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PUBLIC WATER SUPPLIES OF THE
100 LARGEST CITIES IN TH™
UNITED STATES, 1962

By CHARLES N. DURFOR and EDITH BECKER

ABSTRACT

The public water supplies of the 100 largest cities in the United States (1960
U.S. Census) serve 9,650 million gallons of water per day (mgd) to 60 million
people, which is 34 percent of the Nation’s total population and 48 percont of the
Nation’s urban population. The amount of water used to satisfy the domestic
needs as well as the needs of commerce and industry ranges from 13 mxd, which
serves a population of 124,000, to 1,200 mgd, which serves a city of 8 million
people.

The water for the public supplies of these largest cities comes from ground
water—wells and infiltration galleries—and from surface water—streams, reser-
voirs, and lakes. Twenty of the cities use ground water exclusively for public
supplies, and 14 use a combination of ground and surface waters. Sixty-six
cities use surface water solely; of these cities 37 depend solely upon reservoir water,
and 20 depend solely upon natural streamflow. Water from the Great Lakes
furnishes part or all of the water supply for 10 of these largest eities.

Hardness of water, measured in parts per million (ppm), is an important factor
in the usability of water supplies. Twenty-seven cities, serving a population of
8 million, have a raw-water hardness exceeding 180 ppm (‘‘very hard”’), but only
13 cities, serving a population of 3.7 million, have a “very hard” treated-water
supply; and although 22 cities, serving about 10 million people, have a raw-water
hardness ranging from 121 to 180 ppm (‘“‘hard’’), only 16 cities, serving a popula-
tion of 11 million, have a “hard”’ treated-water supply. Only 16 citie?, serving
a population of 16 million people, have a raw-water hardness ranging from 61 to
120 ppm (‘“moderately hard’’), whereas 41 cities, serving a population of 22
million, have a treated-water supply having a hardness within this desirable range.
A few cities that have a “soft”’ raw water add lime to control corrosion and con-
sequently increase their water hardness to more than 61 ppm. Thirty cities,
serving a population of about 23 million, have a treated-water supply with a
hardness of less than 61 ppm.

The dissolved-solids content in raw-water supplies of 27 cities, which serve a
total population of slightly more than 21 million people, is 100 ppr~ or less.
Thirty-eight cities serving a total population of 23 million people have raw-water
supplies with a dissolved-solids content between 101 and 250 ppm, whereas 48
cities, serving a population of 28 million—about half the population of these

1



2 PUBLIC WATER SUPPLIES, 1962

cities—furnish water having this range of dissolved solids. Twentv-nine cities
serving a total population of 11 million people have raw-water supplies that con-
tain between 251 to 500 ppm of dissolved solids. Because some of these cities
treat their water supply, 22 cities serving 8 million people furnish water having a
dissolved-solids content between 251 and 500 ppm. Only six cities, serving a
population of about 114 million people, have raw-water supplies containing more
than 500 ppm of dissolved solids; four of these cities soften the water and con-
sequently reduce the dissolved-solids content. Thus, about 1 million people in
three cities receive water containing more than 500 ppm of dissolvel solids.

Chemical analyses of treated-water supplies indicate that more then 90 percent
of the supplies contain less than (a) 500 ppm of dissolved solids, (b) 100 ppm of
sulfate, (¢) 50 ppm each of caleium, sodium, and chloride, (d) 30 ppm of silica,
(e) 20 ppm of magnesium, (f) 5 ppm each of potassium and nitrate, and (g) 1 ppm
of fluoride.

Spectrographic analyses, reported in micrograms per liter (ug per 1), show that
87 percent of the treated-water supplies contain less than 500 ug per 1 of aluminum
and more than 90 percent of the supplies contain less than (a) 500 ug per 1 of
strontium, (b) 150 ug per 1 of iron, (c) 50 pg per 1 of lithium, (d) 10 ug per 1 each of
molybdenum, nickel, lead, and vanadium, and (e) 5 ug per 1 each cf chromium,
rubidium, and titanium.

Radiochemical analyses of treated-water supplies reveal that tte maximum
beta activity of these supplies is 130 picocuries per liter (pc per 1) and the maxi-
mum activity due to radium content is 2.5 pe per 1, both of which are well under
the recommended maximum limits for drinking water.

The report is divided into two sections. The first describes the uses of water
in large cities, the raw-water supplies available for public supplies, tt'= major and
minor constituents and the properties of water, the methods of analyses, the treat-
ment of water, the effects of chemical treatment on constituents and properties
of water, and the costs of water treatment. The second is a city-by-city inventory
that gives (a) the population of the city, (b) the adjacent communities supplied
by the city water system, (c) the total population served, (d) the sources of water
supply (including auxiliary and emergency supplies), (e) the average amount of
water used daily, (f) the lowest 30-day mean discharge of streams us2d for public
supply during recent years, (g) the treatment of water, (h) the rated capacity of
each water-treatment plant, and (i) the storage capacity for raw and finished
water. For 58 of the cities, the sources of water, the location of water-treatment
plants, and the areas served by the city system are shown on maps. Chemical,
spectrographic, and radiochemical analyses of treated water and chemical and
spectrographic analyses for many of the raw-water supplies are presented in
tabular form.

