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ABSTRACT

Public water supplies are utilized extensively by industries for processing, cooling, and steam gen-
eration. The requirements as to quality of water for each industry are specific, therefore information
on the quality or chemical character of the water supply is essential not only in the location of industri-~
al plants but also is an aid in the manufacture and distribution of products.

Data are given inthis report on the water supplies for 1, 315 of the larger cities (or places) through-
out the United States. The population of these cities represents 58.3 percent of the total population
(1950 census), and more than 90 percent of the total urban population, of the United States. Part 1 of
the report contains data for 819 cities east of the Mississippi River, and part 2 includes data for 416
cities west of the river. All cities of 15,000 or more population and many cities of smaller population
are included.

The information givenfor each place includes, in most instances, population of the place; ownership,
source, and treatment of supply; storage facilities for both raw and finished water; and chemical analy-
3es of the supplies.

The chemical quality of a water affects its industrial utility. A total of 2, 506 chemical analyses of
the supplies for the places included are shown. Surface-water supplies, generally, are more variable
in composition than ground-water supplies, but contain less mineral matter in solution. Many of the
treated public supplies require further treatment to make them satisfactory for some industrial uses.
Of the total of 1,315 places included in the report, 711 receive surface-water supplies; 472 receive
ground-water supplies, and 132 receive mixed supplies. Thé population served by these supplies is
about 88,000,000, of which about 71,000,000 receive surface-water supplies and 17,000, 000 ground-
water supplies. .

Harduess of water supplies with respect to industrial use is given much attention. The hardness of
the large public supplies rangesfrom less than 5 parts per million to about 700 parts. About 52, 000, 000
people are furnished with water having hardness of 100 parts per million or less.

The weighted average hardness (average hardness of supplies weighted according to the population
served) of finished water of surface supplies is 82 parts per million; of ground supplies, 162 parts; and
of all supplies, 97 parts. The weighted average hardnesses of raw water of surface, ground, and all
supplies are 96,200, and 116 parts per million, respectively.

The average hardness (based on the average hardness of each supply and the number of supplies) of
finished water of surface supplies is 85 parts per million; of ground supplies, 164 parts; and of all sup-
plies, 121 parts. The average hardnesses of the raw water supplies are 94, 192 and 139 parts per mil-
lion, respectively.

The median hardness of finished water of all supplies is 81 parts per million, and of the raw water
supplies, 90 parts.

The treatment of a public water supply is planned principally to give a water that is bacterially safe
for public use, and to eliminate or minimize certain undesirable characteristics of the water.” Of the
supplies for the places in this report, a total of 117 (3 surface supplies and 114 ground supplies) receive
notreatment; 393 supplies receive no treatment other than chlorination; and the remainder receive treat-
ment in addition to chlorination. The supplies for 171 cities are softened. Rapid sand filter plants are
in use for 533 cities, exclusive of those in use at places where the water is softened. Slow sand-filter
plants are in use at 35 places. A population of about 40,000, 000 is served with water from these filter
plants. :

The total number of treatment plants, exclusive of facilities for chlorination, for most of the places
in this report is 660. The total capacity of these plants in millions of gallons per day is 10, 694.

A total of 693 places report raw-water storage facilities having a total capacity of 2, 460, 346 millions
of gallons; a total of 1,081 places report finished-water storage facilities having a total capacity of
24, 557 millions of gallons.

Investigations by others have shown that a definite relationship exists between fluoride in drinking
water and the incidence of dental caries in the teeth of children. A total of about 85 percent of the pop-
alation served from the large public supplies receive water having a fluoride concentration in the range
of 0.0 to 0. 5 part per million. Few large public supplies contain fluoride in ¢ trations in of
3 parts per million. A total of 155 places of those included in the report received fluoridated water in
1952,

1



2 INDUSTRIAL UTILITY OF PUBLIC WATER SUPPLIES, 1952

INTRODUCTION

The most valuable of all our natural resources, except for the land itself, is
water. Generally taken for granted and considered practically inexhaustible dur-
ing the 19th century, water is today one of the most actively managed of all our
natural resources. Large sums of money are spent each year for surveys, reg-
lamation, conservation, power development, and flood control.

Water is different from most minerals inthat it isfluid and active. Moreover,
its chemical character is ever changing, not only because of natural processes in
its tripfrom clouds to seas but also because of the myriad activities of man. Wa-
ter supply is a complex problem, and it is of extreme importance to communities,
agriculture, industries, and commerce. Without water these things could not ex-
ist; nor could life itself.

An adequate water supply of either ground water or surface water, or both, is
often a prime requisite in the selection of sites for industrial plants. It is esti-
mated that American industry in 1950 used 75 billion gallons of water per day from
private sources and about 6 billion gallons per day from public water supplies.
Furthermore, industries require a process water of specific characteristics or
standards of quality. For example, process water used in.the manufacture of tex-
tiles must be practically free of suspended matter, iron, and color and must be very
low in dissolved minerals, especially calcium and magnesium. Specific require-
ments of quality for process water in certain industries are so exacting that exten-
sive treatment for many natural waters isusually necessary to make them suitable
for use. Therefore, an important factor inthe selection of sites for industries, in
addition to an adequate supply of water, is the specific quality of the supply.

Information as to the chemical character of the water is essential not only in
the location of many industrial plants but also to the distribution of the products
manufactured. The manufacturer of water-softening equipment would not expect
tofind a ready market for his product in an area where the water supplies are soft.
The need for materials and appliances for control of corrosion in water pipes, and
the selection of boiler-plant and water-softening equipment will be influenced by
the chemical character of the water.

Many of the water-supply papers of the U. S. Geolgical Survey and reports
made in cooperation with State agencies contain considerable information relating
to the chemical quality of water in the United States. See page 46 for the partial
list. Among these are the annual "'quality of surface water" reports beginning in
October 1941, which give the results of comprehensive investigations in different
areas of the country for the year named. Other reports give the results of com-
prehensive investigations within a State, among which are those dealing with the
public water supplies; still others give information on the geology and the occur-
rence and availability of ground-water supplies with brief discussions of the chem-
ical character of the water encountered in the area of investigation.

Reports showing the chemical character of the public water supplies of the
larger cities of the United States were published in 1923 and 1934. The last pub-
lished report, Geological Survey Water-Supply Paper 658, contains data for 670
of the larger cities, representing 46 percent of the total population of the United
States. It has filled an important need in the field of water-supply engineering.
The insistent demand for more current information and a more extended coverage
has led to the present report. Descriptive and analytical data for about 75 percent
of all the places that are included in the two volumes of this report have been pub-
lished in a recent series of nine Geological Survey circulars, each circular cover-
ing a prescribed section of the country. The present report gives data for 1,315
places, representing 58. 3 percent of the total population of the United States. It
includes data for all places of 15,000 or more population, 80 percent or more of
the total urban population of each State, and at least 10 places for each State ex-
cept Delaware. Many places of less than 15,000 population are included in order
that either 80 percent of the total urban population of the State or 10 places for each
State might be represented. It was felt that the use of the above criteria for the
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selection of the places to be included in the report would give adequate represen-
tation for each State.

Part 1 of the report includes data for 819 places in the 26 States and the Dis-
trict of Columbia east of the Mississippi River; part 2, for 496 places in the 22
States west of the Mississippi. The text material and illustrations and the form
of the tables are identical in both parts of the report and apply to the country as a
whole. The statements made in regard tothe supplies asa whole and to other sub-
jects are generally applicable in each part of the report.

An important part of this report is the descriptive and analytical data pertain-
ing to the water supplies of the individual places. Although not as complete and
representative as desired in some instances, these data are intended to show con-
ditions as they existed at the time of collection. From the data as presented in-
ferences and conclusions canbe drawn asto the general character of the water and
its general usability for many industrial purposes. In the use of the data, it must
be borne in mind that many supplies from surface sources are quite variable in
composition; that ground-water supplies are more uniform in compositionthan sur-
face supplies; and that most of the analytical data relate to the treated or finished
water as served to the consumers, although much information is given as to the
character of the raw-water supplies.

The generaldiscussion of hardness and the illustrations and tables with refer-
ence to the distribution and use of water of different hardness are of considerable
value or importance inthe report, since hardness is a characteristic of water that
affects both the domestic and industrial use of water. Caution is necessary in the
use of generalized data relative to the hardness of public water supplies, when
location of industrial plants or industrial activities require more specific data as
to the chemical character of the water supplies.

Fluoride occurring naturally in water supplies and the fluoridation of public
water supplies, because of the effects of fluoride on the incidence of dental caries
in the teeth of growing children and not because of the effects onthe industrial use
of the water, are discussed at some length.

Discussions of the various aspects of water supply and treatment are neces-
sarily brief in this report. Fuller and detailed discussions are to be found in pa-
pers and books on the subjects.

ACKNOWLEDGMENTS

State departments of health, city and waterworks officials, private water com-
panies, and commercial laboratories furnished many analyses, water-supply and
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Love, chief, Quality of Water Branch. The efforts of the various members of the
branch who participated in the work were coordinated by £. W. Lohr, chemist,
who also reviewed and compiled all data submitted by the district offices of the
branch, wrote the body of the text, and was mainly responsible for the tables and
illustrations.

The analyses made by the Geological Survey for inclusion in the report were
made in the district laboratories by the Quality of Water Branch in different sec-
tions of the country under the immediate supervision of the district chemists at
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the time. The district offices also collected other data pertaining to the supplies
in the States comprising their districts. The States comprising the different dis-
tricts, the location of the district offices, and the personnel in charge at the time
the work was in progress, are named below.

State

Alabama
Arkansas
Mississippi
Missouri (part)
Tennessee

California

Connecticut
District of Columbia
Florida

Maine
Maryland
Massachusetts
New Hampshire
New Jersey
New York
Rhode Island
Vermont

Colorado (part)
Iowa

Kansas
Minnesota
Missouri (part)
Montana (part)
Nebraska
North Dakota
South Dakota
Wyoming (part)

Arizona
Colorado (part)
New Mexico

Georgia
North Carolina
South Carolina

Illinois
Indiana
Kentucky
Michigan
Ohio

West Virginia
Wisconsin

Kansas (part)
Oklahoma

District or Regional Office

I. S. T. Building, University
of Arkansas,
Fayetteville, Ark.
G. A. Billingsley
J. W. Geurin

Sacramento 21, Calif.

} 2520 Marconi Avenue,
1. W. Walling

General Services Administration Bldg. ,
Washington 25, B. C.
S. K. Love
L W. F. White
E. W. Lohr

510 Rudge Guenzel Bldg.
Lincoln 8, Nebr.
P. C. Benedict
H. A. Swenson

J

P. O. Box 293, University Station,
Albuquerque, N. Mex.
J. D. Hem

P. O. Box 5668,
Raleigh, N. C.
F. H. Pauszek

} 2822 East Main Street,

Columbus, Ohio
W. L. Lamar
P. N. Brown

P. O. Box 4355,
Oklahoma City, Okla.
T. B. Dover
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State District or Regional Office
1302 Custom House,

Delaware Philadelphia, Pa.

Pennsylvania N. H. Beamer

E. F. McCarren

302 West 15th St.,

Louisiana Austin, Tex.
Texas B. Irelan

J. R. Avrett
Colorado (part)
Idaho P. O. Box 2657,
Montana (part) Fort Douglas,
Nevada Salt Lake City,
Oregon Utah
Utah C. S. Howard
Washington R. T. Kiser

Wyoming (part)

P. O. Box 1488,
University Station,
Charlottesville, Va. -
J. G. Connor

Virginia

ANALYSES OF WATER FROM PUBLIC SUPPLIES
SOURCES OF ANALYSES

Most of the analyses in this report were made during its preparation in the
laboratories associated with the District offices of the Quality of Water Branch
of the Geological Survey. Analyses from other sources were freely used as indi-
cated in table 1. The lack of space prohibits giving the names of the individual
analysts, although the names of the laboratories making or furnishing the analyses
are given in the tables of analyses for the individual places.

Table 1. --Distribution of sources of analyses used

Number| Number
Source of of
analyses| places

U. S. Geological Survey laboratories:

This report............... feer et 1,781 1,008
Other TeportS.....coiviiineienricenrecncoans 185 56
State laboratories .......cecevieiiiiiiiiraenan 268 107
Waterworks laboratories ...........c.cc0iveannn 155 109
Commercial laboratories........ccoveeeeeenenn. 117 35
Totals.......... 2, 506 1,315

Many analyses and other data not printed in this report were available. These
analyses and data were valuable aids inthe selection of the analyses and data which
are printed.

COLLECTION OF SAMPLES

Many samples for analysis were collected by the personnel of the Quality of
Water Branch and other members of the Water Resources Division of the Geolog-
ical Survey. Other samples were collected in containers furnished by the Geolog-
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ical Survey by waterworks, city, and health-department officials. At many places
samples were collected of bothraw- andfinished-water supplies especially at those
places where the treatment of the raw water was extensive or where the water was
softened. Many samples of finished water were collected at the treatment plants
of the individual cities; other samples were collected from city taps of the distri-
bution systems. The samples collected are considered to be representative of the
supplies at the time of collection.

APPLICABILITY OF ANALYSES

The analyses made by the Geological Survey used in this report were made by
methods developed by the Quality of Water Branch or adapted from methods in
general use for the mineral analysis of water. (Am. Pub. Health Assoc., 1946;
Am. Soc. for Testing Materials, 1947). The analyses made by other laboratories
were carefully examined for possible errors in order that the information given
might be reliable. The reporting of these analyses has been made to conform to
the Geological Survey method of reporting the results of water analysis and any
difference inthe analyses as published andoriginally submitted is because of this.
Many waterworks laboratories make daily determinations of alkalinity, pH, and
hardness which give some indications as to the extremes in chemical composition
of the supplies. These data are given inthe tables of analyses whenever they were
avaiable. Every effort has been made to give reliable information asto the chem-
ical character of the water supplies at the time the analyses were made and
throughout the year.

Single analyses of supplies from lakes and large reservoirs represent fairly
well the chemical character of the water throughout the year, but for many sup-
plies taken directly from streams or from small impounding reservoirs a single
analysis will not represent the character of the waterfor the year. It may so hap-
penthat the single analysis will represent about the average character of the water
for the year. Many streams are very variable in character not only with the sea-
sons but with rapid changes in stage. Obviously a single analysis of such streams
will not show the extremes in chemical composition of the water, and many analy-
ses of daily samples or frequent samples are necessaryto show the composition of
the water throughout the year,

Some waterworks laboratories make complete analyses of composites of daily
samples. Where available, averages of these analyses are given in the table of
analyses. Averages of analyses of 10-day composites of daily samples for a peri-
od of a year are shown for a number of supplies. Analyses of composites of daily
samples with the maximum and minimum content of dissolved solids are shown in
a few instances. The single analyses and other analyses taken together with the
analytical data furnished by the waterworks laboratories give reliable information
as to the chemical character of many surface-water and treated-water supplies.

For many places that have several sources of supply, analyses are usually
given representative of the several sources or of the combined sources. It is ob-
vious that if different sections of a city are served by different sources, an anal-
ysis of a sample collected in one section of the city may not represent the charac-
ter of the water, served in the other section or the entire city. Statements in the
descriptive data for the supplies of these places are made to show the percent of
supply from each source. In many instances it was not possible to give analyses
of each of the sources of supply.

Ground water, in general, is much more uniform in composition than surface
water. A single analysis may suffice to show the general character of the water
throughout the year not only for a single source but also for multiple sources fur-
nishing water of similar composition. However, many places obtain public sup-
plies from several wells or groups of wells in several well fields that differ con-
siderably in chemical composition. Sometimes water from these various sources
is pumped directly into the distribution system in different sections of the city,
Sometimes groups of wells or individual wells are pumped at different times. For
most such supplies analyses are selected to show the character of the water of the
entire supply, or the several sources of supply, or the range or differences in
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composition of the water from the individual wells or several groups of wells. It
is obviously necessary to consider the descriptions of the sources of supply, the
percent of supply obtained from each source, and the analyses of the supplies in
order to evaluate or plan in connection with the use of the data of such ground-
water supplies.

EXPRESSION OF RESULTS

The dissolved mineral constituents are reported in parts per million. A part
per million is a unit of weight of a constituent in a million unit weights of water.
Equivalents per million, though not given in this report, are sometimes preferred
to the expression of results in parts per million. An equivalent per million is a
unit chemical combining weight of a constituent in a million unit weights of water.
Equivalents per millionfor any constituent are obtained by dividing the concentra-
tion of the constituent in parts per million by the chemical combining weight of the
constituent. For convenience in making this conversion the reciprocals of chem-
ical combining weights of the most commonly reported constituents are given inthe
following table:

Constituent Factor Constituent Factor
Iron (F+++)............ 0.0537 Carbonate (CO;™7)....... 0.3333
Manganese (Mn++)...... . 0364 Bicarbonate (HCO;7)..... . 0164
Calcium (Cat+) ........ . 0499 Sulfate (SO,”7) .......... . 0208
Magnesium (Mg++) ..... . 0822 Chloride (C17) .......... . 0282
Sodium (Nat) ........ .. .0435 Fluoride (F7) ........... .0526
Potassium (K+) ....... . .0256 Nitrate (NO,™) ..... ve... 0161

Results in parts per million can be converted to grains per United States gal-
lon by dividing by 17. 12

A calculated quantity of sodium and potassium as sodium, given in some anal-
yses, is the quantity of sodium needed in addition tothe calcium and magnesium to
balance the anions.

Total hardness as used in this report means, in most instances, the hardness
expressed as calcium carbonate caused by calcium and magnesium in the water;
it is obtained by calculation from the results of determination of these two con-
stituents by either gravimetric or volumetric methods. In a few instances, other
substances such as aluminum, iron, manganese, strontium, and free acid, which
also cause hardness, have been included in the calculations. Many determinations
of hardness made at waterworks treatment plants are made with soap solutions,
and such results for total hardness tend to be lower generally and less accurate
than those obtained by calculation. The volumetric test for hardness using eth-
ylenediamine tetraacetic acid is much more reliable and is rapidly replacing the
soap test (Connors, 1950). Hardness isfurther discussed onpages 12, 13-28.

Color is expressed in units of the platinum cobalt scale proposed by Hazen
(1892, p. 427-428).

