the Sierra, yields supplies entirely
distinet in composition from those of the alluvium of the west side,
which has been washed down from the gypsiferous sedimentaries of
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the Coast Range. The amount of rainfall decreases southward from
that of the semihumid country around Suisun Bay to that of the
arid region in lower Kern County, the average annual precipitation
at Lodi being about 18 inches, at Fresno 9 inches, and at Bakersfield
only 5 inches. Both ground and surface waters are affected in
composition not only by this progressive decrease of precipitation
from north to south but also by the equally apparent difference in the
amount of water received by the two sides of the valley. As the total
precipitation on the west slopes of the Sierra is much greater than
that on the east side of the Coast Range the streams of the east side
of the valley exceed those of the west side in size and number, and- a
proportionate difference in quantity of ground water is reflected in
its coniposition. A relation between topography and quality is
traceable in the low ridges of the deltas, which favor the deposition
of salts by confining strong solutions in small basins, thus establish-
ing tracts where wells yield highly mineralized water. Changes in
mineral content due to irrigation are shown by dilution of normal
water in some sections and accumulation of alkali in others. The
influence of these conditions of climate, geology, and economic devel-
opment on the composition of the mineral matter makes study of the
water instructive and plehsurable, while the agricultural and indus-
trial interests that are involved render the results of great immediate
value SOURCES OF DATA.

Most of the conclusions regarding the quality of the ground waters
are based on the results of 400 partial assays made by the writer dur-
ing the fall of 1910. Information regarding the effect of the waters
in irrigation, steaming, and other uses was obtained by visiting about
500 wells. The general plan of the field study was to travel back and
forth across the axis of the valley and to test as many samples as pos-
sible from wells of different depths near what was clearly recognized
as the critical area—that along the axial line. Though this scheme
was generally successful wells sufficiently varied in depth could not
be found in some localities, and the onset of the rainy season finally
prevented the completion of studies in Kern County. Fifty samples
of water were analyzed by Mr. F. M. Eaton, of San Francisco,in order
to supply more complete information regarding certain sources and
to afford a check on the field assays. In addition a few waters were
analyzed by Mr. Walton Van Winkle. The locations of the waters
that have been tested are shown in Plate II (in pocket).

The quality of the surface waters was so thoroughly investigated
by Van Winkle and Eaton® that it was not necessary to make any
further tests, and statementg herein about the mineral content of the
surface waters are based entirely on their work.

1Van Winkle, Walton, and Eaton, F. M., The quality of the surface waters of California: U. 8. Geol.
Survey Water-Supply Paper 237, 1910.
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Valuable knowledge regarding the composition of the ground
waters is afforded by miscellaneous analyses performed at the agri-
cultural experiment station of the University of California; as these
analyses are in such form that it is not practicable to incorporate them
in the general part of this report they are appended in a separate table.
Special acknowledgment is due to Mr. Howard Stillman, engineer of
tests, Southern Pacific Co., and to Mr. W. A. Powers, chief chemist
of the Santa Fe Railway Co., for placing at the disposal of the Survey
analyses of the water supphes along the rights of way of these 1ail-
roads.

CONDITIONS OF COLLECTION OF SAMPLES.

Though the mineral content of water from shallow wells in humid
regions is materially lessened by the dilution following heavy rainfall,
an opposite effect is produced by similar rainfall in areas of low pre-
cipitation because the water in a humid region percolates downward
through layers that have been deprived of their easily soluble matter
by long-continued leaching, whereas the sinking water on arid land
dissolves the alkali in the upper soil and carries more or less of it into
the wells, which ordinarily draw their supplies from below the belt of
concentrated alkali. As the dry soils in arid regions are either highly
absorbent or impervious occasional light rains do not affect shallow
wells, but long-continued transmission of such nearly pure water, such
as occurs near canals and in dry ‘'watercourses, removes the soluble
salts from the ground so that shallow wells in the immediate vicinity
yield better water than those farther away. Deep wells are certainly
affected by long-continued periods of drought or rainfall, but how
soon, to what extent, and in what manner are problems for which
there is only theoretical solution. Consequently, as the concentra-
tion of shallow-well waters in San Joaquin Valley might be changed
by heavy rainfall the conditions of precipitation during the year in
which the samples were taken may be noted.

TABLE 6.—Inches of precipitation in San Joaguin Valley during 1910.1

N

Station. County. Jan. | Feb.[Mar. |Apr. [May.| June.| July. | Aug. | Sept.| Oct.|Nov,| Dec.| Year.
Lodi........ San Joaquin...| 2.35! 1.76| 2.53| 0.15 0.02{ Tr. 9.07
Farmington. do 3 2.26| 3.70| .17, .05 0.00 11.62

racg ....... 1.20..... .00 .00 .00 .OO0)......|......| .10} .05 .42f......
Oakdale.. .83] 3.28] .34 .06 .00 8.97

enair...... .55/ 3.00[ .72} .01 .00 6.14
Newman.... .28 2.60, .18 .00 .00 6.39
Le Grand.. .48 1.88] .83 .00 .00 7.63
Los Banos... .30{ 2.03] .00|..... .00 6.81

torey...... .50) 1.40] .49) .00} .00) .00 .00f .75 .80|.....] .26|......
Fresno...... .21 1.28) .27 Tr. | Tr. 4.88
Selma....... .14 1.09f .35 .00} .00 6.43
Hanford..... .00 1.66).....1..... .00 .00{ .00f......| J3L.....d.....e.....
Portersville .22| 1.96] .34 .00f .00 7.10
Angiola ..... .00| 1.45[..... .00] .00 .00 .00 .88 .57 .30] .60j......
Waseo_..... .00 .68 .16 .00{ .0Q 4.62
Bakersﬁe]d .22 1.20{ .00; .00] .00 5.31

1 Compiled from the Monthly Weather Review, U. 8. Dept. Agr., Weather Bureau, 1910.
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The total precipitation in the valley for the year was considerably
less than the average during the preceding 10 years, the northern
stations showing greater deficiency than the southern ones. Accord-
ing to Table 6, in which the regords of 16 selected stations are arranged
in geographical order from north to south, one-half to three-fourths
of the rain fell during the first four months of the year. There was
practically no rain at all between April and the middle of September,
and all the streams throughout the valley were markedly low during
that period. Unusually early and heavy rainfall took place Septem-
ber 14, 15, and 16, but as the ground had been so long without rain
the effect of the influx on the quality of the ground water was prob-
ably inappreciable. Some slight showers occurred during October,
but they were barely sufficient to dampen the surface of the ground
and are negligible. More rain fell during November, but the field
work had been carried by that time below Fresno into the semiarid
region where the precipitation was proportionately light. The stream
discharges were little affected by the November rains. The rainfall
during December was far below normal, though the showers through-
out Kern County were heavy enough to make the ground muddy.
Field work was discontinued December 6, but a few samples, espe-
cially from deep wells in Fresno County, were collected the middle of
December. Evidently, therefore, the samples were collected during
or after the dry season before the ground could be affected by winter
rains, and in a year of exceptionally low precipitation; consequently
the mineral content of the waters may be considered to be normal.
The greatest deviations from what may be looked upon as normal were
found in waters from shallow wells near stream beds or flooded irriga~
tion ditches, but such conditions could easily be recogmzed and they
have been noted in the detailed descriptions.

METHODS OF EXAMINATION.
FIELD ASSAY.

As the limited time and funds for the work prohibited complete
analysis of all the samples and as such analyses of only a few waters
could not be typical of waters over large areas, it was decided to
test a great many waters as nearly correct in the field as such work
can be done and to amplify and corroborate these data by a few
laboratory analyses. The methods of assay described by Leighton ?
were employed in the field work, determinations being made of total
hardness, and the carbonate, bicarbonate, sulphate, and chloride
radicles. Color also was estimated in a few waters.

1 Leighton, M. O., Field assay of water: U. S, Geol. Survey Water-Supply Paper 151, 1905.
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CARBONATE AND BICARBONATE.

For the carbonate test 10 drops of a 1 per cent solution of phenol-
phthalein was added to 100 cubic centimeter$ of the water in a glazed
white porcelain mortar, and the solution was then titrated with
tablets of sodium acid sulphate, each of which was equivalent to
about 1 milligram of carbonate (CO,). Few waters contained normal
carbonate; consequently a qualitative test with the indicator was
sufficient to show their absence. Quarters of tablets, made by slic-
ing with a knife, were used for more accurate estimation. Some
tablets were then dissolved in a fresh portion of water to which 2
drops of a one-tenth per cent solution of methyl orange had been
added, and the mixture was titrated with the water to an alkaline
reaction. The amount of bicarbonate was computed by the formula

o 1000nA
w

in which W =amount of water in cubic centimeters, A =the value of
1 tablet in milligrams of HCO,, n=the number of tablets, z=parts
per million of HCO,, and B =parts per million of CO, as determined
by the previous test.

-2B

CHLORINE.

f

A measured amount of the water, to which 5 drops of a 5 per cent
solution of potassium chromate had been added, was titrated in the
mortar with tablets containing silver nitrate, which were crushed and
triturated by a pestle. The content of chlorine in parts per million
can be calculated from the number and the standard of the tablets
and the amount of water. Two strengths of tablets were used, one
having an equivalent of about 1 milligram and the other about 10
milligrams of chlorine. Chlorines less than 300 parts were estimated
in 50 cubic centimeters of water with the weaker tablets cut in quar-
ters. Titration of greater amounts was commenced with the
stronger tablets, and waters containing more than 2,000 parts per
million of chlorine were diluted with distilled water before titration.

SULPHATE.

For estimation of sulphate 100 cubic centimeters of the water
was slightly acidulated with hydrochloric acid (1—1), about 1 gram
of moderately coarse crystals of barium chloride was added, and the
cold mixture was vigorously shaken until the crystals were completely
dissolved. This treatment precipitates. barium sulphate in a finely
divided state, and imparts to the liquid a turbidity the degree of
which- is proportional to the amount of sulphate and can be de-
termined in the turbidimeter. This instrument consists essentially
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of a glass tube inclosed in an open-bottomed brass tube suspended
by a large-headed tripod over a standard candle, whose flame is
kept automatically 3 inches from the bottom of the glass tube.
The latter is graduated in millimeters from bottom to top in one
scale and in cubic centimeters in another, so that'it serves both as
a depth measure for turbidity readings and as a graduate for general
use. The liquid containing the precipitate of barium sulphate, after
being thoroughly agitated, was poured into the graduated tube until
the image of the flame disappeared. The depth in millimeters of the
liquid in the tube was then read across the bottom of the meniscus,
and the corresponding amount of the sulphate radicle (SO,) was
found by reference to the rating table of the turbidimeter. The
readings were made in a darkened place and usually after dark. It
was customary to average the results obtained on three or more
precipitations. Direct readings were made for amounts between
30 and 400 parts per million, and less than 30 parts were estimated
as trace, 5, 10, or 20 parts by the turbid appearance of the mixture.
Appropriate dilutions were made for amounts exceeding 400 parts.

TOTAL HARDNESS.

Total hardness is determined in the field tests by adding to a
measured amount of the water tablets containing a known amount of
sodium oleate until the liquid after vigorous shaking forms a foam
that does not break in five minutes while the bottle rests in a horizontal
position. This substitution of tablets for the soap solution commonly
employed in the laboratory is entirely satisfactory from the standpoint
of accuracy, and it also obviates carrying a bulky bottle of soap, but
so many tests had to be made and the time consumed in grinding
the oleate tablets is so considerable that it was more economical to
use a short burette and an alcoholic solution of Castile soap each
cubic centimeter of which was equivalent to about 1 milligram of
CaCO,. Fifty cubic centimeters of water was titrated, allowance
being made in computing the hardness for the soap consumed by
50 cubic centimeters of distilled water. So much dependence is
placed on the estimate of total hardness in interpreting the results of
the field assays that dilutions with distilled water were frequently
made in order that interference by the insoluble soaps of the alkaline
earths might be avoided.

PROBABLE ACCURACY.

Thirty-two waters that were analyzed by Mr. F. M. Eaton were
also assayed in the field, and the results of analyses and assays are
compared in Table 7. The bicarbonate and carbonate in both sets
have been recomputed to CO, because changes in the condition of
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the carbonates during the time between assay and analysis make
comparison difficult unless this is done. The computation does not.
affect the accuracy of the results in any way.

TaBLE 7.—Comparison of field and laboratory results of the examination of 32 waters
Jfrom San Joaguin Valley. -

[Parts per million.]
Carbonate radicle | Sulphate radicle : Total hardness as
(COy). (SO4). Chlorine (C1). €aC0s.
No.
Labora- : Labora- Labora- Labora-
Field. | VR0 | Field. | R Pleld. | “EOYE | Pield. | THITE

24 25 5 0 10 5.4 41 48
34 35 Tr. 2.9 5 6.0 51 47
37 39 Tr. 0 10 8.0 59 51
36 40 10 8.2 15 14 40 42
40 44 Tr. 0 30 25 63 76
60 66 Tr. 0 10 5.9 84 80
50 38 Tr. 0 25 22 87 40
67 73 Tr. 0 15 15 151 144
60 65 Tr. 0 20 15 111 113
50 57 5 7.0 35 35 51 56
75 78 Tr. 3.7 15 10 122 114
63 65 Tr. 4.1 25 22 3 19
73 81 5 1.6 20 19 94
44 44 20 66 50 48 96 122
99 103 Tr. 6.6 5 6.0 24 38
64 65 Tr. 0 55 51 68 67
80 92 Tr. -0 35 44 59
87 83 55 45 55 250 160
46 45 Tr. 0 110 112 28 28

147 159 Tr 0 20 11 26

115 101 10 0 65 64 68 71

185 198 5 4.9 280 279 28 31
87 95 395 541 115 128 80 91
75 70 52 45 470 433 505 450
72 76 800 713 85 86 810 754
82 96 764 600 165 153 953 698
88 94 828 11 125 122 854 1,027
77 68 471 441 445 481 162 120

828 962 Tr. 0 490 492 535 655

101 108 1,640 718 210 196 1,220 1,240

860 841 0 1,380 | 1,418
38 42 5 0 4,110 | 4,310 1,838 2,773

a Computed from values for calcium and magnesium.

In Eaton’s tests 100 cubic centimeters of water was evaporated to
dryness, and the residue was dried at 180° C. for estimation of dis-
solved solids. Iron was estimated colorimetrically and calcium and
magnesium gravimetrically in that residue. Carbonate, bicarbonate,
and chloride were determined by titration in ordinary manner, and
sulphate by precipitating and weighing as barium sulphate the sdl-
phate in 100 cubic centimeters of the sample. The content of the
alkalies, expressed as parts per million of sodium, was computed from-
these estimates by means of the following formula. The symbols
represent the amounts in parts per million of the radicles, and their
respective coefficients are obtained by dividing their valences by
their molecular weights.

Na=23(0.0333C0, +0.0164HCO, +0.020850, + 0.0282Cl
—0.0499Ca — 0.0821Mg).
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The two sets of carbonate determinations in Table 7 show numerical

differences ranging from 0 to 134; only one set, however, has a relative

difference exceeding 14 per cent and the average difference of the
other 31 sets is 7 per cent. This is not unreasonable in view of the
better light and other facilities in the laboratory, and it should be
remembered also that all the figures are results of single determina-
tions with unusually small quantities of water. The usual error in
the determinations of low chlorines by field assay is 5 parts or less
because most of the estimates were performed with 50 cubic centi-
meters of water. The average difference of the 11 sets of figures ex-
ceeding 100 parts per million is less than 6 per cent. Evidently field
estimates of chlorine should be expressed not more exactly than to
the nearest 5 parts per million and not more than three significant
figures should be given.

As total hardness was not determined in the laboratory, a com-
parative figure has been calculated from the amounts of calcium and
magnesium by means of the following formula, in which H, Ca, and
Mg Trepresent respectively total hardness as 03003, calcium, and mag-
nesium in parts per million:

H=2.5Ca+4.1 Mg.

Though this formula expresses the theoretical relation between
the amounts of calcium and magnesium and the hardness found by
titration with soap and conventionally expressed as CaCO, actual
determinations do not agree exactly, because the soap titration is
subject to obscure errors and because the form of computation mag-
nifies errors in the estimates of the bases. Yet review of the columns
showing total hardness indicates that the results obtained by titra-
tion convey an approximate idea of the amount of the alkaline-earth
bases, though the proportionate differences of single determinations
are fairly high. Possibly more nearly accurate estimates could have
been made by using a weaker soap solution and greater dilutions.