INTRODUCTION

Water is essential to man and industry. Unless adequate amounts
of water of acceptable chemical quality are available, man and
industry will move to a better water supply. Water of acceptable
chemical quality is defined as water that requires no treatment before
use or water from which dissolved minerals can be removed by
economically feasible water-treatment methods.



INTRODUCTION 3

Information concerning the public water supplies—especially the
chemical character of raw- and treated-water supplies—is important
to operators of waterworks, industries planning to use the water,
industries planning to sell chemicals and equipment pertaining to
water, water-treatment consultants, public-health officiels, and
students interested in water supply.

For more than 40 years the U.S. Geological Survey las been
studying the quality of public water supplies. Collins (1923) reported
on the public water supply of 307 places, which represented 3¢ percent
of the Nation’s total population; Collins, Lamar, and Lohr (1932)
gave data for 670 places, which represented 46 percent of the total
population; and Love and Lohr (1954) reported on 1,315 locations,
which represented 58 percent of the total population. The present
study was limited to the 100 largest cities in the United States as
determined by the 1960 U.S. Census (U.S. Bureau of Census, 1961)
in order to permit the inclusion of comprehensive spectrographic
and radiochemical analyses of public water supplies. About 60
million people, which is 34 percent of the Nation’s total population
and 48 percent of the Nation’s urban population, are supplied from
the water systems of these cities.

During these 40 years many changes have taken place in the
public water supplies of the Nation. In 1922 only 2 cities (serving a
population of less than 700,000) of these 100 largest cities softened
their water supply. Today almost 11 million people in 28 of these
cities receive softened water. Even in the last decade significant
changes have occurred in the treatment of municipal water supplies.
In 1952, only 10 of these 100 largest cities were fluoridating their
water supplies, but today more than 21 million people in 34 of these
cities receive fluoridated water. In the last four decades mary cities
also changed their sources of raw water. Generally a new source of
water supply had a lower dissolved-solids content and a lower hard-
ness. These changes in water treatment and in the quality of the
raw-water source have influenced the quality of the water served to
the customer.

The 100 largest cities in this report—hereafter also referr>d to as
“these largest cities’’—are listed alphabetically by State in table 1.
Each city has been assigned a number that identifies the city in many
of the illustrations.

The first section of this report briefly describes uses of water in
large cities, the types of raw-water sources available for public
supplies, the major constituents in water, some properties of water,
many minor elements in water, the methods of analyses, the tr~atment
of public water supplies, the effects of water treatment on constituents
in and properties of water, and the cost of water-treatment chemicals.
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The second section is a descriptive inventory, city by city, of (a)
the suburban towns supplied by the city system, (b) the population of
the city, (c) the total population served, (d) the sources of supply, (e)
the auxiliary and emergency sources of supply, (f) the average daily
water use, (g) where available, the lowest 30-day mean discharge of
streams used for public water supply, (h) the water treatment, (i) the
rated capacity of each treatment plant, and (j) the raw-water and
finished-water storage capacity. For 58 cities the sources of water, the
location of treatment plants, and the areas served by the municipal
system are shown on maps. Chemical, spectrographic, and radio-
chemical analyses of all treated-water supplies and chemical and
spectrographic analyses of many of the raw-water supplies are
presented in tabular form.

USE OF WATER IN LARGE CITIES

In these largest cities, municipal water systems supply water for
for homes, commercial establishments, industry, irrigstion, and
public needs such as fire fighting, street flushing, and operation of
municipal offices and activities.

More water is used in daily activities than one might realize.
As an example, a family of five camped for a weekend near the At-
lantic Ocean. Facilities were primitive, and modern plumbing was
lacking; nevertheless the family used 10 gallons of water for drinking,
cooking, and washing—even though the children washed only when
ordered to do so!

At their home, which is in a large esstern city, this same family
has modern conveniences: automatic clothes- and dish-washing
machines, garbage disposal, shower and tub, and flush toilet. During
1962, the family used an average of 275 gallons of water each day,
or 55 gallons per member. No record was kept of the smounts of
water used for the various purposes, but the city of Akron, Ohio
(Akron Bureau of Water Supply), estimated the use of w~ter in the
average home in Akron to be as illustrated in figure 1.

The amount of water used in homes varies from regior to region
and from season to season. A survey of middle-income homes
throughout the United States indicated that smaller amounts of
water are used per person in the humid East than in other parts of
the country (K. A. MacKichan, written commun., 1960); the amount
used by each member of the family ranges from 27 to 75 gallons per
day in the East to more than 200 gallons per day in the West. In
most areas, the amount of water used during the summer far exceeds
the amount used during the winter. In Jacksonville, Fla., for
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SURFACE-WATER SUPPLIES
FACTORS AFFECTING STREAMFLOW

Most of the rain that falls during intense rainstorms flows overland
into streams; only a small part soaks into the ground and becomes
ground water. The amount of water flowing in streams varies with
the amount of precipitation, the season of the year, and ground-
water inflow.