Hydrogen-ion concentration is expressed on the pH scale.

Specific-conductance values are expressed as micromhos per centimeter at
25°C. In many reports conductance is designated by the letter "K', and values
expressed as above may be written KX 10° at 25°C. A micromho is a millionth
of a reciprocal ohm.

Turbidity is expressed as units of turbidity onthe silica scale (U. S. Geological
Survey, 1902).

Alkalinity as reported in the tables of determinations made at treatment plants
is expressed as calcium carbonate. Acidity, in some instances, is shown in these
tables as a minus alkalinity.
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COMPOSITION OF NATURAL WATERS

All natural waters contain dissolved mineral matter. Water in contact with
soils and rocks evenfor only afew hours will dissolve some mineral matter. The
quantity of mineral matter dissolved by a natural water depends primarily on the
type of rocks and soils with which the water comes in contact and the length of the
contact. Some streams are fed by both surface runoff and ground water from
springs and seeps. Such streams reflect the chemical character of the more con-
centrated ground water during dry periods and are more dilute during periods of
heavy surface runoff. Ground water usually contains more dissolved mineral mat-
ter than surface runoff for it remains in contact with soils and rocks for longer
periods of time. The concentration of dissolved solids in a river water may be
increased by drainage from mines and oil fields, by discharge of industrial and
municipal wastes into the streams, and in irrigated.areas by return drain waters.

The mineral constituents and physical properties of the raw and treated sup-
plies inthe tables of analyses are those that affect the value of the water for most
purposes. The analyses generally include results for silica, iron, manganese,
calcium, magnesium, sodium, potassium (or sodium and potassiumtogether as so-
dium), carbonate, bicarbonate, sulfate, chloride, fluoride, nitrate, dissolved sol-
ids, and hardness. Results for color, pH, specific conductance, turbidity, and
temperature are reported in many others. The source and significance of the con-
stituents and properties of water supplies are discussed in the following paragraphs.

MINERAL CONSTITUENTS IN SOLUTION

Silica (8i0,). --The element silicon is not found free in nature but it occurs as
silica in Sand, in quartz, andas silicates infeldspar, kaolinite,and other minerals.
Silica is dissolved from practically all rocks. Its state in solution in natural wa-
ter is not definitely known, but it is assumed to be colloidal, and it does not enter
into the ionic balance between the acids and bases of a water analysis.

Many natural surface waters, especially lakes, contain less than 5 parts per
million and few contain more than 30 parts per million. Well waters gererally
contain more silica than surface waters, but comparatively few contain more than
50 parts per million.

Silica affects the industrialuse of water because it contributesto the formation
of boiler scale, or it may help to cement other scale-forming substances into a
hard scale; it is usually removed from feed water for high-pressure boilers. Sil-
ica also forms troublesome deposits on the blades of steam turbines.

The silica inthe treated water of a public supply is usuallyless than in the raw
water if in the treatment process coagulation and filtration are employed. The
use of activated silica as a coagulant, either alone or in conjunction with alum,
will not increase the silica content of the treated water.

Aluminum (Al), -- Although aluminum is relatively abundant in many rocks and
ores some of which are readily soluble, aluminum is present only in negligible
quantities in most natural watersfor it precipitates fromthe waters. Acid waters
and water that has been in contact with certain types of rocks or ores may contain
considerable quantities of aluminum. Aluminum contributes to hardness in water
and may be deposited as scale in boilers. It is not reported in the tables of anal-
yses. In a few samples the aluminum content is inuicated by footnotes.

Iron (Fe). --Iron is dissolved from practically all rocks, and practically all
natural water supplies containironin solution. Surface waters, unless acid, rarely
contain more than several tenths of a part per million. Acid waters may carry
relatively large quantities. Iron in water upon being exposed to air is readily ox-
idized to ferric hydroxide which will readily settle out of a surface supply unless
acid; therefore surface waters generally carry relatively small quantities of iron.

Many ground waters may carry several parts per million of iron. Such waters
on exposure to air become turbid with ferric hydroxide as a result of the oxidation
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of the iron. The ferric iron will settle out and the water will eventually clear up
if it is quiescent. Iron in solution will cause reddish-brown stains on white enam-
elware, porcelain fixtures, and fabrics washed in these ground waters, which are
objectionable also for other domestic and industrial uses,

Many natural waters may be corrosive to the supply system, dissolving suffi-
cient quantities of iron from the pipes to be objectionable in the use of the water
for many purposes. Much of the iron in natural waters is removed by the treat-
ment as practiced at the modern water-~purification plants, but sometimes such
treatment will leave the waters corrosive so that they will dissolve objectionable
quantities of iron from pipes in the supply system or household installations.

Manganese (Mn). --Manganese is found in many natural waters, sometimes in
appreciable quantities. Water impounded in large reservoirs may contain manga-
nese that has been dissolved from the mud on the bottom of the reservoir. Some
ground waters may.contain very objectionable quantities of manganese. Waters
that contain appreciable quantities of manganese usually contain also objectionable
quantities of iron. Manganese is especially objectionable in water used in launder-
ing and textile manufacturing, for it causes dark-brown stains on the fabrics. It
will also stain porcelain fixtures. Water supplies containing objectionable quan-
tities of manganese require special treatment for its removal.

Calcium (Ca) and magnesium (Mg). --Calcium and magnesium are dissolved
from many rocks but more particularly from limestone, dolomite, and gypsum.
Limestone, which is primarily calcium carbonate, and dolomite and dolomitic
limestone made up of both calcium and magnesium carbonates are readily soluble
in water containing carbon dioxide. Caves and solutions channels in these rocks
are the result of this action of water, Comparatively large quantities "of calcium
are also dissolved from gypsum (calcium sulfate). Calcium isfrequently the prin-
cipal basic constituent in waters that contain relatively small quantities of dis-
solved solids and are soft waters. Calcium and magnesium are the most univer-
sally characteristic constituents of natural waters.

Calcium and magnesium cause hardness in water and contribute to the forma-
tion of boiler scale and deposits in hot-water heaters and pipes and in water sys-
tems. The calcium and magnesium content and hardness of waters used for public
supplies greatly affect the industrial value of the waters.

Sodium (Na) and potassium (K), ~--The veryactive metals sodium and potassium
are not found iree in nafure, but their compounds are relatively abundant in the
earth's crust and are highly soluble in water. Sodium and potassium are found in
all natural waters. Naturalwaters thatcontain only 3 or 4 parts of the two together
are likely to contain about equal quantities of each. As the total quantity of these
constituents increases the proportion of sodium becomes much greater. Waters
carrying from 40 to 50 parts per million of the two 'may carry one-fourth or one-
tenth of the quantity as potassium; waters containing more sodium may even have
a smaller proportion of potassium.

Some well waters that carry moderate quantities of dissolved material in pas-
sage through the earth may undergobase exchange and change from hard waters to
soft waters. These waters may contain several hundred parts per million of so-
dium bicarbonate. Waters in arid and semiarid regions are likely to carry con-
siderable quantities of sodium salts, usually sulfate and chloride. Streams that
receive drainage from irrigated lands may carry several thousands parts per mil-
lion of sodium sulfate. The quantity of sodium and potassium found in the water of
most public supplies has comparatively little effect on the industrial use of the
water.

Carbonate (CO,) and bicarbonate (HCOQ,). --Carbonate as such is present in rel-
atively few natural waters. Some waters that have been treated with lime contain
carbonate or even hydroxide. Free carbon dioxide in rain water increased by a
larger amount from decaying organic matter in percolating water, in lakes, and
in streams in contact with carbonate rocks or calcareous material is converted in-
to bicarbonate. Bicarbonate is the chief anion in a great many natural waters and
in most of the waters used for public supplies. Waters that have been in contact
with granitic rocks and rocks of similar characteristics usually contain less than
50 parts per million of bicarbonate and frequently less than 25 parts, whereas those
that have been in contact with carbonate rocks may contain as much as 500 parts.
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Carbonate and bicarbonate are often reported as alkalinity which is expressed as
calcium carbonate. One part of alkalinity as calcium carbonate corresponds to
1. 22 parts of bicarbonate.

Sulfate (SO,}. --Sulfate is present in most natural waters, although in many it
may bearelatively small quantity. Sulfate may be dissolved in relatively large
quantities from beds of gypsum and shale. Some surface watersreceivingacid
mine drainage may contain considerable quantities of sulfate some of which may
be the result of oxidation of the sulfides of iron. Water in arid or semiarid re-
gions may contain relatively large quantities of sodium sulfate.

Sulfate in waters that contain much calcium and magnesium contributes to the
formation of hard scale in steam boilers andaffects the use of waters in other in-
dustrial processes. Aluminum sulfate as a coagulant in the treatment of public
supplies increasesthe sulfate content anddecreases the bicarbonate content of the
water.

Chloride (Cl). ~-Chloride is found in practically all natural waters, although
many surface waters contain only a few parts per million. Streams in arid or
semiarid regions may contain several hundred parts per million of chloride espe-
cially if they drain areas where chlorides occur in natural deposits or have been
concentrated in soils through evaporation processes. Sewage increases the chlo-
ride content of river waters. Drainage from oil wells or other deepwells, salt
springs, and industrial wastes may add large quantities of chloride to stream wa-
ters. Most public supplies from surface sources contain less than 25 parts per
million of chloride. Ground waters usually contain larger quantities than surface
waters and some public-supply wells may contain as much as 100 parts per mil-
lion. The larger quantities of chloride may affect the industrial use of the water.

Fluoride (F). --Fluoride occurs in nature in fluorspar, cryolite, and in both
sedimentary and igneous rocks. In most natural surface waters it is present only
in very small concentrations; in ground waters it is present in larger concentra-
tions, in some waters as much as several parts per million. Fluoride in water
supplies in relation to the dental defect known as mottled enamel and fluoridation
and natural fluorides in relation to the prevention of dental caries is discussed on
page 39 . The fluoride content of public water supplies may be of little impor-
tance as far as the industrial use of the water is concerned.

Nitrate (NO,). --Nitrate is considered the final oxidation product of nitrogenous
matter and its presence in water supplies of more than several parts per million
may indicate previous contamination by sewage or other organic matter. The ef-
fect of nitrate present in most public water supplies on the industrial use of the
water is practically negligible. Studies indicate that nitrate in excess of about 44
parts per million in drinking water may be a contributing factor or the cause of a
condition in infants known as methemoglobinemia ('blue babies™). (Waring, 1949).

Dissolved solids, --The results reportedas dissolved solids represent approx-
imately the total quantity of dissolved mineral matter in each water analyzed.
(Howard, 1933, p. 4-6). The quantity of dissolved solids in most instances was
determined by evaporating a given volume of water, drying the residue at some
definite temperature (180°C, by U. S. Geol. Survey), and weighing the dried res-
idue. In some instances the quantity reported was obtained by a summation.of the
individual constituents shown in the analysis, bicarbonate being included as car-
bonate. This summation of constituentsfor dissolved solids is indicated by a foot-
note in the tables of analyses. Relatively few supplies of places in this report con-
tain more -than 500 parts per million of dissolved solids and many of them have
less than 100 parts. Ground-water supplies usually contain more dissolved mate~
rial than surface water supplies. Partof the materialreportedas dissolved solids
in colored waters is organic matter, which is not shown in the analyses.

PROPERTIES AND CHARACTERISTICS OF WATER

Color, --Color, in water analysis, refers to the appearance of water that is
free of suspended material. Many turbid waters that appear yellow, red, or brown
have little color after the suspended material is removed. Color in natural waters
is almost entirely the result of extraction of coloring matter from decaying roots,
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stems, leaves, and other organic materials in the water andin the ground., Swamp
waters may have as much as 200 or 300 units of color. Industrial wastes may add
color to water. Color in most public supplies is rather negligible. A color of less
than 10 units usually passes unnoticed. Some impounded supplies if not filtered
may have appreciable color. Color is objectionable in the use of the water for
some industrial purposes.

Hydrogen-ion concentration. --Hydrogen-ion concentration in an aqueous solu-
tion or in water on the pH scale is represented by a number which is the negative
logarithm of the hydrogen-ion concentration in moles per liter of solution. The
pH range is from 0 to 14. A solution with a pH of 7 is said to be neutral. Pro-
gressive values of pH below 7 denote increasing acidity, and progressive values
above 7denote increasing alkalinity. The pH values are logarithmic, for example,
a water with a pH of 6 has 10 times the concentration of hydrogen ions as one with
a pH of 7.

pThere is a definite relationship between pH and acidity although acidity should
not be confused with pH, for a water with a pH value of 6.0 may have a low total
acidity whereas another highly buffered water having a pH of 7 may have a high
total acidity. Acidity is the results of the effects of a combination of substances
and conditions in water, and may be defined as the power of the water to neutral-
ize hydroxyl ions. Acidity is usually caused by the presence of free carbon diox-
ide, mineral acids, and salts of strong acids and weak bases.

" A definite relationship aiso exists in waters between pI¥ and alkalinity (carbon-
ate, bicarbonate, and hydroxide). (Langelier, 1946.) Alkalinity in a water may
be defined as its power to neutralize hydrogen ions. Alkalinity is caused by the
presence of carbonates, bicarbonates, hydroxides and, to a lesser degree, by sil-
icates, phosphates, borates, and organic substances. Although pH values and
alkalinity are interrelated,high alkalinity may not be necessarily associated with high
pH values; for example, a relative dilute water with a pH of 7 may have a low total
alkalinity, whereas, a buffered water with a pH of 6.0 may have a high total alka-
linity. The combined effects of the several substances and conditions in the water
affect the relationship between alkalinity and pH values.

The pH value of most natural water ranges between 6 and 8, Waters containing
free mineral acids have pH values below 4. 5. Some ground waters have pH values
above 8, some below 6. On account of the relation between the pH of water and its
corrosive properties, many water-treatment plants make final adjustment of the
pHof the supplies to prevent or minimize corrosion in the distribution system and
household installations. The pH values of public supplies have a very considerable
and definite bearing on the utility of the supplies for many industrial purposes.

Specific conductance (K X 106 at 25°C). --The specific conductance of a water
is a measure of its capacityto conductan electric current. The conductance varies
withthe concentration and degree of ionization of the different minerals in solution
and with the temperature of the water. It furnishes a rough measure of the min-
eral content of the water but does not give any indication of the relative quantities
of the constituents in solution. It is useful in following the changes in the total
quantity of dissolved minerals in a water through a series of samples.

Turbidity. --Turbidity of water is due to suspended matter such as clay, silt,
finely divided organic matter, microscopic organisms, and any such similar ma-
terial. The terms 'turbidity"” and '"suspended matter" are not synonymous or
equivalent expressions. Turbidity is an expression of an optical approximation of
the suspended matter, based onthe similarity of the interference of the suspended
matter to the passage of light rays through a water sample when compared with
standard samples of recorded turbidity. The standard unit of turbidity is consid-
ered as that produced by one part per million of diatomaceous earth or fuller's
earth (silica) in distilled water.

Practically all public supplies that are filtered are free from noticeable tur-
bidity or suspended matter. A few unfiltered supplies and those that contain e-
nough iron to give an appreciable precipitate on exposure to air may show notice-
able turbidities. Suspended matter in surface-water supplies is usually a much
more variable quantity than dissolved solids and must be taken into consideration
in any utilization of the unfiltered supplies.
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Temperature. --The results for temperature inthetables of analyses are shown
in degrees Fahrenheit and represent the temperature of samples at the time of
collection. In a few instances results for temperature are shown that were ob-
tained at the treatment plants.

Corrosiveness, causes and prevention, --Corrosiveness of a water is that prop-
erty which makes the water aggressive to metal surfaces and frequently results
in "red water' caused by solution of iron, although all red-water troubles may
not be the result of corrosion. As discussed previously, many well waters con-
tain considerable quantities of iron in solution and when these supplies are exposed
tothe air the iron separates out as a precipitate. Some of this precipitate may be
carried along in the mains and pipes in suspension in the water giving red-water
effects. Corrosive waters causes the deterioration of water pipes, steam boilers,
and water-heating equipment. Many waters that do not appreciably attack cold-
water lines may aggressively attack hot-water lines.

The phenomena of corrosion are not thoroughly understood (Speller, 1951),
The active agents in water aside from the solvent action of water itself are acids,
substances which upon hydrolysis or decomposition produce acid reactions, car-
bon dioxide, oxygen, and hydrogen sulfide. The problem of prevention of corro-
sion, therefore, is the problem of controlling these active agents or minimizing
their effects. Books and papers have been written on various aspects of the prob-
lem. (Proc. A. S. T. M., 1940; Betz and Betz, 1953).

The principal methods used in the treatment of municipal water supplies to
prevent corrosion and red-water trouble involve treatment to maintain proper al-
kalinity, pH values and stability inthe treated waters. (Amer. Water Work Assoc.,
1950; Baker, 1948). Effluent from filter plants where alum is used in the treat-
ment, many unfiltered supplies, and some naturally soft supplies, contain free
carbon dioxide and have low pH values, may aggressively corrode metal surfaces
in distribution mains and plumbing installations, producing red-water troubles,
pitting, and tuberculation. To increase the alkalinity and to raise the pH values,
agents such as lime or soda ash are added to the supplies before they enter the
digtribution system. Where the supplies are softened, the alkalinity and residual
hardness can be controlled so that the effluent may be left in a slightly unstable
condition with respect to calcium carbonate, and a light protective coating of cal-
cium carbonate may be deposited in the mains of the distribution system (Langelier,
1936). A stability test may indicate whether a water is corrosive or will form a
protective film (Enslow, 1939).

Deaerators and degasifiersforthe removal of dissolved gases are used to some
_extent in the treatment of boiler feed waters and in private installations (Powell
and Burns, 1936; Powell, Bacon, and Lill, 1946). Aeration removes to some ex-
tent carbon dioxide and hydrogen sulfide, although in the treatment of public water
supplies this process is used more for the purpose of removal of iron and of tastes
and odors than for corrosion control.

Phosphates, metaphosphates, and silicates, classed as anodic inhibitors, are
used to some extent in the treatment of public supplies and in industrial and private
installations for prevention of corrosion. The compounds are effective because
‘not only do they neutralize the agents of corrosion but also, it is thought, they
form protective films on the metal surfaces. Sodium hexametaphosphate has been
found notonly to be effective in stopping corrosion but also to promote removal of
corrosion products from pipelines (Rice, 1947).

