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FOREWORD

Recognizing the need for training of individuals to meet the rapidly
rising problébms connected with water resources debvelopment, Utah
State University, with National Science Foundation s'.upport, organized
a Summer Institute in Water Resources for coliege teachers. It was
hoped that participants carefully selected from all regions of the country
would receive additiohal insight and stifnulation to irﬁprove and enlarge
water resources training programs at their own institutions. Thus, the
accélerated dissemi.natibn of such knowledge ona national scale couid
be facilitated. |

Realizing further that thé kéy .to a succeszﬁl institute of this natare
lay in the excelleﬁce of its staff, efforts were made to obtain instructors
with intimate knowledge and broad experience in the sub_iec‘t' matter arza
they were asked to pre-sent; In nearly every case those select‘ed |
willingly accepted the invitation to participate, although this meant
considerable monetary sacrifice and major adjustment of busy scheduies,

The subject matter treated paralleled regular offerings listed in
the University catalog and is considered to be '""central” cr "core" to &
water resources planning and management training program. One
course treated the philosophical, historical, i-nsti.tutionaln political,
and legal aspects of water development. The responsibility for this
course was shared jointly by Cleve H. Milligan, Charles E. Corker,
and Wayne D. Criddle. The second course considered the principles
of water resource economics and was presented by B. Delwcrth
Gardner. The third course dealt with concepts of water quality manage-
ment and this was under the direction of P. H. McGauhey. The fipal
‘course was on principles and procedures of regional resource planning
-and was presented jointly by Aaron Wiener, W. R. Derrick Sewell, and

Harvey O. Banks.



Having assembled a distinguished and diversified staff to present
some of the best current professional.thinking in the topics suggested
in the preceding paragraph, it was felt most appropriate to attempt to
put their lectures into writing. A proceedings of the Institute would
have considerable utility beyond the Institute itself. Hence, the
instrucfors were encouraged to prepbare written material for the
proceedings and were given secretarial and other assistance to aid
them. This material has been organized aécording to the four major
coursevs and is issued in four companion volumes.

Clearly, this has been a prodigious effort which req‘uired Institufe
staff and others to ''go the extra mile.'" Special thanks and recognition
are due Mrs. Dorothy Riley who not only typed the entire .proceedings
but also attended to many details necessary for the successful operation
of the Institute. |

Jay M. Bagley served as director of theb Institute and assumed a
general coordinating and editing role in the development of these

proceedings.
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INTRODUCTION

The material herein presented represents a slightly edited
version of lecture notes somewhat hastily prepared by the author and
used in presenting the subject of water quality control and management
to participants in the first Summer Institute in Water Resources for
College Teachers in Engineering and Earth Sciences held at Utah State
University, Logan, Utah, during the period June 21 to August 13, 1965,
It is by no means a finished dissertation on the subject, nor are all of
the data used the most up to date that a thorough search of the
literature might reveal. It is, however, released by the author in
an unrefined form in the hope that it may prove useful to participants
in the Institute while a more sophisticated version is being .prepared.

Because of the limitations of time impose‘d by the scale of the
course, the scope is confined largely to a consideration of the inter-
relationships between beneficial uses and the quality of the fresh water
resource on the earth's surface and underground. Although it is
recognized that saline and salt waters represent a major factor in our
overall water resource, discussion of the renovation of water is con-
fined to fresh water quality which can be achieved or maintained by
measures other than deionization or desalination processes,

The subject is presented in two parts. Part I deals primarily
with changes in quality of water resulting from beneficial use. The
fresh water resource is conceived as a resource pool from which
water is withdrawn for various beneficial uses and into which these
uses return that fraction of their withdrawals that is not consumed.
Specific concern is directed to the quality aspects of these return
| waters, as well as to the effect of consumptive use on the quality of the

' resource pool.



The quality needs of various beneficial uses are then discussed in
relation to the ability of the resource pool, with all its waste water in-
puts, to meet this need. Finally, Part I deals with the concepts, nature,
and limitations of standards, requirements, and criteria by which éociety
establishes and attains its waste water objectives. -

Part II is directed to both new and conventional methods of
changing the quality of water. Messrs. W. J. Oswald, R. E, Selleck,
and D. Anderson were enlisted to make presentation of much of the -
material contained in this section. Special attention is directed to the
changes in water quality resulting from either haphazard or engineered
systems which make use of the biologically active soil mantle of the earth.
Similar attention is directed to the scientific and engineering aspects of
lagoons and stabilization ponds for changing the quality of waste waters.
The role of saline estuarial and ocean waters in the overall water resource
is discussed. Particular emphasis is directed to the quality changes and
phenomena, from both an engineering and scientific viewpoint, of mixing,
or sequestering, waste waters in estuaries and oceans.

The final portion of Part II deals with natural self-purification
of streams and the use of both streams and conventional engine'ered”
systems for upgrading the quality of waters withdrawn from or returned
to the resource pool by beneficial uses. Emphasis is placed on principles,
practical considerations, and process evaluation in the light of water

quality objectives of society.



PART 1



I
QUALITY AS A DIMENSION OF WATER

More than half a century ago a Mississippi jurist said, ''It ié not
necessary to weigh with care the testimony of experts--any common
mortal knows when water is fit to drink." Yet today we find it necessary
to assemble, each in the role of both expert and common mortal, to con-
sider just how it is that we know when water is fit to drink. Moreover,
in the intervening year_é interest in the ''fitness' of water has gone
beyond the health factor and we are forced to decide on its suitability
for a whole spectrum of beneficial uses involving psychological and
social as well as physiological goals. The dilernrnea of water quality
today is that quality is an attribute that must be measurable. Those of
us who are unwilling to go along with the Mississippi jurist must express |
""quality'in numerical terms.

Let us consider further the origins and implications of this
dilemma.

In the early days of America, men were motivated to appfopriate
a portion of the region's fresh water resource; to hold it through the
establishment of '""water rights, ' public policy, or other property owner-
ship device; ‘and to defend it against all others by every possible means.
Quantity was the dimension of water to which men sought title. De-
finition of its quality was not necessary as long as the water was 'fresh."
There was, of course, one exception to this general rule--water for
human consumption. Definite quality goals were established in the .
interests of the public health, and protection of public watér supplies
became an objective of water management. However, only about 7
percent of the water used by man was ever involved in public water
‘ ‘-supply,' henée there resulted s_urprisingly little understanding of quality
2s a major aspect of water which required evaluation. Until quite ‘
recently, therefore, acre-feet defined much of the beneficial use of

water.



The following, quoted from my recent talk (2), traces in rather
broad strokes the rise of the concept of quality as a dimension of
water necessitating the application of numbers to an aspect of
water which is not by nature susceptible to measurement in the gross
- by mathematical parameters.

v The idea that quality is a dimension of water which
requires measurement by any sort of "yardstick'' is of
such recent origin that even the current catch phrase
""'water resources management'' is heavily dependent upon the
concept of quality control for any meaning it may convey.
True we have been concerned for three-quarters of a century
with means to make small amounts of water safe to drink, but
neither in the ''riparian rights'' concept inherited from o

- ancient British common law nor in the ''first in use'' concept
established in Gold Rush days at the muzzle of a forty-four
does quality appear as a dimension of the property at stake.
True the riparian concept speaks of the requirement .that
it not be diminished in quantity or quality but such was so
patently absurd that no one tock it seriously. Nor does the
idea that ownership of land surface include everything except
minerals from the zenith to China recognize water, however
mineralized, as a material having value by reason of quality.
‘The result is that a whole fabric of tradition, iaw, judicial
decision, and gunfire has established a property right in
quantity of water without considering quality except in the
grossest of terms or in a context teo impractical to warrant
consideration. Consequently, consternation is the normal
reaction today when the owner and user of water realizes that
his "right' in water does not cover a dimension~--quality-- -
that has become important, and cften critical, as a burgeoning
urban-industrial-agricultural economy forces repeated use of
a relatively fixed quantity of water. IHence, 2s the percent-
age of the water resources represented by '"second hand'' water
increases, so does the need for aitention to water quality
and to parameters by which to descrive it,

The Bard of Avon has said, ''"The quality of mercy is °
not strained...." And, indeed it is not, as long as mercy is
defined in qualitative terms. One can scarcely conceive, how-
ever, the problems which might arise if it were required.
that justice be tempered with 1.16 guanta of the mercy in one
case and 100 quanta in another. Yet this is precisely the sort
of thing we are confronted with in estatlishing water quality
parameters. In the jargon of 1965, it may be said that a
problem arises whenever we try to quartitate values which
are qualitative in nature.



Although the preceding discussion of quality as a dim-
ension of water may convey the impression that quality was
ignored during the struggles that codified and institutional-
ized water quantity and the rights thereto, such is not
strictly the case. The fact is that quality was defined
mostly in qualitative terms, generally as gross absolutes
or at best as discrete rather than as a continuous variable..
Common parameters of water quality in this context arose in
the English language by free combination of words. Thus,
dishwater, bilgewater, limewater, stumpwater, swamp-
water, blackwater, sweetwater, and even firewater came
to convey meaning in the daily lives of citizens, but only
the last--firewater--has ever been classified on the 200-
proadf scale of numerical values. '

In general, the gross concept of water quality was
described by such parameters as '"fresh' versus "salt"
water, the measure being the sense of taste of humans
rather than the analytical techniques of chemists and
biologists; or in similar gross terms, such as'sweet-
water" on the one hand in contrast with such opposites as
""alkali water'" or '"mineral water.'" Occasionally the term
"sour well" cropped up to describe unpotable water. In
general, potable water was both '"sweet' and cool. How-
ever, if it tasted bad enough and was naturally hot, the
vilest of waters from the standpoint of taste and odor
became highly respected by reason of this very aspect of
qualijty. . ..