The estimates of appreciable amounts of sulphate are too few to
permit computation of a probable error, but it is apparent that the
procedure gives estimates near enough to the correct values for use
in approximate classification. The field estimate of sulphate in set
No. 14 is obviously incorrect, and other computations indicate that
the laboratory report of sulphate in set No. 30 is one-half what it
should be. :

1 8ee also Dole, R. B., The field assay of water: Eng. News, vol. 64, p. 145, 1910; Rapid examination of
water in geologic surveys of water resources: Econ. Geology, vol. 6, June, 1911.
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INTERPRETATION OF RESULTS.

For the purpose of ascertaining how much dependence may be
placed on field assays—that is, how interpretations of them compare
with those of examinations more carefully made and also how far
such interpretations agree with practical experience in using the
waters in question—certain values have been computed from the
data of the 32 analyses and assays of the same waters in Table 7, and
notes have been made of the known uses of the waters. The values
in the columns headed ‘“Field,” in Table 8, are calculated from the
assays and in those headed ‘Laboratory,” from Eaton’s more com-
plete analyses, except the figure for total solids in the laboratory
results, which was obtained directly by weighing the residue dried
at 180° C. The computations and classifications are made by means
of formulas and ratings explained on pages 50-82.
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Nearly all the numerical differences in the computed amounts
become insignificant when the values are interpreted according to the
ratings that are discussed on pages 50-82. For example, the differ-
ence between the alkali coefficients of the first two waters is very
great, but as any value exceeding 18 indicates a water good for
irrigation the discrepancy of the computed coefficients is negligible.
The coefficients agree more closely as the concentration of the mineral
matter increases so that the two sets of figures are nearly alike for
the poorer waters. The distinction in set No. 16, which is the only
pair in which a difference of interpretation occurs, is due only to
strict application of the rating according to which the coefficient, 18,
is the dividing line between ‘‘good” and ‘“fair” waters. The notes
under ‘“Remarks” show that the classification coincides with expe-
rience in applying the waters to crops. Five of those rated as good
for irrigation and four of those rated as fair have been used for
several years on various cultures without apparent trouble. No. 17,
rated as fair, is to be used for irrigating alfalfa. No. 25, a calcium
sulphate water high in mineral matter but rated as good for irriga-
tion, has been uséd on a variety of small cultures for one year without
apparent harm, while it is said that No. 30, which is in the same
neighborhood but is distinetly more highly mineralized, can be used
to irrigate nothing but alfalfa, probably an old growth. No. 22,
classed as poor, is on an abandoned farm, but it is reported to have
been unsuccessfully used for irrigating grain. None of the other
supplies rated as poor or bad is applied to crops. Many of the differ-
ences n the computed values of scale-forming and foaming con-
stituents become insignificant in classification, yet five sets show
distinction in class; the differences in sets Nos. 2, 12, and 21 are
caused by strict application of the rating tables to estimates that
are rather close to the lines of division, and they illustrate well the
difficulty that is always experienced in attempting to translate the
. figures of an analysis into descriptive adjectives. For example, the
small difference of 10 parts per million in the estimates of scale-
forming ingredients in set No. 2 changes the classification. No
importance can be attached to the difference between 3 and 30, the
estimated amounts of foaming constituents in the first water, becausé
both numbers are far below the point where the foaming tendency
must be considered; similarly, the numerically large discrepancy
in corresponding values for No. 23 has no practical significance as
either estimate indicates that the water would foam badly. An
incorrect determination of total hardness is responsible for the
difference in the computed values of the foaming constituents in
No. 27, and an unexplained but obvious difference in the estimates
of sulphate accounts for a like difference in Nc. 30, but neither pre-

98205°—wsp 308—16—4 ‘
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vents proper classification of the waters in respect to their value
for boiler use. The computed amounts of total solids agree well
with those determined by weighing, except in No. 14, where the
difference in classification is traceable to the difference in sulphate
already mentioned.

Altogether this comparison demonstrates one of the many practical
purposes for which rapid methods of water-testing are economical—
for selecting waters that are extremely good or extremely bad, thus
greatly reducing the number of samples that must be sent to the
laboratory for detailed and much more expensive analysis. Field
assays afford estimates of much practical value when they are inter-
preted by the broad standards proper for water ratings, though they
can never rival complete analyses in accuracy or in general availa-
bility. The comparative inexpensiveness of the assay opens a large
and legitimate field of activity, for by means of it agriculturists, geolo-
gists, chemists, and others engaged in water investigations can obtain
information regarding mineral constituents general in character but
essentially practical. The rapidity with which the assays can be
made makes it possible to perform the large number of examinations
necessary in studying the quality of water over any extensive area.

PROCEDURES OF THE SOUTHERN PACIFIC CO.

A large proportion of the miscellaneous analyses were performed in
the laboratory of the Southern Pacific Co. at Sacramento. By the
procedures of that laboratory the residue from 1,000 cubic centimeters
of the sample, after having been dried at 160° C. to a constant weight,
is separated into a soluble and an insoluble portion by treatment
with 150 cubic centimeters of hot distilled water. Silica, calcium,
and magnesium are estimated in each portion, and the alkalies in the
soluble portion are calculated by difference. Chloride, sulphate,
nitrate, and carbonate are estimated in separate portions of water
by common methods. The results of these tests, stated by the ana-
lyst in the form of compounds, have been computed to ionic form
in parts per million in order that they may be comparable with other
tests.

STANDARDS FOR CLASSIFICATION.

MINERAL CONSTITUENTS OF WATER.

Allnatural waters contain dissolved or suspended materials with
which they have come into contact. They take up such materials
in amounts determined principally by the chemical composition and
physical structure of the substances, by the temperature, pressure,
and duration of their contact, and by the condition of substances
that they have previously incorporated. For purposes of examination
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the substances that may be present in natural waters are classified
as suspended matter, such as particles of clay or leaves; dissolved
matter, either of mineral or organic origin; microscopic animals or
plants; and bacteria. The presence of very small animals and plants
likely to affect the quality of water is determined by microscopic
examination, and the chance of contracting disease by drinking the
water is ascertained by bacteriologic processes. The amount and
nature of the mineral ingredients are most commonly determined by
estimating the total suspended matter, total dissolved matter, total
hardness, total alkalinity, silica, iron, aluminum, calcium, magnesium,
sodium, potassium, carbonate, bicarbonate, sulphate, nitrate, chloride,
free carbonic acid, and free hydrogen sulphide, these being the ma-
terials most commonly present and most likely to affect the value
of the waters.

WATER FOR IRRIGATION.
SOURCE OF ALKALI.

. Many mineral substances are injurious to vegetation, but the only
ones that are usually abundant enough to demand attention are com-
pounds of sodium, or, as they are commonly termed, ‘“the alkalies.”
Though potassium in nominal quantity is a plant food, it is usually
not separated from sodium in commercial analyses of water, the two
bases being estimated together and reported as sodium; but as the
proportion of potassium in highly mineralized waters is commonly
low compared with that of sodium this disregard of potassium does
not lead to any considerable error in judging the value for irrigation.
During the natural decomposition or rotting of rocks and soils salts
of the alkalies, easily soluble in water, are formed. These com-
pounds are leached from the soil and washed away in regions where
plenty of rain falls, and consequently they do not become concen-
trated enough to damage crops; but wherever the rainfall is insuffi-
cient to effect this removal such materials continually increase, and
the proportion of them may become so great that plants are stunted
or killed and the ground becomes unproductive.

Accumulations of alkali can also be caused in another way. All
waters that penetrate the ground either naturally or as a result of
irrigation contain these salts in solution, and evaporation of the
water, leaving the salts, adds to the supply that has been formed by
decomposition of rock. Such concentration of soluble salts has been
taking place for a long time in the basin of Tulare Lake, the waters of
which have been removed many times by evaporation, leaving a
residue of salts to mix with those already in the ground. The effect
of waters applied during irrigation is all that is properly within the
scope of this section, but certain general features in connection with
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the occurrence of alkali should be considered, because the soluble
salts normally formmed in the soil and those introduced by the water
. are alike in their nature and their effect.

OCCURRENCE OF ALKALI. ~

The soluble salts are not evenly distributed over an area or through
2 given depth, but are ordinarily concentrated in patches near the
surface. Such patches may be found in slight depressions into which
mineralized water has seeped or drained and from which it has later
evaporated. The underground water drawn to the surface by
capillarity also brings alkali, which becomes concentrated in the upper
layers of the soil. Where the salts are largely sulphates or chlorides
the plots are covered with deposits of so-called ‘“white alkali”’—
that is, crystals of alkaline chlorides and sulphates, mostly common
salt and Glauber’s salt; but when much carbonate is present the plots
are blackened by solution of humus and are termed spots of ‘“black
alkali”” It can readily be understood from the manner in which the
salts are formed and from the possibility of their introduction by
seepage or irrigation that the alkali content of a soil can progressively
increase until it reaches a strength that will destroy plants previously
unaffected. Conversely, a soil that is normally too high in alkali
can be rendered productive by washing part of the soluble salts out
of it.

If the alkali content of a soil is excessive the growth of cultures is
retarded or entirely prevented. A still greater amount of salts kills
the most resistant plants, and the area becomes devoid of vegetation.
The chief cause of the poisonous action is commonly considered to be
abstraction of water from the plant roots by change of the osmotic
pressure, but bad effects are also probably more or less due to corro-
sion of the plant roots, germicidal action on the soil bacteria, and «
interference with the food supply through solution of humus.

PERMISSIBLE LIMITS OF ALKALI.

The cause and the manner of the harmful action are, however, not
so important at present as the amount of these toxic compounds that
can be tolerated by crops, for the limit of resistance in soils fixes in turn
the maximumi content of waters that can safely be used for irrigation,
and it indicates the precautions that must be taken in applying the
water. Yet it becomes evident from brief consideration of the prob-
lem that limits of tolerance must be very broadly interpreted and that
absolute classification of waters in respect to their irrigation value is
impracticable.

Many investigators have studied the effect on plant growth of min-
eral substances in water solutions, and the excellent work of Kearney



WATER FOR IRRIGATION. 53

and Cameron ! is typical of these. Experimenting with seedlings of
white lupine and alfalfa in different strengths of pure solutions, they
found that the readily soluble salts common in soils are toxic in the
following order: Magnesium sulphate, magnesium chloride, sodium
carbonate, sodium sulphate, sodium chloride, sodium bicarbonate,
and calcium chloride, the first being 200 times as harmful as the last.
But when similar tests were made in the presence of an excess of
calcium sulphate and calcium carbonate both the order of toxicity and
the maximum concentrations in which the seedlings would grow were
entirely changed. The order and the limits for lupine under these
conditions are sodium carbonate, 1,560 parts per million; sodium
bicarbonate, 4,170 parts; magnesium chloride, 9,600; sodium chlo-
ride, 11,600; calcium chloride about 16,000; sodium sulphate, 21,600;
and magnesium sulphate, 22,400. Magnesium sulphate, which is most
toxicin pure solution, is least harmful in the presence-of large amounts
of calcium carbonate and sulphate. The chlorides of magnesium,
sodium, and calcium follow each other in relative toxicity. The sul-
phate was found to be the least harmful of the sodium salts, sodium
chloride being twice and the carbonate fourteen times as poisonous.
These alterations are extremely significant, for none of the salts occurs
in large amount in soils except in the presence of large quantities of cal-
cium and more or less of all the other harmful salts. Therefore the
death point in a simple solution of one salt is not a safe measure of
tolerance, for the power of resistance under natural conditions
depends on complex reactions between, all the components of the soil
solution.

Other investigators have shown not only that different cultures
have different degrees of resistance but also that the order of toxicity
of the various salts is changed. Some species of rather weak tolerance
have also been bred to withstand high concentrations, and it is a mat-
ter of ordinary observation in regions of alkali that certain crops die
on land where others flourish. The vertical position of the soluble
salts also is important. Where, as under ordinary conditions, they
are concentrated near the surface they can do the greatest amount of
damage because they are in contact with the delicate roots. But they
may be washed downward out of the danger zone by proper applica-
tion of water. All these considerations make it evident that the
nature of the crops, the manner of cultivation and irrigation, the

1 Kearney, T. H., and Cameron, F. K., Some mutual relations between alkali soils and vegetation: U. 8.
Dept. Agr. Rept. 71, 1902,

Cameron, F. K., and Breazeale, J. F'., The toxicaction of acids and salts on seedlings: Jour. Phys. Chem-
istry, vol. 8, p. 1, 1904.

Jensen, (. H., Toxic limits and stimulation effects of some salts and poisons on wheat: Bot. Gazette,
vol. 43, p. 11, 1907,

Kahlenberg, L., and True, R. H., The toxic action of dissolved salts and their electrolytic dissociation,
Bot. Gazette, vol. 22, p. 81, 1896.

Heald, F. D., The toxic effect of dilute solutions of acids and salts upon plants: Bot. Gazette, vol. 22,
p- 125, 1896.
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other mineral components of the soil, and many other factors affect
tolerance to alkali; when the effects of reactions between the mineral
constituents of the soil and of the applied water are added to these
modifying features it must be admitted that all general conclusions
regarding the potential value of a water supply for irrigation are sub-
ject to much modification in particular cases.

Possibly the best basis for conclusions on the value of water for
irrigation is the work of Loughridge,' who has endeavored to deter-
mine the greatest amounts of alkali in the upper 4 feet of ground in
the presence of which cultures grow and come to maturity. In pursu-
ance of this plan observations were made of the condition of fruit
trees, shrubs, cereals, and other cultivated plants growing or dying
in soils, which were then partly analyzed. Loughridge’s results are
of great practical interest because they are linked with observations
on cultures growing under natural conditions on a large scale, and they
are here particularly valuable because they represent experiments
mostly in the territory covered by this report. Interpretation of the
figures is complicated, however, as Loughridge points out, by uncer-
tainty as to whether the observed poor growth was always due to
presence of alkali and not to other harmful conditions. As not one
alone but all the salts are present in natural soils and as they owe
their toxic action to the extent to which they are dissociated, the
impossiblity of determining the exact amounts of the different salts
in solution or the share of each acid and each basic radicle in the toxic
action is fully apparent. Notwithstanding these doubtful points
much can be learned from the studies regarding the relative tolerance
of cultures. .

The amount of alkali that could be tolerated was found to depend
largely on the distribution of the salts in the vertical soil column, the
injury usually being greatest in the upper foot, where the feeding roots
and the greatest amount of alkali occurred together. The range of
tolerance for different cultures is very great. Lemon trees, considered
very sensitive, were unaffected in the presence of 5,760 pounds of
alkali per acre 4-feet, while grapevines withstood nearly eight times
as much; or 45,760 pounds. Sorghum flourished in soil containing
81,360 pounds per acre 4-feet, but rye withstood only 12,480 pounds
of alkali. The fact that some plants are more readily affected when
they are young is well illustrated by alfalfa, which tolerates more than
eight times as much alkali when old as when young. Experiments in-
vineyards showed that different varieties are affected to different
degree by alkali and as a corollary that alkali changes the composition
of grapes.

1 Loughridge, R. H., Tolerance of alkali by various cultures: California Univ. Agr. Exper. Sta. Bull.
133, 1901. Quoted by Hilgard, E. W., Soils, p. 467, Macmillan Co., New York, 1906. See also California
Univ. Agr. Exper. Sta. Bulls. 128, 140, and 169.
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RELATIVE HARMFULNESS OF THE COMMON ALKALIES.

Though various cultures. are affected in different degree by sodium
in the three common forms of carbonate, chloride, and sulphate, there
is some general agreement. Sodium as the carbonate is commonly
the most harmful, as the chloride somewhat less so, and as the sul-
phate least harmful. Hilgard ! gives the maxima for cereals grown
on a certain sandy loam as about 0.1 per cent of sodium carbonate,
0.25 per cent of sodium chloride, and 0.48 per cent of sodium sulphate,
corresponding to a toxicity ratio expressed in terms of sodium of
1:1.6:3.6. The relative harmfulness of sodium in the sulphate,
chloride, and carbonate, respectively, can be expressed according to
Loughridge’s results for ten standard crops of San Joaquin Valley by
the ratio 1:5:6.6; that is, sodium as the carbonate is 6.6 times as
harmful, and sodium as the chloride 5 times as harmful as sodium
as the sulphate. A similar ratio for the 15 most sensitive crops is
1:5.3:6.4. If, therefore, sodium as the sulphate is given a toxicity
of 1 a reasonably approximate estimate of the relative toxicity of
sodium as the sulphate, chloride, and carbonate, respectively, would
be expressed by the ratio 1:5:6. Stabler has used in his formulas,
quoted later, the ratio 1:5:10 in order to allow for the undesirable
puddling of the soil by the carbonate.