Corrosion inside of steel tanks and standpipes may be prevented by a process
known as cathodic protection. Special electrical equipment is required which in
operation reversesthe electrochemical processes setup inthe corrosion of metal,
thereby rendering the metal surface passive (Pallo, 1948).

Hardness. --Hardness of water isthat characteristic or quality shown by water
containing certain substances in solution. Calcium and magnesium are the prin-
cipal constituents causing hardness. Other substances, such as aluminum, iron,
manganese, strontium, zinc, and free acid also cause hardness, but most of these
are not present in water supplies in sufficient quantities to affect appreciably the
hardness.

The terms "carbonate'’ and "'noncarbonate' hardness are roughly equivalent to
or are used in the same sense as the older terms ''temporary'" and "permanent"
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hardness. Carbonate hardness refers to the hardness in equivalence with carbon-
ate and bicarbonate; noncarbonate hardness to the remainder of the hardness. A
water has no noncarbonate hardness if the total hardness does not exceed in chem-
ical equivalence the carbonate and bicarbonate (the alkalinity) present in the water.
Waters of high noncarbonate hardness usually contain large quantities of calcium
and magnesium sulfates, chlorides, or nitrates in solution. The character of scale
formed insteam boilersis affected by the relation of carbonate to noncarbonate
hardness. The selection of the proper methods for softening is based largely on
the type and degree of hardness present in the waters.

Hardness in water in respect toboth domestic and industrial use receives great
attention. In domestic use hardness is recognized by the difficulty in obtaining a
lather without an excessive consumption of soap; the insoluble, sticky curd that
results with the use of soap, and the scale formed in vessels in which the water is
boiled. Industry gives great attention to hardness in water supplies because of its
effects inthe various processes of manufacturing and onthe manufactured product,
and because of the scaledeposited inthe use of hard water in hot-water pipes, hot-
water heaters, and steam boilers, resulting in economic loss through loss of heat
transfer, increased fuel consumption, and breakdown of equipment. Large sums
of money are expended in softening suppliesto make them suitable for both domes-
tic and industrial uses.

HARDNESS OF PUBLIC WATER SUPPLIES

Data relating to the hardness of the water of the larger public supplies of the
United States as shown in the descriptive and analytical data for each place are
summarized in a number of tables and illustrations. Most of these data relate to
the supplies as served to consumers representing water of natural hardness and
water of which the hardness has been changed by treatment including softening.
The data shown relate to only 58.8 percent of the total population of the United
States. The percent of population represented by each of more than half of the
States is much less than the total for the whole country. Furthermore, in several
of the summaries the average hardness of the State is used which does not show
any extremes in the hardness of the supplies within the State, The extremes in
the hardness of the supplies in some States are much greater than in others, al-
though the average hardness for those States may not be any higher than for a State
wherethe ranges inthe hardness are not so great. Furthermore, it must be borne
in mind that the smaller municipalities, which are not represented in the report
and consequently are not in the summaries, obtain their supplies for the most part
from ground-water sources whose supplies generally are harder than surface wa-
ters. Therefore, it is important that the base data of these summaries be kept in
mind when making any conclusions or inferences relative to the distribution of wa-
ter of certain hardness as shown by the hardness of the larger public water sup-
plies of the country.

These summaries of data on hardness are based on the average hardness of a
supply for a year. In some instances only meager analytical data were available
to show the hardness of the supply for a year. In these instances an average for
hardness was selected, based on known factors, such as the sources of the sup-
ply whether from a large or a small stream, or from lakes, reservoirs, wells,
or springs, the time of year the sample or samples for analysis were collected,
and the general knowledge of the hardness of water supplies inthe locale of the sup-
ply in question. The average hardness used for many places with varying hard-
ness was that furnished by the waterworks laboratories. The average hardness of
those places furnished from more than one source where not mixed prior to dis-
tribution was based on the hardness of the supplies and the percent furnished from
each source. Insome instances the total population of a place was divided accord-
ingtothe percent of supply from each source so that the proper tabulation could be
made as to population and hardness. For those places furnished with ground wa-
ter from several sources of supply with different hardness, proper evaluation for
an average hardness was based on the percent of supply from each source and the
hardness of each supply. For a few places furnished with both ground and surface
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water, the population using each had to be estimated in the tabulations where di-
vision was necessary.

RANGES IN HARDNESS

Table 2 shows the number of persons, in thousands using water of different
ranges of hardness from larger public supplies in the United States. It gives no
information as to the distribution of hard water by area or locality. The table is
reasonably accurate as to the use of water in different ranges of hardness by the
consumers indicated, which represent about 90 percent of the total urban popula-
tion of the United States.

Table 2. --Number of persons using water in different ranges of hardness from
public supplies for 1,315 of the larger cities in the United States, 1952.

Populatios (thousands)
Surface Ground Mixed Accumulative
water water supplies Total total

1-10 ....... 1,344 434 109 1,887 1,887
11-20...... 5,673 397 219 6, 289 8,176
21-30...... 11,632 471 252 12,355 20,531
31-40...... 3,680 706 297 4,683 25,214
41-50 ...... 2,482 550 353 3,385 28,599
51-60 ...... 3,709 910 222 4,841 33,440
61-80...... 4,794 647 1,097 6,538 39,978
81-100..... 9,561 1,482 1,067 12,110 52,088
101-120.... 5,524 1,075 602 7,201 59,289
121-140.... 12,266 550 2,863 15,679 74,968
141-160 .... 831 1,253 247 2,331 77,299
161-180 .... 355 312 385 1,052 78,351
181-200.... 358 304 681 1,343 75,694
201-250 .... 977 1,707 125 2,809 82,503
251-300.... 935 1,142 388 2,465 84,968
301-350.... 185 706 176 1,067 86,035
351-400.... 12 848 -- 860 86, 895
401-450.... -- 516 -- 516 87,411
451-500 .... 10 200 -- 210 87,621
501-550 .... -- 26 -- 26 87,647
551-600 .... -- 85 4 89 87,736
601-650.... -- 40 -- 40 87,1776
651-700.... 16 34 -- 50 87,826

The table is not necessarily accurate as to the use of water in different ranges
of hardness by the total population of the United States, because only 58. 3 percent
of the total population is represented and the supplies are treated supplies, many
-of which are softened. The significant things to note about the table are the rel-
ative proportion of numbers of people using water in the lower ranges from sur-
face-water sources and fromground-water sources and how this proportion changes
with respect to the supplies in the upper ranges of hardness. The proportions of
users of surface water and ground water for the total population of the country
probably are very different from the proportions here shown for the users of the
larger public supplies.

The data for hardness summarized in table 2 are further summarized in tables
3 and 4. Table 4 is similar to table 3 with the exception that the mixed supplies
shown intable 3 havebeen separated into surface-water and ground-water supplies
according to the percentage of supply from each source and the average hardness
of each supply. The number of ranges for hardness in these two tables has been
decreased from 23 shown in table 2 to four. It is significant that a large popula-
tion is served with water in the range of hardness from 1 to 60 parts per million,
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and in the ranges of hardness above 120 parts per million, ranges where softening
is profitable andnecessaryfor many domestic and industrial uses. Thesedata are
shown graphically on figure 1.

Table 3. --Number of persons using water in four ranges of hardness from public
supplies, including mixed supplies, for 1,315 of the larger cities in the United

States, 1952

Population (thousands)

Range (i;’p?;‘)r dness Surface water |Ground water |mixed supplies Total
e 28,520 3,468 1,452 33,440
61-120 ............. 19,879 3,204 2,766 25,849
121-180 ............ 13,452 2,115 3,495 19,062
180+ ..ovvvviinnntn 2,493 5,608 1,374 9,475

64,344 14,395 9,087 87,826

Table 4. --Number of persons using water infour ranges of hardness from public
supplies for 1,315 of the larger cities in the United States, 1952

Range in hardness

Population (thousands)

(ppm) Surface water | Ground water Total
T R 29,776 3,987 33,763
61-120........cvvinennn.. 21,727 3,761 25,488
121-180 .......iiiiii, 16,529 2,667 19, 196
180+ .oeiiiviiiiiiis 2,921 6,458 9,379
70,953 16,873 87,826
35
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WEIGHTED AVERAGE HARDNESS

The data for hardness of the larger public water supplies of the United States
are summarized in a different way in table 5. This table shows the weighted av~
erage hardness of both surface-water supplies and ground-water supplies, and
both supplies combined for each State. To calculate the weighted-average hard-
ness for the surface-water supplies of a State, the average hardness of each sur-
face-water supply was multiplied by the population served by that supply; the sum
of the products thus obtained was then divided by the total number of people served
by the surface-water supplies. The weighted-average hardness for the ground-
water supplies was obtained in the same way. Then the weighted average hard-
ness for all supplies for the State was obtained by dividing the total of allthe prod-
ucts by the total population served in the State. Thus the weighted average hard-
ness of all supplies of a State represents the average hardness of each supply
weighted according to the population served by that supply.

The data thus summarized in table 5 gives valuable information as to the dis-
tribution of hard water not so much within each State but for all the States. In
some States the range in hardness of the supplies is not large, whereas in others
the range is considerable. No supply in the State of Connecticut included in the
report had a hardness of more than 60 parts per million. Only one place from
each of the States of Maine, New Hampshire, Oregon, and Rhode Island, had a
hardness of more than 60 parts per million. For a few States the range in hard-
ness for the supplies extended from not less than 80 parts to well over 500 parts.
The range in hardness of the supplies for the places in Texas is from 4 to 700
parts.

The weighted average hardness of the supplies for the States, Illinois, Indiana,
Michigan, Minnesota, New York, Ohio, and Wisconsin, bordering on the Great
Lakes is influenced by the hardness of the supplies taken from these lakes. The
weighted-average hardness for each of these States except New York is decreased
by the weighted average hardness of the supplies taken from the Great Lakes. The
weighted average hardness of the supplies in Illinois, Michigan, and Wisconsin
are influenced more than in the other States, because about 50 percent of the pop-
ulation of Illinois and Michigan and about 30 percent of the population of Wisconsin
arerepresented by the population of the places included inthis report. The weight-
ed average of the supplies not taken from the lakes in these three States is much
higher than the weighted average for the whole State and is probably much nearer
the average of the supplies not included in the report.

The weighted average hardness for New York State is increased by the hard-
ness of the supplies from lakes Erie and Huron, although the weighted average for
the whole State is influenced more by the supply of New York City than all other
supplies in the State combined that are included in the report. No other supplies
inthe whole country influence the weighted-average hardness of the State as much
as the supplies for New York City and Chicago influence the weighted average for
New York and Illinois. Data on the weighted-average hardness for the States
named above are summarized in tables 6 and 7 for both finished and raw water.

-
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Table 5 . --Weighted average hardness of finished water from large public supplies ineach State, 1952

Surface supplies Ground supplies All supplies
Hard- Population served Hard- Population served Hard- Population served
ness Percent ness Percent ness Percent
State as Thou- |of popu-| "~ o Thou- |of popu-| o Thou- {of popu-
CaCo sands (lation of { » o sands {lation of | 0o sands {lation of
(ppm)’ State (ppm)’ State (ppm)’ State
Alabama ........... .. 52 8178 28.17 68 271 8.8 55 1,149 37.5.
Arizona .... 200 167 22.2 225 271 36.2 216 438 58.4
Arkansas .........q.. 36 355 18.6 54 187 9.8 42 - 642 28.4
California ........... 107 7,962 75.2 164 1,945 18.4 118 9,907 93.6
Colorado 107 754 56.9 -- -- -- 107 754 56.9
Connecticut .... 29 1,481 78.7 42 23 1.2 29 1,504 4.9
Delaware 53 128 40.3 81 44 13.7 60 172 54.0
District of Columbia .. 96 803 100 -- - -- 96 803 100
Florida .............. 104 262 9.4 127 1,218 44.0 123 1,480 53.4
24 1,237 35.9 114 294 8.6 41 1,531 44.5
92 84 14.3 135 142 24.2 119 226 38.5
135 | 4,901 56.3 348 549 6.3 156 5,450 62.6
194 1,310 33.3 334 571 14.5 237 1,881 417.8
138 429 16.3 265 592 22.6 212 1,021 38.9
163 423 22.2 190 380 20.0 176 803 42.2
Kentucky ............ 101 916 3.1 108 47 1.6 102 963 32.7
Louisiana ............ 72 871 32.4 57 332 12,4 68 1,203 44.8
Maine .......... .00 20 388 42.4 22 23 2.5 20 411 44.9
Maryland ............ 48 1,677 71.6 27 34 1.4 48 1, 73.0
Massachusetts ....... 20 3,314 70.7 54 330 7.0 23 3,644 7.7
Michigan ............ 100 3,359 52.7 218 510 8.0 115 3,869 60.7
Minnesota ........... 74 1,012 33.9 261 282 9.5 114 1,294 43.4
Mississippi .......... 3 161 7.4 24 36 16.6 39 522 24.0
Missouri ............ 100 2,099 53.0 184 157 4.0 106 2,256 57.0
Montana ............ . 100 205 34.8 226 39 6.6 120 244 41.4
Nebraska ............ 261 264 19.9 232 247 18.7 2417 511 38.6
Nevada ............ . 79 54 33.5 204 42 26.5 135 96 60.0
New Hampshire ...... 16 194 36.3 56 83 15.6 28 277 51.9
New Jersey ...... .. 54 2,886 59.7 135 988 20.4 15 3,874 80.1
New Mexico 3 50 7.4 274 222 32.6 237 272 40.0
New York ....... . 46 | 10,660 1.8 112 1,122 7.6 52| 11,782 79.4
North Carolina ....... 33 1,194 29.4 66 57 1.4 34 1,251 30.8
North Dakota ......... 111 104 16.8 296 49 7.9 170 153 24.7
Ohio .......... veeeee 120 3,952 49.7 284 899 11.3 150 4,851 61.0
Oklahoma ......c00vne 119 174 34.6 163 122 5.5 125 896 40.1
Oregon ....... crresne 14 644 42.3 37 114 7.5 17 758 49.8
Pennsylvania ......... 84 6,387 60.9 128 320 3.0 86 6, 707 63.9
Rhode Island ......... 33 672 84.9 26 42 5.2 32 714 90.1
South Carolina ....... 17 615 29.1 25 125 5.9 18 740 35.0
South Dakota ......... 136 67 10.2 394 114 17.5 299 181 27.7
Tennessee ........... 84 790 24,0 50 543 16.5 70 1,333 40.5
TeXasS ....vvvnunnnn 120 14,9 25.6 143 1,890 24.5 132 3,861 50.1
Utah ........cconneen 1m 194 28.2 212 179 25.9 191 373|. 54.1
Vermont ............. 52 103 27.2 59 21 5.6 53 124 32.8
Virginia ..... 60 1,466 44.2 151 93 2.8 65 1,559 47.0
Washington .......... 22 1,029 43.2 118 308 13.0 44 1,337 56,2
West Virginia ........ n 541 27.0 170 108 5.4 88 649 32.4
Wisconsin ........... 128 1,095 31.9 250 519 15.1 167 1,614 47.0
Wyoming ............ 123 ! 24.3 223 64 22.3 171 135 46.6
United States ...... 82 | 70,953 47.1 162 | 16,873 11.2 97| 87,826 58.3
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‘Table 6. --Weighted average hardness of finished water from large public supplies of States bordering
the Great Lakes, 1952

Surface supplies Ground supplies All supplies
Hard- |Populationserved|gayq- | Population served Hard- |Population served
ness Percent | ness Percent | ness Percent
as Thou- | of popu-| as Thou- fof popu- as Thou- | of popu-
CaCO; | sands |lation of {CaCOs| sands [lation of |CaCO;| sands |lation of
(ppm) State | (ppm) State | (pPm) State
Ilinois:
Supplied from Lake
Michigan ......... 133 4,256 48.9 -- -- -- 133 4,256 48.9
Remainder of State. 143 645 7.4 348 549 6.3 2317 1,194 13.7
Whole State ........ 135| 4,901 56.3 348 549 6.3 156 5,450 62.6
Indiana:
Supplied from Lake
Michigan ......... 136 326 8.3 -- -- - 136 326 8.3
Remainder of State.. 213 984 25.0 334 571 14.5 258 1,555 29.5
Whole State ........ 194| 1,310 33.3 334 571 14.5 237 1,881 47.8
Michigan:
Supplied from Great
Lakes............ 100| 3,158 49.5 -- -- -- 100 3,158 49.5
Remainder of State.. 89 201 3.2 218 510 8.0 182 711 11.2
Whole State ........ 100 3,359 52.7 218 510 8.0 115 3,869 60.7
Minnesota:
Supplied from Lake
Superior. .. .. e 46 107 3.6 -- - -~ 46 107 3.6
Remainder of State. . 17 905 30.3 261 282 9.5 121 1,197 39.8
Whole State ........ 74| 1,012 33.9 261 282 9.5 114 1,294 43.4
New York:
Supplied from Great
Lakes........ e 125 964 6.5 -- -- -- 125 964 6.5
New York City...... 30| 7,800 52.6 143 500 3.4 37 8,300 56.0
Remainder of State. . 70| 1,896 12.7 87 622 4.2 75 2,518 16.9
Whole State ........ 46§ 10,660 71.8 112 1,122 7.6 52| 11,782 79.4
Ohio:
Supplied from Lake
Erie ........ 130 1,901 23.9 -- - - 130 1,901 23.9
Remainder of State.. 111| 2,051 25.8 284 9500 11.3 164 2,950 37.1
Whole State ........ 120 3,952 49.7 284 900 11.3 150 4,851 61.0
Wisconsin:
Supplied from Lake
Michigan ......... 128] 1,006 29.3 -- -- -- 128 1,006 29.3
Remainder of State. . 120 89 2.6 250 519 15.1 231 608 17.7
Whole State ....... . 1281 1,095 31.9 250 519 15.1 167 1,614 47.0

Table 7. ~-Weighted average hardness of raw water from large public supplies of States pordering the