A need to quantitate, or give precise numerical

values to, the dimension of water known as quality derives
from almost every aspect of modern industrialized society.
For the sake of man's health we require by law that his
water supply be ""pure, wholesome, and potable.'" The
productivity and variety of modern scientific agriculture
requires that the sensitivity of hundreds of plants to
dissolved minerals in water be known and either water
quality or nature of crop be controlled accordingly. The
quantity of irrigation water to be applied to a soil varies

with its dissolved solids content, as does the usefulness of
irrigation drainage waters. Textiles, paper, brewing, and
~dozens of other industries using water each have their own
peculiar water quality needs. Aquatic life and human re-
- creation have limits of acceptable quality. In many instances
water is one of the raw materials the quality of which must be
precisely known and controlled. '



With all the myriad activities suggested above going on
simultaneously and intensively, each drawing upon a common
water resource and returning its waste waters to that common
pool, it is evident to even the most casual observer that:

1. Water quality must be identifiable and capable of
alteration in quantitative terms if the term ''quality
is to have any meaning or be of any practical use.

1

2. Quality can be defined in qualitative terms such as
acceptable or non-acceptable, clear or polluted,
‘etc., only when the quantitative quality require-
ments of the heneficial use to which it is to he
put is known, Thus, the need for quantitative para-
meters of water quality becomes ines'capable.

References

1. McGauhey, P. H. ''Quality--Water's Fourth Dimension." Pro-
ceedin’gs, Water Policy Conference, University of California,
Davis, January 11-13, 1961. '

2. McGauhey, P. H. '"Folklore in Water Quality Parameters. "
Civil Engineering, June 1965.




II
QUALITY OF NATURAL WATERS

Introduction

The point has been made that whereas tradition and legal actions
to institutionalize tradition have established a property right in water
in terms of gallons or acre-feet, no such rights to quality were involved,
the principal reason being that man got élong'quite well with general
rather than specific characterizations of water quality. Of course,
there were important exceptions in the area of public health, once the
relationship of water to disease was understood, but in general water
was used only once and discarded. If local water supplies became too
polluted, it was always pos'sible to go further for a source of clean
water.

You may recall, for example, that the Romans built their first
aqueduct, the Appia, in 313 B.C., not because the bountiful spring.s
were drying up or inadequate in quantity, but because the ground dis-
posal of filth for generations had finally polluted the groundwater
beyond the tolerance of the aesthetic sense of the Romans. Thus water
.quality has been of concern to mankind for a long time. But my point
was that in America, with the exception of water -borne disease con-
siderations, the need to apply precise numbers to the attribute of
water called ""quality' is an outgrowth of the rising pressure of an
ever -expanding urban-industrial-agricultural society against a
relatively fixed water resource.

In thig context the fresh water resource may be considered as a
pool from which water supply is drawn and into which waste waters are
discharged. Its input is meteorological water --its output is bleed -off

.to the oceans and losses to the atmosphere.

Quality Cycle in Nature

The well-known hydrologic cycle might be paraphrased in a dia-

gram of water quality in which the fate of water utilized by various
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sectors of the economy is considered in reiation to quality. First let
us view it in the gross--then in specific detail, isolating and identifying
those things which are described and limited by numerical factors in
wéter quality. Howevef, we should be forewarned that once we launch

into a quantitative appraisal of water quality '"quality' becomes a term

to describe the composite chemical, physical, and biological character-

istics of a water with respect to its suitability for a particular use.

Loss to Agric. ———— Consumed
Atmosphere J
Irrigation ___Irrigation
Return ~ Water
‘ Ocean LDischarge Fresh Water Resource Pool - Meteorological
i J to ocean (surface and groundwater) Water
l—-_l
Waste | Water — Waste _ Water :
Water Supply Water Supply \L
L =
Industry Municipality
Consumed onsumed

Keeping in mind the resource pocl with its varicus inputs and outputs,

and recalling that the three major users, agriculture, municipalities, and
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industry are growing whereas neither the pool nor its meteorological
input is increasing, we can now examine the quality relationships
involved. From these we may proceed toward placing numbers on

quality factors and to justifying such numbers.

Quality of the Meteorological Input

Looking at the meteorological input in detail, it becomes evident
that it splits into several quality altering streams. Diagramatically

it might be represented as follows:

77N

Ctmo sphere

|~

Water
Earth Surface On Surface _ Resource
D Pool
_ (Surface
Soil Mantle and
' ' ‘ v ground)
E Aquifer on Primary Rocks Underground

The quality effect of this phenomenon may be illustrated as
follows. The water resource pool is represented by the surface
water and the groundwater. From the standpoint of quality it is
‘important to remember that the dry weather flow of streams is rer
‘turned or outcropping groundwater, hence the quality of surface water
may vary from the characteristics noted on page 12 for surface waters

to essentially that of the groundwater.
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Atmosphere contains:
ases: Chemicals:
carbondioxide sulfates ,
sulfurdioxide chlorides, etc.
nitrogen - . Dust particles-
oxygen, etc. Radioactive
particles

Quality of natural waters

1. Meterological waters H,CO3
Suspended matter--dust
Dissolved matter--gasses

chemicals
(Not much used as water supply, a
require chlorination) , e Op, T2

Surface

2. Surface waters
Suspended matter-—clay,ﬁ
mineral & organic debris,
bacteria, algae,
protozoa.

Dissolved matter--gases

How ground-
water becomes
hard.

Objections to hard
water:

Deposits as boiler scale
causing burst coils,
waste of fuel.

organic extractives
causing color, org.

acids, ammonia .
’ ’ Precipitates soap to cause

rings in bathtub, grease
stairs on laundry, cloudy
glassware, etc.

Soap will not lather until water
‘softened by soap--most expensive
‘method of softening.

Groundwater containing calcium and

nitrites, nitrates.

--silica, org.
acids, org.
matter.

magnesium bicarbonates, known as
temporary hardness because removed
by boiling.

83°
Ca(HCO3),+Heat — CaCO3+CO,+H,0

Treatment: Filtration to move
suspended matter, color, odor,

bacteria. Chlorination to kill Permanent hardness, calcium and
bacteria.

Precipitate

magnesium sulfates which can be re-
moved only by chemical treatment.

3. Groundwater v
Suspended matter--clay, fungi
Dissolved matter--hardness producers (skown at right)
nitrates and chlorides of calcium, sodium, potassium, and magensium;
bicarbonates, sulfates, & hydroxides of iron (stain porcelain fixtures, )
discolor laundry); florides (stain teeth); gases~-carbon dioxide, oxygen,
nitrogen, hydrogen sulfide, and hydrogen.
Treatment: Softening, chlorination.
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QUALITY CHANGES THROUGH MUNICIPAL USE

Introduction

Leaving for a later discussion the changes in quality which occur
in the fresh water resource pool in the natural course of events, we ma
examine the separate uses which draw upon the pool and which return
effluents to it. Being the most necessary for the continuance of human
life, domestic water supply is generally considered the highest bene-
ficial use of water. Therefore it seems logical to give it our first
attention.

Domestic use of water is normally considered nonconsumptive.
However, lawn sprinkling, street flush@ng, evaporative cooling, steam
heating, and similar activities may account for as much as one-third
of municipal use, exclusive of industrial use. Thus a water demand
of 150 gallons per capita per day (gpcd) may result in a waste water
return flow of only 100 gpcd. The principal task of this return flow
is to transport wastes resulting from the life processes of man and of
the activities attendant to preparing and managing his food. Although

as later explained the biochemical instability of these wastes may make

13

y

them extremely objectionable, it is hard to justify the dedication of some

2000 tons of water to transport a single ton of solids which has survived

waste treatment processes. Certainly it is without parallel in the
history of transportation to send so vast a train to carry so small a
load. However, our concern at this time is the nature of that load in
terms of the quality factors it returns to the fresh water resource

pool.

Quality Factors

The water quality factors in municipal use may be diagrammed
as follows. The model is far too simple to define the quality aspects

of municipal water use. Three additional diagrams may be helpful in
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Consumed

Waste Wéter Return
Municipal Use F >

Water Supply
Quality Factors those of <
a Selacted Fraction of Pool

Contains unstable
organic matter (e.g.,
ground garbage, human
feces, and urine at

some level of degrada-
tion) bacteria--harmiful
and harmless--eggs,
ascarid worms,

O, demanding substances
cg. 350 mg/l - 5 days

Fresh Water Resource Pool

establishing the concepts I seek to convey:
1. The energy sequence
2. The quality spectrum in minicipal use

3. Cycles of growth and decay

The Energy Sequence

When you and I eat our dinner we are interested physiologically

in two things: obtaining energy and repairing worn out cells. We get

_thisv energy by burning up some of the carbon and by unlocking the bonds

in molecules such as those of protein. We assimilate a little nitrogen and
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phosphorus and other elements to replace worn out cells in our bodies,
but the worn out cells themselves are discharged with our wastes. The
result is that for adult animals and humans the amount of these elements
(nitrogen, phosphorus, etc.,) leaving our bodies each day is as great

as the inta}(e of such elements. The truth then is simply that we eat a
variety of foods and about all we extract from them by our digestivel
systems is carbon and some of the bound energy. All the rest of the
material passes out as a waste containing all the original elements less
some of th;a original carbon. It differs from our food essentially only

in a lowered carbon content and a reduced energy level.

Food igh Rate

Sewage Solids Higher Rate

Sus. & Dis.

Partially
Stable

Relative amounts of
Energy (not to scale) Lower Rate
Stabl
ante Very Low

Still More Stable

Stable Compounds

Residual energy available only by fission

Time

Food - (energy) - (carbon) = Sewage

Sewage - (energy) - (carbon) = Stable Compounds

Stable Compounds + Solar Energy + Carbon = Food
f

\
{
t
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The energy content of the original proteins and other mater"_tal_s we 3
consumed is still‘rélatively high. Therefore other organisms can get
energy from further digesting it. These organisms are the bacteria, each
group of Which in turn lives on the residue or sewage of a higher or pre-
vious group, until finally what is left is a material of such low enefgy
content that almost no organism -can derive energy from further changing
the chemical structure of the molecules. This residual material is then
said to be ""stabilized}!' and the proéess by which this vsituation was
broﬁght about is known as dig‘estion, biodegradation, etc., depending
upon what circumstaﬁces surround the process. But in any case it is
biochemical degradation that has occurred. The ""biochemical" refers
to the fact that chemical reactions have been brought about by biological
agents (bacteria), while the word 'degradation'" refers to the lowering of
energy contained in the molecular structure or to the simplifying of the
molecular structure.