RELATION BETWEEN APPLIED WATER AND SOILS.

When water used in irrigating evaporates from the surface of the
soil it leaves in the ground its content of salts. If all the applied
water were to escape by evaporation, constant use of any supply, no
matter how pure it might be, would eventually result in an accumu-
lation of alkali that would render the soil unproductive. If, on the
other hand, all of a water not too high in mineral content were to
seep downward into the deep-lying strata it would leach out the
soluble salts of a highly charged area, which would thus be made
productive. Such extreme conditions, however, are not natural.
Though evaporation greatly exceeds rainfall in arid regions, and the
accumulation of alkali is thus facilitated, part of the water seeping
away carries with it a load of salts in solution. Various amounts of
mineral matter are also taken up by crops and are removed during
harvesting; then, too, the sodium in the soil and in the applied water
can be prevented by proper methods of irrigation and drainage from
accumulating where it will damage the delicate feeding roots of cul-
tures. Consequently, waters of a relatively low mineral content may
be applied year after year without inflicting damage, but those
exceeding a certain limit of mineral content are useless for irrigation;
waters of an intermediate class, normally capable of increasing the

1 Hilgard, E. W., Soils, p. 464, Macmillan Co., New York, 1906.
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alkalies in the soil, may be harmless under judicious usage. This
outline of the general relations between the saline content of soils
and of waters used on them indicates other allowances that should
be made in estimating to what extent the mineral matter in applied
waters affects their value for irrigation.

NUMERICAL STANDARDS.

Twelve hundred parts per million of mineral matter is the limit of
concentration given by Hilgard * for irrigation water in all cases under
the ordinary practice in California. This limit is greatly modified by
the character of the dissolved salts, and the results of extensive irri-
gation elsewhere indicate that very much stronger waters can be
used on some soils if they are properly applied. Basing his compu-
tations on Loughridge’s determinations of tolerance,> Stabler * has
developed formulas for rating waters in respect to their value for
irrigation. His comparison is made by means of an ‘““alkali coeffi-
cient”’ (k), which is defined as the depth in inches of water which
would yield on. evaporation sufficient alkali to render a 4-foot depth
of soil injurious to the most sensitive crops. The sodium equiva-
lents of the three common salts of sodium, the sulphate, chloride,
and carbonate, are assigned relative toxicities of 1, 5, and 10, respec-
tively, and the maximum tolerance of sensitive cultures is taken as
1,500 pounds of sodium in the form of sulphate per acre 4-feet. The
correctness of the latter assumption by itself might be questioned in
view of the fact that Loughridge’s figures for cultures at the lower
end of his lists are particularly liable to upward revision after further
investigation. Yet this should not lead to appreciable error as the
chief value of the formulas rests in the ratio of toxicities and the
interpretation of the computed value of .

If Na—0.65 Clis zero or negative, & =2,8110 )
- " _ » ., = 6’620
If Na—0.65 Clis positive but not greater than 0.48 SO, k= g0

662 _
Na—0.33 C1—0.43 SO,

The alkali coefficient, %, is in inches as already explained; the sym-
bols SO,, Cl, and Na represent, respectively, the amounts in parts
per million in the water of sulphate, chlorine, and alkalies, the
latter being commonly grouped under the name of sodium. Con-
sideration of bicarbonate is precluded because estimates of it
apparently were not made in the work on which the formulas are
based. The three formulas represent the different relations between

10p. cit., p. 248.

2 Loughridge, R. H., Tolerance of alkali by various cultures: California Univ. Exper. Sta. Bull. 133,
1901.

8 Stabler, Herman, Some stream waters of the western United States, with chapters on sediment carried
by the Rio Grande and the industrial application of water analyses: U. S. Geol. Survey Water-Supply
Paper 274, p. 177, 1911.  See alse Eng. News, vol. 64, p. 57, 1910.

If Na—0.65 C1—0.48 SO, is positive, k=




WATER FOR IRRIGATION. 57

the alkali and the acid radicles. Under the first condition, with
enough, or more than enough, chlorine to satisfy sodium, it is assumed
that chlorides other than that of sodium are as harmful as that
compound. Cameron! found that magnesium chloride, sodium
chloride, and calcium chloride had relative toxicities of 1.2: 1.0: 0.6,
respectively, in the presence of an excess of calcium sulphate or of
calcium sulphate and calcium carbonate. Under the second condi-
tion, where the chloride and sulphate radicles together are sufficient
to satisfy sodium, and under the third, where both chlorine and
sulphate are insufficient to satisfy sodium, magnesium is assumed
to have no deleterious effect. This base loses the greater part ‘of its
toxic power when much calcium is present and therefore this assump-
tion seems justifiable as not only is calcium usually high in all soils
but also it commonly exceeds the proportion of magnesium in natural
waters. Though the formulas are based on the relative predominance
of the radicles, they should not be interpreted as signifying that the
acids and bases are combined but as presenting the maximum possi-
bilities of the deposition of harmful alkali salts in the soil layer.
Waters to which the first two formulas are applicable are likely to
leave white alkali on evaporation, and those in the third class probably
yield black alkali.

The approximate amount of alkali in a water can be computed
from the results of a field assay by the following formula:

Na=0.83 CO,+0.41 HCO, +0.71 C1+0.52 SO, —0.5 H.

The symbols represent the anmounts in parts per million of alkali
(sodium and potassium) and the carbonate, bicarbonate, chlorine,
sulphate, and total hardness found by assay. The equation expresses
the theoretical relation that the sum of the reacting values of the acid
radicles minus the reacting values of calcium and magnesium, which
‘together are one-fiftieth of total hardness, equals the reacting value
of the alkalies; the factor 25 instead of 23, the atomic weight of
sodium, is used for safety. Because of the approximate nature of
the figures of field assays values of £ computed from them should be
reported with not more than two significant figures and to the nearest
10 when they exceed 30.

The following ratings for interpreting values of the alkali coeffi-
cient are proposed by Stabler:

TaBLE 9,—Classification of water for {rrigation.

Value of k. Classification.

Good.
Fair,
-..| Poor,
Tessthan T.3- ... ... o 0llll000l Bad.

1Cameron, F. K., and Breazeale, J. F., The toxic action of acids and salts on seedlings: Jour. Phys.
Chemistry, vol. 8, p. 1, 1904.
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The value of %, showing the number of inches of water that would
yield on evaporation sufficient alkali to inhibit the growth of very -
sensitive plants, indicates the relative degree of care that is essential
in applying a water to irrigated tracts. As defined by Stabler,
“good” waters are those that can be used for many years without
special care to prevent alkali accumulation. Waters classed as “fair”
require special care to prevent gradual concentration of alkali except
in loose soils with free natural drainage. In using waters classed as
“poor” care in selection of soils has been imperative and artificial
drainage has frequently been necessary. The ‘‘bad” waters contain
so much harmful matter in solution that they are practically valueless
for irrigation. These ratings are based on general practice in the
arid and semiarid regions of the United States, and so far as they can
be checked by comparison with actual experience in the use of waters
in San Joaquin Valley they answer all practical purposes.

This rating, like any other that might be devised, should be liber-
ally interpreted. It is well to repeat emphatically that it signifies
only a comparison of the waters themselves on the basis of their
mineral content. It has no reference whatever to the possibility of
raising good crops on land to which the waters may be applied,
because it does not take into account the alkali content and the tex-
ture of the soil, drainage conditions, the method of irrigation, the
duty of the water, or the other factors on which agricultural success
depends.

REMEDIES FOR ALKALI TROUBLES.

WASHING DOWN THE ALKALI

The relation between applied water and soils makes it apparent
that the farmer can control the alkali content of his ground to great
extent by the manner in which he applies water and the care he takes
to prevent accumulation of soluble salts near the surface. When a
deep, readily pervious soil is covered with water to a proper depth
by flooding, which is widely practiced in San Joaquin Valley, the
water rapidly soaks into the soil, dissolving the alkali salts concen-
trated near the surface and carrying them downward beyond the
zone of influence on the delicate feeding rootlets. But if the ground
is not then protected against surface evaporation the water is drawn
upward and alkali again impregnates the top layers. This action
can be prevented in some measure by thorough cultivation as soon
as possible after irrigation, and the shade afforded by trees and good
stands of grass or grain also minimizes it. This shading effect partly
explains why well-established growths of some cultures can thrive in
soil containing an amount of alkali injurious to younger crops. A
good stand of alfalfa, for instance, inhibits surface evaporation and
consequent rise of alkali to the feeding roots, though the ground
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deeper down may contain enough alkali to kill the plants; whereas
newly started alfalfa can not prevent evaporation, and the alkali,
dissolved by the water and rising with it by capillarity, becomes
concentrated where it can do the greatest damage. A shallow soil
underlain by hardpan is not benefited by flooding alone, as the
leaching is stopped by the impervious layer.

It is a prevalent idea that alkali can be washed from a piece of
land by flooding it with large quantities of water and then allowing
the surplus to run off. The improvement is, however, not due so
much to removal of the comparatively small quantities of material
carried away in the off-flow as to depression of the alkali by the
downward percolation just described. The results of some experi-
ments by Headden! illustrate this well. Two waters, the compo-
sition of which is given in columns A and B of Table 10, were used
during two successive days to flood a tract of alkali land about 600
feet long. Four samples of the off-flow were taken, two at the
beginning of the off-flow and two just before the on-flow was stopped,
and the average of the analyses of these four samples is given in
column C. Though one of them, taken at the very commencement
of the off-flow, carried 1,238 parts per million of dissolved solids,
this high content lasted only a few minutes, and comparison of the
average with the results in columns A and B shows how little the total
mineral content of the water that remained above ground and finally
flowed off after crossing the entire area was increased by solution

of the alkali in the soil.

TaBLE 10.—Effect of flooding on alkali as shown by composition of water.

.

[Parts per million.]
Constituents. A B C D E
Total S0lIAS.. .. ..o iie il .| 328 706 760 (1,415 3,278
Organie and volatile matter...oeceeeeeaeaee oo, 27 37 44 92 145
Silica (8102) c oo oo iiiiiieaiez e 10 14 12 20
Oxides of iron and aluminum (Fe;03+A1303). ... .- 1.0 3.4 .8 1.6 W7
Caleium (Ca). .. oo . 43 90 - 93 139 314
Magnesium (Mg). ... 10 24 30 66 | 170
Manganese (Mn). .8 .2 1
Sodium (Na)..... 42 96 102 195 436
Potassium (K)......... 3.6 3.8 5.6 1.9 6.4
Carbonate radicle (COz)....o.oooveimeeaioo.. ... 64 106 112 120 149
Sulphate radicle (SO4).......cocooiiiiiiiio. ... 13 305 335 713 1,88
Cnlorine (Cl).................. SRR, 10 24 24 60 147

A. Water used in irrigating on Sept. 1.

B. Water used in irrigating on Sept. 2.

C. Average composition of off-flow Sept. 2.

D. Average composition of water from 4 shallow wells Aug. 31.
E. Average composition of water from 4 shallow wells Sept. 2.

Four shallow wells in the plot, protected against entrance of water
over the top, were sampled before (column D) and after irrigation

1 Headden, W. P., Colorado irrigation waters and their changes: Colorado Agr: Coll. Exper. Sta. Bull. ~
82, 1903, -
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(column E). The composition of the ground water portrayed by
these averages is typical in showing the downward passage of the
alkali salts in the soil. The average amount of mineral matter in
the off-flow is only slightly greater than that in the applied water
that was used in greater quantity, but the water in the wells increased
in dissolved solids from 1,415 parts to 3,278 parts per million, cal-
cium, magnesium, sodium, sulphate, and chloride having been more
than doubled. Headden estimates that the ground water gained
about 5,000 pounds of mineral matter per acre-foot of water by this
irrigation.

The effect of natural precipitation in washing down the soluble
salts can be illustrated by analyses of water from the same wells
after a long period of heavy rainfall. Just before the rain stopped
the water of one well contained 10,360 parts per million of total
solids, an amount several times the normal; only eight days later
solids had fallen to 6,450 parts; and to 2,030 parts after a month.
This decided increase of mineral content after rainfall and the sub-
sequent decrease coincident with the loss of water by evaporation
and drainage can be explained by change in position of the soluble
salts in the soil column.

Irrigation by shallow furrows from which the water soaks into the
ground is practiced extensively in orchards and truck gardens
throughout San Joaquin Valley. This causes downward transmis-
sion of alkali in pervious soils like flooding, with the added advantage
that the decreased evaporation lessens the tendency toward surface
concentration of alkali. Deep, narrow furrows would undoubtedly
still further reduce the proportion of water lost by evaporation and
would prevent the rise of alkali by affording deeper circulation of the

water supply. DRAINAGE

Such downward washing of soluble substances affords no perma-
nent relief, for the alkali, not being removed, may be drawn again
to the surface, or may rise as a result of wasteful irrigation, a trouble
common in water-logged soils. Downward washing can be safely
relied on only when the soils are pervious and have good natural .
drainage. Application of heavily mineralized water even under
such conditions year after year may increase the amount of the harm-
ful ingredients and render them more difficult to handle. The recog-
nized permanent remedy is installation of underdrains, through
which the dissolved substances may be removed. The installation
of drainage is costly, but it has become an essential part of irrigation
systems wherever the soils are very bad or the waters are high in
harmful ingredients, for it not only facilitates the removal of the
deleterious salts originally in the ground, but also affords means for
preventing accumulation of alkali when very strong waters are used.
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The experimental plots cultivated by the Department of Agri-
culture in Fresno County where the ‘‘rise of the alkali” has spoiled
otherwise good ground have been thoroughly reclaimed by under-
drainage.! Many of the waters of the valley now considered poor
for irrigation can probably be utilized on well-drained tracts, for
sodium chloride waters far more concentrated than some of the
poorer ones in the trough of San Joaqdin Valley are being success-
fully applied to Algerian lands ? that are thoroughly drained. The
best results with strong saline waters have been obtained by irriga-
ting copiously at frequent intervals. In conjunction with free
drainage such operation prevents concentration of alkali salts in the
soil, for any accumulation that may form ‘is quickly dissolved and
washed downward.

MISCELLANEOUS REMEDIES.

"Though it is possible to remove a large proportion of the alkali
crust by scraping the surface of the land that method is too expen-
sive to be generally adopted. Growing and completely cropping
plants that secrete relatively large quantities of alkali is tedious but
fairly successful. The injurious effect of carbonate alkali can be
greatly reduced by spreading the ground with gygsum, by action of
which carbonate of lime and alkali sulphates are formed. As car-
bonate alkalies are much more harmful than chlorides or sulphates
treatment of this character lessens the toxic action.

WATER FOR BOILER USE.
FORMATION OF SCALE.

The most common trouble in boilers is formation of scale, or
deposition of mineral matter within the boiler shell. When water
is heated under pressure and concentrated by evaporation, as in a
boiler, certain substances are thrown out of solution and solidify on
the flues and crown sheets or within the tubes. These deposits
increase fuel consumption because they are poor conductors of heat
and increase the cost of boiler repairs and attendance because they
have to be removed. If the amount of scale is great or if it is allowed
to accumulate the boiler capacity is decreased and disastrous explo-
sions are likely to occur.

The incrustation (scale) consists of the substances that are insoluble
in the feed water or become so within the boiler under conditions of
ordinary operation. It includes practically all the suspended matter,
or mud; the sili?a, probably precipitated as the oxide (Si0,); the
iron and aluminum, appearing in the scale as oxides or hydrated

1 Fortier, Samuel, and Cone, V. M., Drainage of irrigated lands in the San Joaquin Valley, California:
U. 8. Dept. Agr. Exper. Sta. Bull. 217, 1909.

2 Means, T. H., The use of alkaline waters for itrigation: U. S. Dept. Agr. Bur, Soils Cire. 10, 1903; also
U, 8. Geol. Survey Water-Supply Paper 93, p. 255, 1904, .
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oxides; the calcium, precipitated principally as carbonate and. sul-
phate; and the magnesium, found chiefly as oxide but also partly as
carbonate. Scale is therefore a mixture, which varies in amount,
density, hardness, and composition with the quality of water supply,
the steam pressure, the type of boiler, and other conditions of use.
Calcium and magnesium are the principal basic substances in the
scale, over 90 per cent of which usually is calcium, magnesium, car-
bonate, and sulphate. If much organic matter is present part of it
is precipitated with the mineral scale, as the organic matter is decom-
posed by heat or by reaction with other substances. If magnesium
and sulphate are comparatively low or if suspended matter is eom-
paratively high the scale is soft and bulky and may be in the form of
sludge that can be blown or washed from the boiler. On the other
hand, a clear water relatively high in magnesium and sulphate may
produce a hard, compact scale that is nearly as dense as porcelain,
clings to the tubes, and offers great resistance to the transmission of
heat. Therefore the value of a water for boiler use depends not only
on the quantity but also on the physical structure of the scale pro-

duced by it.
CORROSION.