In the northern part of this country, the soil freezes dur‘ng the
winter, and most precipitation as rain flows overland to streams.
Precipitation as snow lies on the ground until melted. If the snow
melts gradually, most of the water infiltrates into the ground; if the
snow melts rapidly, a large part of the water flows overland to streams.
Early spring rains melt the remaining snow, and the melt water and
rain flow overland to streams. In parts of the West, many com-
munities depend upon snowmelt to furnish a large part of the public
water supply for the year. During the summer, the lack of rain and
the use of water for crop irrigation decrease the amount of water in
streams. With the onset of cooler weather and fall rains, stream-
flow again increases.

During and for a short period after rainstorms, the amount of
water in streams increases. Gradually the level of water in the stream
decreases. If no rain falls for a long time, the stream may dry up.
Streams that dry up—ephemeral streams—are common in the arid
parts of the Western United States. Streams that do not dry up
after extended periods of no rain—perennial streams—receive water
from underground storage.

The movement of water between perennial streams and ground-
water reservoirs is governed by the relative heights of each. When
the streams are in flood, the water level is higher than the water
table near the stream, and water moves into the ground. As the
stream level decreases, the amount of water moving to the zone of
saturation in the ground decreases until the water level of each is
about equal. After the level of water in the stream become-~ lower
than the level of water in the zone of saturation in the ground, ground
water moves toward the stream. When flow in a stream is supported
principally by ground water, it has reached minimum or base flow.

MINERAL CONTENT OF STREAMS

The amount of dissolved solids in a stream is ever changing. As
the stream flows toward its mouth, many sources contribute dis-
solved and suspended matter to the stream. Forest aress may
contribute dark-colored surface runoff containing nitrogenous wastes
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from the decomposition of organic matter. Cultivated farmlands can
contribute muddy runoff containing phosphate, potassium, and nitrate
from fertilizers. Along various reaches of the stream, ground-water
inflow may increase the dissolved solids in the stream, ard industries
may contribute waste waters containing appreciable amounts of dis-
solved chemicals. Thus, it is not surprising that the raw water
obtained by Minneapolis, Minn., from the upper reaches of the
Mississippi River contains about one-half the amount of dissolved
solids as the raw water used by New Orleans, La., near the mouth of
the river.

The dissolved-solids content of streams is at a minimum when
streams are in flood. As the streamflow decreases, the concentration
of dissolved solids generally increases. When the flow of water in
a perennial stream is maintained by ground -water, the chemical
composition of the stream is influenced strongly by the composition
of the ground water, and the dissolved-solids content is generally at
a maximum.

IMPOUNDMENT OF STREAMS

Cities drawing water from uncontaminated mountain streams
obtain water that is clean, low in dissolved solids, and free from
disagreeable taste, odor, and color. But the volume of water in most
mountain streams is small and undependable. Many cities impound
water during periods of increased streamflow to provice water for
extended periods when the consumption exceeds the streamflow.
Where the drainage area of a stream i§ small and the impoundment
of a single stream yields insufficient water, some municipal water-
supply systems include a series of impoundment reservoirs. ‘‘So
intricate is New Haven’s system that water drawn from a tap in the
city may be coming from one of the Maltsby Lakes in the morning,
from Lake Whitney in the afternoon, and from Lake Gaillard in the
evening”’ (New Haven Water Co., 1955).

Water is impounded in storage reservoirs during perinds of high
streamflow when the dissolved-solids content of streams is at a
minimum. The dissolved-solids content of water in most reservoirs
is fairly constant. Reservoirs act as huge settling basins for suspended
matter, and they are especially effective in reducing turbidity caused
by intense summer rains of short duration (Churchill, 1¢57).

Temperature changes cause stratification of water in reservoirs and
lakes. In the fall when the density of the surface layer exceeds that
of the bottom layer, the lake water “turns over.” That is, the
bottom layer moves upward and displaces the surface layer, bringing
to the surface high concentrations of manganese and the foul tastes
and odors of putrification. For example, manganese is present in
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the discharge from a reservoir on the Chattahochee River near Atlanta,
Ga., during late summer and early fall (Ingols and Wilroy, 1962),
and Baltimore, Md., has a long history of manganese in fall turnover
of impounded water.

Sixty-six of the 100 largest cities use water from streams, lekes, or
reservoirs; of these cities, 37 depend solely upon reservoirs, and 20
depend solely upon natural streamflow. Cities that do not have
raw-water storage reservoirs and thus obtain their water supply
directly from streams are generally on large rivers: four cities are on
the Missouri River, three are on the Ohio River, and three are on the
Mississippi River; most of the remaining 10 cities withdrav water
from streams that can furnish in excess of 450 mgd (million gallons
per day). Many of the cities on smaller rivers have additional sources
of supplies—or have cast an eye on more desirable sites for future
water-resources development.

THE GREAT LAKES

The Great Lakes constitute the largest body of fresh water in the
world. The storage capacity of Lake Erie—the shallowest of the
Great Lakes—is more than 10 times as great as Lake Me-~d, the
largest artificial lake in the world. The combined overflow from the
Great Lakes is equivalent to the flow of the fourth largest river in
the United States.

The mineral content of the Great Lakes is relatively constant from
month to month and changes only slightly from year to year. Near
Erie, Pa., the dissolved-solids content of Lake Erie has increas~d only
about 6 percent during the past 30 years (Pennsylvania Department
of Commerce, 1958). The average dissolved-solids content of the
lakes increases slightly in downstream order—from Lake Superior to
Lake Ontario.