This stabilized material is by no means useless simply because
bacteria no longer are attracted to it as a substrate. It is the fertilizer
from which crops derive their nutrients. These nutrients plus carbon
dioxide from the atmosphere plus water are all the plant needs in the way
of building blocks. Through the agency of chlorophyll, these materials
are locked together again with solar energy. The result this time is an
- increase in the energy level and the addition of carbon. And so here
again we find food from which we may burn carbon and derive energy.

When you think of sewage in this light--think of it as nutrients for
bacteria bent upon developing fertilizer for other plants which in turn add
solar energy and atmospheric carbon dioxide to complete a cycle--it is
hard to consider it again as something objectionable pé.r se, even thoﬁgh s
along the way the fragrance of some of the products may be objectionable.
Whether wé like it or not, today's waste is tomorrow's lunch.

The energy cycle shown in the foregoing diagram omits one important

source of wastes which reach the sewer. This is the vegetable trimmings,
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meat scraps, and other organic matter discarded in the process of pre-
paring our meals, cleansing our dishes and our clothing, and by various
industries, e.g., slaughterhouses, etc. This material has not been de-
graded in energy by our digestive tracts, hence it appears at a higher
energy level than our bodily wagtes. From it bacteria, neverthe1e§s,
can derive the energy that mighf have been ours had we eaten it. Here
we find more energy to be released by bacteria than in our own partially
digested wastes and a wider variety of bacterial species are involved in

its reduction.

The Quality Spectrum

The waste treatment process is normally carried only to the
point demanded by regulatory agencies for protecting other beneficial
uses, This, however, is another story for which the fpllowing concept

may prepare us.

Potable Water

Domestic Use

(1) Water
Treatment

To Resource
Pool

Natural Water

Quality (undefined)

(2) Sewage
- Treatment

Time Sequence (No Scale) Waste Water

- Nate: Natural water has a whole spectrum of quality
Potable water has a whole spectrum of quality

(1) Processes puch as sedimentation, chemical coagulation,
filtration, and sterilization.

(2) Processes such as sedimentation, activated sludge, trickling filters,
chlorination, oxidation ponds.
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Cycles of Growth and Decay

As a pljelude to an understanding of the effects of domestic wastes
and of organic industrial waste on water q@ality and consequently on
other befleficial uses of a stream, it is important to have in mind two
well-known cycles of organic growth and decay. They lead to an under -
standing of any of the processes of w-a.stes management which we shall
.discuss later. At this time I wisﬁ to introduce or perhaps sirﬁpiy review
them for you. | |

The following charts represent typical cycles of growfh and decay
under two conditions of biodegradation:

l. By aerobic organisms under circumstances where free atmos -
pheric oxygen is available in quantities required by micro-
-organisms. »

2. Bybanaerobic organisms which must unlock from chemical
compounds the oxygen needed to obtain energy: from the
oxidation of carbon.

At the present state of technology and economics the use of both
aerobic and anaerobic systems is inescapable {n the treatment of organic
domestic and industrial wastes because such wastes contain both dissolved
and suspended solids, and we have as yet found no good way to make the
nutrients in settleale particles available to a mass cultufe of aerobic
bacteria. Hence, we commonly settle out the most readily separated
suspended solids and lock them up in a closed anaerobic system. The
liquid portion with its unstable burden of dissolved and fin}elyvldi\’/ided
particulate matter is treated in an aerobic system. |

| The energy released by bacteria under aerobic conditions is about
30 times that available to bacteria under anaerobic conditions. This
accounts for the speed of sfabilization.’ | Furthermore, _aﬁ _ana‘er‘obirc end
product is far from stable and is subject to subsequent aerobic digestion
when the environmental ‘conditions are right.

In a later discussion (Section II) the details of how the right half of
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these cycles is carried out in nature will be considered, with particular
reference to their effects upon the quality of water. For the moment it
is sufficient to note that they will be carried out in nature in receiving
waters if we permit, in concrete tanks if we prefer and are willing to
pay the cost. |

Of particular significance is the fact that the anaerobic cycle does
not complete the energy sequence previously discussed and hence does
not achieve the level of stable compounds as end products. However,
the residues of anaerobic decomposition are still subject to aerobic
stabilization when the conditions are right.

For purposes of the present discussion it is sufficient to note that
the untreated return water from municipal use may go into the resource
pool with unstable compounds which must, and will, undergo the
changes depicted by the right hand half of the cycle of growth and decay.
Whether the anaerobic or aerobic cycle predominates governs the extent
of quality degradation of the resource pool, but in either case the effect
is important and its implications various and profound as will be brought out
in the discussions to follow throughout the course.

The factor about which you will hear most in this matter of waste
water treatment, stream pollution, and related subjects is something
known as biochemical oxygen demand, or BOD as we call it. Within

quite acceptable limits of definition we may say that the ultimate BOD of

sewage is the amount of oxygen necessary to carry out the right hand

half of the aerobic cycles of nitrogen, carbon, phosphorus, sulfer, etc., --

the amount of oxygen needed by bacteria in reducing the organic matter

to stable compounds. As you will see later, it is not necessary that we

meet all this demand in the sewage treatment plant. Some of it is

exerted only slowly as the going gets tougher for bacteria--and the rate at

which energy.can be obtained from organic matter gets lower and lower

as the end of the cycle is approached. Hence some of this oxygen demand

proceeds so slowly that the natural reaeration of receiving water far
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exceeds the rate at which bacteria can demand oxygen to carry out bio-

chemical degradation of their substrate.

_It should now be obvious to you that the BOD test is one that we

consider of great importance in the field of sewage treatment and dis-

posal.

Characteristics of Domestic Return Flows

Assuming for the moment that the return flows from domestic
use of wétef from the resource pool have not been subjected to waste
treatment processes, the quality of this return water may be described
by a consideration of the characteristics of municipal sewé.ge.

Reference has already been fna.de to the biochemical oxygen demand
(BOD). This is perhaps the most significant characteristic of domestic
wastes as they affect the qﬁality of receiving waters. The term, in-
cidentally‘, 1s used quite loosely in the literéture; BOD genefally
refers té the oxygen demand under standard conditions of 5 days at 20° C.
It is expressed in units of mg/l of oxygen demand. -

‘'The BOD curve. The BOD, or oxygen demand, of decomposing

organic matter is exerted in two distinct stages. Thus the curve of BOD
exhibits: |
1. A typical unimolecular reaction curve during the period when
energy is being derived from |
(a) oxidation of readily available sugars (carbohydrates)

(b) splitting of protein molecules, etc., to unlock energy,

3 :
2. A somewhat straight-line curve during "nitrification stage'

in which NH_ is oxidized to (NO,) and (NO,).

pr oduc ing NH

. . 3 :
Only the first of these two stages has been well explored, because -

l1.. Oxygen demand is great in first stage (10-20 days); hence
critical in receiving waters. '
2. Oxygen demand during second stage (3-6 months) is slower

than normal processes of reaeration in nature.
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Ultimate BOD

First . Second
? stage T stage
a
@)
a
e 5-day BOD = one point on lst
g stage curve
8 Enzymatic reaction, food limiting factor
ON » (O‘2 and bacto pop. not limiting)
0 10-20 Time in days—= 180 £

At all temperatures likely to obtain outdoors at which biological activity

takes place, the first stage BOD extends beyond 5 days. Hence, 5 days

might be, and is, used in a standard BOD laboratory test. 20° C

being a typical outdoor summer water temperature, and hence near

optimum for bacteria found in such an environment, it has also been

adopted as standard. The 5-day BOD of sewage varies with temperature

somewhat as shown in the sketch on the following page. |
From the results of the standard BOD test, a consideration of

the equation of the 20° C deoxygenation curve during its first stage,

and the relationship between curves for various temperatures, we

are able to calculate the BOD exerted in any number of days inside

the first stage, and for any desired temperature. The 5-day 20° C

BOD test then becomes, subject to certain limitations, a practical

device for estimating the ability of an organic material to demand

oxygen from an aquatic environment.
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N
Ultimate BOD

|
BOD
Std [ Observed fact: lst stage BOD not same
BOD for all temperatures.

Theoretically: should be same if bio-
chemistry as simple as inorganic chemistry,

Time in days 180 to 360

Note: Second stage curves slopes greatly exaggerated due
to lack of scale.

VWhen we consider that a normal domestic sewage has a 5-day 20° C
BOD of 200 to 250 ppm and the BOD of industrial wastes may range from
3000 ppm upward, while a stream fully saturated with oxygen at 200 C
contains only 9.2 ppm of oxygen (20 percent less in salt water), it is
easy to anticipate the quick depletion of the dissolved oxygen in any
receiving water unless the dilution factor is quite large.

The first stage proceeds rapidly hence is the critical one. Mathe-
matical treatment makes it possible to compute the BOD for any day
other than 5 and for any témperature other than 20° C (within first stage).
Thus, the BOD test becomes a practical tool for estimating the probable
effect on dissolved oxygen in a receiving water of discharging sewage -
having any observed BOD. |

Other sewage characteristics and their general significance are as
follows:

1. Temperature

(a) Cause: Ambient air temperature

Hot water discharged into sewer from home or industry.
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(b) Significance: Influences rate of biological activity.
Governs solubility of oxygen; andvot'her gases.
Affects magnitude of density,r viscosity, surface
tension, etc. " o
2. Turbidity
(a) Cause: Suspended matter such as sewége solids, silt,
clay, finely divided organic m,é.ttér‘of vegetable
origin, algae,' microsﬁopic onganisms.
(b) Significance: Excludes light, thus reducing growth of
' oxygen producing plants. Impairs aesthetic ac-
ceptibility of water. May be detrimental to
aquatic life.
3. Color |
(a) Cause: Dissolved matter such as organic extr_actives
| from leaves and other vegefation (tannins, gluco;
sides, iron, etc.), industrial wastes.
(b) Significance: Harmless generally, but impairs aesthetic
quality of water. |

4, Odor

(a) Cause: Volatile substances, dissolved gases, often
produced by decomposition of organic matter.
In water it may result from the essential oils
in microorganisms. |

(b) Significance: May indicate presence of decomposing
sewage. Affects aesthetic quality of water. As
a test of sewage it may serve as a guide to
condition of sewage when it reaches the plant for
examplg.