B _ the Great Lakes, 1952 ~ P
Surface supplies Ground supplies All supplies
Hard- |Populationserved| garq-| Populationserved| pgarq- | Population served
ness Percent| ness Percent | -ness Percent
as Thou- | of popu-| as Thou- {of popu-| as Thou- lof popu-
CaCO; | sands |lation off CaCO,| sands {lation of| C2CO,| sands |lation of
(ppm) State | (ppm) State | (ppm) State
‘Hlinois:
Supplied from Lake .
Michigan.......... 131| 4,256 48.9 -- - - 131 4,256 48.9
Remainder of State .. 177 646 7.4 384 549 6.3 272 1,194] 13.7
Whole State......... 137 4,902 56.3 384 549 6.3 162 5,450| 62.6
Indiana:
Supplied from Lake
Michigan.......... 135 326 8.3 -- -- -- 135 326 8.3
Remainder of State. .. 230 984 25.0 354 571 14.5 275 1,555 39.5
Whole State......... 206{ 1,310 33.3 354 571 14.5 251 1,881 47.8
Michigan:
Supplied from Great
Lakes ............ 193] 3,158 49.5 -- - -- 103 3,158/ 49.5
Remainder of State .. 278 201 3.2 314 510 8.0 304 711 11,2
Whole State......... 113| 3,359 52.7 314 510 8.0 140 3,869 60.7
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Table 7. --Weighted average hardness of raw water from large public supplies of States bordering the
the Great Lakes, 1952--Continued

Surface supplies Ground supplies All supplies
Hard- |Populationservedf y,,q_ |Population served|yarq- |Populationgerved
ness Percent| ness Percent | eSS Percent
as Thou- |of popu-| 28 Thou- |{of popu-| 38 Thou- |of popu-
CaCOy | sangs [lation of [C3COs | sands |lation of| C3COs| sands |lation of
(ppm) State | (Ppm) State | (epm) State
Minnesota:
Supplied from Lake
Superior .......... 44 107 3.6 - -- -- 44 107 3.6
Remainder of State .. 162 905 30.3 275 282 9.5 188 1,187/ 39.8
Whole State....... .. 150| 1,012 33.9 275 282 9.5 177 1,294| 43.4
New York:
Supplied from Great
Lakes ............ 124 964 6.5 -- - -- 124 964 6.5
New York City ...... 30| 7,800 52.6 143 500 3.4 37 8,300, ©56.0
Remainder of State .. 71| 1,895 12.17 87 622 4.2 75 2,518/ 16.9
Whole State......... 46| 10,659 71.8 112 1,122 7.6 52 11,782} 179.4
Ohio:
Supplied from Lake
Erie.............. 128| 1,901 23.9 - -- -- 128 1,901} 23.9
Remainder of State .. 149| 2,051 25.8 358 899 11.3 213 2,050 37.1
Whole State......... 139 3,952 49.7 358 899 1.3 179 4,851 61.0
Wisconsin:
Supplied from Lake
Michigan.......... 129 1,006 29.3 -- -- -- 129 1,006 29.3
Remainder of State .. 172 89 2.6 253 519 15.1 241 608 17.7
Whole State......... 132| 1,095 31.9 253 519 15.1 171 1,614] 47.0

The weighted average hardness for the supplies of 670 places in the United
States in Water-Supply Paper 658 in 1932 was 102 parts per million; for the sup-
plies in 1,315 places in this report, it is 97 parts. This difference of 5 parts in
the hardness may seem difficult to explain when it is realized that the suppliesof
the more than 600 places included in this report and not included in the report in
1932, are comparatively small places and many obtain their supplies from ground
water which has a much higher average hardness generally than surface waters.
This decrease in the hardness is readily explained by changes in the sources of
supply to water of lower hardness affecting a rather large part of the population,
and by an increase, in practice, of softening of supplies. Some of the places where
changes in the hardness of the supplies have been effected are Little Rock, Flint,
Minneapolis, St. Paul, Kansas City (Mo.), Oklahoma City, Toledo, Wichita, and
the metropolitan area of Southern California. In 1932 the number of places with
softened supplies was 40; in this report of the same 670 places mentioned inWater-
Supply Paper 658 the number of places with softened supplies is 85.

The weighted average hardness for the surface-water supplies in the report in
1932 was 85 parts per million; in this report it is 82 parts. The weighted average
hardnesses for the ground-water supplies are 191 and 162 parts per million re-
spectively. The decreases in the weighted average hardness of both surface and
ground-water supplies are explained as above for the decrease in the weighted
average for all the supplies for the country. Although the decrease in hardness
of the ground-water supplies is much greater than in the surface-water supplies,
this decrease has less weight in decreasing the weighted average for all supplies
than the decrease in the surface supplies because the ground-water supplies rep-
resent only 11.2 percent of the total population, the surface supplies, 47.1 per-
cent. .
Data on weighted average hardness for the raw-water supplies are shown in
table 8 in the same manner asthey are shown in table 5 for the water supplies as
served tothe consumers. Average-hardness values for the raw supplies were ob-
tained inthe same manner asfor the supplies as served to the consumers, although
more estimates were made for the raw water averages of the individual supplies
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than for the finished water supplies.

An examination of the tables shows the welghted average hardness of the raw-
water supplies for the United Statesto be 116 parts per million as compared to 97
parts for the finished-water supplies; 96 parts for raw surface-water supplies as
compared to 82 parts for the finished surface-water supplies;and 200 parts for the
raw 1giround-water supplies as compared to 162 parts for the finished ground-water
supplies.

Table 8. --Weighted average hardness of raw water from large public supplies in each State, 1952

Surface supplies | Ground supplies __All supplies
Hard- Population servggJ Hard- | Population served} pog. {Populationserved
State ness Percent | pess Percent | pess Percent.
as Thou- [of popu-| as Thou- |of popu-| as Thou~ Jof popu-
CaCo, sands |[lation of CaCo, sands |lation of CaCo, sands {lation of
(ppm) State | (ppm) State (ppm) State
Alabama ............. 40 878 28.7 67 271 8.8 47 1,149 37.5
Arizona ........ .. 200 167 22.2 225 271 36.2 215 438 58.4
Arkansas .... .. 23 355 18.6 60 187 9.8 36 542 28.4
California ...... . 184 7,962 5.2 206 1,945 18.4 188 | 8,907 93.6
Colorado ....... 110 7154 56.9 -- -- -- 110 754 56.9
Connecticut .. 27 1,481 3.7 42 23 1.2 27 1,504 74.9
Delaware ............ 55 128 40.3 56 44 13.7 55 172 54.0
District of Columbna .. 84 803 | 100 -~ -- - 84 803 | 100
Florida ........... .. 95 262 9.4 242 1,218 44.0 216 1,480 53.4
Jeorgia ....... . 15 1,237 35.9 167 294 8.6 44 1,531 44.5
Idaho ...... . .. 90 84 14.3 135 142 24.2 119 226 38.5
Tllinois ... . 137 4,901 56.3 384 549 6.3 162 5,450 62.6
Indiana .............. 206 1,310 33.3 354 571 14,5 251 1,881 417.8
owa .......cc000ennn 210 429 16.3 342 592 22.6 286 1,021 38.9
Kansas .............. 221 423 22,2 271 380 20.0 245 803 42.2
Kentucky . 107 916 31.1 291 47 1.6 116 963 32.7
Louisiana .. 108 871 32.4 84 332 12.4 101 1,203 44.8
Maine ...... .. .. 18 388 42.4 22 23 2.5 18 411 44.9
Maryland ....... . 38 1,677 71.6 27 34 1.4 38 1,711 73.0
Massachusetts .. 19 3,314 70.7 53 330 7.0 22 3,644 7.7
Michigan ....... . 113 3,359 52.17 314 510 8.0 140| 3,869 60.7
Minnesota ...... . 150 1,012 33.9 275 282 9.5 177 1,294 43.4
Mississippi . 56 161 7.4 20 361 16.6 31 522 24.0
Missouri ... 126 2,099 53.0 228 157 4.0 133 2,256 57.0
Montana ....,... . 101 205 34.8 224 39 6.6 121 244 41.4
Nebraska ....... 261 264 19.9 239 2417 18.7 250 511 38.6
Nevada ......... 101 54 33.5 204 42 26.5 147 96 60.0
New Hampshire . 16 194 36.3 58 83 15.6 29 271 51.9
New Jersey ..... 51 2,886 59.7 137 988 20.4 3 3,874 80.1
New Mexico..... 76 50 7.4 282 222 32.6 244 272 40.0
New York ....... 46| 10,660 71.8 112 1,122 7.6 521 11,782 9.4
North Carolipa .. 23 1,194 29.4 123 57 1.4 28 1,251 30.8
North Dakota .... . 255 104 16.8 345 49 7.9 283 . 163 4.1
Ohio ........... . 139| 8,952 49.7 358 899 11.3 179| 4,851 61.0
Oklahoma . . . 150 74 34.6 224 1221 5.5 160 896 40.1
Oregon ......... . 13 644 42.3 37 114 7.5 15 1758 49.8
Pennsylvania . 86 6,387 60.9 200 320 3.0 91 6,707 63.9
Rhode Island .. 21 672 84,9 25 42 5.3 21 714 90.1
South Carolina . .. 17 615 29.1 23 125 5.9 18 740 35.0
South Dakota ......... 253 87 10.2 426 114 17.5 362 181 27.7
Tennessee ........... 7 790 24.0 49 543 16.5 66 1,333 40.5
Texas ....... A 162 1,971 25.6 144 1,890 24.5 153 3,861 50.1
Utah ......... e 171 194 28,2 212 179 25.9 191 373 54,1
Vermont ......... 52 103 27.2 59 21 5.6 53 124 32.8
Virginia ........ 48 1,466 44,2 157 93 2.8 54 1,559 41,0
Washington ..... 24 1,029 43.2 118 308 13.0 45 1,337 56.2
West Virginja ... 66 541 27.0 185 108 5.4 86 649 32.4
Wisconsin,........... 132 1,095 31.9 253 519 15,1 171 1,614 47.0
Wyoming .......... .. 114 1 24.3 233 64 22.3 171 135 46.6
United States ..... . 96 | 170,953 47.1 200| 16,873 11.2 116 87,826 58.3
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Further examination of thetables shows that for sixStates the hardness reported
for the raw-water supplies is the same as for the finished-water supplies. For 17
States where soft water supplies are generally found the weighted average hardness
of the raw-water supplies is less than the finished-water supplies, indicating the
addition of lime in the treatment of the raw-water supplies for pH adjustment and
corrosion control; and for 19 States where hard-water supplies are more general,
the hardness of the raw-water supplies is considerably higher than the finished-
water supplies, indicating that softening was part of the treatment of the raw-water
supplies in those areas.

The data on weighted average hardness in table 5 are further summarized on
plate 1 and table 8 on plate 2. The States are separated into four groups according
to the weighted average hardness of the supplies of each State and are shown on the
maps by shaded patterns representing the four groups or ranges of hardness, These
maps of weighted-average hardness of supplies by States have definite limitations,
but they show, in a general way, the areas where water in definite ranges of hard-
ness is found. It js obvious that hardness of water supplies does not follow State
lines; moreover, each State, with one exception, has supplies with hardness that
exceed the limits of the ranges of hardness for the particular group into which it
falls. The map for the weighted average hardness of the raw-water supplies more
nearly represents the average hardness of the natural waters than the map for the
weighted average hardness of the finished-water supplies.

The classification of water supplies as soft, moderately hard, hard, and very
hard is rather unsatisfactory even where the domestic use of the water is concerned,
and much more so with respect to the industrial use of the water. Water with a
hardness of 100 parts per million may be called a soft water by one accustomed to
using a water with300 or 400 parts of hardness, whereas, one accustomed to using
a water with less than 50 parts hardness may call water with a hardness of 100
parts rather hard. A water with a hardness of 100 parts is not soft in terms of
soap consumption in cleansing, washing, and laundering operations. About 60 per-
cent of the population of the places in this report are furnished with water having a
hardness of 100 parts per million or less. (See table 9 and plate 3.)

Table 9. --Population served, and the percent of population served with water from pub-
lic supplies having hardness of 100 parts per million or less for 1,315 of the larger
cities in the United States, 1952

Population Population
State served Percent State served Percent
(thousands) (thousands)

Alabama........... 1,065 92,7 [[Nebraska ......... 0 0
Arizona ........... 32 7.3 ||Nevada ........... 44 45.8
Arkansas .......... 509 93.9 || New Hampshire.... 252 91.0
California.......... 2,643 26.7 || New Jersey ....... 2,686 69.3
Colorado .......... 183 24,3 || New Mexico....... 35 12,9
Connecticut ........ 1, 504 100 New York ........ 10, 187 86.5
Delaware .......... 155 90.1 || North Carolina .... 1,236 98.8
District of Columbia 803 100 North Dakota...... 46 30.1
Florida ........ ees 857 57.9 |{Ohio .......vuntnn 957 19.7
Georgia ....... e 1,382 90.3 || Oklahoma......... 638 71.2
Idaho .........0... 140 |° 61.9 ||Oregon........... 758 100
linois ............ 215 3.9 || Pennsylvania...... 3,580 53.4
Indiana ........... 135 7.2 || Rhode Island ...... 714 100
IoWa ..vnennnnnns .. 396 38.8 || South Carolina .... 731 98.8
Kansas ..... eenaee 155 19.3 || South Dakota ...... 33 18.2
Kentucky........... 627 65.1 || Tennessee ........ 1,064 79.8
Louisiana ......... 1,133 94.2 || Texas ...coevunnn . 2,012 52.1
Maine ............. 411 100 Utah .........ccee 0 0
Maryland .......... 1,711 100 Vermont....... 112 90.3
Massachusetts ..... 3,644 100 Virginia ....... ves 1,524 97.8
Michigan .......... 3,078 79.6 || Washington ....... 1,135 84.9
Minnesota ......... 1,012 78.2 || West Virginia .....| - 473 72.9
Mississippi ........ 472 90.4 | Wisconsin......... 133 8.2
Missouri .......... 1,594 70.7 {{ Wyoming.......... 61 45.2
Montana ........... 111 45.5 Total........... 52, 378. 59.6
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The limitations of quality with respect to the hardness of water supplies for
industrial use are so varied that any general classification would not be feasible
or satisfactory. A supply with a hardness of 60 parts per million may be satis-
factory for one or several industries and not satisfactory for others. The group-
ing of the supplies in this report into four groups or ranges of hardness follows
the pattern used in Water -Supply Paper 658 and is convenient for comparison;the
grouping does not fit any industrial classification. Some other grouping may be
more practical or satisfactory than the above.

For the finished-water supplies 17 States fall into the first group, 1 to 60 parts
per million of hardness; 14 States and the District of Columbia fall into the sec-
ond group, 61 to 120 parts of hardness; 10 States fall into the third group, 121 to
180 parts of hardness; and 7 States fall into the group, above 180 parts of hard-
ness. Inthe second group 3 States (California, Idaho, and Montana) have weighted-
average hardnesses near the maximum for the group, and a total of 9 States and
the District of Columbia have weighted average hardnesses above 90 parts. In
the third group 4 States (Kansas, North Dakota, Wisconsin, and Wyoming) have
weighted average hardnesses around 170 parts or near the upper range of hard-
ness for the group.

For the raw-water supplies, the States fall into the four groups as follows:
18 States in the first group; 8 States and the District of Columbia in the second
group; 11 States in the third group; and 11 States in the last group. The signifi-
cant factin this grouping of the States according to the weighted average hardness
of the finished-water supplies and the raw-water supplies is the difference in the
number of States falling into the second and last groups. Supplies that have been
softened generally fall in with the group with 61 to 120 parts of hardness, and
raw-water supplies most likely to be softened fall in the third and last groups.
This difference in the number of States in the second group has been the result of
softening of supplies with hardness not only above 180 parts but also those with
hardness in the upper ranges of the third group.

AVERAGE HARDNESS

Further summaries of data on the hardness of the finished-water supplies for
the places in this report are shown in table 10 and plate 4. Table 10 shows the
average hardness of both finished surface-water and ground-water supplies
and also of both supplies combined for each State, based on the number of sup-
plies shown in the table for each State. It is realized that for some of the States
the averages are based on too few or insufficient data--for example, no ground-
water supplies are included in the average for Colorado, and only one surface
supply is included in the average for Nebraska.

These arithmetical averages for the States as a whole are slightly higher than
the weighted average hardness, for a small place has the same weight as a large
place in the arithmetical averages and the larger places in many States are the
ones that have the softer supplies or receive softened supplies, and consequently
have more weight in a weighted average. The average hardness for the United
States is 121 parts compared to 97 parts for the weighted average.