The large volume of water in the lakes helps maintain fairly uniform
water temperatures: summer temperatures offshore are 5° to 10°
cooler than the temperature of the contributing streams (73°F is the
expected high average temperature for Lake Erie).

Generally the turbidity in the Great Lakes is low. Verduin (1953)
estimated that the turbidity in western Lake Erie is uniformly about
11 ppm (parts per million). During high winds, storms, and periods
of inversion of lake-water temperature, the silt on the lakebeds is
disturbed and the turbidity increases.

Ten cities draw their water supply from the Great Lakes: Chicago,
Ill., Gary, 1nd., Grand Rapids, Mich., and Milwaukee, Wis., obtain
their - water from Lake Michigan; Buffalo, N.Y., Cleveland, Ohio,
Toledo, Ohio, and Erie, Pa., obtain water from Lake Erfe; and
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Rochester, N.Y., withdraws about 21 percent of its water from Lake
Ontario. Detroit, Mich., obtains its water from the Detroit River
which, with the St. Clair River, carries the overflow from Lake Huron
into Lake Erie.

CONSTITUENTS AND PROPERTIES OF
WATER

After a long, hard hike through the woods, a sip of cool spring water
tastes wonderful; at such a time, it is difficult to think about the
chemicals in water. One is tempted to say that this spring water is
ideal—after all, it is clear, cool, and sparkling, and it tastes good.
But is it ideal water?

This same water may contain minute amounts of chemic~ls that can
cause bodily harm if the water is ingested over a long period of time.
It may contain chemical constituents that will consume laroe amounts
of soap and detergents, or it may contain constituents that will stain
porcelain fixtures and laundry. It may contain constituerts that will
form scale, which will gradually choke pipes, or it may lack these same
constituents, and then it will corrode pipes. Does thi~ mean we
should keep away from water? No! What we are saying is that all
natural water contains chemical constituents—from A (aluminum)
to Z (zinc)—and that the amounts of these constituents vary from
too much for one purpose to too little for another purpose; as a result,
water generally has to be treated before it can be used.

MAJOR CHEMICAL CONSTITUENT?

The chemical constituents most commonly found in water are silica,
iron, manganese, calcium, magnesium, sodium, potassium, carbonate,
~ bicarbonate, sulfate, chloride, fluoride, nitrate, and dissolved solids
(dissolved solids is the residue after evaporating a water sample at
180°C). Aluminum, boron, and strontium are present in appreciable
amounts in some areas; these constituents will be discussed on page
32.

Table 2 shows the major sources of each of these constituents and
also the maximum concentrations of these constituents in surface
and ground water, ocean water, and natural brines. In unpolluted
surface and ground water, the occurrence and amount of these con-
stituenis are regulated to a large extent by the geologic environment.
In Pennsylvania, for example, the headwaters of a cer‘ain stream
originating in an anthracite coal field are laden with sulfate; the pH is
less than 4.0. 'When the stream leaves the anthracite field it contains
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no bicarbonate;it then flows through an area underlain with limestone,
and here the sulfate content decreases, the bicarbonate content
increases, and pH increases to more than 4.5. Near its mouth this
stream passes through a limestone quarry; here the stream picks up
more bicarbonate and carbonate, and the pH becomes greater than
9.0.

Most natural water contains calcium and magnesium; these ele-
ments are known as the alkaline earths and are the chief catiors found
in many waters. (An ion is an element, or a group of elemer ts com-
bined to act as a single constituent, that has an electrical charge;
an ion with a negative charge is an anion; an ion with a positive charge
is a cation.) It is not uncommon for natural water to contain several
times as much calcium as magnesium.

Sodium and potassium are common alkali metals found ir water;
generally, they are present in much smaller quantities than the
alkaline earths. In southern Louisiana and Texas, calcium and
magnesium in ground water are exchanged with sodium and potassium
in the soil, and the resultant water is enriched in sodium and potassium
and contains negligible amounts of calcium and magnesium. Streams
receiving waste water from irrigation and streams In arid areas, in
tidal areas, and in areas underlain by sodium chloride beds also con-
tain considerably more alkali metals than alkaline earths.

Carbonate and bicarbonate are found in most natural water
because of the abundant deposits of readily soluble limestone (com-
posed principally of calcium carbonate) and dolomite (composed
principally of magnesium and calcium carbonates). In the pesence
of carbon dioxide, the dissolving of carbonate rocks by water forms
anions of bicarbonates and carbonates in water. Figure 4, a photo-
graph taken at a roadcut in Oklahoma, illustrates the effect cf water
moving through a crack in a limestone deposit. Seemingly, water
moved down the vertical crack in the limestone, dissolved the lime-
stone, and enlarged the crack, a condition that permitted more water
to enter. In time, the enlarged crack became filled with dirt. Many
ground-water environments are favorable to the dissolving of lime-
stone rocks and so large amounts of bicarbonate are present in the
water. In different environments, water saturated with calcium
carbonate may reprecipitate calcium carbonate.

Sulfate is present in natural water but is commonly not found in as
large an amount as is bicarbonate; however, water draining mining
areas, gypsum beds, and arid lands frequently contains more sulfate
than bicarbonate.