5. Taste

(a) Cause: Materials producing odors. Dissolved matter,

" various ions.
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(b) Significance: Impairs aesthetic quality of water. Not a’

test used in physical examination of sewage.

6. Solid Matter (Important in sewage analysis. Sewage = HZO +
| added solids)
(a) Cause:r Dissolved and: suspendéd orgahic and inorganic solids.
(b) Significance: Measures amount of organic solids, silt,
etc., hence is a measure of the extent of sewage
pollution or the concentration of a sewage.

In sewage treatment and analysis we are interested in:

Total solids: As a measure of the amount of total dis-
solved and suspended\fna.tter.‘

Total volatile solids: As a measure of the decomposable
organic matter.

Total fixed solids: As a measure of inorganic grit and
dissolved inorganic matter plus ash of organic
matter.

Suspended solids: As a measure of material which might
be removed by settling.

Volatile and fixed suspended solids; as a measure
of the decomposable organic matter and of inorganic
matter.

Dissolved solids: As a measure of material to be removed
by secondary sewage treatment processes.

Volatile solids; as a measure of organic matter
which may be decomposed (may exert BOD).
Fixed solids; as a measure of residues which may

add to the burden of the effluent (lower its quality).

_General Description of Sewage (Condition, Concentration, Composition)

Three terms are used to describe sewage generally. These are of

significance in the matter of sewage treatment, although not all are equally
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rigidly defined. These are: condition, concentration, composition.
Condition refers to age of sewage. It is defined as follows:

1. Fresh sewage: Sewage in which the dissolved oxygen is not
materially less than that of the municipal water Supply
which goes into it.

2. Stale sewage: Sewage in which the oxygen has been depleted
to near zero.

3. Septic sewage: Sewage in which decomposition has set in
and in which a stable population of decomposition-
producing organisms has been built up.

The condition of a sewage in a sewer line may govern the measures
necessary to protect the sewer and other structures from hydrogen
sulfide damage. It may also govern the nature of pretreatment ngeé:és—_
sary in the plant itself, such as pre-aeration.

Concentration refers to the strength of a sewage, usually measured by BOD,

but might also be measured by total volatile solids.
1. Weak sewage: One in which BOD (5-day 20° C) is below about
180 ppm.
2. Average or medium sewage: BOD from say 200 to 250 ppm.
3. Strong sewage: BOD above 280 to 300 ppm.

Composition refers to the analysis of sewage such as presented in the

table™ on page 28 , which prepgents a typical analysis of strong, average,

and weak domestic sewage (values in parts per million).

Bacteria in Sewage

Sewage contains vast numbers of bacteria, up to 20 million or
more per ml originating in the wastes discharged from the human body
and on other material introduced into the sewer. The feeding activities

of some of these organisms result in the decomposition of sewage as

“After Babbitt (1).
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Constituent Strong Medium Weak
Solids, total 1000 500 200
volatile 700 350 120
fixed 300 150 80
Suspended, total 500 300 100
volatile 400 250 70
fixed 100 50 30
Dissolved, total 500 200 100
volatile 300 100 50
fixed 200 100 50
BOD (5-day, 20° C) 300 200 100
Oxygen consumed 150 75 30
Dissolved oxygen 0 0 0
Nitrogen, total 86 - 50 25
organic 35 20 10
free ammonia 50 30 15
nitrites (NOj) 0.10 ° 0. 05 0
nitrates (NOj3) 0.40 0.20 _ 0.10
Chlorides 175 100 15
Alkalinity 200 100 50
Fats 40 20 0

discussed in connection with the cycles of growth and decay of organic
matter. They cause the composition of sewage to change constantly.

Some of the bacteria in sewage are pathogens, and the number of
pathogens necessary to produce disease is often quite small. The range
of enteric pathogens in sewage depends upon the diseases endemic in the
contributing population. Thus gastro-enteritis may be common in U.S.
sewage, whereas elsewhere typhoid, paratyphoid, and cholera might be
equally likely. The same may be said of other biological agents such as
the eggs of stomach and intestinal worms.

Viruses of several types appear in raw sewage and in most treated
sewage as well. Of particular note are the virus of polio and that of
hepatitis. Discussion of the significance of biologic agents in sewage

is reserved for a later session.
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Status of Quality of Municipal Return Waters

From the preceding discussion of the characteristics of municipal
or domestic wastes it may be concluded that the return water from
municipal use carries organic matter typicai of that found in the normal
cycle of organic growth and decay in nature. It reaches the water re-
sources pool at various levels of energy residual depending upon the
degree of treatment or length of time it has been undergoing biode-
gradation. It carries oxygen demanding unstable organics on which
bacteria feed. In addition it carries microbial agents which may be
pathogenic.

The following table gives a rough idea of the status of the organic

matter in domestic return water subjected to various treatments:

Type of Return 5-day, 20° C Suspended
Water BOD _ Solids, mg/l
Raw sewage 200 300
Primary settled
sewage 130 150
Secondary effluent 20 - 30 20

Thus it is evident that the return water from domestic use varies
in nature in accord with imposed requirements of treatment. A rough
estimate of the contribution of quality factors to the water resource pool
by domestic return water may be drawn from random statistics. For
example, the withdrawals of water for domestic use in 1965 were about
25 billion gallons. At about the same time {1964} ORSANCO repoxted
the following data for the combined states of Illinois, Indiana, Kentucky,
New York, Ohio, Pennsylvania, Virginia, and West Virginia. (4)

These data probably mean that about 94 percent of the sewage
from the urban population is being given primary or secondary treat-

ment, whereas 6 percent discharge raw sewage.
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Municipal and Institutional Sewage-Treatment Facilities

Control currently acceptable 63.5 % of sewered communities
80.3 % of population served

Treatment provided . 1.6 % - (as above)

Improvements under construction - 6.3 %

Treatment provided 5.8 % "

Improvements needed 3.2 %

New treatment works 7.0 % "
under construction 4.3 %

No treatment 22.1 % "

5.9 %

Putting the load in terms of BOD to the resource pool in 1960 (Senate
Select Committee Print No. 9, 86th Congress) the following estimate was
published (page 3) for the combined organic load from domestic and

industrial use. (5)

1954 1980 2000

Population served Million 100 192.6 279.4
Industries served Million PE® 36 96.8 139.7
Total municipal load Million PE 136 289.4 419.1
Removal of BOD Percent 44 70.0 80.0
Residual BOD to water resource Million PE 75 86.8 83.8

*PE (Population equivalent) based on 100 gal with BOD of 200 mg/1
= 1 person. )

From this table it is estimated that the combined BOD returned to the

water resource by domestic and industrial use in 1980 will be equivalent to

the raw sewage from 86. 8 million people.

Assuming that the 70 percent reduction in BOD is attained by 1980
through a great increase in the number of secondary plants, and assuming

also that the value applies equally to domestic and industrial wastes, we
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may compufe ihe divieion of the 86.8 x 10% to be:

{= €6 rpercent) 58 x 100 ascrivable to domestic return water

(= 234 percent) 29 x 1060 ascribable to industrial wastes

By a srrzighi line interpolation of the values in the foregoing table,
1965 values would appear te be:

BOD removel: 55 percent

Residual 20D PE - 80 x 106 people

55 x 1‘06, or 69 percent ascribable to domestic return water

25 x 106, or 31 perceni ascritabnie fo industrial return water

Simijar caiulations may te made {rom data presented on page 8
of ''88tnh Congress Commitiee Print, A Study of Pollution - Water, "
1963. Here it is srown that in 1960, 83.6 percent of the 110 miilion
population served vy sewers also had treaimen! at some level or
another. 18 x 100 people discharged raw sewage whilie the population
equivalent o: e 10tal discharge {return fiow) from domestic and
industrual ueers was 75 x 10,

Other interesting data abstracied from Appendix [ of the Com-

mittee Repori {i963) are as foilows:

Discrarging Discharging

e e
No. Fop. No. Pop.

M.:.lons Miilions
Under 560 233 G. 07 184 3. 06
500 ~ iGGO 284 C.21 279 0.20
1000 -~ 5G00 74c 1. 60 712 1.60
5000 - 10, 0GC i5i 1.03 156 1.06
10,000 - 25, GCC 8E i.30 122 2. 80
25,000 - 50, C0C 25 0.9C 31 i.20
50, 000 - 1CC, CCO 206 .96 21 1.34

Over 100, G60G i0 6. 04 30 8. 80
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The approximate values presented in the table are indicative of
the scale of the water quality affecting potential of water returned to
the resource pool from domestic use.

Considering again the committee print, ""A Study of Pollution--
Water, ' (4) plus the fact that some 26 x 106 people used septic tanks
(30 x 106 in 1964), we might estimate:

110 x 106 @ 83.6% = 92 x 106 with primary or secondary

treatment (68%)

18 x 106 without treatment (13%)

26 x 106 with septic tanks (urban) (19%)
136 x 106 urban dwellers

*44 x 106 rural

180 x 106
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v
QUALITY CHANGES THROUGH INDUSTRIAIL USE

Industrial Use vs. Quality

Industrial use of water has quality effects similar to that of
municipal use in that it increases the concentration of salts in the
water. It has, however, a number of significant differences.

1. About 66 percent of industrial water use is for cooling pur-
poses. (Varies from 10 to 95 percent.)

2. On the average, about half of cooling water is consumed,
i.e., lost to atmosphere. The other 50 percent t returns
to the resource pool with its original salt concentration
doubled. The consumpti.on of water by evaporation, how-
ever, varies from 0 to 85 percent in different industries.