Corrosion or “pitting” is caused chiefly by the solvent action of
acids on the iron of the boiler. Free acids capable of dissolving iron
occur in some natural waters, especially in the drainage from coal
mines, which usually contains free sulphuric acid, and also in some
factory wastes draining into streams. Many ground waters contain
free hydrogen sulphide, a gas that readily attacks boilers, and some
contain dissolved oxygen and free carbon dioxide, which are also
corrosive. Organic matter is probably a source of acids, for waters
high in organic matter and low in calcium and magnesium are cor- .
rosive, though the nature and action of the organic bodies are not
well understood. The chief corrosives are acids freed in the boiler by
the deposition of hydrates of iron, aluminum, and magnesium, the
last-named being the most important as it is the most abundant.
The acid radicles that were in equilibrium with these bases may pass
into equilibrium with other bases, displacing equivalent quantities
of carbonate and bicarbonate; or they may decompose carbonates
that have been precipitated as scale; or they may combine with the
iron of the boiler, thus causing corrosion; or they may do all three,
their action depending on the chemical composition of the water.
Even with the most complete analyses this action can be predicted
only as a probability. If the acid thus freed exceeds the amount
required to decompose the carbonate and bicarbonate radicles it
attacks the iron of the boiler and produces pits or tuberculations of
the interior surface, leaks, particularly around rivets, and general
deterioration.
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FOAMING.

Foaming is rising of the water in the boiler and particularly in the
steam space normally above the water, and it is intimately connected
with priming, which is the passage from the boiler of water mixed
with steam. Foaming results when anything prevents the free escape
of steam from the water. It is usually ascribed to an excess of dis-
solved matter that increases the surface tension of the liquid and
thereby reduces the readiness with which the steam bubbles break.
As sodium and potassium remain dissolved in the boiler water while
the greater portion of the other bases is precipitated, the foaming
tendency is commonly measured by the degree of concentration of
the alkali salts in solution, because this figure in connection with
the type of boiler determines to great extent the length of time that a
boiler may run without danger of foaming. It is a fact that the
worst foaming waters in railroad practice are encountered in the arid
and semiarid regions of the Southwest where the quantity of dis-
solved alkali is greatest. However, it is well known that suspended
matter can cause foaming, for certain waters that deposit a moderate
amount of scale but do not foam when clear foam badly when they
carry a great quantity of mud. Greth ! states that foaming is due to
condition of boiler, design of boiler, size and shape of water space,
steam pipe, irregularity in blowing off, introduction of oil into the
feed water from the exhaust steam, neglect to change water period-
ically, irregularity of load, or improper firing and feeding. He con-
cludes that it is not merely the presence of sodium salts in solution
that causes foaming, but the presence of other substances which
together with the sodium salts and operating conditions bring about
foaming. The writer believes that a strong solution of sodium car-
bonate might not induce excessive foaming in water otherwise pure,
but its introduoction into a boiler, which under operating conditions
invariably contains suspended matter or precipitated sludge, might
produce foaming by increasing the suspended matter either by pre-
cipitating calcium and magnesium or by loosening previously depos-
ited scale. Under working conditions it is difficult to distinguish the
actual cause of the trouble. Experience has shown that the type of
boiler, steam pressure, and other operating conditions may greatly
accelerate or retard foaming.

REMEDIES FOR BOILER TROUBLES.

The best way of remedying unsatisfactory boiler supplies is to
treat them before they enter boilers, but where this is impracticable
trouble can be minimized in various ways. Low-pressure large-flue

1 Greth, J. C. W., Water softening and purification for coal-mine operations (paper read before the West
Virginia Coal Mining Institute, Bluefield, W. Va., June 7, 1910).
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boilers are used in many stationary plants with hard waters, and it
is said that the scale formed in them is softer and more flocculent and
can therefore be more readily removed than that formed in high-
pressure boilers. Blowing off is about the only practical means of
preventing foaming, because this trouble is due principally to con-
centration of substances in the residual water of the boilers. Accu-
mulated sludge, or soft scale, is removed by blowing, particularly in
locomotive practice. In condensing systems much of the trouble due
to mineral matter in the feed water is obviated because the quantity
of raw water supplied is proportionately small. Yet the problem is
not completely solved in such systems, because the incrusting or
corrosive action is transferred from the boiler to the condenser, which -
requires more or less cleaning and repairing in proportion to the
undesirable qualities of the water supply.

BOILER COMPOUNDS.

Boiler compounds are widely used in regions where hard waters
abound, but treatment within the boiler should be given only when it
is impossible to purify the supply beforehand or when the supply is
relatively pure and requires only minor correction. If previous puri-
fication is not practicable some feed waters can be improved by judi-
cious addition of chemicals. Many substances, ranging from flour,
oatmeal, and sliced potatoes to barium and chromium salts, have
been recommended for such use, but only a few have proved to be
really efficient. These substances have been classified ! according to
their action within the boiler. Those that attack chemically the
scaling and corroding constituents precipitate incrusting matter and
neutralize acids. Soda ash, the commercial form of sodium carbonate,
containing about 95 per cent Na,CO,, is the most valuable substance
of this character, because it is cheap and its use is attended with the
least objectionable results. Tannin and tannin compounds are also
used for the same purpose. The addition of limewater to the feed
to prevent corrosion and to obviate foaming has been recommended,?
and it is probable that it would improve waters high in organic
matter and very low in incrustants. Such practice increases the
incrustants in proportion to lime added but prevents corrosion.
Soda ash neutralizes free acids, precipitates the incrusting ingredients
as a softer, more flocculent material, which is more easily removed
from the boiler, and increases the foaming tendency of the water by
increasing its content of dissolved matter. The proper amount to
be used depends on the chemical composition of the water and the
style of the boiler.

1Cary, A. A., The use of boiler compounds: Am. Machinist, vol. 22, pt. 2, p. 1153, 1899.
2 Palmer, Chase, Quality of the underground waters in the Blue Grass region of Kentucky: U. 8. Geol.
Survey Water-Supply Paper 233, p. 187, 1909,
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The second class of boiler compounds comprises those that act
mechanically on the precipitated crystals of scale-making matter
soon after they are formed, surrounding them and robbing them of
their cement-like action. Glutinous, starchy, and oily substances
belong to this class, but they are not now used to any considerable
extent because they thicken and foul the water more than they pre-
vent the formation of hard scale.

The third class comprises compounds that act mechanically like
those of the second class and also partly dissolve deposited scale,
thus loosening it and aiding in its ready removal. Of these, kerosene
is very effective, but graphite is believed to be still better.

Many boiler compounds possessing or supposed to possess one or
more of the functions just'described are on the market and are widely
sold. Some are effective and some are positively injurious. Most
of them depend for their chief action on soda ash, petroleum, or a
vegetable extract, but all are costly compared with lime and soda ash.
Boiler compounds can not reduce the amount of scale and may
increase it. Their only legitimate functions are to prevent corrosion
and deposition of hard scale and to remove accumulations of scale
that have become attached to the boiler. Every engineer should bear
in mind that steam boilers are costly and that fuel and boiler repairs
are costly and should hesitate to add substances to his feed water
without competent advice as to their effect. It is far more economical
to have the water supply analyzed and to treat it effectively by well-
known chemicals in proper proportion, either within or without the
boiler, than to experiment with compounds of unknown composition.

NUMERICAL STANDARDS.

Stabler’s excellent mathematical discussion of the quality of waters
with reference to industrial uses ! contains several formulas by which
the effect of waters may be computed. They have been recalculated
in order to obtain the estimates in parts per million. The terms in-
volving iron, aluminum, and free acids have been omitted because
these substances are too scarce to call for consideration in such
approximate rating; and the terms involving sodium and potassium
have been united for simplicity.

(1) s=Sm+Cm+2.95 Ca+1.66 Mg

(2) h=Si0,+1.66 Mg+ 1.92 Cl+1.42 SO,—2.95 Na
3) £=2.7 Na

(4) ¢=0.0821 Mg—0.0333 CO;,—0.0164 HCO

These equations express numerically some of the relations that have
been discussed in the preceding sections on scale, corrosion, and

1 Stabler, Herman, Some stream waters of the western United States, with chapters on sediment carried
by the Rio Grande and the industrial application of water analyses: U. S, Geol. Survey Watet-Supply
Paper 274, p. 165, 1911, See also Eng. News, vol. 60, p. 355, 1908,

98205°—wsp 398—16——5
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foaming. Sm, Cm, Si0,, Ca, Mg, Na, Cl, SO,, CO,, and HCO, repre-
sent the amounts in parts per million, respectively, of suspended
matter, colloidal matter (oxides of silicon, iron, and aluminum), silica,
calcium, magnesium, alkalies, chlorine, sulphate, carbonate, and
bicarbonate.

Formula 1 gives the amount of scale (s) that would probably be
formed from the water under ordinary conditions of boiler operation;
as the ground waters of San Joaquin Valley are practically clear, Sm
is equal to zero. Cm has been given a value of 50 for waters not
exceeding 400 parts of total solids and 30 for other waters, and
these values may be considered large enough for safety.

Formula 2 gives the amount of hard scale forming ingredients (h).

The ratio g expresses the relative hardness of the scale. If % is

greater than 0.5 the scale may properly be called hard; if it is less
than 0.25 the scale may properly be called soft.

Scale (s) has been estimated from the data of the field assays by
adding to total hardness (H) the values of Cm used in formula 1 (s=
Cm+H). AsH theoretically equals 2.5 Ca+4.1 Mg, and the last two
terms of equation 1 are 2.95 Ca+1.66 Mg, the unknown but variable
ratio between calcium and magnesium introduces an uncertain error.
Estimates of the scale-forming constituents are, however, always
approximate, and experience indicates that this computed value is
accurale enough for relative ratings.

Formula 3 gives the amount of the foaming ingredients (f), as esti-
mated from the probable content of alkali salts. The value of sodium
(Na) computed by the formula on page 57 has been used in computing
the amount of the foaming ingredients from the results of the field
assays.

Formula 4 has been used to calculate the corrosive tendency of
the water (c). As can be readily seen from the coefficients, it
expresses the relation between the reacting values of magnesium and
the radicles involving carbonic acid (p. 62). If ¢ is positive, the water
is corrosive. If ¢+0.0499 Ca, the reacting value of calcium, is nega-
tive, the mineral constituents will not cause corrosion, but whether
organic matter or electrolysis will cause it is uncertain. If ¢+ 0.0499
Ca is positive corrosion is uncertain. These conditions of reaction
may be restated to conform to the data of the field assays thus:
If 0.033 CO,+0.016 HCO, equals or exceeds 0.02 H the mineral
constituents will not cause corrosion. If 0.004 H exceeds 0.033 CO, +
0.016 HCO, the water is corrosive. One-fiftieth of the total hard-
ness (0.02 H) is equivalent to the reacting value of calcium and mag-
nesium, and H divided by 230 (0.004 H) is equivalent to the reacting
value of magnesium on the assumption that Ca=6 Mg, a ratio ir
which magnesium is given its smallest probable value in relation to
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calcium. The reacting values of carbonate and bicarbonate are
represented, respectively, by 0.033 CO, and 0.016 HCO,, the coeffi-
cients of which are obtained by dividing the valence of each radicle
by its molecular weight.

After these three attributes of boiler feed have been computed
rating the water is largely a matter of judgment based on experi-
ence. The committee on water service of the American Railway
Engineering and Maintenance of Way Association has offered two
classifications by which waters in their raw state may be approxi-
mately rated, but, as the report states, ‘‘it is difficult to define by
analysis sharply the line between good and bad water for steam-
making purposes.” Table 11 gives these classifications with the
amounts transformed to parts per million.

TasLe 11.—Ratings of walers for boiler use according to proportions of incrusting and
corroding constituents and according to foaming constituents.

Incrusting and corroding con-

stituents. Foaming constituents.

Parts per million, Parts per million.
Classifica- - | Clas "‘b
More |Notmore| UoR< More |Notmore| MO
than— | than— than— | than—
.......... 90 | Good. 150 | Good.
90 200 | Fair. 150 250 | Fair.
200 430 | Poor. 250 400 | Bad.
430 |.......... Bad. 400 |.......... Very bad.

@ Am. Ry. Eng. and Maintenance of Way Assoc. Proc., vol. 5, p. 595, 1904.
b Idem, vol. 9, p. 134, 1908.

The classification by incrusting and corroding constituents has
been applied to the computations of scale-forming ingredients (s) in
the analytical tables accompanying this report. The quantity of
foaming ingredients (f) should always be considered in conjunction
with the probable amount of scale or sludge that would be formed,
the hardness of the scale, and the tendency toward corrosion. These
ratings result in a classification rather more rigid than that usually
reported by chemists of railroads in California, and for that reason
those who are thoroughly familiar with local conditions and with
the chemistry of water will doubtless prefer to disregard the descrip-
tive terms of the classification and to draw their own conclusions
regarding the quality of the waters from the figures representing
scaling, foaming, and corrosion. The classifications are given prin-
cipally for the aid of those not thoroughly familiar with such matters,
and rather to indicate the limits of usefulness than to define rigidly
the value of the waters.

No matter how low a water may be in undersirable constituents
it is poor economy to use it if it is much poorer in quality than the
average water of the region in which it occurs. On the other hand,
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if the best available supply is poor the economy of purifying it even
at large expense is obvious. Along the Atlantic Coast, where waters
containing less than 100 parts per million of incrusting ingredients are
extremely common, a supply carrying 200 parts of such substances
would not be considered fair for boiler use. Throughout most of
Mississippi Valley, however, such a supply would be considered good,
because in that region natural waters not exceeding 100 parts in scale-
forming constituents are rare. This variance in local standards is
well illustrated by the opinions on the two sides of San Joaquin Valley
as to what constitutes a good boiler water, and because of it numerical
standards should be interpreted relatively not literally. At the same
time any classification by nominal ratings must be applied absolutely
if the terms are to have comparative significance outside the region
where the waters exist. Waters of poor quality can be improved by
treatment in softening plants. How bad a water may be used with-
out treatment depends on the cost of softening the water and the
relative saving effected by the use of the softened water. A report?
- of the committee on water service of the American Railway Engineer-
ing and Maintenance of Way Association sets forth the factors
involved. The benefits include the saving in boiler cleaning, repairs,
and fuel, the decrease in the time during which the boilers must be
withdrawn from service for cleaning and repairs, the decreased depre-
ciation of the boilers, and the value of the materials removed by soften-
ing. The cost of softening includes the cost of labor and power for
the softening apparatus, the cost of softening chemicals, the interest
on the cost of installation, depreciation in the value of the softening
plant, and the waste in changing boiler feed due to increased foaming
tendency.

In locomotive service, it is in general economical to treat waters
containing 250 to 850 parts per million of incrustants and to treat
those containing less than 250 parts if the scale formed contains much
sulphate.? As the incrusting solids may commonly be reduced to
80 or 90 parts per million, the economy of treating boiler waters
deserves consideration in a region where many supplies contain 300
to 500 parts per million of incrusting matter.

The amount of mineral matter that makes a water unfit for boiler
use depends on the combined effect in boilers of the softening reagents
used with such waters and of the constituents not removed by soften--
ing. Sodium salts added to remove incrustants or to prevent corro-
sion increase the foaming tendency, and this increase may be great
enough to render a water useless for steaming. It is not of much
benefit to soften a water containing more than 850 parts per million
of nonincrusting material and much incrusting sulphate? Trouble

1 Am. Ry. Eng. and Maintenance of Way Assoc. Proc., vol. 8, p. 601, 1907.
2 Idem, vol. 6, p. 610, 1905.
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from priming in locomotive boilers begins at a concentration of about
1,700 parts per million of foaming constituents, and the limit of safety
for stationary boilers is reached at a concentration of about 7,000
parts. Though waters containing as high as 1,700 parts per million
of foaming constituents have been used, it is usually more economical
to incur considerable expense in replacing such supplies by better
ones.