Chloride and nitrate are commonly found in all water, generally in
amounts less than 10 ppm.
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most of the water of crystallization is expelled, and most bicarbonate
is converted to carbonate. The residue dried at 180° C (called
residue on evaporation) approximates the quantity of anhydrous
chemicals in solution and is used as an indication of the dissolved-
solids content in the water.

In many locations, efforts are made to obtain an adequate public
supply of water containing small amounts of dissolved solids; the cost
of treating water generally increases with increased amounts of
dissolved solids. However, a person accustomed to drinking water
containing a moderate amount of dissolved solids may complain
about the “flat taste” of drinking water that has less than 100 ppm
of dissolved solids. The amount of dissolved solids in the untreated
water used for public supply ranges from less than 100 ppm along the
Appalachian Mountains and in the far West to more than 500 ppm
in the arid Southwest. (See fig. 5.)

Many of the largest cities obtain their water supplies from more
than one source. For these cities, the dissolved-solid contents
were weighted in proportion to the population served by eack water
source (fig. 5). The dissolved-solids content of each source was
multiplied by the population served by that source. The products
of the dissolved solids and population for each source were added.
The resultant sum of the products was divided by the population
served by all sources in the city to obtain a population-weighted
average dissolved-solids content.

Many of the calculations of the population-weighted disvolved-
solids content are based upon yearly averages supplied by officials
of city waterworks. Other calculations of population-weighted
dissolved-solids content are based on samples collected so as tc repre-
sent an average value. The dissolved-solids content for a few cities
was not calculated because of a lack of data.

The presence of specific amounts of certain constituents can have
an adverse effect upon the usability of water. A few of the known
tolerances of specific chemicals that affect the usability of water are
listed in table 2. Some constituents, such as iron and manganese,
are detrimental, even in small quantities. Fortunately, most water
used by industry—more than 95 percent—is used for cooling, for
which the main prerequisites are that the water be free of sediment,
debris, and algae that could clog pipes. For a more comprehensive
report on ‘‘quality tolerance of water for industrial uses,” the reader
is referred to Moore (1940).

Since about 1914, criteria have been promulgated to govern the
quality of drinking water used on interstate carriers. The drinking-
water standards established by the U.S. Public Health Service have
gained wide acceptance and are now used by many water authorities
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as a guide in determining local drinking-water standards. These
standards provide two types of chemical limits: maximum permissible
limits for chemicals having known or suspected adverse physiological
effects and recommended permissible limits for chemicals that are
generally nontoxic but have adverse qualities pertaining to color,
staining, taste, and odor. The concentrations shown in table 2 are
the maximum concentrations that should be found in a public water
supply where “in the judgment of the certifying authority, other
more suitable supplies are or can be made available” (U.S. Public
Health Service, 1962b).

MAJOR PROPERTIES

The properties of water that influence the use of water and the
degree of water treatment are hardness, specific conductancs, pH,
color, turbidity, and temperature. The description and cav<es. of
these properties, their concentrations in natural water, the ef"ect of
concentrations upon usability of water, and concentrations in the
public water supplies of the 100 largest cities are summarived in
table 3.

HARDNESS

In one part of the country, a newcomer may be provokel into
exclaiming about the hardness of the water because of his difficulty in
working up a lather with soap and water. In another part of the
country, a newcomer may remark about the softness of the water
because soap suds are so easily formed. Hardness of water is & prop-
erty of water that is a measure of the amount of soap required to
form a lather. Not too many years ago the hardness of water was
measured in the laboratory by determining the amount of soap solu-
tion that must be added to water to form suds.

Before soap can form a lather, part of the soap molecule must
react with the calcium and magnesium in the water to form an in-
soluble curd. The smaller the amounts of calcium and magnesium,
the easier soap suds are formed ; conversely, the greater the amounts of
calcium and magnesium, the more soap curds are formed and the more
soap is consumed.

In 1856, Thomas Clark, of England, defined hardness as follows:
“Each degree of hardness is as much as a grain of chalk or the crlcium
in a grain of chalk would produce in a gallon of water, by wbatever
means dissolved”” (Baker, 1948). In this report hardness is exrressed
as the amount of calcium carbonate in a million parts of water chemi-
cally equal to the amount that could be formed from the c~lcium
and magnesium in solution. Aluminum, iron, manganese, anc other

735-717 0—64——3
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metals in water also consume soap and thus contribute to the hardness
of water; however, the amounts in which they are present in the water
are generally small, and their effect upon hardness is insignificant.

In 1933 when soap—not detergent—was a household name, it was
firmly established that the amount and cost of soap used in the home
increased with inecreases in the hardness of water. In recent years,
with the advent of synthetic detergents, less concern has been ex-
pressed over the hardness of water. Today, synthetic detergents
outsell soaps 10 to 1 (Soap and Detergent Assoc., 1962), and some
people think that synthetic detergents are as effective in hard water
as in soft water. However, most synthetic detergents contain about
30-50 percent sequestering ingredients that react with calcium and
magnesium, the hardness components of water. “In hard water thege
ingredients are decreased in effective concentration for their cleaning
purpose” (DeBoer and Larson, 1961). A recent study indicated that
three times the amount of synthetic detergents was required for 400
ppm hardness water than for 0 ppm hardness (Aultman, 1957).