3. Whereas domestic sewage returns to the rescurce pool
material characteristic of natures c‘}cle of organic gr‘owt‘.n
and decay, industrial wastes from process waters include
compounds never found in nature and in a vast spectrum
of variety--and an ever changing one at that, e.g., metal
ions (mostly toxic) exotic organic and inorganic compounds,
refractory compounds. They also include normal organic
compounds--e. g., canning industry, fneat pracessing, color

dyeing. (

Corsumed)

<50 % cooling to atmosphere
Industrial Us«- -
Duality same as
Cooli d Process /Q _
ooling resiaue resouvrce water
g —7 wastes 7

Salt concentration

OZ demand
doubled

e.g. 3500 mg/l avg.
Metals
Exotics

Water Resources Pool
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In order to assess the relative importance of industrial use of water
as a factor in determining the quality of the overall water resource pool,
some factors of scale should be considered. The following table ab-
stracted from a United Nations release (5) published in 1958 and en-
titled '"Water for Industrial Use'' gives an idea of the quantity and var-

iabilitv of the water requirements of selected U.S. industries.

Water Requirements per Unit of Product, Selected U, S. Industries
After Unesco (5)

Water Required

Industry and Product Unit of Product? ~ per Unit
' ‘ (gallons)
Food:
: : : b b
Bread ton 555 to 1,110

Canned food:

Apricots ton 5, 600
Asparagus ‘ ton . . 5,410 .
Beans, green ton 2,460 ’
Beans, lima ton 18, 430
Beets, corn, and peas ton : 1, 850"
Grapefruit juice ton 740
Grapefruit sections ton 4,120
Peaches and pears ton - 4,780
Pork and beans ton 2,460
Pumpkin and squash ton 1, 850
Sauerkraut ton , 250
Spinach ton 13,040
Succotash ton 9,190
Tomato products ton 5,410
Tomatoes, whole ton 580
Gelatin (edible) ton 14, 550 to 22, 040b
Maize (wet milling) gallon of maize ' 15.0 to 25. 5
Maize syrup gallon of maize ... 3.8 to 4. 3b .
Meat packing ton, live weight \ 4, 540
Milk and milk products: : .
Butter ton 5, 520
Cheese ton 4,410

Molasses distilling gallon of 100 proof 8.4
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Water Requirements per Unit of Product, Selected U.S. Industries (cont.)

Water Required

Industry and Product Unit of Product? per Unit
(gallons)
Oil (edible gallon 22.0
Sugar ton of beet sugar 2,380
ton of cane sugar 1,110
Beverages:
Beer gallon 15,2
Whiskey gallon 80.0
Pulp and paper:
C
Groundwood pulp ton of dry pulp 4,410 to 55,180
Kraft pulp ton of dry pulp 102,430
Soda pulp ton of dry pulp 93,720
Sulphate pulp ton of dry pulp 77,090 c
Sulfite pulp ton of dry pulp 77,090 to 146, 52C
Paper ton 43,030 c
Paperboard ton 16,530 to 99,260
Strawboard ton 28, 780
Petroleum:
Aviation gasoline gallon 25.0
Gasoline gallon 7.0 to 1C0.0
Gasoline, polymerization gallon 34.0
Synthetic gasoline gallon 377
Oilfields gallon of crude
petroleum ‘ 4.0
Oil refineries gallon of crude
petroleum 18.0
Synthetic fuel:
From coal gallon 265
From natural gas gallon 88.9
From shale gallon 20.8
Chemicals:
Acetic acid ton of HAc 110,090 to 264, ¢0O0
Alcohol, 100 proof gallon 1404
Alcohol, 190 proof gallon 52.0 to 100.0
Alumina (Bayer process) ton 6, 940
Ammonia, synthetic ton of liquid NH 34, 060
Ammonium sulphate ton of salt 220, 440
Calcium carbide ton 33,000
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Water Requirements per Unit of Product, Selected U.S. Industries {cont.)

Water Required

Industry and Product Unit of Product?® per Unit
{gallons)
Calcium metaphosphate ton of Ca(PO3), 4,410
Carbon dioxide ' ton 22,040
Caustic soda ton of NaOH
(11% solution) 19,830 to 23,130
Cellulose nitrate ton 11,010
Charcoal and wood chemicals ton of crude (IaAc2 71, 540
Glycerine ton 1,210
Gunpowder ton 105, 860 to 220,440
Hydrochloric acid

(salt process) ton of 20 Be [HCI1 3,190
Hydrochloric acid :

(synthetic process) ton of 20 Be HCI1 530 to 1,110
Hydrogen ton of H, 726,000
Lactose ton 220, 440 to 242, 350
Magnesium carbonate, basic ton of basic 1\/1g('1'.().5 ] 4, 75C

ton of MgCO 43,030
Oxygen cubic yard of O; 49.0
Potassium chloride

(sylvinite) ton oi KCl 44,090 to 55,180
Smokeless powder ton 55,180
Soap (laundry) ton 255  to 555
Soda ash (ammonia soda

process), 58% ton 16,530 to 19,830
Sodium chlorate ton - 66,000
Sodium silicate ton of 40 Be

water -glass 175
Sulfuric acid

(chamber process) ton of 160% 'i—-iZSO4 2,750
Sulfuric acid : .

(contact process) ton of 160% 112504 715  to 5, 360

Textiles:
Steeping, dressing, scouring,
and bleaching:
Scouring and bleaching
woollens ton 44, 090

Cotton bleaching ton 66, 00C to 88,180
Dyeing:

Cotton ton 8, 820 to 17, 640

Naphthol process ton 10,560

Aniline black ton 34, 370
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Water Requirements per Unit of Product, Selected U.S. Industries (cont.)

- ‘ : Water Required
Industry and Product Unit of Product? per Unit
(gallons)

Weaving, dyeing, and finishing:

Rayon 1,000 yards 15,000
Printing ton 9, 930
Synthetic fibers:

Rayon cuprammonium b
(11% moisture) _ ton of yarn 99,000 to 176,090
Rayon viscose ton of yarn 220, 440

Iron and steel products:

Pig-iron : ton 4,410
Finished steel ton : 71, 540
Fabricated gteel ton 46, 200
Ingot steel ton 19, 830
Rolled steel ton : 88,180
Cold rolled strip . ton _ 6,600
Cold rolled high carbon strip ton 68, 380
Steel sheets and coils ton 14,310
Hot rolled steel plates ton 16,530

Misc. products or processes:

Aluminum ton 353,760
Boilers, steam horsepower-hour 4, 0e
Cement, Portland ton , 820
Coal, coke, and o
by-product coke ton 1, 660 to 3,960
Coal washing ton 220
Condensers, surface Ibs. of condensed steam 2.4 to 7.2
Distilling, grain gallon ; 64.5 c
Electric power (thermal) kilowatt-hour 79.2 to 170
Explosives ton : 220, 440
Iron ore (brown) ton 1,110
Leather tanning, vegetable ton of raw hide 17,690
chrome ton of raw hide 17, 690
Rock wool ton 4,410 to 5, 520
Rubber, synthetic: ‘
Butadiene ton | 22,040 to 726,000
Buna S ton ' 33,000 to 694,320

Grade GR-S ton 30, 890 739, 200°¢



38

Water Requirements per Unit of Product, Selected U.S. Industries (cont.)

Water Required

Industry and Product Unit of Product® per Unit
(gallons)
Sulphur mining ton 3,300

%Or where specified, unit of raw material.
Range covers various products or processes.
c:Ra.nge from maximum recycling to no re-use.

dOf which 31.7 gallons are cooling'wat(_er.

eRating 100 percent. Boiler makeup 100 percent.

Some Factors of Scale

An idea of the past and anticipated increase in industrial use and
its comparison with similar increases in other uses may be obtained
from the table on the following page. From this table the percentage

increase in the next ten years may be estimated.

Percent Increase by Decades

Public ' Steam
Year Irrigation Water Industrial Electric Total
Supply Power
1955 - - - - -
1965 23 47 46 54 37
1975 15 20 32 42 27
1975 in terms
of 1965 115% 120% 132% 142% 127%

Some estimates of the 1980 demand in terms of 1960 for California

are as follows:
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1960-1980
Total per capita increase 170%
Industrial use increase | 250%
Irrigation use 18%

United States: Estimated Water Use, 1900-1975
(Billions of gallons; daily average)'

Self-supplied

Public Industrial Steam -
Year I:rrigationa Water Domestic and o electric Total

Supplies Misc, Power
1900 20,2 3.0 2.0 10.0 5.0 40, 2
1910 39.0 4.7 2.2 14.0 6.5 66. 4
1920 55.9 6.0 2.4 18.0 10.0 92.3
1930 60. 2 8.0 2.9 21.0 18.4 110.5
1940 71.0 10.1 3.1 29.0 22.2 135.4
1944 80. 6 12.0 3.2 56.0 35.9 187.7
1945 83.1 12.0 3.2 48.0 28.8 175.1
1946 86.4 12.0 3.5 39.0 26.9 167.8
1950 100.0 14.1 4.6 46.0 38.4 203.1
1955 119.8 17.0 5.4 60. 0 59.8 262.0
1960 135.0 22.0 6.0 71.9 77.6 312.5
1965 148.1 25.0 6.5 87.7 92.2 359.5
1970 159.0 27.8 6.9 103.0 107.8 404.5
1975 169.7 29. 8 7.2 115.4 131.0 453.1

a . . . . . .
Total take, including delivery losses but not including reservoir
evaporation,

Non-farm domestic use and farm domestic as well as farm stock
wells.

C . . . . . .
Manufacturing industry, mineral industry, commercial, air
conditioning, resorts, motels, military, and miscellaneous.

Source: United States Department of Commerce, '"Water Use in
the United States, 1900-1975,'" BSB-136 (Washington, D,C., January
1956).

Editor's Note: The above figures probably more nearly represent
diversions of '"withdrawal'' uses rather than consumptive uses.
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These tables show clearly the growing importance of industry as
a user of water. Consumptive use by steam power is the fastest growing.
Its effect is to reduce the resource pool and hence to increase the effect
of wastes discharged by other users.