WATER FOR MISCELLANEOUS INDUSTRIAL USES.
GENERAL REQUISITES.

Many articles are affected by the ingredients of the water used in
their manufacture and can be improved by its purification. If by
the same process the boiler efficiency of the factory can be increased
the expense is often justified when it would not be warranted merely
by the increased value of the product. This observation applies
particularly to paper, pulp, and strawboard mills, laundries, and
other establishments where large quantities of water are evaporated
to furnish steam for drying, and to ice factories and similar plants
where distilled water is required.

Besides its use for steam making water plays a specific part in
many manufacturing processes. In paper mills, strawboard mills,
bleacheries, dye works, canning factories, pickle factories, cream-
eries, slaughterhouses, packing houses, nitroglycerin factories, distil-
leries, breweries, woolen mills, starch works, sugar works, canneries,
glue factories, soap factories, and chemical works water becomes.a
part of the product or is essential in its manufacture. In most of .
these establishments the principal function of the water is that of a
cleansing agent or a vehicle for other substances, and therefore a
supply free from color, odor, suspended matter, microscopic organ-
isms, and especially from bacteria of fecal origin, and fairly low in
dissolved substances, especially iron, is with few exceptions satisfac-
tory. But water hygienically acceptable is necessary where it comes
into contact with or forms part of food materials, as in the making
of beverages, sugar, and dairy or meat products. As ideal waters
for any use are rare, the manufacturer must ascertain what degree
of freedom from impurities is necessary to prevent injury to his
machinery or to his output and whether the cost of obtaining such
purity is counterbalanced by decreased cost of production and
increased value of product.

EFFECTS OF DISSOLVED AND SUSPENDED MATERIALS.

The effects in some industries of the substances most commonly
found in water are outlined in the following pages, the object being
to offer approximate standards for classification.
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FREE ACIDS.

Free mineral acids, such as the sulphuric acid in drainage from
coal mines or the hydrochloric acid in the effluents of some indus-
trial establishments, are especially injurious and nearly always have
to be neutralized before the waters containing them can be used
industrially. In paper mills, cotton mills, bleacheries, and dye
works waters containing a measurable amount of free mineral aoid
decompose chemicals, streak and rot fabrics, and corrode and rapidly
destroy metal screens, strainers, and pipes.

SUSPENDED MATTER.

Suspended matter in surface waters may be of vegetable, mineral,
or animal origin, as it consists of particles of sewage, bits of leaves,
sticks and sawdust, and sand and clay. The fine silt so common in
rivers of the West is largely derived from clay. Few well waters
contain suspended animal or vegetable matter, but many carry finely
divided sand and clay, and many become turbid by precipitation of
dissolved ingredients. Suspended matter is objectionable .in all
processes in which water is used for washing or comes into contact
with food materials, because it is likely to stain or spot the product.
Suspended matter due to precipitated iron is especially injurious even
in small amount. Suspended vegetable or animal matter liable to
decomposition or to partial solution is much more objectionable, even
in small amount (10 to 20 parts per million), than equal quantities of
mineral matter. For these reasons water should be freed from sus-
pended matter before being used for laundering, bleaching, wool
scouring, paper making, dyeing, starch and sugar making, brewing,
distilling, and similar processes. In making the coarser grades of
paper, such as strawboard, a small amount of suspended matter is
not especially injurious, but for the finer white and colored varieties
clear water is essential.

COLOR.

Color in water is due principally to solution of vegetable matter.
Materials bleached, washed, or dyed light shades in colored water are
likely to become tinged. Highly colored waters can be used in mak-
ing wrapping or dark-tinted papers but not in making the white
grades, and paper manufacturers are put to great expense for water -
purification on that account. The lower waters are in color, there-
fore, the more desirable they are for use in bleacheries, dye works,
paper mills, and other factories where brown tints in the products
are undesirable.

IRON.

Iron is the most undesirable dissolved constituent, and its presence
in comparatively small quantities necessitates purification. Many
ground waters contain 1 to 20 parts per million of iron, which may
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be precipitated by exposure to the air and by release of hydrostatic
pressure, causing the waters to become turbid, and many such waters
develop rusty-looking gelatinous growths that may interfere in in-
dustrial operations. In all cleansing processes, especially if soap or
alkali is used, precipitated iron is likely to cause rusty or dull spots.
In contact with materials containing tannin compounds iron forms -
greenish or black substances that discolor the product. Therefore
many waters containing amounts even as small as 1 or 2 parts per
million of iron have to be purified before they can be used industrially.
In water for dye works iron is especially objectionable and commonly
prevents the use of the water without purification.! Iron in the
water supply of paper mills may be precipitated on the pulp, giving
a brown color, or during sizing or tinting, giving spotty effects.
Water containing much iron can not be used in bleaching fabrics’
because salts that spot the goods are formed. The dark-colored com-
pounds that iron forms with tannin discolor hides in tanning and
barley in malting, and give beer a bad color, odor, and taste.?

CALCIUM AND MAGNESIUM.

Calcium and magnesium are similar in their industrial effects. In
water their amounts bear a more or less definite relation to each other,
most waters carrying 10 to 50 per cent as much magnesium as calcium.
Both are precipitated on whatever is boiled in water containing them,
forming a deposit that may interfere with later operations. They
also decompose equivalent amounts of many chemicals employed in
technical operations, causing waste and forming alkaline-earth com-
pounds that interfere with the later treatment of fabrics. These are,
the strongest incentives to preliminary softening. Some of the chem-
icals used to disintegrate the fibers in making pulp are consumed by
the calcium and magnesium in the water supply, though the loss from
this source is not nearly so great as that which occurs later when the
resin soap used in sizing the paper is decomposed by the calcium and
magnesium. The insoluble soaps thus created do not fix themselves
on the fibers, but form clots and streaks. Similar decomposition of
valuable cleansing materials and subsequent deposition of insoluble
compounds take place in laundering, wool scouring, and similar proc-
esses. In the manufacture of soap, calcium and magnesium form
with the fatty acids curdy precipitates that are insoluble in water and
therefore have no cleansing value. They interfere with many dyeing
operations, neutralizing chemicals and changing the reactions of the
baths, besides forming insoluble compounds with many dyes. Highly
calcareous waters can not be used for boiling the grain in distilleries
because they hinder proper action by causing the deposition of

1 Sadtler, 8. P., A handbook of industrial organic chemistry, p. 483, Philadelphia, 1900.
2 De la Coux, M. A. J., I’eau dans Pindustrie, pp. 187, 232, Paris, 1900,
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alkaline-earth salts on the particles of grain, nor for diluting spirits
because they cause turbidity.! Very soft water, on the other hand,
is said to be undesirable in paper mills' for loading papers with any
form of calcium sulphate because such waters dissolve part of the
loading materials.? Probably waters high in chlorides would also be
bad for this purpose, because chlorides increase the solubility of

calcium sulphate.
CARBONATE.

The effects of carbonate and bicarbonate in waters used in industrial
processes are commonly not differentiated. It is not unusual to
estimate the combined carbonic acid and to state it as the carbonate
without distinguishing between carbonate and bicarbonate, though
in many natyral waters the carbonate radicle is absent and the com-
bined carbonic acid is in the form of bicarbonate. If hard waters
proportionately high in carbonate and low in sulphate are boiled the
bicarbonate radicle is decomposed, free carbonic acid is given off,
and the greater part of the calcium and magnesium is precipitated.
Consequently waters of that character are generally more desirable
for industrial operations than waters high in sulphate and low in car-
bonate, whose hardening constituents are not greatly reduced by
boiling. In beer making waters high in carbonate are said to produce
dark-colored beers with a pronounced malt flavor because the car-
bonate increases the solubility of the nitrogenous bodies, whereas
waters high in sulphate yield pale beers with a definite hop flavor
because the sulphate reduces the solubility of the malt and the color-

ing matters.?
SULPHATE.

The influence of sulphate in beer making has been noted. Hard
waters with sulphate predominating are desirable in tanning heavy
hides, because they swell the skins, exposing more surface for the
action of the tan liquors.t Sulphate interferes with crystallization
in sugar making by increasing the amount of sugar retained in the
mother liquor.

. CHLORINE.

High chlorine is usually accompanied by high alkalies. Appreci-
able amounts of chlorine are injurious in many industrial processes.
Beverages and food products, of course, can not be treated with
waters very high in chlorine without becoming salty. In tanning,
chlorides cause the hides to become thin and flabby.* Animal char-

1 Dela Coux, M, A, J., L’eau dans ’industrie, p. 251, Paris, 1900.

2Cross, C. F., and Bevan, E. J., A textbook of paper making, p. 204, New York, 1900.

3 Brewing water, its defects and remedies, p. 19, American Burtonizing Co., New York, 1909. Also
Dela Coux, M. A. J., op. cit., p. 169,

4 Parker, H. N., and others, The Potomac River basin: U. 8. Geol. Survey Water-Supply Paper 192,
p. 194, 1907.
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coal used in clarifying sugar is robbed of its bleaching power by
absorption of salt. The quality of sugars is .affected by chloride-
bearing waters, because saline salts are incorporated in the crystals.!
In the preparation of alcoholic beverages chlorides in large amount
prevent the growth of the yeast and interfere with the germination of
the grain. The only commercially developed way of removing chlo-
rine from water is distillation. As the cost of this process has been
greatly reduced by use of multiple-effect evaporators, it is worth con-
sideration where chloride-bearing waters must be used. i

ORGANIC MATTER.

Organic matter of fecal origin is, of course, dangerous in any water
that comes into contact with food products, and water so polluted
should be purified before being used. Care in this respect is par-
ticularly necessary in creameries, slaughterhouses, canneries, pickle
factories, distilleries, breweries, and sugar factories. Organic matter
not necessarily capable of producing disease is further undesirable in
industrial supplies because it induces decomposition in other organic
materials, like cioth, yarn, sugar, starch, meat, or paper, rotting and
discoloring them, and because it causes slime spots on fabrics by sup-
porting alge growths. ‘

HYDROGEN SULPHIDE.

Hydrogen sulphide (H,S), a gas with an odor like that of rotten
eggs, occurs dissolved in some ground waters. It is corrosive even
in small quantities, and it also injures materials by discoloring and

rotting them.
MISCELLANEOUS SUBSTANCES.

Silica and aluminum are usually not present in sufficient quantity
appreciably to affect any industrial process, except those in which
water is evaporated. Large quantities of sodium and potassium, by
adding to the amount of dissolved matter, are objectionable in some
manufacturing operations. Phosphates, nitrates, and some other
substances not noted in this outline interfere with industrial chemical
reactions, but they are present in few natural waters in sufficient
quantity to have noticeable effect.

WATER FOR DOMESTIC USE.
PHYSICAL QUALITIES.

Entirely acceptable domestic supplies are free from suspended
matter, color, odor, and taste and are fairly cool when they reach the
consumer. The more nearly waters fulfill these conditions the more
satisfactory they are for general use. Suspended mineral matter
clogs pipes, valves, and faucets, and growths of microscopic plants

1 De la Coux, M. A. J., op. cit., p. 152,
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suspended in water frequently cause odors and stains. The outlets
of some artesian wells in San Joaquin Valley are surrounded by
growths of microscopic organisms, which form tufts or layers in pipes
and well casings and sometimes clog them. Detached particles
escape through faucets, giving the water an unsightly appearance
and staining clothes washed in it. So far as known, such growths in
tanks and mains do not cause disease, but they often impart un-
pleasant odors that make the water objectionable. True color is
usually due to dissolved vegetable matter and causes serious objec-
tion only when it exceeds 20 to 30 parts per million.

In general, the well waters of this area are satisfactory in respect
to suspended mineral matter and color. Finely divided material
from quicksands enters some driven wells, but such trouble is not
8o serious as it is in other parts of the country. A few waters, espe-
cially those containing iron, develop a turbidity of 10 to 30 parts
per million on exposure to the air by precipitating dissolved matter,
and such condition gives rise to apparent though not to real color.
The only ground waters possessing much real color were found near
the north end of Tulare Lake, where buried peat beds of old swamps
probably contribute the organic matter that causes the color.

The odor most commonly noticed in the ground waters of the
valley is that of hydrogen sulphide, especially in the area where
artesian wells yield notable quantities of natural gas. According to
analyses quoted by Watts ! the gas from wells at Stockton comprises
about 25 per cent nitrogen, 12 per cent hydrogen, and 60 per cent
hydrocarbon illuminants estimated as marsh gas (CH,), and proba-
bly this composition represents the general character of the gas
throughout the valley, though the proportions of the substances may
differ locally. The content of hydrogen sulphide is doubtless very
small, but minute quantities of it are sufficient to cause appreciable
odor. This smell, nauseating to some people, can usually be re-
moved by spraying or splashing the water.

BACTERIOLOGICAL QUALITIES.

Before a water is used for domestic purposes there should be
reasonable certainty that it is free from disease-bearing organisms
and that it can be guarded against all chances of infection. The dis-
ease germs most commonly carried by water are those of typhoid
fever. The bacilli enter the supply from some spot infected by the dis-
charges of a person sick with this disease, and, though comparatively
short lived in water, they persist in fecal deposits and retain their
power of infection for remarkable lengths of time. Consequently,
water from lakes and streams draining from population centers or

1Watts, W, L., The gas and petroleum yielding formations of the central valley of California: California
State Mining Bur. Bull. 3, p. 75, 1894.
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from irrigated fields should not be used for drinking without purifica-
tion. Wells should be so located as to be guarded against the en-
trance of filth of any kind, either over the top or by infiltration.
Pumps and piping in the system should also be protected. Water
from a carefully cased well more than 20 or 30 feet deep is acceptable
if the well is located at a reasonable distance from privies, cesspools,
and other sources of pollution. Many open dug wells and pits con-
structed as reservoirs around the tops of casings are exposed to fecal
contamination from above or through cracks in poorly built side
walls. Care should be taken that the casings of deep wells do not be-
come leaky near the surface of the ground so as to allow pollution to
enter. As a matter of ordinary precaution the ground should be kept
clean and water should not be allowed to become foul or stagnant
near any well, no matter how deep. If shallow dug wells are neces-
sary they should be constructed with water-tight walls extending as
far as practicable into the well and also a short distance above ground.
The floor or curbing should be water-tight, and pumps should be used
in preference to buckets for raising the water. Every possible pre-
caution should be taken to prevent feet scrapings and similar dirt
from getting into the well. Ground water is not only less likely to
become contaminated when protected from surface washings, air,
and light, but it keeps better and is less likely to develop microscopic
plants that give it an unpleasant taste.

CHEMICAL QUALITIES.

The amounts of dissolved substances permissible in 4 domestic
supply depend much on their nature. No more than traces of
barium, copper, zine, or lead should be present, because these sub-
stances are poisonous; however, their occurrence in measurable
amounts in ordinary waters is so raré that tests for them are not
usually made. Any constituent present in sufficient amount to be
clearly perceptible to the taste is objectionable. Water containing 2
parts per million of iron is unpalatable to many people and may
cause trouble by discoloring washbowls and tubs and by producing
rusty stains on clothes. Tea and coffee can not be made satisfactorily
with water containing much iron because a black inky compound is
formed. Four or five parts of hydrogen sulphide makes a water
unpleasant to the taste, and this gas is objectionable also because it
corrodes well strainers and other metal fittings. The amounts of
silica and aluminum ordinarily present in well waters have no special
significance in relation to domestic supply.

Approximately 250 parts of chlorine makes a water ‘‘salty,” and
less than that amount causes corrosion. Where the chlorine con-
tent runs as low as 5 or 10 parts in normal waters unaffected by
animal pollution the amount of chlorine is frequently taken as a
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measure of contamination. But the establishment of isochlors, or
lines of equal chlorine, in San Joaquin Valley would be of little
sanitary value, because many of the ground waters dissolve so much
chlorine from the silt that the small changes caused by animal pollu-
tion are completely masked.

Calcium and magnesium are the chief causes of what is known as
the hardness of water. This undesirable quality is indicated by in-
creased soap consumption and by deposition on kettles of scale com-
posed alnost entirely of calcium, magnesium, carbonate, and sul-
phate. Calcium and magnesium, forming with soap insoluble curdy
compounds that have no cleansing value, prevent the formation of a
lather until these two basic radicles have been precipitated. Hard-
ness is commonly measured by the soap-consuming capacity of a water
expressed as an equivalent of calcium carbonate (CaCO,), and it can
be determined by actual testing with a standard solution of soap or
can be computed from the amounts of calcium (Ca) and magnesium
(Mg) by means of the following formula:

Total hardness as CaCO,=2.5 Ca+4.1 Mg.