Sixteen cities, serving more than 15 million people, lave “mod-
erately hard” (61-120 ppm) raw water and do not soften their supply;
laundries and other industries consider it advantageous to remove
some of the hardness. Many municipalities try to reduce the hard-
ness of their water supply to 85-100 ppm.

Twenty-two cities, serving almost 16 million people, have ‘“hard”
(121-180 ppm) raw water for their public supply. Homes using hard
water have more problems with soap curds than homes that use
softer water. Many industries require that “hard” water be treated
to lower the hardness. About one-half of the 22 cities, serving about
6 million people, lower the hardness by some type of water softening.

Twenty-seven cities, supplying more than 8 million people, have
‘“very hard” (more than 180 ppm) raw water; only 15 of these cities,
serving more than 5 million people, lower the hardness.

The anions in water—principally bicarbonate and carbonate—
determine the proportions of ‘“‘carbonate” and ‘noncarbonate” hard-
ness that constitute the hardness of water. Carbonate hardness is
the amount of hardness chemically equivalent to the amount of
bicarbonate and carbonate in solution. Carbonate hardness is ap-
proximately equal to the amount of hardness that is removed from
water by boiling. Carbonate hardness of water results in the depo-
sition of a calcium and magnesium carbonate scale, especially at
temperatures above boiling point; this scale impedes the transfer of
heat and constricts the effective pipe diameter, which reduces the
flow of water.

Noncarbonate hardness is the difference between the hardness
calculated from the total amount of calcium and magnesium in solu-
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map because of lack of data. The water supplies have been grouped
into those having a pH of less than 7.0 and those having a pH between
7.0 and 9.0. These data are based on calculations submitted by
officials of city waterworks or on water samples that are representative
of the pH for the water supply.

The water used by these largest cities is obtained from the best
water resources available to the municipal water departments. As
shown in figure 7, 18 of these cities, serving a total populatior of more
than 16 million people, obtain raw water that has an average pH of
less than 7.0; the pH of all raw-water supplies in these c'ties was
between 5.8 and 7.0. Eighty cities, serving a total population of more
than 42 million people, obtain raw water that has an average pH
between 7.0 and 9.0.

COLOR

The color of streams and lakes is caused principally by svspended
sediment and by matter dissolved in water. Immediately after a
rain, streams are muddy owing to the sediment in suspension. As the
floodwaters recede, the muddiness of water disappears, and the water
becomes clear. Most color due to suspended matter disappears with
the settling out of the suspended matter. All color determinations in
the laboratory are made on the water sample after the sedirment has
been allowed to settle. Because of the filtering action of eoils and
rocks, very little ground water has any noticeable color.

Surface water containing living and decaying plants and trees has
a dingy tinge. During the summer when streamflow is low, the color
of the water becomes accentuated because plant growth is accelerated and
the decomposition of decaying vegetable litter proceeds at a rapid
pace. Industrial waste water containing iron, copper, manganese,
chromium, and other metals also may impart color. Colored water
is objectionable for domestic use and in many industries, especially in
food and béverage processing, paper manufacturing, and dyeing
industries.

TURBIDITY

Turbidity of water is caused principally by fine sediments such as
clay and silt and by minute organisms and plants that are held in
suspension and do not rapidly settle out. In lakes and streams the
turbidity increases during the active growing period and, like color,
also increases rapidly after rains and decreases as floodwaters recede.
The heavier the suspended sediment particles, the quicker turbidity
decreases. Turbidity, like color, is objectionable and undesirable in
the home and in many industries.
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TEMPERATURE

Because 95 percent of the water used by industry is for cooling,
temperature is an important property of water. A consistently low
water temperature is desirable. Many industrial water users prefer
ground water because its temperature generally does rot change
more than 3°-4° F per year, and it generally approximates the
mean annual air temperature. Ground-water temperature tends to
increase with depth; below 60 feet, ground-water temperature in-
creases only about 1° F for each 60-100 feet increase in depth.

The temperatures of streams and lakes are more sensitive to changes
in air temperature. The mean monthly temperature of surface water
approximates the mean monthly air temperature, except during freez-
ing weather. The mean daily temperature of surface water increases
at a slower rate in the spring months and decreases at a slower rate
in the autumn than does the mean daily air temperature. The
shallower the water depth, the more sensitive the water temperature
is to changes in air temperature. Figure 8 is a general map of stream
temperatures compiled from 467 maximum monthly mean temperature
readings (U.S. Geological Survey, 1962).

Ficure 8.—Stream temperatures, in degrees Fahrenheit, during the summer.

MINOR CHEMICAL CONSTITUENTY

In addition to the major dissolved constituents in water, many
minor constituents (usually called trace elements if they are present
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in concentration of less than 1 ppm) are also present. Ttre sum of
all these minor constituents commonly makes up less than 1 percent
of all the dissolved constituents in water. The concentration of
trace ‘elements, as determined by spectrographic analyses (see p.
41), is expressed in micrograms per liter (ug per 1) which is 1 mil-
lionth of a gram of substance dissolved in a liter of solution. One
thousand micrograms per liter is equal to 1 part per million. In
this study only six metals—aluminum, iron, manganese, barium,
strontium, and boron—have ranges of concentrations in untreated
waters that exceed 100 ug per 1; all other minor elements have a
maximum individual concentration of less than 100 ug pe~ 1 and a
medium individual value of 10ug per 1 or less.