Industry's waste return to the pool may be roughly estimated as:

1. One-third of its withdrawals returned with the salt content
in the withdrawn water approximately doubled.

2. One-third of its withdrawals contaminated with a spectrum of
organic and inorganic solids of a nature suggested in the tables
on pages 41, 42, and 43, which are taken from '"Theory and
Practice of Industrial Waste Treatment, '" by Nemerow, Addison
Wesley, 1963, (4)

The remaining one-third of the withdrawal is consumed by incor-

poration in product or loss to the atmosphere. v

The tables show also that the load on the resourée pool in terms of
pollutional intensity through consumptive depletion and return of used
water is growing some 30 percent per decade.

Similar data were prepared by Mr. M. B. Ettinger {2). He lists
the types of industrial wastes and the sources of each by type of industry
(see table on page 44).

Klein (3) also lists wastes in relation to origin, and the harmful
effects of organic and inorganic quality factors {tables on pages 45 and

46).

Status and Quantity of Wastes

Estimates of the degree of control exercised by industry in re-
ducing the amount of quality factors in its return water are hard to make.
The 1963 ORSANCO Report showed that about 82 percent of industries in
the eight member states had currently acceptable control facilities, and

another 17 percent had either some type of facility or were in various



Industries
produeing wastes

Food and Drugs
Canned goods

i
|
I
\

SuMMARY oF INDUSTRIAL WasTE: ITs OriciN, CHARACTER,

AND TREATMENT

Origin of major wastes

Major characteristics

Trimming, culling, juicing, and
blanching of fruits and
vegetables

iligh in suspended solids, col-
loidal and dissolved organic
matter

41
Major treatment and
disposal methods

Screening, lagooning, soil al-
sorption or spray irrigation

Dairy products

Dilutions of whole milk, sep-
arated milk, buttermilk, and
whey

High in dissolved organic mat-
ter, mainly protein, fat, and
lactose

Biological treatment, acration,
trickling filtration, activated
sludge

Brewed and distilled
beverages

Steeping and pressing of grain,
residuc from distillation of
alcohol, condensate from
stillage evaporation

High in dissolved organic solids,
containing nitrogen and fer-

Amented starches or their

products

Meat and poultry
products

Stock yards, slaughtering of
animals, rendering of bones and
fats, residues in condensates,
grease and wash water, picking
of chickens

High in dissolved and sus-
pended organic matter, blood,
other proteins, and fats

Recovery, concentration by
centrifugation and evaporation,
trickling filtration; use in feeds

Screening, settling and/or
flotation, trickling filtration

High in dissolved and sus-
pended organic matter, con-
taining sugar and protein

Reuse of wastes, coagulation,
and lagooning

ITigh in suspended and dis-
solved organic matter, includ-
ing vitamins

High in solids (mainly organic)
and BOD

!

Fvaporation and devoge: feeds

Anacrobie digestion, trickling
filtration

Variable pH, high suspended
solids, color, and organic matter

Good housekeeping, screcning,
equalization

High BOD and suspended
solids ‘

Sereening. settling, and trick-
ling filtration

Very high BOD, total organic
solids, and odor

Evaporation of total waste,
barge remainder to sea

Iigh in BOD, total and sus-
pended solids, (mainly starch)

Lime coagulation, digestion

Iigh pI, suspended solids and
BOD

Sereening, plus discharge to
municipal sewer

Ilighly alkaline, colored, high
BOD and temperature, high
suspended solids

Neutralization, chemical pre-
cipitation, biological treatnent
acration and/or trickling
filtration

Beet sugar Transfer, screening and juicing
waters, drainings from lime
sludge, condensates after evap-
orator, juice, extracted sugar

" Pharmaceutical i Mycelium, spent filtrate, and
products wash waters

Yeast Residue from yeast filtration

Pickles Lime water; brine, alum and
tumeric, syrup, seeds and
pieces of cucumber

Coflce Pulping and fermenting of

; coffee bean

. Fish Rejects from centrifuge, pressed
fish, evaporator and other wash
water wastes

Rice Soaking, cooking, and washing
of rice

Soft drinks Bottle washing, fioor and
equipment cleaning, syrup-
storage-tank drains

Apparel

Textiles Cooking of fibers, desizing of
fabric

Leather goods Unhairing, soaking, deliming

and bating of hides

High total solids, hardness, salt,
sulfides, chromium, pH,
precipitated lime and BOD

Iiqualization, sedimentation,
and biological treatment

(Continue
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[ndustries

producing wastes

Svaaanry orF Ixpusriian WasTe:

-
ANt Tura

Origin of major wastes

raundry trades

\\ ashing 0{ hhr:(s

Major characteristies

Hl;.:h tur T tty, alkahmtv .md
organic solids

Chemicals
Aeids

Detergents

Cornstarch

Explosives

Dhilute wash walers;
dilute aeds

many

varied

X\ as}nng 'm(l wmf‘,m;,, ROAPS
and (h'tm;,s‘nts

Iuv:mnmtnr (‘()il(it*lm:lh‘, syrup
from final washes, wastes from
“ mttling up " Dravess

Low pIL, low organic content

High in BOD and saponified
suaps

thigh BOD and dissalved or-
ganie matter; mainly starch
and related material

Washing I’ \l and ;_,un('ntt,on
for purifieation, washing and
pickling of eartridges

TN,
and contains organie acids and
aleohol from powder and cot-
um metals, acid; oils, and soaps

eolored, acid, odorous,

nsecticides

W aqhmg ‘le pum{watmn
products such as 241D and
ppT

hosphate and

Washing, sereening, lln:z»t,mg

II:;.,h organie matter, benzene
ring structure, toxic to hacteria
and fish, acid

Clays, shimes and tall oils, low
pH, high suspended salids,
silien and fluonde

Irs Onrcin, Canacren,
TMeNT (Continued)

Mujor treatment andd
disposal methods

Sereening, chemieal precipita-
tmn flotation, ,mrl adsorplion

Upflow or straight neutraliza-
t1on, burning when some or-

f,:'um- m’mm Is px(svn(,

IFlotation sl xl\nnmmg pres
(|;utd don with CaCly

I |Ixz.tlmn hm{ngiv:ai
filtration

precipita-
nera-

Flotation, chemieal
tion, hiologieal treatment,
tion, chlorination of TN},

m'utr Lhz.xtmn

J)llutmn storage, ac Ln atid
arbon adsorption, alkabine
chilorination

L.mmmmg l]l(“‘hdlll(‘ \i clarifi-
eation, coagulation and scetthing
uf refined waste

phosphorous rock, condenser bleed-off from
phosphate reduction plant phosphorous
‘'ormaldehyde Residues from manufacturing
synthetie resing, and from
dyreing synthetic ibers
Materiais

‘ulp and paper

hetographic
products

teel

letal-plated
products

on-foundry
products

Coaoking, refining, washing of
fibers, screening of paper pulp

Spent solutions of developer
and fixer

¢ nkmg of ('oqi W nshmg of
blast-furnace flne gases, and
piekling of steel

S!vri; ping nf muiv.« cleaning
and plating of metals

t
1

Normally has high BOD and
HCHO, toxic to bacteria in
ligh concentrations

thigh or low pliL; eolored; high
suspended, colloidal, and dis-
solved solids; inorganie fillers

kaline, contains varieus or-
granie and inorganie reducing
apents

Fow pli, ,uul« eyanogen,

i
i
|
i

}
i

phenol, ore, coke, limestone,
alkali, mls mill seale, andd fine
‘uspt“nlml solids

,\vul, metads, Loxice, ]m\ \()ium(‘
mainly mineral matter

Wasting nf uxo«{ sand by
Iu}dr.mh(: diseharge

il

l)nHm" muds, salt, ml, and
some natural gas, acid sludges
and miscellancous oils from

rchining

Figh suspended solids, mainly

s.'md; some clay and coal

l;.':h (I:smlud salts from field,
high BOD, odor, phenol, and
sulfur compounds from refinery

Trickling filtration, adsorption

on activated charcoal

Settiing, lagooning. biologieal
t-n'.'xt,nu nt, aeration,
of by-products

FOCOVOTY

Recovery of silver, plus dis-
charge of wastes into mneipal
KW er

Neutrn
reuse, cheateal congnulation

el

hattion. recovery

Alkaline
nide, reductinn and precipiti-
wl e

ehlorination of vy

tion of chrommim, w
pr(‘mp.' ion of other metals

Selective sereening, dryving of
reelaiimed sandd

Diversion, tecovery, injoction
of salts; acidifieation and burn-

ing of alhaline shudges

(Condinued

'
5

)
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Suaamany or INpusTrianL Wasrti: I'rs Omaiy, CHARACTER,
AND TreEATMENT (Conlinued) ™

Industries
i producing wastes

Origin of major wastes

Major characteristics

" Rubber

Washing of latex, coagulated
rubber, exuded impurities from
crude rubber

High BOD and odor, high «us-
peaded solids, variable pll,
high chiorides '

Major treatment and
disposal methods

Acration, ehlorination, culfona-
tion, biological treatment

Glass

Polishing and cleaning of glass

Red color, alkaline non-settle-
able suspended solids

Naval stores

Washing of stumps, drop solu-
tion, solvent recovery, and oil
reccovery water

Acid, high BOD

Energy
Steam power

Cooling water, boiler blow-
down, coal drainage

Coal processing

Cleaning and classification of
coal, leaching of sulfur strata

with water

ITot, high volume, high inor-
ganic and dissolved solids

High suspended solids, mainiy
coal; low pII, high 2804 and
FeSO4

Calecium ehloride precipitation

By-product recovery, equiliza-
tion, recirculation and reuse,
trickling filtration

Cooling by acration, storage of
ashes, neutralization of exeess
acid wastes

Scttling, froth flotation, drain-
age control, and scaling of
mincs ’

Nuclear power and
radioactive materials

Processing ores, laundering of
contaminated clothes, rescarch-

Radinactive elements, can be
very acid and “hot”

lab wastes, processing of fucl,

power-plant cooling waters

Concentration and containng,
or dilution and dispersion

Waste Treatment, by Nelson I.. Nemerow.