If, as Whipple states,* 1 pound of ordinary soap would soften only
about 24 gallons of water having a total hardness of 200 parts per
million, it can readily be seen that the hardness of water is of intimate
concern, especially in the west side, where waters as hard as 300 to
1,000 parts are common. Soda ash (sodium carbonate) is used to
“break’ or soften hard water in order to save soap. Some large
cities in other States have found it advisable to soften their public
supplies instead of leaving that task to the individual consumer.

MINERAL MATTER AND POTABILITY.

The lower waters are in mineral content the more acceptable they
are as sources of supply, yet the amount of dissolved substances that
can be tolerated in drinking water is much greater than that allowable
in city supplies, for which hardness, corrosion, pipe clogging, and
general utility have to be considered. Though there are certain
limits above which the common ingredients are intolerable, these
limits are not only difficult to ascertain but are also likely to shift.
A normal water is not a pure solution of one salt, whose physiologic
effect can be measured, but an indeterminate mixture of solutions of
several salts whose effects are not easily differentiated. Further,
though all animals select for drinking waters that are lowest in solids
and avoid those that are highest, the same animals, when trans-
ported to districts of poor water, accustom themselves to supplies of
far greater mineral content than those which before they would not

1 Whipple, G. C., The value of pure water, p. 26, New York, 1907.
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touch. Consequently any general limits that may be assigned to the
various mineral ingredients must be regarded as extremely flexible.
The truth of this statement may be more fully appreciated by
consideration of the data in Table 12, in which the analyses are
grouped according to the chemical character of the waters and are
arranged in each group in descending order of strength.

TABLE 12.— Mineral matter in certain waters.

[Parts per million.]

Calcium Sodium
No, | Cabonate | Sulphate | cporine | , Total | motal | and mag- | “and | Character
- (COy) (800 ©n. as CaCO solids. nesium | potassium | of water.
3)- ) 8- (Ca+Mg). | (Na+K).

1. 43 Tr, 4,310 2,800 7,489 966 1,550 | Na-ClL.
%a. 360 1,560 1300 [ceeeean... 52000 | omemeennemenanns Do.

X 75 5 1,740 910 3,600 300 830 Do.
SIS T TN - T 1 I

- N 7! 0
6.. 200 5 279 31 "872 11 320 Do
.. 110 2,300 800 |.eeuen.n.... 4,900 | e Na-804
8., . 100 1,810 160 1,130 3,200 380 580 o
9 1,640 460 1,760 4,100 150 600 Do.
10 o7 800 150 5 1,700 190 320 Do
.. 7 430 75 83 940 2 300 Do
1%.. 410 620 500 |.eurenenn... 2,470 |.oen e Na-CO;
FEE I T IO | TR (R R e
5.0 100 Tr, 64 71 350 24 0
16 75 1,880 145 1,280 2,900 400 400 | Ca-S0;
17 72 1,380 150 1,320 2,500 440 220 o
18 60 1,380 135 1,100 2,400 370 305 Do
19 74 8 85 720 1,700 298 208 Do
20 38 9 4 50 169 16 16 | Ca-CO;

a From a manuscript report by Herman Stabler on the underground waters of Carson Sink, 1904. The
other analyses were made for this report.

The first group in Table 12 represents sodium chloride waters; that
is, waters in which alkalies and chlorides predominate. ~Analysis No.
1, of water from a gas well in Stockton, represents a solution of the
chlorides of calcium, magnesium, sodium, and potassium with little
else. The water contains 4,310 parts per million of chlorine, and it
is so salty that it is nauseating. The water represented by the next
analysis has been used by the owner’s family several years for all’
domestic purposes, but visitors object to it and consider it disagree-
able to drink. No. 3 is the analysis of water from a deep well near
Stockton that was formerly used as a source of domestic supply but
has been abandoned. Nos. 4 and 5 are analyses of water from
artesian wells near San Joaquin River, and, though both supplies taste
disagreeably salty to persons not accustomed to them, they are regu-
larly used for drinking, cooking, and washing. Two gallons of the
former water contains about as much common salt as a pound of
uncooked ham. No. 6, the test of the supply of a very deep ar-
tesian well on the west side not far from Lemoore, indicates a water
much lower in chloride but higher in carbonate or *“black alkali.”’
As the farm on which the well is situated was not occupied informa-
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tion regarding the value of the water as a constant beverage could
not be obtained. It contains much gas and would be distasteful on
that account; otherwise, however, it differs from that represented by
No. 14 only in being somewhat higher in chloride and alkalies.

More strongly mineralized alkaline sulphate waters are drunk.
The first one (see analysis No. 7), from a well in Carson Sink, was
used when necessary, but the domestic supply was commonly hauled
from another source several miles away. The water represented by
analysis No. 8, which has been used for all domestic purposes for
several years on a ranch west of Mendota, carries 1,800 parts of
sulphate and exceeds 3,000 in total solids. It has a distinct taste
and drinking a quart of it would be equivalent to taking somewhat
less than a minimum dose of Glauber’s salt. The water correspond-
ing to No. 9 was used in the cook wagon and for watering the stock
about one year on a ranch near Tulare Lake, but it was considered
“‘alkali” water, and the domestic supply is now obtained from a
deeper and much better well. Chloride and carbonate, as well as
sulphate, however, are notably high in this water. The waters cor-
responding to 10 and 11 are used for all domestic purposes, though
they have a distinet taste. The former is one of a battery of wells
that have been the exclusive supply of a family for three years, and
the latter is the municipal supply of Mendota.

The examples in the next group prove that less alkaline carbon-
ates can be tolerated. The first analysis (No. 12) shows a water also
high in chloride but not excessive in sulphate. This water has a
color of 130, and it obviously carries much ‘‘black alkali.” A party
of men accustomed to alkali was so badly afflicted with diarrhea
after drinking this water that work had to be stopped until another
supply could be obtained. No. 13 shows nearly double the amount
of carbonate but no sulphate. This water supplies a trough for
stock, but it was evidently repugnant to the cattle, and current
report in the neighborhood is to the effect that water from wells
of the same depth ‘‘kills hogs,” a phrase that seems to express the
acme of undesirability. The mixture of alkaline carbonates and
chlorides with the former predominating, indicated by test No. 14,
has been used many years, but it is much lower in carbonate than
the preceding two. The water listed under No. 15, the city supply
of Stockton for many years, is drunk both by the inhabitants of the
city and by visitors without harmful effect.

Though the next four are designated calcium sulphate waters the
alkalies also are high, and, furthermore, application of the term calcium
necessarily implies the presence of magnesium in amounts ranging
from 10 to 40 per cent of the total calcium and magnesium given
in the seventh column of the table. The water corresponding to
No. 16 can not be uséd for cooking, and herders object to it so strongly
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that the drinking supply is hauled 8 miles from the well represented
by No. 17, which carries 300 parts less of sulphate and about half as
much sodium and potassium. Analysis No. 18, which is similar to
No. 17, is of a water that has been used more than 10 years for cooking
and drinking by one man. These three waters tasted unpleasantly
strong to the writer and seemed to increase thirst instead of quenching
it. Though the water represented by analysis No. 19 is lower in sul-
phate than the preceding ones of this group, it is strongly mineralized.
It is the hotel supply at Huron, where it is used for all purposes.

Calcium carbonate waters are extremely common, but it is unusual
for them to be so highly mineralized as those of other classes. The
representative of this type, indicated by test No. 20, is low in total
solids and is entirely acceptable for drinking and cooking.

The immediate consequence of drinking waters too high in mineral
content js usually diarrhea. Many persons at first afflicted with
this trouble become accustomed to the new supply and acquire what
may be termed immunity. Whether other disorders result from
the continued drinking of such waters is not known; and it is equally
uncertain whether cattle and horses that so commonly are reported
to have been killed by drinking strong mineral water were killed by
the purging produced by the mineral matter in the water or by
excessive consumption of water itself. It would appear from the
data in Table 12 and the comments on it that alkaline carbonates
are most injurious and alkaline sulphates least injurious and that
alkaline chlorides occupy an intermediate position. This arrange-
ment corresponds to the order of the same substances in reference
to their toxic effect on plants. The most striking feature is that
the amounts of mineral matter in most of these waters is much
greater than that ordinarily considered permissible in drinking
water. Waters exceeding 300 parts per million of carbonate, 1,500
parts of chloride, or 2,000 parts of sulphate are apparently intolera-
ble to most people. These limits fortunately are far beyond the
points where the substances in solution are clearly perceptible to
the ordinary taste. In conclusion it can not be too emphatically
stated that the information on this subject is fragmentary and un-
certain and that any limits of mineral tolerance are modified by
individual idiosyncrasy.! "

INTERPRETATION OF FIELD ASSAYS IN RELATION TO POTABILITY.

’ CHEMICAL CHARACTER.

The total amount of mineral matter and the nature of the chief
constituents in a water comprise the essential information for judg-
ing its potability in respect to mineral ingredients. Though nitrates,

1 For further data see Dole, R. B., Concentration of mineral water in relation to therapeutic activity:
U. 8. Geol. Survey Mineral Resources, 1911, pt. 2, pp. 1175-1192, 1912.
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phosphates, sulphides, and other substances occur in some waters
they may usually be disregarded in interpretation or their insignifi-
cance verified by a few laboratory analyses. Silica is usually present
in colloidal form and it is relatively constant in quantity.

Calcium and magnesium are similar in many effects and they
vary in amount together, calcium usually being the greater. Sodium
and potassium are so similar in effect that they are seldom separated in
industrial analyses but are reported together as sodium. Carbonate
and bicarbonate, representing more or less conventionally different
conditions of carbonate in equilibrium, may be considered together
under the common term of carbonate (CO,), to which bicarbonate is
translated by dividing by 2.03. These groupings, rendered possible
by the usual mode of occurrence of these substances and by their
effects, greatly simplify classification of waters that have been assayed.
Direct estimates are made of carbonate, sulphate, and chloride, the
three principal acid radicles. The approximate amount of the
alkaline earths, calcium and magnesium, can be computed from the
total hardness; theoretically the total amount of these two bases
must be between 40 per cent and 24 per cent of the total hardness
expressed as CaCO,; it usually lies between 37 per cent and 30 per
cent, as the ratio of calcium to magnesium ranges from 7 to 1;
therefore, one-third of the hardness is a reasonable estimate of the
alkaline earths that will usually be in error less than 10 per cent.
The alkalies, sodium and potassium, can be computed by the Stabler
formula already noted (p. 57). These estimates and computations
of the amounts of the chief acids and bases can then be used in
applying the following classification:

Classification of water by chemical character.

Carbonate (CO;).
Sulphate (80,).

Calcium (Ca)
} Chloride (CI).

Sodium (Na)

The designation “calcium’’ indicates that calcium and magnesium
predominate, and ““sodium’’ that sodium and potassium predominate
among the bases; the designation “carbonate,” ‘““sulphate,” or ““chlo-
ride’” shows which acid radicle predominates. Combination of the
two terms classifies the water by type, and tabulation of the classifi-
cation can be abbreviated by use of the symbols. The appellation
Na-CO,, for example, indicates that sodium and potassium pre-
dominate among the bases and that carbonate or bicarbonate, or
both, predominate among the acids, and that the water would yield
on concentration and crystallization more sodium carbonate than
any other salt, though this classification does not in any way show
the amounts of the salts in solution. o
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The numerical preponderance of certain acid and basic radicles
establishes the nature of many waters, but if further refinement in
classification is desired comparison can be made of the reacting values
of the radicles, which are the fundamental bases of the effect of the
radicles. These values can be computed by multiplying the amount
of each constituent by its valence and dividing the product by its
molecular weight. The factors given in Table 13 can be used for
that purpose. The factor for sodium may be used for the combined
values of sodium and potassium. The reacting value of calcium and
magnesium is nearly one-fiftieth of total hardness (H), as theoretic-

ally H=2.5 Ca+4.1 Mg, whence H—O 050 Ca +0.082 Mg.

TABLE 13.—Factors for computing reacting values.

Basic radicles. Factor. Acid radicles. Factor.

0.0499 || Carbonate radicle (CO3)..coevunennnnn... 0.0333
.0821 || Bicarbonate radicle (HCOs3).. .0164
.0434 || Sulphate radicle (S8O4)....... .0208
.0255 || Nitrate radicle (NO3)........ .0161

Chlorine (Cl). .. coevver eeeeiiecraeiannnn . 0282

TOTAL SOLIDS.

Total solids can be computed from the data of a field assay in sev-
eral ways, one of which is to calculate the probable amount of saline
residue that would be produced by the acid radicles and to add
thereto an arbitrary amount for silica, undetermined substances, and
volatile matter. As potassium has the smallest reacting weight of
the four common bases the assumptions that equal amounts of sodium
and potassium are present and that calcium and magnesium are
absent constitute an extreme condition representing a maximum
saline residue; similarly, the assumptions that equal parts of calcium
and magnesium are present and that the alkalies are absent consti-
tute the condition representing a minimum saline residue. A formula
based on an average between these two extremes gives an estimate of
total solids (T. S.) within 15 per cent of the exact value for most
natural waters. .

T. S.=8i0, + 1.73 CO, +0.86 HCO, + 1.48 SO, + 1.62 CL.

The average content of silica (Si0,) in most ground waters of San
Joaqum Valley, according to available analyses, is about 30 parts per
million in waters exceeding 400 parts of total solids and 50 parts in
other waters. The estimate of solids should not be expressed more

98205°—wsp 398—16——=6
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closely than to the nearest 10 parts or with more than two significant
figures, and it may be translated into words by the following rating:

TaBLE 14.—Rating of waters by total solids.

Total solids (parts per
million),
Classification.
|  More Not more
than— than—
............ 150 | Low.
150 500 | Moderate.
500 2,000 | High.
2,000 {......ie..-. Very high,

PURIFICATION OF WATER.
GENERAL REQUIREMENTS.

Purification of water is removal or reduction in amount of the sub-
stances that render waters in their raw state unsuitable for use. It
is practiced on a large scale with one or more of three objects in view:
First, to render the supply safe and unobjectionable for drinking;
second, to reduce the amount of the mineral ingredients injurious to
boilers; third, to remove substances injurious to machinery or to
industrial products. The largest purification plants in this country
have been constructed almost solely to render the waters potable;
and some waters, when so purified, need no further treatment to
make them suitable for steaming and for general industrial use.
But many other waters are hard, and increased appreciation of the
value of good water has resulted in demand for the removal of the
hardening constituents also.

Only a few settlements in San Joaquin Valley have surface water
supplies for domestic use, and extensive installation of filter plants
is doubtful. But if municipalities in the region ever adopt river
supplies, filtration will be necessary because of the widespread pollu-
tion of the streams by drainage from irrigated lands. The present
general use of boiler compounds, however, even on the east side, indi-
cates the advisability of water softening. Feed-water purification
plants are now common on the west side, and future development of
that region of highly mineralized waters will be accompanied by
increase in the number of these plants.

Removal of bacteria, especially those causing disease, and removal
of turbidity, odor, taste, and iron are the principal requirements in
purification of a municipal supply, elimination of bacteria and sus-
pended matter being the most important. The common methods
of effecting such purification are slow filtration through sand and
rapid filtration after coagulation, both methods usually being com-



PURIFICATION OF WATER. 83

bined with sedimentation.! The first process is known as “slow
sand” filtration and the second as ‘“mechanical” or “rapid sand”
filtration. The efficiency of such filters is measured primarily by
the ratio between the number of bacteria in the applied water and
the number in the effluent. This figure, stated in percentage of
removal, should be as high as 98, and it often reaches 99.8 per cent
under normal conditions with a carefully operated filter of either
kind.

Removal of scale-forming and neutralization of corrosive constitu-
ents are the chief aims in preparing water for steam making. For
this two general methods are employed—cold chemical precipitation
followed by sedimentation, and heating with or without chemicals,
usually followed by rapid filtration. The first process is carried on
in cold-water softening plants and the second in feed-water heaters.

METHODS OF PURIFICATION.