. The grouping of the States for plate 4 according to the four ranges of hardness
differs considerably fromthe grouping for plate 1 of weighted averages. The num-
ber of States in the group of 1to 60 parts per million of hardness and the group of
above 180 parts for plate 4 is 12 and 13, respectively, as compared to 17 and 7
for plate 1. The number of States in the other two groups is about the same, but
the States making up the groups are different.
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Table 10. --Number of supplies, and average hardness, by States, of finished
water for 1,315 of the larger cities of the United States, 1952

Surface supplies

Ground supplies

All supplies

State Hardness Hardness Hardness
Number [as CaCO, |Number |as CaCO, |Number jas CaCO,
(ppm) (ppm) (ppm)
Alabama......... 15 46 8 70 23 54
Arizona ......... 5 186 20 215 25 210
Arkansas ........ 13 51 15 70 28 61
California ....... 29 132 57 176 86 161
Colorado ........ 12 106 - -- 12 106
Connecticut . ..... 20 29 3 42 23 30
Delaware ........ 2 61 i 76 9 74
District of
Columbia ..... 1 96 -- -- 1 96
Florida ......... 5 90 24 112 29 108
Georgia ......... 16 31 17 114 33 75
Idaho............ ki 68 11 172 18 132
Ilinois .......... 20 133 14 324 34 212
Indiana .......... 15 182 20 338 35 271
Iowa ............ 13 140 24 274 31 227
Kansas .......... 13 134 15 229 28 185
Kentucky ........ 18 97 3 128 21 101
Louisiana ....... 6 70 11 60 17 64
Maine ........... 13 23 2 42 15 23
Maryland ........ 9 44 2 26 11 40
Massachusetts ... 33 28 14 56 47 36
Michigan ........ 19 107 14 216 33 153
Minnesota ....... 5 8 18 265 23 224
Mississippi ...... 3 81 20 28 23 35
Missouri ........ 16 125 7 113 23 140
Montana .......... 10 90 6 202 16 132
Nebraska ........ 1 261 12 253 13 254
Nevada .......... 4 132 6 168 10 154
New Hampshire .. 7 17 4 50 11 30
New Jersey ...... 18 58 22 104 40 83
New Mexico...... 3 87 11 321 14 271
New York........ 44 ™ 19 104 63 85
North Carolina ... 38 35 4 76 42 39
North Dakota..... 6 128 5 275 11 195
Ohio ............ 26 123 16 202 42 153
Oklahoma........ 20 174 8 156 28 169
Oregon .......... 11 28 4 50 15 34
Pennsylvania..... 54 71 11 127 65 80
Rhode Island..... 8 38 4 28 12 34
South Carolina ... 21 23 14 22 35 22
South Dakota ..... 5 154 8 379 13 292
Tennessee ....... 13 89 9 86 22 88
TeXAS t.vuvvnnnnn 34 162 46 125 80 140
Utah............. 3 196 12 222 15 217
Vermont......... 8 57 4 79 12 64
Virginia ......... 25 49 ki 140 32 69
Washington ...... 14 32 9 82 23 53
West Virginia .... 16 (i 5 168 21 94
Wisconsin ........ 9 120 15 240 24 195
Wyoming ........ 6 195 ki 225 13 211
United States... 712 85 594 164 1,306 121
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Further data on average hardness of the raw-water supplies of places inthis re-
port are shown in table 11 and plate 5. The results for average hardness of the
raw-water supplies in table 11 were obtained in the same manner as for table 10
of thefinished-water supplies. The averagesfor some of the States in table 10 dif-
fer only to a small degree, being either higher or lower, from the weighted aver-
ages of the raw-water supplies as shown in table 8, whereas for other States the
two averages differ considerably. The average hardness for the United States is
139 parts as compared to 116 parts for the weighted average.

The arrangement of the States into the four groups, according to the ranges of
average hardness as shown in plate 5, differsconsiderably as to the number falling
into each group and asto the States making up each group, fromthe groupings made
according to the weighted average hardness as shown on plate 2. The greatest dif-
ference as to number of States is in the two groups of the higher ranges of hard-
ness, 121to0 180 parts and above 180 parts, respectively. In these two groups there
are 4 States and 19 States respectively, as compared to1land 11inthe same groups
for plate 2.

The data onhardness as summarized in table 11 and plate 5 when compared with
those summarized in table 10 plate 4 also reveal important difference in the values
for average hardness of the raw and finished supplies of the individual States and
the grouping of the States into the four groups or ranges of hardness. The data as
summarized in table 11 and plate 5 give more nearly accurate information as to the
average hardness of the natural waters of the States than the data on average hard-
ness weighted according to population or changed by reason of the treatment of the
supplies, summarized in the preceding tables and illustrations. Plate 5 is a rea-
sonably accurate representation of the areas of soft and hard waters in the United
States.

Table 11. --Numper of supplies, and average hardness, by States, of raw water for
1,315 of the larger cities in the United States, 1952

Surface supplies Ground supplies All supplies
State Hardness Hardness Hardness
Number [as CaCO,|Number| as CaCO, |Number | as CaCO,
{ppm) (ppm) {(ppm)
Alabama......... 15 30 9 72 24 46
Arizona ......... 5 183 20 215 25 209
Arkansas ........ 13 38 15 80 28 61
California ....... 32 150 56 189 88 175
Colorado ........ 12 107 - -- 12 107
Connecticut ...... 19 26 3 42 22 28
Delaware ........ 2 45 7 72 9 66
District of .
- Columbia ...... 1 84 - - 1 84
Florida ......... 5 5 24 252 29 222
Georgia ......... 16 24 18 126 34 78
Idaho ........... 7 65 1i 172 18 131
Illinois .......... 19 174 14 358 33 252
Indiana .......... 17 199 21 352 38 284
Iowa ............ 13 195 24 355 37 299
Kansas .......... 13 210 15 307 28 262
Kentucky ........ 18 92 3 206 21 109
Louisiana ....... 6 817 11 112 17 103
Maine ..........0 13 20 2 22 15 21
Maryland ........ 8 36 3 30 11 34
Massachusetts ... 33 24 14 58 417 34
Michigan......... 19 135 - 14 298 33 204
Minnesota ....... 5 148 18 ) 280 23 251
Mississippi ...... 3 61 20 34 23 37
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Table 1i. --Number of supplies, and average hardness, by States, of raw water for
1,315 of the larger cities in the United States, 1952 --Continued

Surface supplies Ground supplies All supplies

State Hardness Hardness Hardness
Number | as CaCO, | Number| as CaCO, | Number | as CaCO,

(ppm) (ppm) (ppm)
Missouri ........ 16 163 7 247 23 189
Montana ......... 10 106 6 193 16 139
Nebraska ........ 1 261 12 267 13 2617
Nevada .......... 4 182 6 168 10 174
New Hampshire .. 7 17 4 55 11 31
New Jersey ...... 18 54 22 110 40 85
New Mexico...... 3 89 11 337 14 284
New York ....... 44 78 19 106 63 87
North Carolina ... 38 22 4 126 42 32
North Dakota..... 6 231 5 300 11 262
Ohio ............ 26 160 17 361 43 240
Oklahoma........ 20 176 8 246 28 196
Oregon .......... 11 26 4 50 15 33
Pennsylvania .... 54 70 12 172 66 89
Rhode Island ..... 8 31 5 26 13 29
South Carolina. ... 21 18 14 19 35 19
South Dakota ..... 5 256 8 452 13 392
Tennessee ....... 13 85 9 84 22 85
Texas ........... 34 177 46 126 80 148
Utah ............ 3 196 12 222 15 217
Vermont......... 8 57 4 79 12 64
Virginia ......... 25 43 9 141 34 69
Washington. ...... 14 33 9 83 23 52
West Virginia .... 16 62 5 202 21 95
Wisconsin ....... 9 142 15 239 24 203
Wyoming ........ 6 173 7 247 13 213
United States. .. 714 94 602 192 1,316 139

MEDIAN HARDNESS

Data on the average hardness of public water supplies, by States, for 1,315 of
thelarger cities of the United States are summarized in a different way in table 12
for finished-water supplies and in table 13 for raw-water supplies than in the pre-
ceding tables. These two tables in addition to showing the median of the average
hardnesses of the supplies of each State, show the range in average hardness of
the supplies of each State based on the number of supplies indicated in each table.
The number of supplies shown for each State may not necessarily coincide with
the number of cities for each State included in the report, because a number bf
cities in several States are supplied from a single source of supply, and converse-
ly, one city may have several sources of supply.



26

INDUSTRIAL UTILITY OF PUBLIC WATER SUPPLIES, 1952

Table 12. --Number of supplies, range in average hardness, and median hardness of finished water,
by States, for 1,315 of the larger cities in the United States, 1952

Range | yrodian Number Range | prodian
State n hardness State of in hardness
hardness supplies |hardness

Alabama.......... 14-115 49 || Nebraska ......... 13 | 112-370 274
Arizona 12-500 185 || Nevada ...... cenas 10 | 33-320 162
Arkansas ... 11-250 45 || New Hampshire.... 11 | 10-121 21
California 18-561 152 || New Jersey ....... 40 | 10-251 67
Colorado .... 11-317 68 {| New Mexico....... 14 | 30-626 168
Connecticut .. PN 23 | 11-46 32 || New York ......... 63 7-292 82
Delaware .......... . 9| 24-144 61 || North Carolina .... 42 6-113 36
District of Columbia .. 1 -~ 96 || North Dakota....... 11 | 81-406 152
Florida ............. 29 | 20-274 91 || Ohio...vvuvernnn, 42 | 46-427 120
Georgia .. 33 | 18-360 50 || Oklahoma ....... . 28 8-675 130
Idaho .... 18 8-354 125 || Oregon ........... 15 9-95 36
Hlinois ... 34 | 80-565 144 || Pennsylvania ...... 65 5-256 T2
Indiana .............. 35| 176-640 286 || Rhode Island ...... 12 | 17-83 30
I0WA toviineinnnnnnns 37| 83-632 192 || South Carolina..... 35 3-107 17
Kansas .............. 28 | 75-548 130 (| South Dakota ...... 13 | 70-672 255
Kentucky ............ 21| 12-198 107 || Tennessee ....... . 22 | 19-177 9
Louisiana............ 17 2-151 76 || Texas .......cove. 80 4-700 96
Maine ........c0.nien 15 8-82 18 || Utah ..... R 15 |152-349 198
Maryland ............ 11 3-85 35| Vermont ......... 12 | 16-121 58
Massachusetts ....... 47 8-80 39 || Virginia .......... 32 8-295 45
Michigan ........... . 33 | 43-405 132 || Washington ....... 23 | 12-155 46
Minnesota ........... 23 | 46-464 241 || West Virginia ..... 21 | 28-264 70
Mississippi «..v.vonte 23 2-150 23 || Wisconsin......... 24 | 50-500 131
Missouri ...........n 23 | 55-294 120 || Wyoming ......... 13 | 12-575 170
Montana ............. 16 16-404 121

Table 13. --Number of supplies, range in average hardness, and median hardness of raw water, by
States, for 1,315 of the larger cities in the United States, 1952

Number | Range Median Number | Range Median
State of in State of in

supplies | hardness hardness supplies | hardness hardness
Alabama............. 24 7-115 41| Nebraska ......... 13 |155-370 284
Arizona ............. 25 | 12-500 190 |} Nevada 10 | 33-320 202
Arkansas ...... 28 | 10-250 35[{ New Hampshire.... 11 | 10-121 21
Californija...... 88 | 18-561 167 || New Jersey ....... 40 5-251 66
Colorado ...... 12 | 11-308 64 || New Mexico ....... 14 | 35-626 212
Connecticut .... 22 | 11-46 28 || New York ......... 63 7-292 81
Delaware ...... eee 9 | 22-144 35 || North Carolina .... 42 6-195 23
District of Columbia .. 1 Te- 84 || North Dakota ..... 11 | 51-445 257
Florida ......... e 29 |12-1,060 200 (| Ohio wvvvrennnnnn 43 | 95-677 217
Georgia ........ .. 34 | 10-360 48 || Oklahoma ......... 28 8-700 134
daho................ 18 8-354 105|| Oregon ........... 15 8-95 35
Illinofs . 33 | 126-565 225 || Pennsylvania ...... 66 5-314 68
Indiana 38 | 112-640 285 || Rhode Island ...... 13 | 10-68 26
Iowa .......... 37 | 96-632 268 || South Carolina,.... 35 3-107 16
Kansas 28 | 115-548 250 {{ South Dakota ...... 13 [193-673 281
Kentucky 21 | 12-350 100 || Tennessee ...... .. 22 | 25-161 86
Louisiana 17 2-395 90 (| Texas ..oovvnnnnnn 80 4-1700 126
Maine ......... 15 8-63 18([Utah «..vvvinienns 15 |152-349 198
Maryland 11 3-80 32|| Vermont ......... 12 | 16-121 57
Massachusetts 47 8-95 28 || virginia ...... N 34 7-330 44
Michigan 33 | 43-405 185 || Washington........ 23 | 12-155 46
Minnesota 23 | 44-464 250 || West Virginia ..... 21 | 16-264 87
Mississippi .......00. 23 3-226 20 || Wisconsin ........ 24 | 50-500 168
MisSouri ............ 23 | 55-317 183 || Wyoming.......... 13 | 12-700 150
Montana ............. 16 3-404 144
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The range inhardness as shown in these two tables is the range in the average
hardnesses for the number of supplies as indicated for each State. No intent is
made to show the range in hardness of the individual supplies of each city. The
tables show that for some States the range in average hardness of the supplies is
comparatively small, whereas for other States it is large. The lower limits of
the range in average hardness for all the States for finished-water supplies range
from 2 to 152 parts, the upper limits from 46 to 700 parts. For the raw-water
supplies, the lower limits of the range in average hardness for all the States is 2
to 193 parts; the upper limits, 46 to 1,060 parts. The ranges in average hard-
nesses, as here shown for the public water supplies included in this report for
each State, tend to emphasize the fact that erroneous conclusions may be drawn
from averages of hardness for each State.

The median of the.average hardnesses is that value below which there are as
many supplies with hardnesslessthanthe median as there are supplies with hard-
ness greater than the median. The difference between the average hardness and
the median indicates the difference in balance of the hardnesses of supplies with
less and greater hardness than the median.

All data on hardness of public water supplies, by States, for the places in-
cluded in this report are shown in summary table 14, in which are summarized
the data on weighted average hardness, average hardness, and median hardness.

Table 14, --Summary of data on hardness of public water supplies, by States, for
1,315 of the larger cities in the United States, 1952

Finished water Kaw water
Weighted Average | Median Weighted Average |Median
State 4Verage |hardness|hardness| > . 28€ | hardness|hardness
hardness hardness
Alabama........ 55 56 49 417 46 41
Arizona ........ 216 208 185 215 209 190
Arkansas ....... 42 61 45 36 61 35
California ...... 118 160 152 188 187 167
Colorado ....... 107 106 68 110 89 64
Connecticut ..... 21 29 32 27 28 28
Delaware ....... 60 5 61 55 66 35
District of
Columbia ..... 96 96 96 84 84 84
Florida ........ 123 91 91 216 222 200
Georgia ........ 41 % 50 44 78 48
Idaho .......... 119 136 125 119 131 105
Illinois ........ 156 215 144 | 162 252 225
Indiana ........ 2317 272 286 251 284 285
Iowa ........... 212 235 192 286 299 268
Kansas ........ 176 185 130 245 262 250
Kentucky ....... 102 101 107 116 109 100
Louisiana....... 68 64 76 101 103 90
Maine .......... 20 23 18 18 21 18
Maryland ....... 48 40 35 38 34 32
Massachusetts .. 23 36 39 22 34 28
Michigan ....... 115 160 132 140 207 185
Minnesota ...... 114 224 241 171 251 250
Mississippi..... 39 35 23 31 37 20
Missouri ....... 106 141 120 133 188 183
Montana ........ 120 137 121 121 139 144
Nebraska ....... 247 254 274 250 267 284
Nevada ........ 135 154 162 147 174 202
New Hampshire . 28 30 21 29 31 21
New Jersey ..... 5 86 67 73 85 66
New Mexico..... 237 271 168 244 284 212
New York....... 52 4 82 52 817 81
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Table 14. ~-Summary Hf data on hardness of public water supplies, by States, for
1,315 of the larger cities in the United States, 1952--Continued

Finished water Raw water
Weighted . Weighted .
State average | Average | Median | gyerage | Average Median

hardness | hardness{hardness | hardness | hardness|hardness

North Carolina .. 34 38 36 28 32 23
North Dakota.... 170 192 152 283 262 257
Ohio ........... 150 155 120 179 240 217
Oklahoma....... 125 169 130 160 196 134
Oregon ........ 17 37 36 15 33 35
Pennsylvania ... 86 81 2 91 89 68
Rhode Island . 32 34 30 21 29 26
South Carolina .. 18 22 17 18 19 16
South Dakota .... 299 292 255 362 392 281
Tennessee ...... 70 86 9 66 85 86
Texas .......... 132 144 96 153 148 126
Utah ........... 191 217 198 191 217 198
Vermont........ 53 64 58 53 64 57
Virginia ........ 65 70 45 54 69 44
Washington ..... 44 52 46 45 52 46
West Virginia ... 88 94 0 86 100 87
Wisconsin ...... 167 195 131 171§ 203 168
Wyoming ....... 171 211 170 171 221 150
United States.. 97 121 91 116 139 90

SOURCES AND TREATMENT OF PUBLIC WATER SUPPLIES

Table 15 is a tabulation of data as to sources and general methods of treat-
ment relative to the public water supplies of the larger cities of the United States
in 1952, The data for the table were taken from those shown for the supply for
each place in the report.
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Table 15. --Source and treatment of the public water supplies for 1,315 of the

larger cities in the United States, 1952

Population served
Num-

Source and treatment Percent of
ber of | Thou- |po,00nil population of
places| sands United States

Surface water:
Notreatment ..........ccoiviiiennnnnns 3 * 95 0.1 0.1
No treatment other than chlorination ..... 143 /18,095 28.1 12,0
Slow sand filtration .................... 28| 3,348 5.2 2.2
Rapid sand filtration ............c.00..e 459132,867| 51.1 21.8
Softening
Withlime ....vcieiiiiniinennennnnes 44 3,917 6.1 2.6
With lime-sodaash ...........000vennes 31| 3,163 4.9 2.1
By cation exchange ............... veee 3| 2,859 4.5 1.9
Total softened supplies .............. 781 9,939 15.5 6.6
Total surface-water supplies ......... 71164,344| 100.0 42.7
Ground water (wells, infiltration galleries,
and springs):
Notreatment ......cccviiiviienimacenns 114} 2,025| 14,1 1.4
No treatment other than chlormanon ..... 213} 17,335| 51.0 4.9
Iron and manganese removal ............ 64| 2,594 18.0 1.7
Slow sand filtration ............000uaue. 0 0 0 0
Rapid sand filtration ............... S 16 463 3.2 .3
Softening
Withlime ......covviieiiinennnnnenss 31| 1,114 .1 4
With lime-sodaash................... 20 524 3.6 .4
By cation exchange ...........c0c00u0. 14 340 2.4 .2
Total softened supplies .............. 65| 1,978 13.7 1.3
Total ground-water supplies.......... 472 114,395 | 100.0 9.6
Mixed supplies (surface and ground water):
Notreatment .............cv0iiiennneen 0 0 0 0
No treatment other than chlorination ..... 37( 3,631 40.0 2.4
Iron and manganese removal ............ 2 41 .4 .0
Slow sand filtration .................... ki 132 1.4 .1
Rapid sand filtration ................... 58| 2,694] 29.7 1.8
Softening
Withlime....overiiininrreeaieanannne 10} 1,164| 12.8 .8
With lime-sodaash ................... 12| 1,096| 12.1°7 .7
By cation exchange .......... e ecseaas 6 329 3.6 .2
Total softened supplies .............. 28] 2,589 28.5 1.7
Total mixed supplies ................ 132 9,087 100.0 6.0
Total all softened supplies ........ 171 (14,506 16.5 9.6
Total all supplies ...... N 1,315)87,826 | 100.0 58.3




30 INDUSTRIAL UTILITY OF PUBLIC WATER SUPPLIES, 1952

NATURAL SURFACE WATER

Of the 711 places included in this report that are supplied with surface water
only, 3 receive no treatment and 143 receive no treatment other than chlorination.
See table 15 and fig. 2. The population thus served represents 28. 2 percent of the
population served with surface supplies only, and 12 percent of the total popula-
tion of the United States. Falling into this category are some of the largest public
supplies of the country. These supplies are usually takenfromlarge lakes or from
impounding reservoirs on streams that drain protected uninhabited watersheds.
The storage capacity of these lakes and reservoirs is usually so large in relation
todemand that sufficient time is given for the settling of any suspended matter and
for natural purification. The growth of algae in these open bodies of water can be
very troublesome. .