Some sources of trace elements in water, concentrations found in
natural water and in treated public water supplies of these largest
cities, and the maximum amounts recommended for drinking water
are summarized in table 4.

Data on the distribution of trace elements in natural water, with the
exception of strontium, radium, and uranium, are meager. Previously,
the concentration of the trace elements, such as those listed in table 4,
was measured only when the presence of an element was suspected
because of pollution. With the advent of improved techniques for
measuring the minute amounts of trace elements, data on the dis-
tribution of these trace elements are increasing. Durum and Haffty
(1963) found that concentrations of trace elements in Atlantic Coast
streams when compared with the median concentrations in streams
throughout the continent indicate the Atlantic Coast stresms to be
enriched in concentrations of silver, chromium, manganese, molyb-
denum, nickel, strontium, and titanium and to be slightly deficient
in barium and lithium. By the same standards, mino -element
concentrations in Gulf Coast streams exceed continental concentra-
tions of aluminum, barium, copper, iron, lithium, rubidium, and
titanium and are deficient in chromium, lead, and strontium. Pacific
Coast streams are slightly enriched in lead and molybdenur and are
deficient in barium, chromium, rubidium, and titanium.

Naturally occurring strontium in excess of 1,500 ug per 1 is present
in streams in parts of northern and western Texas and soutl ern New
Mexico and Arizona. Concentrations of between 500 and 1,500 ug
per 1 oceur in streams in the Southeastern United States, most of the
Great Plains region, the Western mountain and plateau region, and
California. Concentrations of less than 500 ug per 1 occur in streams
in the Pacific Northwest, Northeastern United States, and the Central
Lowlands (Skougstad and Horr, 1960). Apparently, the concen-
tration of strontium is higher in water draining calcareous sails (soils
containing calcium carbonate) than in water draining noncalcareous
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soils (Alexander, Nusbaum, and MacDonald, 1954). Information on
the distribution of strontium has been made available as a result of the
recent interest in strontium 89 and strontium 90, which were released
by nuclear tests.

The beneficial and the detrimental effects of some trace e'aments on
humans have been known for many years. Supplementary iron has
been used in medicine since about 1000 B.C. (Strain, 1961). The
effects of arsenic were carefully described by medieval chemists more
than 400 years ago. For some trace metals—such as antimony,
arsenic, bismuth, barium, beryllium, cadmium, chromium, copper,
iron, lead, selenium, silver, strontium, and zinc—the amounts causing
a beneficial or a detrimental effect have been approximately deter-
mined. The effective dosage varies with age, weight, tolersnce, reten-
tion of the element, presence of other trace elements, and sensitivity
of the individual. If an effective dosage (in milligrams) is known and
an average amount of water taken over a 24-hour period i~ assumed,
then a safe concentration can be recommended.

The presence of trace elements in process water used by industry
can be harmful. Unfortunately, the effects of these trace elements in
water are being learned slowly and, in some instances, at gre=t expense.
One paper manufacturer found that the use of alum—a chemical
commonly used in the clarification of water—tends to precipitate
barium. One plant has spent as much as $30,000 per year for treat-
ment of its water to hold the barium in solution (G. E. Ferguson,
written commun., 1961).

Some trace elements and properties are determined by radiochemical
analysis. (See p. 44.) Concentrations of uranium are expressed in
micrograms per liter. Radioactivity due to radium and beta activity
are expressed in picocuries per liter (pc per 1). A curie is approx-
imately the amount of radioactivity in 1 gram of radium—to be more
precise, a curie is the amount of radioactivity giving 3.7X10™ (37
billion) disintegrations per minute (Stearns, 1961). A picocurie is
1 million-millionth of a curie, or 3.7 X 1072 (0.037) disinteg ations per
minute. The amount of activity due to radium in most natural
water ranges from 0.1 to about 10 picocuries.

Radium is a common source of radioactivity in water, and it has the
lowest maximum permissible concentration of any radioactive element
in water. From a health standpoint, less radium can be tolerated in
drinking water than any other element emitting radiation. The
amount of radium in water is commonly measured by determining the
alpha-emitting activity of the element radium.

In the last two decades the location of deposits of radium and
uranium have been of national concern. In the present study and
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in an earlier study (Hursh, 1954), radium was detected in most large
municipal water supplies. Scott and Barker (1962) found the largest
amounts of uranium in natural water in the west-central United
States.

Beta particles, or electrons, are almost weightless and have a
negative charge. Beta activity is caused by the emission of beta
particles from unstable elements, principally strontium in water, that
tend to decay into other elements. Several beta emitters occur in
nature, and many have been created artifically. Products of fission—
the breaking up of an atom with the release of huge amounts of
energy—from atomic power installations or from atomic weapons
consist largely of beta emitters (Barker, 1959).

ANALYSES OF WATER

The analyses of the water supplies of these largest cities are of
interest to operators of waterworks, industrial water users, geo-
chemists, city officials, water-treatment consultants, and many others.
Because of the widespread interest in the quality of these water
supplies, each treated-water supply was sampled and analyzel chemi-
cally, radiochemically, and spectrographically. In additicn, most
raw-water supplies were chemically analyzed, and many rew-water
supplies were also analyzed spectrographically.