The requirements of the water supplies for industries are so varied
that classification of purification methods is difficult. Water prop-
erly prepared for domestic and boiler use is suitable for most industrial
establishments, and it is more economical for small manufacturers
in large cities to obtain such water from the city mains than to main-
tain private supplies and purification apparatus. Itisusually cheaper,
however, for large factories to be supplied from separate sources, not
only because of saving in actual cost of water but also because of the
opportunity thus afforded of procuring water specially adapted to
the needs of the factory. The common methods of industrial-water
purification are those already mentioned, or combinations of them,
modified to meet particular needs. In a few industrial processes,
notably the manufacture of ice by the can system, water practically
free from all dissolved and’suspended substances is necessary and
distilled water must be manufactured. Recent improvements in
multiple-effect evaporators have greatly reduced the cost of distilla-
tion, so that it is now economical to distill for industrial and domestic
use many waters heretofore considered too highly mineralized to
be treatable. Many large factories, hotels, and even municipalities
have installed multiple-effect stills.

Besides the four common systems of purification, many minor
processes are used, sometimes alone, but more frequently as adjuncts
to filters or softeners. Surface waters are screened through wooden
or iron grids or through revolving wire screens to remove sticks and
leaves before other treatment. Coarse suspendéd matter can be re-
moved by rapid filtration through ground quartz or similar material,
in -units of convenient size, provided with arrangements for wash-

1 For description of filters see Johnson, G. A., The purification of public water supplies: U. S Geol.
Survey Water-Supply Paper 315, 1913.
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ing the filtering medium similar to those used in mechanical filters.
Very turbid river waters may be first allowed to stand in large
sedimentation basins in order to reduce the cost of operating the
filters by preliminary removal of a large part of the suspended solids.
Supplies undesirable only because of their iron content are aerated
by being sprayed into the air or by being allowed to trickle over
rocks or by other methods that cause evaporation of carbonic acid
and absorption of oxygen, thus precipitating and oxidizing the iron
in solution so that it can readily be removed by rapid filtration.
Similar aeration is employed to evaporate and oxidize dissolved
gases that cause objectionable tastes and odors.

Disinfection by ozone, copper sulphate, calcium hypochlorite,
and many other substances kills organisms that may cause disease
or impart bad odors and tastes. Purification of this character must
be done with substances that destroy the objectionable organisms
without making the water poisonous to animals. Calcium hypo-
chlorite, sodium hypochlorite, and chlorine gas are used to disinfect
drinking water, and treatment with these substances is now widely
practiced either as an adjunct to filtration or as an emergency pre-
caution where otherwise untreated supplies are believed to be con-
taminated. Disinfection by this method is not a substitute for
purification by filtration, for it does not remove suspended matter
nor appreciable amounts of color, organic matter, swampy tastes,
or odors, and it does not soften water.! Natural purification of
water is accomplished largely through biologic processes,? in which
the organic matter is oxidized by serving as food for bacteria and
objectionable organisms are destroyed by the production of con-
ditions unfavorable to their existence. -Action of this kind takes
place in reservoirs and lakes, and it is also relied upon in many proc-
esses for the artificial purification of sewage.? '

SLOW SAND FILTRATION.

Slow sand filtration consists in causing water to pass downward
through a layer of sand of such thickness and fineness that the
requisite removal of suspended substances is accomplished. The
slow sand filter is also called the ‘“continuous’” and the “English”
filter. On the bottom of a water-tight basin, commonly constructed
of concrete, perforated tiles or pipes laid in the form of a grid are
covered with a foot of gravel graded in size from 25 to 3 millimeters
in diameter from bottom to top. A layer of fine sand, 3 to 4 feet
deep, is put over the gravel, which serves only to support the sand.

1 0p. cit., p. 71. )

2 Hazen, Allen, Clean water and how to get it, p. 83, New York, 1907.

3 Winslow, C.-E. A., and Phelps, E. B., Investigations on the purification of Boston sewage, with a
history of the sewage-disposal problem: U. S. Geol. Survey Water-Supply Paper 185, 1906.
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When water is applied on the surface, it passes through the sand and
the gravel and flows away through the underdrain. The suspended
materials, including bacteria, are removed by the sand, the action of
which is rendered more efficient by the rapid formation of a mat of
finely divided sediment on its surface. When this film has become
so thick that filtration is unduly retarded, the water is allowed to
subside and about half an inch of sand is removed, after which filtra-
tion is resumed. The sand thus taken off is washed to free it from
the collected impurities and is replaced on the beds after they have
been reduced about a foot in thickness by successive scrapings. As
- cleaning necessitates temporary withdrawal of filters from service,
they are divided into units of convenient size, usually one-half to
1 acre each, so that the operation of the entire system may not be
interrupted. Most modern filters are roofed and sodded, as this
facilitates cleaning by preventing the formation of ice, permits work
on the filter beds in all kinds of weather, inhibits algee growths, and
prevents agitation of the water by wind and rain.

The foregoing are the essential features of a slow sand filter,
but several adjuncts render this system more efficient. A clear-
water basin for the filtered supply, covered to prevent deterioration
of the water, is provided in order that the varying rate of consump-
tion may not unduly affect the rate of filtration. Clarification of
turbid water is rendered more economical by allowing it to stand for
one to three days, during which a large portion of the suspended
matter is deposited, so that the time between sand scrapings is
lengthened. In some plants roughing or preliminary filters con-
sisting of beds of coarse sand or fine crushed stone are provided,
through which the water flows 15 to 20 times as fast as through the
sand filters, a very large proportion of the suspended matter being
thus removed. Objectionable odors and tastes may be obviated by
aeration before or after filtration. Killing the bacteria before filtra-
tion by use of chlorine or other germicides is also practiced.

Slow sand filtration removes practically all the suspended matter
and the bacteria. Color is only slightly reduced and hardness is not
changed. The process is specially adapted to waters low in color
and suspended matter and slightly polluted. Very small particles of
clay are not removed by these filters and waters carrying such par-
ticles only for short periods may be benefited by the occasional
addition of a coagulant before filtration. It can readily be seen that
the efficiency of this kind of filter depends largely on the character
of the sand, as the ability to prevent the passage of suspended matter
is governed by the size of the spaces between the sand particles.
The rate of filtration depends on the average size of the sand par-
ticles, the thickness of the sand bed, the head of water, and the
turbidity. Under ordinary conditions of operation in the United



86 GROUND WATER IN SAN JOAQUIN VALLEY.

-

States the rate of slow sand filtration of water previously sﬁbjected
to sedimentation is 2,000,000 to 4,000,000 gallons per acre per day.

RAPID SAND FILTRATION.

The rapid sand filter is also known as the American filter, and
until recently it was generally styled the “mechanical” filter, because
of its contrivances for washing the sand. Its distinctive features are
its use of a coagulant and its high rate of filtration. While the raw
water is entering the sedimentation basin, which is smaller than that
used with slow sand filters, it is treated with a definite proportion of
some coagulant, which forms by its decomposition a gelatinous pre-
cipitate that unites and incloses the suspended material, including
the bacteria, and absorbs the organic coloring matter. This com-
bined action destroys color and makes suspended particles larger and
therefore more readily removable. When aluminum sulphate, the
coagulant most commonly used, is decomposed aluminum hydrate is
precipitated and the sulphate radicle remains in solution, replacing
an equivalent amount of the carbonate, bicarbonate, or hydrate
radicle. One part per million of ordinary aluminum sulphate requires
somewhat more than 0.6 part of alkalinity expressed as CaCO, to
insure complete decomposition.! The natural alkalinity of many
waters is sufficient to effect this reaction. If the alkalinity is not
sufficient part of the aluminum sulphate remains in solution and
good coagulation does not take place. Therefore lime or soda ash is
added if the alkalinity is too low. The proper amount of aluminum
sulphate to be used is determined by the amounts of color, organic
matter, and suspended matter, and by the fineness of the suspended
matter, and it is best ascertained by direct experimentation with the
water to be purified. Much of the trouble in operating the earlier
types of rapid filters has been caused by failure to produce a good
“floc” or precipitation because of improper ratios of coagulant and
alkalinity.

Ferrous sulphate instead of aluminum sulphate is used as a coagu-
lant in some filtration plants. With this substance lime must be
added in order to bring about proper coagulation.

The water, after having been mixed with the coagulant, is allowed
to stand three or four hours in the sedimentation basin, where a large
proportion of the suspended particles is deposited. It is then passed
rapidly through beds of sand or ground stone to remove the rest of
the suspended matter. Many filters now in use are built in cylin-
drical form 10 to 20 feet in diameter, and some are so designed that
filtration can be hastened by pressure. The sand, 30 to 50 inches
deep and coarser than that used in slow sand filters, rests on a metallic

1 Hazen, Allen, Report of the filtration commission of the city of Pittsburgh, p. 57, 1899.



PURIFICATION OF WATER. 87

floor containing perforations large enough to allow ready issue of the
water, but small enough to prevent passage of sand grains. When
the filter has become clogged the flow of water is reversed, filtered
water being forced upward through the sand to wash it and to remove
the impurities, which pass over the top of the filter with the wasted
water. A revolving rake with long prongs projecting downward into
the sand mixes it during washing and prevents it from becoming
graded into spots of coarse or fine particles. In recently constructed
works rectangular filters 300 to 1,300 square feet in area have been
built, in which the sand is agitated during washing by compressed
air forced through it at intervals instead of by a revolving rake.
Larger orifices in the strainers are also being used, the passage of sand
being prevented by fine gravel over the strainer pipes. The rate of
filtration is from 100,000,000 to 120,000,000 gallons per acre per day.
The time between washing is 6 to 12 hours depending principally on
the turbidity of the applied water.

Mechanical filtration removes practically all suspended matter,
reduces the color to unobjectionable proportions, and under some
conditions removes part of the dissolved iron. The permanent
hardness of the water is increased in proportion to the amount of
sulphate added by the coagulant, and if only enough lime to decom-
pose the coagulant is added, the total hardness is slightly increased.
If larger amounts of lime are added, however, the total hardness
is reduced. If soda ash is used in place of lime the foaming con-
stituents are slightly increased. The chemicals are always added
in solution. As this method of filtration is used almost entirely
for river waters with fluctuating contents of suspended and dissolved
matter proper operation requires constant and intelligent attention.

COLD-WATER SOFTENING.

The principal objects of water softening are to remove the sub-
stances that cause incrustations in boilers, particularly calcium and
magnesium, and to neutralize those that cause corrosion. Solutions
of chemicals of known strength are added to the raw supply in such
proportion as to precipitate all the dissolved constituents that can
be economically removed by such treatment. The water is then
allowed to stand long enough to permit the precipitate to settle,
after which the clear effluent is drawn off; or the partly clarified
effluent may be filtered very rapidly through thin beds of coke,
sponge, excelsior, bagging, or similar material in order to remove
particles that have not subsided in the tanks. The water softeners
on the market differ from one another chiefly in the precipitant,
in the filtering medium if one is used, and in the mechanism regu-
lating the incorporation of the chemicals with the water. Installa-
tions may be of any size to suit consumption, and the process can
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be combined with rapid sand filtration for purifying municipal
supplies. Among the substances that have been proposed as precipi-
tants are sodium carbonate (soda ash), silicate, hydrate (caustic),
fluoride, and phosphate; barium carbonate, oxide, and hydrate;
and calcium oxide (quicklime). Lime and soda ash, however, are
almost exclusively used on account of their excellent action and
comparative cheapness.

When soda ash (Na,CO,) and lime dissolved in water to form a
solution of calcium hydrate, Ca(OH),, are added to a water in proper
proportion free acids are neutralized, free carbon dioxide is removed,
bicarbonate is decomposed, and iron, aluminum, and magnesium
hydrates and calcium carbonate are precipitated. The precipitate
in settling takes down with it a large proportion of the suspended
matter. The treatment removes the incrusting constituents prac-
tically to the limit of their solubility, and also removes the calcium
added as lime. Sodium, potassium, sulphate, and chloride are left
in solution, and the alkalies are increased in proportion to the quan-
tity of soda ash added; that is, the foaming constituents are increased,
and the maximum proportion of these that is allowable in the treated
water fixes the maximum proportion of incrustants that a raw water
can contain and be satisfactorily treated. The proportion of in-
crustants left in a treated water is determined by the solubility of
the precipitated substances and by the completeness of the reaction
between the added chemicals and the dissolved matter. It has been
brought below 90 parts per million in some well-treated waters.
The sulphate radicle can be removed by using barium compounds,
which precipitate barium sulphate, but the poisonous effect of even
small amounts of barium and the relatively high cost of its salts
are great objections to their use. The chlorides are not changed
in amount by water softening. The chemicals should be very
thoroughly mixed with the raw water and sufficient time should be
allowed for complete reaction, which proceeds rather slowly, for
otherwise precipitation will occur later in pipe lines or in boilers.

FEED-WATER HEATING.

Water heaters are designed primarily to utilize waste heat in
stationary boiler plants by raising the temperature of the feed water
and thereby lessening the work of the boilers themselves, but they
also effect some purification, and many heaters have been specially
designed with that end in view. The heat is derived from exhaust
steam or from flue gases. Heaters utilizing steam either are open—
that is, operated at atmospheric pressure—or are closed and operated
at or near boiler pressure. In accordance with these different con-
ditions, which result in distinet purifying effects, feed-water heaters
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are classified as “open’’ or “closed’ or “ economizers,” the last being
those using flue gases. In most forms of open heaters, which are
best adapted for removing large quantities of the materials that form
soft scale, the steam enters at.the bottom and the water at the top,
and intimate contact between the two is obtained by spraying the
water or by allowing it to trickle over or to splash against plates.
By this process the water is quickly heated nearly to boiling; dis-
solved gases are expelled; bicarbonate is decomposed; and iron,
aluminum, part of the magnesium, and calcium equivalent to the
carbonate after decomposition of the bicarbonate are precipitated as
hydrates, oxides, and carbonates under varying conditions of tem-
perature, pressure, and time. The precipitate agglomerates the
particles of suspended matter and makes them more readily removable
by sedimentation and filtration. The slowness with which the
reactions take place and the presence of acid radicles other than
carbonate to hold the bases in solution prevent complete removal
of calcium and magnesium. The addition of soda ash in proper
proportion, however, effects fairly complete precipitation of the
alkaline earths, and apparatus for constant introduction of this
chemical in solution may be provided. Open heaters operated
without a chemical precipitant remove constituents that are soft and
bulky and leave those that form hard scale. Scale from water
treated without chemicals in such heaters is therefore not so great
in amount but is harder than that formed by the raw water. After the
precipitate has been formed the water passes through filters of burlap,
excelsior, straw, hay, wool, coke, or similar material, arranged in
units that can readily be cleaned.

In closed heaters the water is passed through tubes surrounded
by steam or around steam pipes, and manholes or other openings
are provided for removing the scale from the tubes. As the water
is heated under pressure some precipitation takes place, but closed
heaters are not so efficient in this respect as open heaters, because
they do not permit the escape of the gases liberated from the water.
This objection does not hold if treatment in a closed heater follows
treatment in an open one from which the gases escape. Several
systems accomplish very good purification by using a unit of each
type in series.

Economizers consist essentially of water tubes set in the flues
leading from the furnaces. Facilities are provided for cleaning scale
from the inside and soot from the outside of the tubes. As econo-
mizers are heated by flue gases, the water in the tubes can be heated
under pressure to much higher temperature than in open or closed
heaters, and conditions of ordinary boiler operation are approxi-
mated. The precipitation of incrustants varies greatly with the
normally fluctuating temperature of the flue gases.



90 GROUND WATER IN SAN JOAQUIN VALLEY.

CHEMICAL COMPOSITION OF THE SURFACE WATERS.
RIVERS.

During a study of the quality of the surface waters of California
conducted by the Geological Survey in cooperation with the California
Department of Engineering in 1906-1908 samples of water collected
daily for a period of one year at selected stations on several rivers
in San Joaquin Valley were united in sets of 7 or 10 consecutive
samples as deemed advisable, and analyses were then made of the
composites thus obtained. As the complete analyses have already
been published ! it is sufficient here to quote only the mean, maxi-
mum, and minimum conditions of chemical composition during the
progress of the investigation. The analyses prior to March, 1906,
were made by F. M. Eaton; for the remainder of that year they were
made by P. L. McCreary; and during 1908 by Walton Van Winkle,
who was assisted by W J McGee, William Reinhart, and W. C.
Packard.