Many of these waters are soft and contain small quantities of mineral matter
in solution. Some may have little color, others may be highly colored. The lack
of hardness and dissolved minerals are desirablecharacteristics asfar as domes-
tic use and many industrial uses are concerned, but on the other hand these waters
are likely to be corrosive and may cause trouble in service mains and plumbing
installations. Some of the waters that are not corrosive may be equally trouble-
some because of their hardness and mineral content.

The current trend is to treat public supplies so as to make them not only safe
for drinking from a sanitary point of view but more satisfactory for generaluse and
to protect expensive water-supply systems from corrosion and resultant troubles.

SURFACE WATER GROUND WATER MIXED SUPPLIES

f _15.5 percent a. O.l percent f. 13.7percent a. 4.1 percent g. OO percent

f.
28.5
percent

b.
40.0
percent

d.
297
percent

b.
SLI
percent

SLI
percent

e. O.Opercent c. 5.2percent d. 3.2percent t. 0.0 percent e. 0.4 percent c. l.4percent
a.No treatment d.Rapid sand filtration
b. No treatment other than chlorination e.lron and manganese removal
c. Slow sand filtration f.Softening and filtration
’ TREATED SURFACE WATER

A total of 487 places of all the places supplies with surface water included in
this report were furnished with water filtered through sand filters, exclusive of
those supplies filtered in conjunction with softening. Of the population supplied
with filtered water, 5.2 percent received water from slow sand filters, and 51.1
percent, from rapid sandfilters. Seventy-eightof the surface water supplies were
softened. These softened supplies represented 15. 5percent of population furnished
with surface water only.

A total of 71. 4 percent of the population served with surface water received
water that was given more treatment than just chlorination. The above total does
not include the surface water mixed with ground water and classed as mixed sup-
plies.
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GROUND WATER

Ground water, although used exclusively by .only 472 of the places included in
this report is used by the greater part of the rural population of the country and
bythe smaller cities and towns. Ground water is less subject to changes in chem-
ical composition than surface water, is generally clearer, and is cooler in sum-
mer. On the other hand, ground water usually contains more dissolved mineral
matter and frequently objectionable quantities of iron. Supplies from shallow
sources and springs are sometimes subject to pollution.

The population served exclusively by ground-water supplies of the places in
this report represents 16. 4 percent of the total population of the 1,315 places,
andonly 9. 6 percent of the total population of the country. Of the 472 places serv-
ed with ground water, 114 places received water with no treatment; 213 places
received water with no treatment other than chlorination. The population of these
327 places represents about 65 percent of the total population served exclusively
with ground water. Sixty-five places were served with softened water, the popu-
lation of which places represents about 14 percent of the total population served
with ground water.

MIXED SUPPLIES

Thepopulation of 132 of the 1, 315 places in this report was furnished with sup-
plies, classed as mixed, from both surface andgroundsources. In some instances
the water from one source was not mixed with that from the other before entering
the city mains; in other instancesthe water from the two sources was mixed prior
to entering the mains. In some instances one or more sections of a city was fur-
nished with water from one source, while at the same time other sections were
furnished water from the other source. Ground water made up about 27 percent
of the total supply of these places furnished with mixed supplies. The population
served with mixed supplies is about 10 percent of the total population of the 1, 315
places included in this report and 6.0 percent of the population of the country.

Most of these places received water which was given more treatment than
chlor.:ation. Most of the supplies were filtered or softened. In some instances
one part of the supply received no treatment other than chlorination, whereas the
other part received more treatment.

PHYSICAL PLANT FACILITIES

Data relative to the physical plant facilities for treatment, raw-water storage,
and finished-water storage for most of the places included in fhis report, are
shown in table 16 and graphically in figure 3. Facilities for chlorination only are
not included in the statistics relative to the number and capacities of the treat-
mentplants. For afew placesthe capacities of the treatment plants are notshown.
Facilities for the storage of raw and finished water are included for all places
included in the report for which storage data are shown. For some places stor-
age data were not available or were not reported. In the tabulation of the data,
chlorinated water is considered finished water. Many large cities, the supplies
of which are taken from natural lakes or from large streams, have few facilities
for raw-water storage and have no particular need for them. Many places taking
their supplies from wells have few facilities for raw-water storage since many
such supplies are pumped directly into the distribution systems.
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Table 16. --Physical plant facilities for public water supplies for the larger cities
in the United States, 1952

Treatment plants | Raw-water storage | Finished-water storage
Stat umber .
€ Nug;ber c ;rp(;.t:ilty Nu?? er Capacity N ;? € Capacity
plants | (mgd) | places (meg) places (mg)

Alabama...... 15 139 11 5,736 24 61
Arizona ...... 5 43 9 8,598 9 172
Arkansas ..... 20 74 . 7 17,498 26 74
California .... 17 652 55 621,233 39 1,956
Colorado ..... 7 242 15 187,354 7 221
Connecticut ... 10 115 21 113,154 11 1,260
Delaware ..... 5 6 5 100 6 4
District of

Columbia.... 2 225 1 560 1 118
Florida ...... 17 217 10 766 24 59
Georgia ...... 19 217 16 1,238 29 8
Idaho......... 4 19 11 3,015 | 7 22
Illinois ....... 21 494 10 15,631 41 789
Indiana ....... 23 317 13 7,993 30 141
Iowa ......... 19 136 15 2,404 30 125
Kansas ....... 17 150 9 1,039 19 10
Kentucky ..... 16 222 11 3,058 21 164
Louisiana..... 11 185 6 40 13 45
Maine ........ 4 20 8 8,774 17 162
Maryland ..... 8 315 10 59,036 11 8417
Massachusetts 13 116 52 562,570 50 2,570
Michigan ..... 18 889 10 1,641 38 288
Minnesota .... 8 349 5 6,755 20 223
Mississippi ... 9 35 7 1,209 18 28
Missouri ..... 18 503 14 4,176 28 379
Montana ...... 4 53 11 18,279 6 33
Nebraska ..... 4 123 7 96 5 95
Nevada ...... 1 2 7 119 3 7
New Hampshire 3 6 ki 9,536 1 85
New Jersey ... 15 300 36 54 50 1
New Mexico... 2 4 9 2,851 9 47
New York..... 36 498 30 377,798 51 5,225
North Carolina 39 187 27 48, 856 40 169
North Dakota.. 7 26 4 7 10 191
Ohio ..... cens 31 888 28 32,164 46 686
Oklahoma..... 21 161 18 107,974 24 128
Oregon ....... 6 45 6 15 15 385
Pennsylvania. . 35 936 36 49,028 45 2, 502
Rhode Island .. 5 111 15 6,440 15 93
Saquth Carolina 22 94 20 5,483 29 75
South Dakota . . 8 27 2 3,876 11 38
Tennessee . ... 16 212 2 . 2 19 156
Texas ........ 36 605 33 119,719 65 497
Utah ......... 0 0 9 1,685 4 66
Vermont...... 1 6 8 1,606 5 56
Virginia ...... 24 257 19 30, 564 30 3,222
Washington. . .. 4 24 8 8,371 19 755
West Virginia . 18 133 8 1,501 21 60
Wisconsin. . ... 12 293 7 20 26 140
Wyoming ..... 4 23 5 724 7 49

Total....... 860 | 10,694 693 | 2,460,346 1,081 24, 557
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TREATMENT OF WATER

The treatment of water for public supplies is comprehensively discussed in
technical books expressly written for that purpose (Amer. Water Works Assoc. ,
1950; Hopkins, 1948; Nordell, 1951). Improvements in the design of waterworks
equipment and installations and the processes involved in the treatment and puri-
fication of water supplies are generally reported in the Journal of the American
Water Works Association andother waterworks publications of a technical or pro-
fessional nature. Statistics and descriptions have been collected for practically
all public water-supply systems and purifications plants of the country. (U. S.
Public Health Service, 1948).

The general discussions inthis reportrelative to the treatment of public water
supplies are of necessity brief and are intended to be mainly explanatory in char-
acter as to the data contained herein. The descriptions given of the treatment of
some of the individual supplies are incomplete, and others are lacking in detail,
but it is hoped that the descriptions that are given will be of some aid to those
using the report, and of value in the interpretation and avaluation of the analytical
data for each supply.

NATURAL PURIFICATION

It is generally recognized that waters impounded in artificial lakes and reser-
voirs improve in quality from storage. Suspended matter setties out, and the
amount of color and the number of pathogenic and other bacteria decrease. On
the other hand, conditions are favorable for the growth of algae and other micro-
organisms. Sanitary conditions within the catchment area of such supplies are
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usually carefully controlled to prevent pollution of the supply.

On account of the great increase in urban population and industrial develop-
ment, and the resultant pollution of many streams, relatively few places depend
on naturalpurification of their supplies. Chlorine is regularly appliedas a safety
measure to those supplies that have no other treatment than natural purification.

FILTRATION

Filtration, simply defined, is a process of clearing a liquid of suspended ma-
terial. Filtration in water treatment and purification is of extreme importance.
Sand is usually the filtering medium, and the two principal types of filters are
rapid sand filters and slow sand filters. The essential difference between filtra-
tion by means of rapid sand filters and slow sand filters is in the treatment of the
raw water preceding filtration, the rate of filtration, and the method of cleaning
the filters. The preliminary treatment of the raw water is important in the effi-
cient operation of filters of both types. The rate of filtration is as much as 50
times more rapid in the rapid sand filter than in the slow sand filter. The rapid
sand filter is cleansedor is washed by reversingthe flow of water through the fil-
tering medium, and the slow sand filter by removing and cleaning the top layer of
sand.

Other filtering media and other types of filters are used in the treatment of
water. Crushed and graded anthracite coalis sometimes used instead of sand and
gravel. The rate of filtration through anthracite coal is more rapid than through
sand, and the velocity needed for the wash water is lower, but coal is more ex-
pensivethan sand and gravel. Pressure types of filters with upward or downward
flow are used as opposed to the sand filters with gravity flow. Pressure filters
may be horizontal as well as vertical in design. Pretreatment of the water is as
necessary for the pressure filters as it is for the more conventional type sand

filter.
2

RAPID SAND FILTRATION

The essential processes in the treatment of water where rapid sand filters are
concerned are coagulation and sedimentation preceding filtration.

Plain sedimentation, --Plain or primary sedimentation, differentiated from
that which follows after the addition of the coagulants to the raw water, is accom-
plished at many plants by allowing the raw water to stand in large basins or res-
ervoirs for a length of time sufficient for the greater quantity of the suspended
material to settle out. Finely divided and colloidal materials do not readily set-
tle out, making it necessary to add coagulants before the filtration process. Plain
sedimentation is an important preliminary step in the treatment of turbid waters
even where rapid sand filters are used and is absolutely essential where slow
sand filters are used, if coagulation is not used prior to filtration. Earlier this
was the only treatment given surface waters, but the current practice is not to
rély on plain sedimentation as a means of water purification. Impounded reser-
voir supplies are usually chlorinated as an added precaution when no other treat-
ment is given.

Provisions are usually necessary for the removal of the settled material from
reservoirs and basins by operation of sluice gates or other means. Capacity of
reservoirs can be greatly lessened by this settled material and the useful life of
the reservoir limited.

Coagulation, --To settle out the finely divided solid material, colloidal mate-
rial, and bacteria and other micro-organisms, it is necessaryto apply coagulants
to the raw water after plain sedimentation. The most commonly used coagulant
is aluminum sulfate, referred to as alum. Ferrous sulfate and ferric sulfate are
less commonly used. Other coagulants are ferric chloride, sodium aluminate,
sodium silicate, and bentonite. Lime and soda ash as conditioning agents are
frequently used in conjunction with coagulants. Activated silica, originally sug-
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gested by Baylis (1937) as an aid in coagulation, is finding increasing use as a co-
agulant in softening plants (Black, 1948) and in other treatment plants (Hay, 1944).
Different coagulants have specific merits which must be recognized in selecting
the ones to be used. Coagulants, either in dry or liquid form, are fed to the raw
water by various regulating feeding devices. The ease in handling and application
of the coagulant is sometimes an important consideration in the selection of the
coagulant to be used.

The addition of alum in the coagulation process increases the sulfate content,
reduces the alkalinity of the water, and tends to leave the water somewhat corro-
sive. The increase in the sulfate content of the water is of minor significance in
the industrial use of the water. The adjustment of the pH of the water is usually
necessary before delivery to the mains.

The action of the coagulant is to clump together the suspended material, so
that it and most of the coagulant may settle out prior to filtration. Proper coag-
ulation and subsequent settling are very important in the efficient operation of the
modern rapid sand filtration plant. The quantity or dosage of coagulant to be added
tothe raw water was based formerly on the turbidity, later on the alkalinity of the
water. Current practice is to determine the proper dosage by trial. Turbidity,
pH, temperature of the water, and length of time of mixing are factors to be con-
sidered in determining the proper dosage. Finely divided suspended material is
more difficult to coagulate than larger particles. Good coagulation is obtained
only at definite pH ranges, and in some waters adjustment of pH is necessary.
Length of time of mixing and temperature of the water affect coagulation and floc-
culation, and consequently the dosage required. The variable character of a wa-
ter and thedifferent types of waters must be considered; strict laboratory control
is necessary throughout the whole treatment process.

Mixing and settling basins, filters. --There are varioustypes of mixing basins,
the function of which areto mix the chemicals withthe water quickly and uniformly
s0 as to bring about the proper flocculation of the coagulant and to keep the water
in motion a certain length of time before it enters the settling basins or sedimen-
tation basins. The coagulated water is detained in the settling basins to allow the
floc to settle out. The design and arrangement of the settling basins are such that
this settled floc or sludge canbe removed continuously or periodically. The water
finally entersthe filtersfromthe settling basins practically free of suspended mat-
ter and floc and a great many bacteria and micro-organisms.

The rapid sand filter is usually rectangular in shape, filled tothe desired depth
with graded gravel and sand, equipped with a system of underdrains to carry off
the filtered water, and a means of washing by an upWard flow of water.

The rate of flow of water through the filter is usually 2to 3 gallons per minute
per square foot of filter surface. The filtering rate and loss of head at most mod-
ern plants are recorded automatically.: Washing is necessary when there is loss
of head and flow of water through the filter. The washing process consists basi-
cally in an upward flow of water through the filter bed at such velocity that the fil-
tering sand layer is agitated sufficiently to clean it of the material to be removed
y=t withoutappreciable loss of filter sand. Mechanical means of agitating the sand
are sometimes employed during the washing process. The efficient operation of
rapid sand filters requires constant attention to give an effluent of high quality.

SLOW SAND FILTRATION

Slow sand filters arethe older type of sand filters and are often referred to as
the European type, as compared with the rapid sand filters or the American type.

The filtering units are usually of large size requiring much more space, and
therefore construction costs are much greater than for rapid sand filters of the
same capacity. The rates of filtration range from 2 to10 million gallons per acre
of sand surface per day as compared to the 125 million gallons or more of the ra-
pid sand filter.

Filtration by slow sand filters is definitely limited to waters of low turbidity,
usually less than 20 parts (silica standard), of low color, and of lowbacterial load.
Water from lakes and large reservoirs may befiltered by slow sand filters without
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pretreatment.

Slow sand filters are efficient in the removal of taste and odor because biolog-
ical activity in the filters changes the forms of nitrogen and destroys some forms
of organic matter. They can be operated with a minimum of attention. Because
of construction costs and thelack of adaptability to waters of changing character-
istics and to modifications of treatment of the water, few slow sand filters are
being installed today.

DISINFECTION

Chlorine is the chief reagent used in the disinfection of water supplies and is
added before delivery of the water to the mains. The quantity of chlorine to be
added for effective disinfection depends upon the chlorine demand of the water.
This quantity must satisfy the chlorine demand and leave a residual of free avail-
able chlorine of about 0.1 to 0.3 part per million. The chlorine residual can be
conveniently determined by the well-known ortho-tolidine or ortho-tolidine arse-
nite test. Once the chlorine residual required for a water, determined by bacte-
riological check, is known, the chlorine dosage can be controlled to meet this
requirement by an automatic feeding device. Excessive chlorination can thus be
avoided.

Other agents used in the disinfection of water are chloride of lime, hypochlo-
rites, chloramines, chlorine dioxide, ammonia in conjunction with chlorine, o-
zone, and ultra-violet light. Some of these agents find special application where
control of tastes and odors are concerned, or where the volume of water to be
treated is not large.

Prechlorination is practiced in many modern water-treatment plants. Nu-
merous benefits result from the practice and in some instances it is a necessity,
especially where control of tastes and odors are involved in the treatment scheme.
In practice the chlorine may be added to the water before or with the coagulant,
Prechlorination may find special application in waters softened with lime.

Superchlorination is practiced at some plants where the water is heavily pol-
luted or contains taste-producing compounds. If the chlorine is added greatly in
excess of the chlorine demand of the water, dechlorination, usually with sulfur
dioxide or some of its derivatives, should follow to remove the surplus chlorine
before the water enters the mains.

Chlorination does not normally affect the industrial value of the water except
as it may affect the taste or odor.

ADJUSTMENT OF pH

Some adjustment of the pH of the water is usually necessary either during the
main treatment process or before the filter effluent enters the mains. Finished
water of too low pH will aggressively attack iron mains, resulting in the water
carrying in solution troublesome quantities of iron, and damage to the mains by
pitting and tuberculation. Lime or soda ash is usually used to adjust the pH of
the water so that it will not be corrosive. Carbon dioxide is also used to adjust
the pH of lime softened waters,

TASTES AND ODORS

One of the requirements of a good drinking water is that it be free of tastes
and odors. Tastes and odors do not seriously affect the industrial use of water
except in the food and beverage industries.