Inc., Reading, Massachusetts,

1963.

; Reprinted, with permission, from Theories and Practices of Industrial

Addison-Wesley Publishing Company,
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Types of Industrial Waste Waters [ Ettinger (4‘)]*

N

Cooling water

Boiler blow-off
Inorganic chern. wastes
BDattery mig.

Inorganic pigrments
Coal washing
Photographic wastes

A, Chiefly mineral, or partly mineral-partly organic

Brine wastes 7.
Mineral washings, e. g., stone &.
sawing, sand and china clay wash

Mine drainage {coal pit water) 10.
Pickle liquor {(¥Fe, Cu, & Zn) 11
Electro-plating 12.
Water softening 13

B. Chiefly organic materials

I. Hydrocarbons

0il wells
Petroleum refining
Styrene mig.
Butadiene plants

Gasoline stations,

-3 O~ (0

“rocessing natural rubber
garages
Co-pelymer rubber plants

Orpanic chemical mig.
Peaints and varnishes
0il and grease processing

Synthetic resin plants
Wood distillation

‘Wool scouring

¥Filoor cloth mig.

Beet sugar factories
Cane sugar factories
Iish processing

1. Misc. organic chemicals

Munition plants 1t
Synthetic pharmaceuticals 12
Synthetic fivers 13

III. Phenolic wastes
CGas and coke byproducts 1.
Tar distillation and creosoting e
Chemical plants 19 Dve mig

IV. Biological wastes

(a) Biological processing
Tanneries and leather trades 25
Fhermaceuticals 26, Textile mig,
Alcohol industries 27.
Misc. fermentation ind. 28. Paper mifg.
Glue, size, and gelatin plants 29  Lsundries

(b) Food processing

Canneries 4
Meat packing. etc. 35,
Milk and dairy wastes 36,
Corn products plants 37

Food denydration

"Reprinted, with permission, {rom July 1950 Water & Sewage Works.
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Chemicals in Industrial Wastes [Klein (3)] *

Chemical

Industry

Acetic acid
Alkalis

Ammonia
Arsenic

Chlorine
Chromium
Cadmium
Citric acid
Copper
Cyanides

Fats, oils, grease
Fluorides

Formalin
Hydrocarbons
Hydrogen peroxide

Lead
Mercaptans
Mineral acids

Nickel
Nitro comp.

Organic acids
Phenols

Silver
Starch
Sugars

Sulfides
Sulfites

Tannic acid
Tartaric acid
Zinc

Acetate rayon, pickle and beetroot mifg.

Cotton and straw kiering, cotton mfg., mercarizing,
wool scouring, laundries

Gas and coke mfg., chemical mfig.

Sheep-dipping, fell mongering

Laundries, paper mills, textile bleaching

Plating, chrome tanning, alumjnum anodizing
Plating

Soft drinks and citrus fruit processing

Plating, pickling, rayon mfg.

Plating, metal cleaning, case-hardening, gas mig.

Wool scouring, laundries, textiles, oil refineries
Gas and coke ﬁmfg, , chem. mfg,, fertilizer plants
transistor mfg., metal refining, ceramic plants,
glass etching

Mifg. of synthetic resins and penicillin
Petro-chemical and rubber factories

Textile bleaching, rocket motor testing

Battery mfg., lead mining, paint mfg., gasoline mfg.

Oil refining, pulp milis

Chemical mfg., mines, Fe and Cu pickling, DDT mfg.
brewing, textiles, photo-engraving, battery mfg.

Plating

Explosives and chemical works

Distilleries and fermentation plants
Gas and coke mfg., synthetic resin mfg., textiles,
tanneries, tar, chem. and dye mifg., sheep

dipping

Plating, photography

Food, textile, wallpaper mfig.

Dairies, foods, sugar refining, preserves, wood
process

Textilgs, tanneries, gas mfg., rayon mfg.

Wood process, viscose mfg,, bleaching

Tanning, sawmills .
Dyeing; wine, leather, and chemical mfg.
Galvanizing, plating, viscose mifg., rubber process

¢

Reprinted, with permission, from River Pollution. 2: Causes and

Effects, by Louis Klein.

Butterwecrths, Inc., Washington, D. C., 1962,
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Harmiful Effects of Domestic and Industrial Wastes [ Klein (3)]*

Type of Material -

Eifect

Fermentakle organic
matter

Suspended matter

Corrosive substances

Pathogenic micro-
organisms

Substances causing
turbidity, temp.,
color, odor, etc.

Substances or factors
which upset biological
balance

Mineral
constituents

Deoxvgenate water; kill fish, objectionable
.cdors

~

Deposit on river bed; if orgaric may putrify
and float masses to surface hy gas;
blarnket bottomn and interfere with fish
spawning or disrupt food chain

{e.g., cyanides, phenocls, metal ions)
rmay kill fish and othe» aquatic life; destroy
bacteria and so interrupt seli-purification
of streams

Sewage may carry pathogens, tannery
wastes, anthrax

Temperature rise may injure {ish; color,
odor, turbidity imay render unacceptable
for public use

May cause excessive growih on fungi
or agquatic planis which choke stream,

cause odors, etc.

Increase hardness, limit use in industry
without special treatment, increase
33lt conterit io level deleterious to fish
or vegetation

stages of planning or construction. In all £9.7 percent were com-

plying with ORSANCO mirirnura reguirements.

Here 2s in the case of municipal wastes acceptakle is an

interpretation of compliance with some type of regulation.

The magnitude of

terms of BOD, has been included in takles and computations pre-

sented in the preceding

the return water load from industry, in

section. They show that the organic load

in terms of oxygen demand is currently equivalent to raw sewage

from some 25 million people; a value destined to increase for a

Reprinted, with

permission, from River Pollution, 2: Causes

and Effects, oy Louis Klein. Butterwourths. Int,; Washington, D. C.,

1962,
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number of years regardless of the higher degree of treatment which will
progressively be imposed.

Although the data herein presented interpret the strength of
organic industrial wastes in terms of BOD, there is a growing tendency
to utilize instead COD (chemical oxygen demand test) in which the oxygen
is consumed by the waste in the presence of a chemical oxidizing agent
such as a permanganate. It is a more rapid test and by many thdught to
be more pertinent to oxidizable matter not commonly a part of the
normal animal and vegetable life cycle, i.e., not involved in the BOD
measurement.

Presently it is essentially impossible to amass reliable figures on
either the potential or current cohtribution of inorganic or exotic or-
ganics to the water resource pool via industrial return water. Pro-
duction figures of varying degree of reliability can be obtained, but
in-plant practices are variable within any single industry as well és
from industry to industry. The whole matter of waste discharges from
industry is only partially investigated, understood, or policed. For
the purpose of this course, therefore, I shall have to be conteﬁt with
fragmentary data on the magnitude of industry's use of water, and the
variety of quality-affecting materials which its return waters may

bring to the fresh water resource pool.
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QUALITY CHANGES THROUGH AGRICULTURAL USE

Introduction

Historically, every civilization that has depended upon irrigated
agriculture for its existence has failed. The story is fascinating in
the extreme but unfortunately beyond the objective of our Institute
this summer. For our part, we like to tell ourselves that our superior
knowledge of the soil-water-crop relationship insures immunity from
the fate of Mesopotamia. And perhaps we are right. It does seem
likely that we shall not by our irrigation practices kill the land as did
our forebears. Nevertheless, the possibility exists that by killing
the water we may achieve the sarﬁe ultimate end. And if such should
prove the case it may be agricultural and industrial return waters
which overwhelm the water resource, although in our zeal to re-
establish Indian days without turning the country back to the Indiané,
we may have rendered water sterile by the exclusion of nutrients
from sewage. For the moment, however, the objective is to explore
the nature and scale of quality-related factors introduced into the

fresh water resource pool by return water from agricultural use.

Magnitude of Irrigation Practice

The table on page 50, reproduced from reference (1), presents
data regarding the magnitude and distribution of irrigation in the
United States. Several notable facts are evident from the table:
1. A 17 percent increase in irrigated acreage occurred in the
two-year period, 1954-56. Almost 5.5 x 106 acres were
added, with about 4. 6 x 100 of this total occurring in the 17
Western States.

2. About 41 percent of the land under irrigation is in
California and Texas.

3. Six states, five of which are in the humid areas of the
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United States, increased irrigation acreage over 100 percent,

signifying the emergence of supplemental irrigation as a

phenomenon in American agriculture.

U. S. Irrigated Acreage*

llllll

Acreage Acreage Increase ]
1956g 1954g % Sprinkler
U.S. Total 36,002, 627 30,711,453 17 3,064, 463
17 Western States 32,661, 501 28,092, 947 16 2,010,062
Other States 3,341,126 2,618, 506 28 1, 054, 401
1. California 7, 750, 000 7,048,762 ‘10 400, 000
2. Texas 6,962, 234 5,439, ¢0C 28 575,015
3. Idaho 2,405, 089 2,324,571 3 130, 60O
4., Colorado 2,382,000 2,263,000 5 33,110
5. Nebraska 2,012, 320 1,393,733 44 201, 230
6. Montana 1, 890, 000 1, 890G, 600 - 28, 000
7. Utah 1,612,108 1,072, €82 50 3,325
8. Oregon 1,575,000 1,490, 397 6 157, 500
9. Wyoming 1, 300, 000 1,262, 632 3 8, 060
10. Arizona 1,150, 000 1, 25Q, GCO -9 1,000
11. Washington 947, 060 778,135 22 228,000
12. Arkansas 892, 936 857, 330 4 54, 756
13. Florida 821,282 428, 282 92 180, 000
14. New Mexico 800, 0G0 649, €15 23 3,000
15. Kansas 722,575 420, 000 72 100, 000
16. Louisiana 711, 000 707,818 1 39, 650
17. Nevada 700, 000 567, 498 23 12, 600
18. Oklahoma 285,175 107, 981 164 100, 882
19. Mississippi 157,000 132,490 19 54, 000
20. South Dakota 120, 000 90, 371 23 20, 000
Increase of over 100% in:
Iowa 20, 000 2,396 818 20, 000
Maine 6, 900 1, 097 529 6, 850
Georgia 80,000 27,701 189 79,200
Oklahoma 164
Virginia 45, 500 21, 8G5 116 45, 050
Delaware 11,000 5,553 100 11, 0G0

"Taken from the 1957 Directory and Eu:yefs Guide (2).

of area in 17 Western States is sprinkled.