1Van Winkle, Walton, and Eaton, F. M., The quality of the surface waters of California: U. 8. Geol.
Survey Water-Supply Paper 237, 1910,
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The extremes of suspended and dissolved solids that are indicated
in Table 15 did not necessarily occur at the same time, but the
amounts of the various dissolved constituents correspond to the
reported dissolved solids. The waters of Mokelumne, Stanislaus,
Tuolumne, and Merced rivers, which were sampled at or near the
entrance of the streams into the valley and before they have been
used for irrigation, are low in all constituents, and they compare
favorably with the waters of rivers along the Atlantic Coast, which
are considered entirely acceptable in respect to their mineral con-
stituents. The water of Hudson River at Hudson, N. Y., though
less changeable in quality, is distinetly higher than any of these in
dissolved matter, and the water of Lake Superior, carrying 60 parts
per million of dissolved matter, is only slightly lower in mineral con-
tent. Though the California stream waters fluctuate considerably
in their load of mineral matter, they are no more highly mineralized
at their worst than the best of the ground waters. They would be
classed as moderately soft by the most critical standards; they are
low in dissolved scaling and foaming constituents, and therefore
sedimentation to remove the varying amounts of suspended matter is
all that is required to make them good boiler waters. The com-
puted alkali coefficients indicate that the waters even at the lowest
stages are excellent for use in irrigation, and this classification is
amply corroborated by experience. Kern River, sampled at the
mouth of the canyon 5 miles northeast of Bakersfield, is somewhat
higher in mineral content than the other streams, but still it is
moderate. Such increase in the southern end of the valley is natural
in view of the low rainfall, which has been insufficient to remove
from the ground the accumulation of soluble salts.

The analyses of water from San Joaquin River at the Southern
Pacific Co.’s bridge near Lathrop, a few miles above Stockton (San
Joaquin Bridge), show how evaporation, seepage from irrigated
tracts, and surface and subsurface drainage from the entire valley
increase the mineral content of the outflowing water and tend to
differentiate it from the mountain tributaries. Yet, even though the
river water is subject to these adverse influences, it is acceptable for
irrigation and for boiler use. It varies greatly in quality from season
to season, being lowest in dissolved matter during the spring freshets
and highest during the fall when the river is at its lowest stages.

TABLE 16.— Mean dischdarge of certain tributaries of San Joaguin River compared with
the mean mineral content of that stream during 1906 and 1908.

1906 1908

Mean suspended matter in the water of San Joaquin River near Lathrop (parts per

ion) 0
Mea.n dissolved matter in the water of San Joaquin River near Lathrop (parts per million).| 161 205
Mean discharge in second-feet per square mile: @

Stanislaus River at Knights Ferry 3.63 .837
Tuolumne River at La, granaf ...... 3.33 . 960
Merced River at Merce 1S e o et ciieaaeea 2.63 .631

a U, S, Geol. Survey Water-Supply Papers 213 and 251. -
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The difference between the average quality of the water of San
Joaquin River during different years is not very great, as the data
in Table 16 indicate. The mean discharge of the three principal
tributaries was approximately four times as great in 1906 as in 1908,
but the amount of dissolved matter at San Joaquin Bridge was less
than 30 per cent greater during the dry year, and the decrease of
suspended matter corresponding to the decrease in discharge is only
13 per cent. In general suspended matter varies directly and dis-
solved matter inversely with the discharge of streams, but these
relations are neither absolute nor invariable, and study of analyses of
several other river waters has demonstrated that the fluctuation of
the average content of mineral matter is not so great from year to
year as the fluctuation in discharge.

TaBLE 17.—Comparison of the average condition of the water of San Joaguin River with
the average condition of three tributaries tn 1906.

Parts per million. Percentage of anhydrous residue.
Constituents. | SIS | myglum. | Merced | , S20. | 81818 |y | Merced | ; S8R,
Rilggrsat ne River | River at J%ai%‘érm Rilggfat ne River | River at J%%?,“
Knights at La- | Merced near Knights at La- Merced Tear

Ferry, | grange. | Falls. |y i0ron | Ferry, | grange. | Falls. iy mrop.

Suspended matter...| 140 68 52 T O e

Dissolved solids...... 83 74 65 b [ A DO U SO I,

Total hardness @ . 48 43 39 £ T NN ISR AR IR,

Silica (8iOs). . 14 11 14 16 17.3 14.4 20.0 10-1

Iron (Fe). ... 19 10 .23 3 2 .2 .1

Calcium (Ca)........ 11 10 9.1 18 13.6 13.1 13.0 11.4

Magnesium (Mg)..... 5.0 4.3 3.8 | 80 6.2 5.6 5.4 5.1
Sodium _an tas-

sinm (Na+1§? R 11 12 9.3 27 13.6 15.8 13.3 17.1
Carbonate radicle

) PR 0 .0 0 28.5 26.3 2.3 20.9
Bicarbonate radicle

(07 J 46 41 35 < R s e I

Sulphateradicle(SOs)| 11 12 11 2 13.6 15.8 15.8 16.4

Chlorine (Cl).......... 5.6 6.6 5.6 30 6.9 8.8 8.0 18.9

a Computed.

Comparison of the average condition of the San Joaquin for 1906
with the average condition of Stanislaus, Tuolumne, and Merced
rivers, the three tributaries. entering above San Joaquin Bridge,
brings out the essential differences in the waters (Table 17). Though
nearly all constituents are greater in quantity in the San Joaquin the
principal change in chemical composition is increase of the percentages
of sodium, potassium, and chlorine at the expense of carbonate; in
other words, chlorides of the alkalies are added to the solution. The
moderate increase in mineral constituents is less than what might be
expected in view of the high mineral content of the west-side ground
waters and the semiarid condition of the valley.
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TULARE LAXKE.

. The usually high mineral content of the water as well as the inter-
mittent nature of Tulare Lake prevents its use for irrigation. As
the landlocked basin forms an immense evaporating pan in a semiarid
region the dissolved salts that are brought in by tributary streams
have been deposited in the lake bed after the water has evaporated,
the salts being partly redissolved later or left under or mixed with
protective layers of silt. That such successive concentrations, dilu-
tions, and depositions have taken place for many centuries is shown
by the known history of the lake and by the highly mineralized con-
dition of the first few hundred feet of silt underlying its bed.

When the area of the lake has been greatest the proportion of sub-
stances in solution has been low enough to permit use of the water
for irrigation, but its usual unfitness is established by analyses made
by chemists at the agricultural experiment station of the Univer-
sity of California under the direction of E. W. Hilgard. The results
of their tests, given in Table 18, can not be reduced to ionic form
because of the methods of analysis and they are therefore given in
the original hypothetical combinations, the only change being that
the amounts have been converted from grains per gallon to parts per
million.

TaBLE 18.—Partial analyses of water from Tulare Lake.a

[Parts per million.)
due | O Shlorida
Residue rganic s chloride,
Total h Sodium 4
h insoluble | and vola~ sodium
residue. | i water. | tilematter, | ©arPODAte. sulpthate,
ete.
A ...l 1,445 230 38 478 648
B. 1,403 92 91 604 616
C. 1,401 128 76 521 676
D. F N N R IR SR
E. 1,400 143 39 478 740
F. 3,504 63 241 1,272 [
G... 5,188 119 276 1,622 3,170
H........ 660 88 85 0 873
......... 1,301 113 77 530 581

A. Near southeast corner of the lake inside of Root Island, 300 yards from shore.

B. Near middle of lake at surface.

C. Near middle of lake at depth of 10 feet. .

D. Ne?r mit}dle of lake at depth of 20 feet. (The first four samples apparently were collected in the
spring of 1880. .

E. Sample collected in January, 1880.

F. Sample collected in June, 1883.

G. Sample collected in February, 1889. .

H. Near mouth of Kings River, March 28, 1880. Taken at surface when a strong wind brought in more
river water than usual. .

I. Near outlet of West Side Canal at depth of 10 feet. (Probably taken at same time as sample H.)

Samples A to E inclusive were collected in 1880 while the lake was
decreasing in size and its dissolved salts were being concentrated.
The samples collected at reasonable distance from the shore indicate
that the lake throughout carried practically the same amounts of

@ Compiled from Calfornia Univ. Agr. Exper. Sta., Rept. for 1890, appendix,
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dissolved matter. The water at that time was too high in mineral
content to be suitable for use. Samples F and G, taken in 1888 and
1889 while the lake was low, show much greater concentration of the
soluble substances, the total residue having become more than tripled
in 1889. The results of these tests prove the futility of any project
involving use of the lake waters for irrigation. If the supply were
suitable during uncertain periods when the lake is large the inevi- -
table concentration accompanying evaporation would make the water
dangerous during low stages. Dilution of such strong water by mix-
ing it with a supply from Kings River would result in reducing one
excellent water to poor condition.

TABLE 19.—Chemical composition of the water of Tulare Lake.@

Parts per million. Peme“ﬁ%‘gu?hydm\m
Constituents.

Chlorme (Cl)....-eemuienncmannnnn..

Scale-forming ingredients (s)....... 107 102
Foaming ingredients (f)............ 1,300 1,240
Probability of corrosion (e)........ N.C. N.C.

Alkali coefficient (inches).......... 2.2 2.2

@ Analyses made in the chemical laboratory of the Agricultural Experiment Station, University of
Californis.
b N. C.=noncorrosive.

Table 19, giving the chemical composition of the lake water in
parts per million and in percentage of the anhydrous residue, shows
in more detail the nature and amounts of the dissolved substances.
Analysis No. 1, corresponding to E in Table 18, gives the composition
in January, 1880; No. 2 is apparently the same as C (Table 18),
collected in the spring of 1880; and No. 3 shows the composition in
February, 1889. The analyses, stated by Hilgard in hypothetical
combinations, have been computed to ionic form and to parts per
million by the writer. The water belongs to the sodium carbonate
type, the proportion of alkaline earths being low. The percentage
of calcium and magnesium decreased greatly between 1880 and 1889,
a change compensated by a proportionate increase in alkalies. The
relative amount of carbonate decreased appreciably, while sulphate
and chloride correspondingly increased. This indicates the deposi-
tion of alkaline-earth carbonates. The alkali coefficients are so low
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that the water could not be considered suitable for irrigation. Though
the amounts of scale-forming ingredients are low, and such waters
would probably not corrode boilers, the contents of foaming constit-
uents would render such supplies unfit for boiler service. Tulare
Lake may be regarded as a catch basin whose water is valueless.

BUENA VISTA RESERVOIR.

Kern River has several delta channels spread fanlike in the valley
west of Bakersfield, and some of these channels formerly conveyed
the water of the river to a shallow depression comprising the basins
of Kern and Buena Vista lakes and Buena Vista Swamp. In recent
years, however, the original courses have been modified by levees
and diversion canals until at present none of the flow reaches Kern
Lake basin except intermittently through an irrigating ditch, and
only the flow at high stages is directed toward Buena Vista reservoir.
This body of water, occupying the former basin of Buena Vista Lake,
inT.318,R.25E., and T. 32 S., R. 25 E., is a storage reservoir for
irrigation canals to the northwest. It is separated by a levee from
the basin of Kern Lake, whose bed is now dry and under cultivation.
The analysis of a sample from the east end of Buena Vista reservoir
in the spring of 1896 is reported in Table 20.

TaBLE 20.— Partial analysis of water from Buena Vista reservoir.!

[Parts per million.]

Total residue. .« oot e et e e 503
Organic and volatilematter....._ ... ... .. ... ... ... ... .. 100
Residue insolublein water.......... .. ... .. ... ... ... ... 111
Residue solublein water. ... . ... . ... «ioiiiiiiiiiaaa. 292

Soluble residue:

Sodium sulphate.... ... ... .. ... ... ... 269
Sodium chloride.................... ... e eeteaaaaa. 23
Sodjum carbonate....... ... ... ...l 0

Insoluble residue:

T 7 53

Carbonates of calcium and magnesium and calcium sulphate.. 58

When the water is in the condition shown by these tests, or is more
dilute, it is suitable for irrigation and for use in boilers. The water
may be prevented from becoming too strong by continual replenish-
ment from Kern River. Water from Kern Lake on March 24, 1880,
before it dried up, contained more than 3,600 parts per million 2 of
mineral matter and was bad for irrigation.

1 Analysis performed in the laboratory of the California Agricultural Experiment Station under direc-
tion of E. H. Loughridge. California Univ, Agr. Exper. Sta. Rept. for 18951897, p. 77. Converted intc
parts pet million by the writer.

2 California Univ. Agr. Exper. Sta. Rept. for 1890, appendix, p. 48,
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DENUDATION AND DEPOSITION.
RATE OF DENUDATION IN THE SIERRA.

San Joaquin Valley has been filled by alluvium deposited by entering
streams, but how much of the deposition took place in an arm of the
ocean, how much in a fresh-water lake, and how much above water,
and many other circumstances of the fluvial upbuilding are more or

" less conjectural. The rate at which material in the active basin of
San Joaquin River—the portion east of the present river bed and
north of Kings River—is now being moved has been calculated from
the analyses quoted in Table 15 and gagings of the tributaries, and
the results of these calculations are summarized in Table 21. During
1906 approximately 225 tons per square mile in the form of dissolved
matter and 265 tons per square mile in the form of suspended matter
were transported from the slopes of the Sierra Nevada into the va.]_ley

TABLE 21.—Rate of denudation on part of the western .s'lope of the Sierra Nevada in 1906.

Mineral content of

wWaiter. Denudation.
Drainage basin. Arep.s | Meanrun-
oft.¢ Ave d &&vell'ag?i Suspended | Dissolved
suspende issolve:
o | attars | matter. | matter.
Tons per | Tons per
Sec.-ft. Parts per | Parts per | sq. mi. per | 8q. mi. per
Sq. mi. | per sq. mi. | wmillion. million. year. year.
Mokelumne River above Clem-
L) 1 642 3.04 84 75 232 224
Stanisla.us Rlver above ’
Knights Ferry.............. 935 3.63 140 83 472 296

Tuolumne 1ver above La-

STAIIED . - e emoesreenenomn e 1,500 3.33 68 74 188 243
Merced River above Merced

Falls.oooieivneriennnaannn.. 1,090 2.63 52 65 197 168
Weightedmean . .....oveeeeoi|ieeeniiaas)inenceronee]ommnnaneaoianinie, 265 225

5 U:5: Géol: Survey Water-Supply Paper 257, 110,

The ﬁgures of denudation in tons of dissolved matter per square
mile per year in Table 21 have been computed by multiplying together
the mean run-off, the average dissolved matter, and the factor 0.985.
Denudation as suspended matter can not be so well approximated by
similar computation with averages because the amount of suspended
matter carried during a heavy flood may be greater than that during
all the rest of the year. Therefore, denudation as suspended matter
has been computed for each 10-day period represented by the samples,
and the sum of these estimates has been divided by the area of the
basin to obtain the denudation in tons per square mile per year in
the form of suspended matter. Thus the removal of material from
4,167 square miles of the Sierra has been estimated. If it is assumed
that the denudation on the first three basins is typical of the north-

98205°—wsP 398—16—7
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ern two-thirds of the mountain slope and that that on Merced River
basin is typical of the southern third, the weighted means for the 7,500
square miles of the Sierra tributary to San Joaquin Valley north of.
Kings River may be obtained. These two figures represent an
annual movement of 1,700,000 tons of dissolved matter and 2,000,000
tons of suspended matter into the valley. This is equwa]ent to a
denudation of 26 ten-thousandths of an inch annually, or 1 inch

in 385 years, a high rate of denudation. ‘

These estimates do not take into account the dissolved matterthat
is carried into the valley by the ground waters, but as the present
problem is essentially one of silt movement this chemically dis-
solved matter can be neglected. No allowance has been made for
the ‘‘bottom load,” or material rolled along the beds of the streams,
because the meager information in reference to this manner of trans-
portation tends to show that the bottom load moved past a given
point in a river that is not overloaded is a very small percentage of
the total load. The sectional area of the heavy load near the bottom
is only a small part of the total cross section through which sus-
pended matter is transported, and the bottom load necessarily moves
more slowly than the lower filaments of water, which in turn move
more slowly than any other waters in the cross section. Therefore,
though bottom material may be obvious because of the size of its
particles, it probably constitutes only a small fraction by weight of
the total material that is moved.

How long a period may be represented by estimates based on one
year’s studies is uncertain. According to the figures representing
the mean discharge of several streams in the valley,! the run-off during
1906 was considerably higher than normal, and the estimates of trans-
ported silt may, therefore, be considered greater than the normal for
the present century.

RATE OF DEPOSITION IN THE VALLEY.

As no measurements of the discharge of San Joaquin River near
Lathrop were made during the period in which samples were col-
lected, 1.00 second-foot per square mile has been taken as a reasonable
estimate of the average run-off throughout the 16,500 square miles
of the basin north of Tulare Lake. This figure and the averages of
analyses at Lathrop for 1906 (Table 17) give the annual removal of
material by San Joaquin River as 2,600,00<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>