Tastesand odors in public water supplies may be divided into two general classes
--those caused by plant growths of the algal type and those that are due to sewage
andto polluting wastes from industrial plants suchas coke, gas works, oil refinery,
and cannery. The tastes and odors resulting from the growth and destruction of al-
gae are usually accompanied by those resulting from decaying vegetation, such as
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leaves, grass, and roots, and from bacterial slimes. The tastes and odors result-
ing from sewage and industrial pollution may be due to the tastes and odors of the
polluting substancesthemselves or may be produced as a direct resultof the pres-
ence of these substances in the water in the treatment process. These tastes and
odors may be described as organic, medicated, or phenolic.

Various methods areused in the prevention and elimination of tastes and odors.
Aeration is sufficient in some instances. Effective algicides are copper sulfate
and chlorine, the latter either in elemental form or as calcium hypochlorite. But
it must be emphasized that the growth of algae should be prevented or controlled,
for the tastes and colors resulting from too great a destruction of algae is often
worse than those produced by the algae in their life cycle. Activated carbon, usu-
ally added along with coagulants, is used at many plants. It may also be applied
to reservoirs. Heavy application’ of chlorine in prechlorination or superchlorina-
tion is used in preventing so-called phenolic tastes as well as those resulting from
heavy pollution. Ammonia, in conjunction with chlorine, also is used for the same
purpose. In recent years chlorine dioxide is finding increasing application in the
prevention and control of tastes and odors. (Aston, 1950.) The whole problem of
prevention and elimination of tastes and odors is complicated.

IRON AND MANGANESE REMOVAL

Surface-water supplies, generally, have very little iron in solution. Some
streams, however, receiving industrial wastes or acid mine drainage may carry
objectionable quantities of iron and manganese as well. Some surface waters con-
taining complex organic acids or substances may carry in solution considerable
quantities of iron.

Many ground waters contain considerable quantities of irondissolved from soil
and rock material by carbon dioxide in solution in the water, in the absence of ox-
ygen, as ferrous carbonate. Iron in solution as a resylt of oxidation of iron py-
rites is present as ferrous sulfate. Organic acids in ground water may contribute
to the solution of the iron. Many ground waters containing considerable quantlt:es
of iron frequently contain objectionable quantities of manganese.

‘The occurrence of irop in ground waters cannot be predicted with any degree of
certainty. Samples of water from wells of about the same depth and in close prox-
imity may differ decidedly in their iron content.

The principle of iron removal is simple but no single method may be entirely
satisfactory because of the presence of other constituents, such as organic matter,
manganese, and carbon dioxide. Iron in solution in the water in the ferrous con-
dition is oxidized by aeration to ferric hydrate, which settles out. Surface-water
supplies, because of natural aeration, require very little attention to iron removal.
The regular treatment that is given most surface supplies and the aeration incident
theretois generally sufficient to remove most of the iron. If the water is softened,
both iron and manganese are removed in the process. Some treated waters may
dissolve iron from the distribution mains and service pipes.

Aeration followed by settling, and filtration through sand or fine gravel, will
generally remove ironfrom most ground waters. Aeration notonly brings the iron
in water in contact with dissolved oxygen but releases carbon dioxide also, thus the
precipitation of the iron is hastened. Aeration and oxidation may be accomplished
by means of sprays, cascades, perforated trays, contact beds of coke, broken
pebbles, coal, or some such material.

Manganese is not oxidized as readily as iron and a method of treatment that
may be effectivefor iron removal may not be satisfactory for manganese removal.
Manganese may be oxidized by chlorine, and catalytic manganese dioxide (Zapffe,
1933) deposited on contact beds of coke, coal, crushed stone, and the like. Such
treatment followed by filtration effectively removes manganese. Carefully planned
treatment is necessary for satisfactory removal of both iron and manganese (Nor-
dell, 1951.)

Cation-exchange units will remove iron and manganese from waters provided
the iron and manganese are in the soluble reduced state, Any prior oxidation of
the iron before the water enters the exchange unit will result in the deposition of
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oxidized iron on the exchanger, thus interfering with its effective action. These
units are adaptable to the treatment of some well waters.

MUNICIPAL SOFTENING

Numerous data are available showing the value of the use of soft water and
softened water supplies relative to soap consumption (Olson, 1939). The savings
resulting from decreased soap consumption in many instances are sufficient to
pay for the cost of softening the whole supply. Savings from decreased soap con-
sumption is only one of the values resulting from the use of a softened public wa-
ter supply. Many industries require soft process water and would be attracted to
places where adequate supplies of such water are available.

The practice of softening of public water supplies is not new. (Baker, 1948.)
It might be said as far as this country is concerned that it centered at Columbus,
Ohio, because of the research carried on and the practices developed at the plant
at that city. (Hoover, 1927, 1928, 1943.) The practice of softening public sup-
plies has increased considerably since 1932. (Olson, 1945.)

A number of factors are involved in the proper selection of the method of soft-
ening water supplies, chief of which arethe physical and chemical characteristics
of the water and the extent of the reduction of the hardness. The softening pro-
cess involves the removal by chemical precipitation or cation exchange of those
substances inthe water, principally calcium and magnesium, that cause hardness.

The larger municipalities use lime or the lime-soda ash process in softening
their supplies. Lime is effective in removing carbonate hardness but soda ash in
addition to lime is usually used to remove noncarbonate hardness. Excess lime
servesthe same purpose as soda ash inthe excesslimetreatment process. These
methods of softening are used where the water generally requires filtration, vol-
ume demand is large, and competent technical supervision is provided.

Lime-softened waters are unstable (Hoover, 1942) being supersaturated with
the normal carbonates of calcium and magnesium, and require recarbonation to
prevent these carbonatesfrom crystallizing out onthe sand grains of afilter even-
tually destroying its effectiveness as a filter, or in the mains of the distribution
system, lessening its capacity. When excess lime is used in the softening pro-
cess, the softened water contains caustic alkalinity, and carbon dioxide is usually
used to neutralize the excess lime. Phosphates are also used in stabilizing lime-
softened waters.

The cation-exchange methodof softening (Streicher and Bowers, 1950) involves
the exchange of calcium and magnesium in the water for sodium in the exchange
material. The exchange material whenexhausted is regenerated with a solution
of sodium chloride (common salt). Sea water or natural brines are used at a few
plants. The operation of a cation-exchange softening plant requires less attention
and less expert control than a lime or lime-soda ash softening plant. It is adapt-
able to those supplies where the water is relatively free of suspended matter and
excessive quantities of iron and manganese and where the volume demand is not
generally large.

* It is not practical or desirable to soften a supply completely, althoughthisis
possible with a cation-exchange softener. At a few places this type of softener is
used in conjunction with lime softening, employing what is known as split treat-
ment. (Streicher, 1945.) Split treatment is used also in softening some ground-
water supplies. In this method of treatment a portion of a supply may be com-
pletely softened by cation exchange, and then raw water, unsoftened water, or
partially softened water may be mixed with it in such volume as to produce an ef-
fluent of a definite hardness.

Lime reducesthe quantity of dissolved solids in water inthe softening process;
soda ash and cation exchangers do not.

The equipment required in water-softening plants using lime approximates
that used in the filtrations plants of the rapid sand type. Greater facilities for
handling chemicals are needed; some means for the production of carbon dioxide
are required; and facilities for handling sludge are necessary. (American Water
Works Assn., 1949). Some plants are recalcining the sludge and reusing the
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lime or selling it for agriculture use.

Data in Water Supply Paper 658 in 1932 showed that of the 670 places in that
report, 40 were furnished with softened water, representing a total population of
4,065,000, 7.2 percent of the total population of the 670 places, and 3.4 percent
of the total population of the country. Data in table 11 of this report show that 171
places are furnished with softened water, representing a total population of
14, 506,000, or 16.5 percent of the total population of the 1, 315 places in this re-
port and 9. 6 percent of the total population of the country. Of the 670 places in
Water Supply Paper 658 and also in this report, 85 places now have softened sup-
plies. Thus 86 of the total of 171 places that have softened supplies are among
the 645 places in this report but not in Water Supply Paper 658. These 645 places
are small in population in comparison with the 670 places.

In this report the hardness of the public supplies thatare softened ranges from
less than 50 parts per million to about 150 parts. For many large supplies the
hardness ranges between 70 and 85 parts. About one-third of the total population
of the places in this report that receive softened water, receive water having a
hardness greater than 100 parts per million. Many laundries and industrial plants
require softer water than that furnished as public supplies and find it profitable
and necessary to further soften. Municipalities can well afford to give more at-
tention to softening of supplies to effect greater economies and satisfaction in the
use of the water.

FLUORIDES AND FLUORIDATION

It was discovered about two decades ago that fluoride in drinking water caused
the dental defect known as mottled enamel. (Churchill, 1931; Smith, Lantz, and
Smith, 1931.) Through much study and observation as a result of this discovery
the limit of fluoride concentration, below which mottling does not usually occur,
was fairly well established. (Dean, 1936.) It was observed also that the preva-
lence of dental caries in areas where mottled enamel was endemic was no greater,
in many instances less, than in areas where fluoride was not naturally present in
the water supplies. (Dean, 1938.) Further study and observations along this line
by Dean and his associates showed that there was a very definite relationship be-
tween fluoride in the water supplies and the prevalence of dental caries in the per-
manent teeth of children. (Dean, Jay, Arnold, and Elvove, 1941.) These and other
studies showed that fluoride concentrations of about 1.0 to 1.5 parts per million
in the water supplies, concentrations below which mottling of the enamel does not
usually occur, greatly lessened the incidence of dental caries in the permanent
teeth of children using the water. Other investigations showed also that fluoride
compounds topically applied to the tooth surfaces of children's teeth lessened the
incidence of caries (Knutson and Armstrong, 1943).

The results of these numerous studies and investigations naturally led to the

question of fluoridation of water supplies in orderto prevent or lessenthe incidence
of caries in the permanent teeth of children. Fluoridation has much support from
dental and health associations. (Amer. Water Works Assn., 1952). Inanews
release of June 1, 1950, Assistant Surgeon General Bruce D. Forsyth of the U.
S. Public Health Service, said:
" Artificial fluoridation of communal water supplies has been found to be effective
in reducing the incidence and prevalence of dental caries among children as does
water naturally containing fluorides. As a result of new evidence from its Grand
Rapids project where community water has been fluoridated since January 25,
1945, the Public Health Service has now altered its basic policy to read: 'Using
scientific methods and procedures, communities desiring to fluoridate their com-
munal water supplies should be strongly urged to do so' ".

The compounds now most generally used for fluoridating public water supplies
are sodium fluoride and sodium silicofluoride. Sodium fluoride is much more
soluble than sodium silicofluoride, but it is much more costly per unit weight.
Hydrofluosilicic acid is lessfrequently used, and hydrofluoric acid is rarely used.
Because hydrofluoric acid is highly corrosive, its application requires consider-
able care,
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The quantity of fluoride added tothe water supply is suchthat the concentration
as the fluoride ion generally ranges between 0.7 and 1.3 parts per million. The
quantity of fluoride ingested by an individual will dependuponthe gquantity of water
used by the individual and the fluoride content of the water. This quantity is fur-
ther related to climatic conditions and the characteristics of the individual as to
need for water. Some supplies may require only 0.7 part per million, whereas
others may require nearly up to the permissible maximum of 1.5 parts. (U. S.
Public Health, 1946.) The quantity of fluoride naturally present in the supply
must be taken into account in fluoridating the supply. Some fluoride is removed
by alum in the coagulation process in the regular treatment of public supplies
and a larger quantity if the supply is softened, therefore, the application of the
fluoride should be at such place in thetreatment scheme so as not to be removed.

The practice of fluoridation has gained considerable impetus inthe past 2 years
(1951-52). At thetime of the collection of most of the data on the supplies for the
places in this report about 70 supplies were being fluoridated or facilities were
under construction for fluoridating. However, since the collection of the data,
andas of the end of the year 1952, reliable statistics (Amer. Water Works Assn.,
1953) indicate that of the places in this report 155 were receiving fluoridated wa-
ter, representing a population of about 12 million people or about 14 percent of
the total population of all the places included in this report.

Table 17 shows the number of places and the population using water with dif-
ferent concentrations of fluoride from large public supplies at the time of the col-
lection of these data. The table shows among other things that about 85 percent
of the total population of the places in this report used water with a concentration
of fluoride in the range of 0.0 to 0.5 part per million. A population of about 7
million people used water with a concentration of fluoride in the range of 0.6 to
1.5 parts per millions. Such a range of concentration of fluoride will include
practically all those supplies that were being fluoridated at the time and in addi-
tion those supplies with natural fluoride of that range of concentration.

Table 17. --Number of places and population, in thousands, using water with dif-
ferent quantities of fluoride from large public supplies in the United States, 1952

iSurface supplies {Ground supplies| Mixed supplies | All supplies |Per-
" : t
Fluoride Popu- Popu- Popu- Popu- |C€M
(ppm) Places | 1.1i0n Places lation Places lation Places lation t(?tfal
<0.6 628 | 55,604| 368 | 10,661 117 8,538 1,113 | 74,803} 85.2
.6 -1.0 39 3,991 56 2,120 6 132 101 6,243] 7.1
1.1-1.5 10 412 16 302 3 52 29 766 .9
1.6 - 2.0 2| 34 9 164 -- -- 11 198 .2
2.1-3.0 1 65 5 149 -- -- 6 214 .2
>3.0 -- -- 6 136 - -- 6 136 .2
Not re-
ported 31 4,238 12 863 6 365 49 5,466| 6.2
Total Ti1 | 64,344| 472 | 14,395 132 9,087| 1,315 | 87,826|100

INDUSTRIAL TREATMENT OF WATER FROM PUBLIC SUPPLIES

The treatment that is given to a public water supply is planned primarily to
give a water that is safe to drink and that is free from pathogenic bacteria, with-
out too much regard for other uses of the water. The water maybe generally sat-
isfactory for most domestic uses, but many public supplies are far from satis-
factory for many industrial uses. The additional treatment that may be required
may range from almost nothing to that which includes sand filtration, softening,
and corrosion control.

BOILER FEED WATER

One of the common uses of water from public supplies is in steam boilers for
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the production of power and heat. Large boilers carrying high steam tempera-
tures and pressures require water of rather exacting standards of quality. Table
18 suggests quality-tolerance limits for boiler-feed waters.

Table 18. --Suggested water-quality tolerance for boiler-feed water a/

Allowable limits, in parts per million, for
indicated pressure in lb/sq. in.
<150 150-250 | 250-400 | > 400

Oxygen consumed............... 15 10 4 3
Dissolved oxygen b/............ 1.4 .14 .0 .0
Hydrogen sulfide (H,S) ......... c/5 c/3 0 0
Total hardness as CaCOy....... 80 40 10 2
Aluminum oxide (ALO,) ........ 5 .5 .05 .01
Silica (Si0y) ...vvvveeneenn... 40 20 5 1
Bicarbonate (HCOg) b/.......... 50 30 5 . 0
Carbonate (COy) .............. 200 100 40 20
Hydroxide (OH).......cvvveeen. 50 40 30 15
Total solids d/ ................ 3,000-500} 2,500-500| 1,500-100 50
Turbidity ........o0vvviennn.. 20 10 5 1
(0] ¢) [ 80 40 5 2
Sulfate-carbonate ratio

(A. S. M. E.) (Na,SO,:Na,CO,) 1:1 2:1 3:1 3:1
pH value (minimum)............ 8.0 8.4 9.0 9.6

a/Moore, E. E., Progress report of the committee on quality tolerances of wa-
ter for industrial uses: New England Water works Assoc. Jour., v. 54,
p. 263, 1940.

b/Limits applicable only to feed water entering boiler, not to original water
supply.

¢/Except when odor in live steam would be objectionable.

d/Depends on design of boiler.

The treatment of boiler water has received much attention generally. Details
on the metheds of treating water supplies for boiler feed, and on boiler-operating
practices are found in books and papers on the subject. (Brown, 1946; Betz,
1953).

SCALE, CORROSICN, EMBRITTLEMENT, FOAMING, AND PRIMING

Scaling in boilers and indirectly hardness in water supplies receive much at-
tention in the treatment of boiler-feed waters. Scale consists of mineral depos-
its on boiler surfaces; it is composed principally of compdunds of calcium and
magnesium with usually smaller quantities of other substances such as silica and
iron. Mineral matter in the boiler-feed water becomes greatly concentrated in
the boiler; slightly soluble substances precipitate, and under the influence of heat,
may be baked on the boiler surfaces as scale or carried as sludge in the boiler
water,

Scale formed as a result of carbonate hardness in the water is usually more
porous and less adherent than the scaleformed as a result of noncarbonate-hard-
ness minerals. Both may become hard and adherent because of the presence of
some cementing material like silica or from conditions prevailing in the boiler.
Silica scale, itself, is hard and adherent and of low thermal conductivity. Much
use is made of phosphate compounds in the treatment of beiler waters in scale
prevention and control. Silica may be removed by magnesium compounds in con-
junction with hot lime or hot lime-soda softening.

Corrosion would result in a boiler from the use of a water containing noncar-
bonate hardness caused by the chlorides and nitrates of calcium and magnesium
or by free acid. Such waters are rarely served to the public or used in boilers
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without treatment. Dissolved gases--oxygen, carbondioxide, ammonia--originally
present in the boiler water, in the returned condensate, or formed as a result of
the treatment, may corrode boilers. These gases may be removed by aeration or
by daerating heaters. Controlled "causticity" or hydroxide concentration inboiler
waters is important in the prevention of corrosion.

""Caustic embrittlement"” or cracking of the boiler plate, a controversial sub-
ject for many years, may result from maintaining too high a causticity inthe boil-
er water or from the use of waters containing considerable quantities of sodium
bicarbonate or carbonate either originally present or as a result of treatment.
It has been regarded by some as fundamentally due to poor boiler construction.
The development of the embrittlement detector by the U. S. Bureau of Mines has
facilitated the study of caustic embrittlement, (Schroeder and Berk, 1941.)