The samples of water for many chemical and all radiochemical and
spectrographic analyses were collected and analyzed by personnel of
the Water Resources Division, U.S. Geological Survey. For many
years the quality of water in streams, lakes, and ground-water supplies
have been analyzed in laboratories of the Water Resources Division.
Many of the chemical analyses of streams and lakes are published in
an annual series of water-supply papers entitled ‘“‘Quality of Surface
Waters of the United States.”

Many municipal water authorities cooperated in this project by
furnishing yearly average, maximum, and minimum comprehensive
chemical analyses, which have been incorporated into the tables of
chemical analyses in the second section of this report. The analyses
furnished by these waterworks officials are clearly indicated in the
tables. In addition, many cities determined, at regular intervals, the
pH, hardness, and alkalinity of raw and treated water; these data
have been summarized in separate tables.

Many tests are made in the analyses of water used in the home,
in industry, and for irrigation. (See fig. 9.) Some tests—such as
pH, hardness, bicarbonate, color, turbidity, and temperature—are
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performed routinely in many municipal water laboratories; other
determinations—such as for boron, chromium, iron, manganese,
chloride, and nitrate—may be performed only at infrequent intervals
or when a specific constituent is suspected of having a concentration
that may cause problems. Few laboratories routinely perform all the
tests listed on the pictograph (fig. 9).

The tests are made for many reasons. Water to be used in the
home is tested at the treatment plant to ensure that the water is
acceptable for drinking and that it does not confain corecentrations
in excess of the values recommended in table 2. In addition, the
waterworks operator analyzes raw water to estimate the quantity of
chemicals that will be needed to obtain the desired troated-water
quality, and he analyzes treated water to ensure that the desired
water quality has been obtained; the operator does not want to
waste chemicals in treatment, nor does he want to overtreat the water.

Many of the tests made on water to be used in industry are similar
to the tests made on water to be used in the home. The presence of
iron and manganese in excessive amounts causes staining problems
in the industrial-dyeing establishments just as it does in the home
laundry, and excess amounts of iron are as undesirable in large food-
processing plants as they are in domestic supplies. The presence in
water of certain constituents and properties causes added problems
in some industries. For example, water having a hardnes+ of 30 ppm
could disrupt the manufacture of synthetic rubber, and water having
a high chloride content has stopped the manufacture of high-grade
toilet tissue. Other industrial processes are sensitive to specific
constituents, and industrial water users must be on their guard
against undesirable concentrations of these constituents.

Although the number of tests performed on water used for agri-
culture is fewer than the number of tests made on water to be used
in the home or industrially, these tests are just as important. Water
that contains excessive amounts of sodium can cause @ sealing of
certain soils and thus prevent water from penetrating the soil down
to the plant roots. Some plants need specific concentrations of some
elements; boron, for example, is essential to plant growth, but it is
toxic at concentrations only slightly above the optimum (U.S. Salinity
Laboratory Staff, 1954). High concentrations of other constituents—
such as magnesium, sulfate, and chloride—can cause plant growth
problems.

CHEMICAL ANALYSES

In this study the chemical analyses basically consisted of the de-
termination of silica (Si0,), iron (Fe), manganese (Mn), calcium
(Ca), magnesium (Mg), sodium (Na), potassium (K), bicarbonate
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SOFTENING

Water hardness is caused principally by the presence of calcium
and magnesium in water. To lower the hardness of water—called
softening—the amounts of these constituents must be reduced or the
constituents removed altogether. In municipal supplies, water is
softened principally by (a) the addition of lime—called lime soft-
ening—and (b) the addition of lime and soda ash—called lime-soda
softening. In these softening processes, calcium and magnesium in
water are converted from a soluble form into bulky precipitates of
calcium carbonate and magnesium hydroxide. Softening processes
produce considerable volumes of sludge, which can carry dowr sus-
pended sediment, turbidity particles, bacteria, and minute particles
of organic matter. Softening chemicals added with coagulation
chemicals increase the efficacy of coagulation chemicals. Most cities
that employ these methods of chemical softening have a subsenuent
filtration operation to remove the softening sludge.

Lime softening.—Lime softening is used in 15 of 28 cities that
reduce the hardness of raw water. If hardness is caused by calcium
bicarbonate, lime is added to reduce the amount of calcium; if hardness
is caused also by magnesium bicarbonate, additional lime is added to
remove a part of the magnesium content. About twice the amount of
lime must be used to lower magnesium bicarbonate hardness as is
needed to lower calcium bicarbonate hardness. Most calcium is
removed (precipitated) from the solution before magnesium is re-
moved.

Lime in excess of the amount used to cause the precipitation of
calcium and magnesium is removed in a subsequent operation to
prevent the deposition of calcium carbonate on filters and to prevent
the deposition of calcium carbonate scale in distribution pipes.

Lime-soda softening.—The lime-soda method of softening is used
in 11 cities to reduce carbonate and noncarbonate hardness. As soda
ash (sodium carbonate) is more expensive than lime, the accapted
procedure is to add an excess of lime to remove the maximum amount
of calcium and magnesium possible (carbonate hardness) and tten to
add enough soda ash to lower the hardness to the desired level. FErcess
softening chemicals are removed in subsequent operations.
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