To prevent this type of failure, emphasis was formerly placed on the proper
ratio of sulfate to carbonate in the boiler water; later investigations, however,
have shown that the recommended ratios may not necessarily protect against em-
brittlement. (Berk and Schroeder, 1943.) Sodium nitrate and quebracho tannin
(Bureau of Mines, 1951) are successfully used to prevent this type of failure. 8i-
multaneous control of pH and of phosphate concentration in the boiler water may
prevent embrittlement and is applicable where the water is primarily evaporated
makeup or condensate.

Foaming and priming, associated activities in boiler waters, are attributed to
a number of causes, some of which may be in the structural design and operation
of the boiler itself. Foaming is generally attributed to too great a concentration
in the water of soluble compounds of sodium and the presence of finely divided
solids in suspension in the water. The standard method of controlling this condi-~
tion, although sometimes not the most economical, is by blowdown to reduce the
concentration of dissolved solids and to remove some of the sludge. Effective or-
ganic antifoaim agents, such as polymerized esters, alcohols, and amides, have
been developed in recent years. The insolubility of some of these agents in water
makes it necessary to disperse them withother agents in feeding. Priming is usu-
ally the result of careless operation of the boiler.

SOFTENING

Municipal supplies when softened with lime and soda ash may contain anywhere
from 25 to 100 parts per million or more of hardness. It is possible with the use
of the cation-exchange type of softener to produce a completely softened water.
However, for economical reasons this is rarely done in practice, except in the
split treatment or in conjunction with lime softening. Many municipal supplies,
even when softened, therefore, require softening for satisfactory use in boilers.
The methods of softening employed may be hot lime, hot lime-soda ash, hot phos-
phate, and cation exchange. The method selected depends upon a number of fac-
tors, chief of which are character of the water, volume of water required, fur-
ther treatment necessary after softening, and the conditions under which the boil-
ers are operated.

INTERNAL TREATMENT

The practice of introducing chemicals in the water within the boiler to condi-
tion the water or make its use possible is known as internal treatment. (Blanning
and Rich, 1934.) The practice began because of the inadequacy, in part, of the
lime-soda softening or because of no treatment at all of waters used in boilers.
Hardly any external treatment is adequate protection against scale formation of
some kind; therefore the necessity for internal treatment.

These boiler compounds are both inorganic and organic in composition. They
are used for the control of concentrations of carbonate and silica to prevent scale
formation, corrosion, and such. The phosphate compounds, for example, are
much used in the treatment of water that has already been softened with lime and
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soda ash, or not softened at all, to further soften it and to prevent the formation
of calcium scale in the boiler.
and starches are used in internal treatment. They are thought to have a dispers-
ing action on inorganic precipitates or to exert to some extent a coating action on
inorganic precipitates, decreasing their tendency to cohere and also adhere tothe

boiler surface.

Organic compounds such as tannin, lignin, agar,

Internal treatment may be used successfully where the water supply is only
moderately hard and the boiler is operated at a moderate pressure and not at too
high a rating. Internal treatment, ratherthan being a "cure all" for boiler opera-
tion difficulties, should supplement the rather thorough external treatment of the

boiler water,

WATER FOR INDUSTRIAL PROCESSES

The use of huge volumes of water by industry demonstrates the extreme im-
portance of water to industry, whether the water is used as an ingredient in the
production of other materials, as a cleansing agent, or for cooling. Each indus-
try requires a process water of characteristics peculiar to that industry, there-
fore, the requirements as to quality of process water are so varied that a water
or a method of treatment thatis entirely adequate for one process may not be suit-
(Nordell, 1951.) The following tables set forth some require-
ments as to both quantity and quality of water for a number of industrial uses.

able for another.

Table 18, --Industrial requirements for water a/

Water required

Water required

Item Unit (gal. per unt) Item Unit (gal. per unit)
Airplane engme ......... 50,000-125,000 | Milk:
Alcohol......... 100 Rece1ving station 180
Aluminum .. 160 Bottling works... 250
Aviation gas 7-10 Cheese factory .. 200
Brewing: Creamery....... 1,000 raw lb. ...... 110
Beer .......iiiinnnen 470 Condensery ..... 150
Whiskey .........onlln 80 Dry milk factory. 150
Buildings: General dairy. ... 340
Office ..........ouunnn b/27-45 | |Oil, edible ........ | gal. ......c.olinn 22
Hospital b/135-350 | |Oil field .... 100 bbl. crude . 18,000
Hotels................ guest room... b/350-525 || Oil refining ....... 100 bbl. . .vnennsnen 7,000
Laundries; Paper:
Commercial ........ 1b. "work" .. 4.3-5.1 Paper mill ...... 38,000
Institutional .. 1b. "work" 3 Pasteboard....., 14,000
Restaurants . .. | meal .... 0.5-4.0 Strawboard...... 26,000
Butadiene............... 1b. 180 Deinking ........ 83,000
Canning: _ Paper pulp:
APricots ............. N 8,000 Ground wood. ... .. 5,000
ASparagus ............ 7,000 . 85,000
Beans: 64,000
Green .............. 3,500 60, 000
Lima .. 25,000 /1
Pork and . 3, 500 0.1
Beets .. 2,500 2.4
COrN . oienennnrnnen 2,500 | |Smokeless powder.. 50,000
Grapefruit Soap factqries ..... o 2 g?)g
Juice....ivvniann.n 500 | |Steam power....... ¢/80, 000-1.
Sections ...... 100cases No. 2cans 5,800 | |Sugar fefmerics ... ’ "0.5
Peaches, pears . 6,500 || Tanning:
Peas ............. 2,500 Vegetable . . 18@:1b. raw hide.. .. 800
Pumpkin, squash 2,500 Chrome. ... 100 b, raw hide.... 800
Sauerkraut...... 300 || Textile:
Spinach .. 16, 000 Cotton:
Succotash ............ 12, 500 820
Tomatoes: 1,750
Products . 7,000 1,240
Whole - 750 300
[ton .... 750 3,400
100 tons . 360,000 30,00
1,000 lb. processed 18,000
in sloj . 800, 000 6,400
;:Enésp.. 1,000 bu. grain ’ 187000
Evaporato mashed 5,400
Distilling, molasses ..... 1,000 gal. 100 proof ,400 14,400
Distilling, cooling water. . 120, 000 4,800
Electric power .......... 80 Aniline black .. 15,800
Explosives . 100* Print works ..... 4,500
Gasoline. ... . 7-10 Finishing. .. 6
Iron ore {brown ore) ..... 1,000 Knit goods . .| 1b, bleached ....... 8
Meat: Rayon manufacture . 1,000 1b. produced. . 135, 000-160, 000
Packing house. .. 100 hogs killed .... 550 | | Rayon hosiery ..... 1,000 produced..... 9,000
Slaughterhouse 100 hogs killed .... 550 | |Woolens .......... 1,000 Ib. finished .. 70, 000
Stockyards . lacre .....ooeunnn 160

a/Jordan, H. E., Industrial requirements for water: American Water Works Assoc., v.

b/Per day.

¢/60, 000 for recirculating systems, 120,000 for nonrecirculating systems.

8, p. 66-67, 1946,
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Table 20, --Suggested water -quality tolerances a/
(Allowable limits in parts per million)

1 Manga- N Hydro-
'urbid- Hardness] Iron Total | Alkalinity |Odor,
Tndustry or use |y | €% |as caco,f (Fe) | [ |solids | as Caco, |Taste [(S5%, Other requirements b/
Air conditioning - -- --1¢/0.5 0.5 - - low 1 No corrosiveness, slime formation.
Baking 10 10 - ¢/.2 .2 - - low| .2} P.
Brewing:
Light beer 10 - -] g/ 1] s00 75| low .2| P. NaCl less than 275 ppm (pH 6.5-7.0.)
Dark beer i0 -~ --| g/t 1 |1,000 150 low 2| P Nﬂ(;l less than 275 ppm (pH 7.0 or
more).
Canning:
Legumes 10 - 25-75| g/.2 2 - - low 1 P.
General 10 -~ -1 ¢/.2 2 - - low 1 P.
Carbonated
beverages 2 10 250 2 2 850 50-100 low .2 [P, Organic color plus oxygen consumed
less than 10 ppm.
Confectionery - - --| ¢/.2 .2 100 - low .2| P. pH above 7.0 for hard candy.
Cooling 50 .- 50| c/.5 5 .- -] - 5 No corrosiveness, slime iormalion
Food: General 10 - | g/.2 2 -- - low -
Ice 5 5 - ¢/.2 2 - -- low - P §i0, less than 10 ppm.
Laundnring - -~ 50| ¢/.2 2 -- -- Te- -
Plastics, clear,
uncolored 2 2| --| ¢/.02 02| 200 — - -
Paper and pulp:
Groundwood 50 20| 180| ¢/1.0 .5 - - == ~-| No grit, corrosiveness.
Kraft pulp 25 15 100| ¢/.2 1 300 - -- --
Soda and sulfite 15 10] 100 ¢/.1 05 200 - - -
High-grade .
light papers 5 5| 50| ¢/.1 05{ 200 -- -- -
Rayon (viscose):
Pulp prodnction 5 5| 8| ¢/.05 03] 100 totai 50; -~ «=! AlLO, less than 8 ppm, Si0O, less than 25
hydroxide 8 ppm, Cu less than 5ppm.
Manufacture .3 -- 55 0 .0 - .- .- --| PH7.8t08.3,
ing 20 |10-100] 50-135] g¢/.2 .2 - total 135; - -
hydroxide 8
‘Textiles: General 5 20f -- .25 .25 - - - -
Dyeing 5 5-20) -] ¢/.25 .25{ 200 - -- --| Constant composition. Residual alumina
less than 0.5 ppm.
Wool scouring -- 70§ --| ¢/1.0 1.0 - - -- -
Cotton bandage 5 5 -~} g/.2 .2 -- -- low| -
a/Moore, E. W., report of the on quality tolerances of water for industrial ugses: New England Wnter Works Assoc.

Jour., v. 54, p. 3'" 1940.
b/P indicates thnt potable wnter, conforming to U. S, Public Health Service standards, is necessary.
¢/Limit given applies to both iron alone and the sum of iron and manganese.

Water that is used in the processing of foods and beverages must be safe for
drinking, that is, free of pathogenic bacteria. Water that is used in washing and
rinsing of food products prior tothe actual processing should be free of pathogenic
bacteria and other organisms that might subsequently cause food spoilage.

The most common improvement made ip water from public supplies for use in
industrial processes is softening. Softening may be accomplished by the methods
used for boiler waters plus any other treatment necessary to meet specific re-
quirements. Softening by cation exchange is practicable and profitable for laun-
dries.

Water used for baking should be free of substances that might produce unde-
sirable tastes, odors, and colors. Too much hardness in the water retards fer-
mentation processes, although some calcium is necessary for some yeast action,
and too little softens the gluten resulting in soggy bread. Water of zero hardness
is used in making certain bakery products.

The quality of the water used in brewing (Pozen, 1940) affects considerably the
final product. Waters low in alkalinity and comparatively high in calcium sulfate
are desirable. Moderate quantities of chlorides also seem to be beneficial. Wa-
ter used in the production of carbonated beverages should be free of suspended
matter, color, tastes and odors, iron, manganese, and must be low in alkalinity
because of the acid nature of the product. (Gullo, 1951.)

Process water for canning and freezing of foods should be free of tastes and
odors, color, organic matter, iron, and manganese. Hardness causes toughen-
ing of some foods, suchas peas and beans, and may cause deposits on others.
(Lancefield, 1938.)

Water used in the manufacture of ice should be free of iron, manganese, tastes
and odors, and should be low in dissolved solids. (West, 1944.) Calcium and
magnesium can be rather easily removed, but the remaining salts are almost as
troublesome as calcium. The use of demineralizing resins or distillation may be
resorted to in order to remove certain elements not removed in ordinary treat-
ment. The upper concentrations limits of minerals in water used in ice manu-
facture will depend to some extent onthe practices followed in the actual freezing
process itself.
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Process water used in the manufacture of textiles and fine paper should be
practically free of suspended matter, color, iron, and manganese. Iron and man-
ganese cause staining, andcolor may-be adsorbed resulting in an inferior product
(Miller, 1944). Hardness interferes in washing operations, dyeing of fabrics, and
in sizing of paper, although it is reported that some hardness is desirable in wa-
ter used for scouring of wool.

Corrosion and scaling would result fromthe use of many public water supplies
in cooling systems (Powell, 1948.) Corrosion may belessened by the adjustment
of the pH of the supply and the use of protective coatings for the pipes. Scalefor-
mation may be minimized by the use of organic inhibitors such as tannin or by
treatment with phosphates and silicates.

DOMESTIC TREATMENT OF WATER FROM PUBLIC SUPPLIES

The treatment given to public water supplies undoubtedly is receiving more
attention today than ever before. Domestic users and industry in general have
more or less indirectly demanded this increased attention totreatment. The san-
itary conditions of many streams and lakes are such that increased treatment of
the supplies is required to make them satisfactory as public supplies. Many pub-
lic supplies may be further improved by treatment for household use.

Hardness is objectionable in many public supplies and the installation of do-
mestic softeners is often desirable as a matter of economy and satisfaction in the
use of the water. The savings resulting from softening in decreased soap con-
sumption, smaller plumbing repair bills, and longer life of hot-water heating
equipment often more than pay for such equipment. Even where public supplies
are softened in very hard water areas it is often desirable to further soften them
in the home.

The cation-exchange type of softener is especially adapted for use in homes.
Low cost of installation and simplicity of operation, in some types automatic, are
attractive features, aside from the fact of being capable of delivering completely
softened water whichis so desirable in cleaning and laundering. The sodium cat-
ion exchanger in operation removes calcium and magnesium from the water in
exchange for the sodium in the exchange material. This reaction is reversible,
When the exchange material's capacity for softening is exhausted, it is regener-
ated bytreating the exchange material with a solution of sodium chloride{common
salt). Sodium from the salt solution is taken up by the exchange material and
calcium and magnesium are released. Excess salt solution is washed out and the
exchanger is ready again for softening. .

Where public supplies are not softened, softening or conditioning agents, such
as ammonia, borax, sodium carbonate, and such are much used in cleansing and
laundering in the home. Trisodium sodium phosphate under various trade names
is much used in this respect. Synthetic detergents, "soapless soaps', have re-
cently been developed and are finding special application not only in the home but
in industry as*well. These agents, in common with soaps, possess properties of
wetting, dispersing, and emulsifying, although they may not be equally effective
for all three purposes. They are produced in greater variety than soaps, more
specifically suited to an express purpose under a variety of conditions, are find-
ing ready markets, and are replacing soaps for many purposes. (Larson, 1949.)

Home equipment is available from plumbing establishments and manufacters
of water-conditioning equipment for control of corrosionin water pipes to prevent
"red water' troubles. Most of these are designed to raise the pH of the water
supply to make it less aggressive to metal surfaces.

Equipment or devices for elimination of tastes and odors may be used to some
extent in homes, although it is not generally practicable to do much in a home to
improve the taste or odor of a public supply.
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PUBLICATIONS

The following reports contain information relating to the quality of the surface
water of the United States and to the public water supplies of the United States and
of several States. The reports were prepared by the U. S. Geological Survey or
by the Survey with cooperating State agencies. Mostof the reportslistedare avail-
able for consultation in the larger public and institutional libraries. Copies of
Geological Survey publications, except circulars, still in print may be purchased
from the Superintendent of Documents, Government Printing Office, Washington
25, D. C., who will furnish lists and prices upon request. Publications out of
print are preceded by an asterisk. Circulars may be obtained free of charge on
application to the Director, U. S. Geological Survey, Washington 25, D. C., as
long as stocks are available.

WATER-SUPPLY PAPERS

658. The industrial utility uf public water supplies in the United States, 1932.
912, Industrial utility of public water supplies in Georgia, 1940,

942, Quality of surface waters of the United States, 1941.

950. Quality of surface waters of the United States, 1942.

970. Quality of surface waters of the United States, 1943.
1022, . Quality of surface waters of the United States, 1944.
1030. Quality of surface waters of the United States, 1945,
1047, Public water supplies in Eastern Texas.
1050, Quality of surface waters of the United States, 1946.
1069. Public water supplies in Central and North-Central Texas.
1070, Public water supplies in Southern Texas.
1102, Quality of surface waters of the United States, 1947.
1106. Public water supplies in Western Texas.
1132. (Parts 1-6) Quality of surface waters of the United States, 1948.
1133. (Parts 7-14) Quality of surface waters of the United States, 1948.
1162, (Parts 1-6) Quality of surface waters of the United States, 1949.
1163. (Parts 7-14) Quality of surface waters of the United States, 1949,

COOPERATIVE REPORTS

Public water supplies of Arkansas. Research Series No. 11, Univ. of Arkansas,
Bureau of Research, Fayetteville, Ark. 1947,

Public surface-water supplies in North Carolina, Progress report No. 1, North
Carolina State Board of Health, Raleigh, N. C. 1947.

Public ground-water supplies in North Carolina, Progress report No. 2, North
Carolina State Board of Health, Raleigh, N. C. 1949.

Public water supplies in Oklahoma. Oklahoma Planning and Resources Board,
‘(Division of Water Resources), Oklahoma City, Okla. 1951.

Circ. 287, Public and industrial water supplies of the Jackson Purchase Region,
Ky. -

Circ. 299. Public and industrial water supplies of the Blue Grass Region, Ky.

U. S. GEOLOGICAL SURVEY CIRCULARS

*197. The industrial utility of public water supplies in the East South Central
States, 1952.

*203. The industrial utility of public water supplies in the Mountain States, 1952,

*206. The industrial utility of public water supplies in the West North Central
States, 1952,
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States, 1952,
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1952,
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DESCRIPTIONS AND ANALYSES OF PUBLIC WATER SUPPLIES
IN THE STATES WEST OF THE MISSISSIPPI RIVER

ARIZONA

AMPHITHEATER
(Population, 12, 664)

Ownership: (See Tucson.)

DOUGLAS
(Population, 9,442)

Ownership: Municipal; supplies also suburban area and can supply water to Agua
Prieta, Mex. (population, estimated 6, 000) in emergencies. Total population
regularly served, about 21, 000. .
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