"31. 5% of irrigation in "other states' use sprinkler while only 6.1%
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Estimates are that 51.5 x 106 acres will be under irrigation in the 17
Western States by 1966 or 1967. Eventually, supplemental irrigation
may be applied to much of the 125 x 106 irrigable acres in the humid
Eastern States.

The implications of both primary and supplemental irrigation are
of major importance to quality maintenance of the water resource pool.

The 1949 Census of Agriculture estimated that 99.44 x 106 acre-
feet of irrigation water was used during that year (75 percent from

surface supplies; 25 percent from groundwater).

Comparison with Other Major Uses

In the preceding section tables were presented to show that although
irrigation usage is greater than either industrial or domestic, its
comparative rate of growth is diminishing (see tables pages 38 and 39
The same pattern is revealed in a table based on data from the U. S.

Public Health Service (4).

Pattern of Water Use in the United States (1960)

Distribution of Water Usage

Total Water Usage Agriculture = Industry Municipal
Year (billion gallons) % %o %
1900 40 55.0 37.5 7.5
1960 324 43,6 50.0 6.5
1980 547 27,6 65. 6 6.8

A decline in the predominance of agricultural water is evident in
the table. Nevertheless, agricultural return waters, and the con-
sumptive loss of water from the resource pool which it occasions,
will continue to have a profound effect on the overall quality of the

pool.
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Quantity Considerations

Estimates (3) of the total withdrawals of irrigation water at various
times have been previously presented (page 39). Estimates vary from one
reference to another but are generally consistent. For example, the U.N,
estimate of 169.7 x 107 gallons in 1975 is somewhat greater than the
Public Health Service estimate (computed from foregoing table) of 157 x
10 in 1980. |

The generalmagnitude of irrigation needs can be computed for any
area from the data available locally on the rates of application of water.
The 1949 Census of Agriculture estimated that the use of water on land
in the 17 Western States averaged 3.4 acre-feet/acre/year, with variations
from 2.2 in the Rio Grande Valley to 6. 1_ in Idaho. The rates are governed
not only by the nature of the crop irrigated, but also by cost of water,
soil types, local climatic conditions, and water quality. For humid

climates the rates vary from 0.5 to 1.25 acre-feet/acre/year.

Source of Irrigation Water

It has been estimated [1949 Census of Agriculture (5)] that 75 per-
cent of agricultural water comes from surface sources and 25 percent

from groundwater.

General Quality Considerations

In the simple logistics of handling irrigation water a number of
losses occur which affect the quality of the water and hence of irrigation
return waters. Canal losses vary from 15 to 40 perc.ent of the water
diverted; 5 to 25 percent is wasted from canals and‘laterals; farm Wastes,
from 5 to 10 percent; and seepage from 5 to 60 percent. Overflows from
canals and laterals runoff from land, and seepage will returﬁ water
either to the surface or groundwater sectors of the resource pool at an
increased salt concentration due to evaporation. Transpiration by plants

growing along irrigation works depletes the supply in quantity and leaves
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salts available for pickup by percolating water. Evaporation from
reservoirs accounts for about 15 million acre-feet per year. This is
about 35 percent of the total reservoir capacity available for irrigation.
Its effect is to concentrate the salts in the reservoir. Thus it is
evident that the water works utilized in irrigation themselves increase

the salinity of the resource ppol.

Return Irrigation Water.

The disposition of water diverted to agricultural use from surface
and from ground sources is illustrated in the following flow diagrams
[Eldridge (1)] . There is considerable variability in the quantity of:
return flows (20 to 60 percent) but‘ the average in the Western U. S.
is considered to be about 33 percent of the water diverted. The
variation is governed by the same factors that determine rate of
application. |

In general the quantity of return water has a significant influence
on its quality; the greater the quantity}, the less the salt concentration,
except where insufficient water applied in one period has left salts
in the soil which are removed when more water is applied.

The diagram identifies three major sources of return water as

overflow, runoff, and seepage.

Factors Affecting Quality of Return Waters

1. Evaporation and transpiration. Salts contained in the ir-
rigation water are concentrated by the removal of water and
retained in this concentrated form in the soil water.

2. Leaching. Water must be applied in sufficient amounts to
remove excess saltg from the soil and varied from 6 to 25
percent of the water applied.

During the period of reclaiming of soils having a high
salinity, one foot of water per each foot of soil depth will re-
move about 80 percent of the salt. Three feet may be nec-

essary to remove boron.
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SURFACE SUPPLY

FLOW DIAGRAMS

Evaporation___T T

Source Water
of diverted Transpiration
Irrigation to Seepage to groundwater.
Supply canals Overflow (wastage)
\
| Water Evaporation___T f
diverted Transpiratio ,
to T |Seepage to groundwater___________|
laterals :

Water ’Evaporation__f '
applied Transpiration

to Seepage to groundwater -
land Runoff

Return flowe— 20-60%,_Aug. 33%______|

GROUND SUPPLY

Evaporation___T

Source of Pumped

of - to Transpiration—j
Irrigation laterals Seepage

Supply Runoff—small

P

Return flow «
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Quality of Irrigation Return Water

The following table [ Table IV, Eldridge (1)] shows the change in
quality of irrigation return waters, as regards salts and ions, from 7
areas in the Western States. From the observation that about one-
third of the irrigation water returns to the resource pool it might be
expected that the salt concentration is multiplied by three unless there

is a significant quantity of the salts already contained in the soil or

Increase in Salts and Ions.as a Result of Irrigation
[ Eldridge (1)]

Number of times greater than in irrigation water

Location Salinity Ca Mg Na HCO3 SO4 Cl
1 10.8 5.1 7.5 21,4 2.4 10.5 129.0
2 7.0 --- - --- 4.3 4.7 3.0
3 5.0 4.4 4.2 8.1 1.8 1.9 ---
4 5.9 3.7 5.5 14.7 1.8 8.6 11.5
5 7.1 4.6 6.9 12.7 2.9 4.6 40.0
6 5.6 4.4 14.0 3.5 1.6 15.0 *
7 7.8 5.3 6.0 17.2 5.2 18.0 8.0

%*
Decrease

1. Rio Grande between Otowi bridge and Fort Quitman

2. Yakima River between Easton and Prosser

3. Average of 1943-44 input and output on an irrigation district

4. Average of 1940-41 data on Arkansas River between Pueblo and
Holly . ‘

5. Average of five years of data on input and output of an irrigated
area

6. Data collected on a short stretch of the Colorado River between
Cameo and Grand Junction :

7. Input and output data of an irrigation project in Boise River
Basin
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subsuriace water. In all of the examples summarized in the table the
overall increase in salinity was greater than three times. In fact, the
lowest is five times. This means that either:

1. the water was used more than once, o

2. the return flow was less than 33 percent, or

3. a significant portion of salts contained in the soil was dis-

solved by percolating water,

Another important change in water quality resulfing from irrigation
is a shift in the relative concentration of the various ions., The proportion
of sodium to calcium and magnesium is always higher in the return water
than in the applied water, possibly dee to the precipitation of calcium
carbonate and to ion exchange. With few exceptions rnégne sium remains

fairly constant in quantity though changes in corncentration.
Y g ;

Effect of Return Water on Receiving Water

The observed efifect of irrigation reiurn waters as reporied by

Eldridge (1) is summarized in the table on the following page.
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Summary of Effects of Agricultural Return Waters

on Receiving Waters
[Data from Eldridge (1)]
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Quality Factor

Observed Effect

Salts & ions
Hardness

Total dissolved
solids

Temperature

Turbidity

Color

Nutrients

Nitrates

Phosphorus

Tastes & odors

Insecticides &
herbicides

Bacteria

Increased more than 5 times
Greatly increased; most significant effect

Greatly increased

Significant increase in Yakima River. Similar

effects to be expected in other areas.

High in some return waters. Little studied
effect. Small effect in Yakima River due to
dilution.

Little studied factor. Increase observed in
Yakima River due to large irrigation return.

Generally somewhat increased

Conflicting evidence. Evidence of increase in
nitrogen but the relative importance of natural
and irrigation return flows not investigated.

May be brought in what plant leaves in return

water, Little doubt that amount increased.

Evident in return flows as result of mineral
salts and organic decomposition products,
often from aquatic growth stimulated by
nutrient content.

Problem exists in surface waters but the re-
lative contribution of ‘irrigation return water
and surface runoff not clear.
exists.

Not a significant factor in agricultural return
waters as compared to domestic.

Potential problem
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QUALITY CHANGES 1TV FLOWIT AN ST

Introduction

Having now examined in a general way the nainre of the inpuls to
the fresh water pool, let us now summarize 'bese inpuis ard tarn our
attention to the quality aspects oi the {resh waler resource pool its'ellf.
For the purpose of examining the inputs and identifying the factors
which each might coniribute to the guality of the overall resource, it
was sufficient to lump all aspecis of surface waters 2nd ground waters
together as though the resource pool were a cormmorn tank inkte which
everything is dumped and troroughly mixed. As we come now to
examine the quality changes which take pizce fn the recource pool
throagh natural phenomena it is necesszry o ahandan this simple ard

veriows compoands of the fresh

comiortahle fiction and o =

water resource for individual examiratisi. Later orn, as we discuces the

subjects of "standards' and "uuatiiy requirenents ot heneficial uses

this break -down will not be enovugh and In will be neac

the magnitude and nature of iaputs and of ihe recgon

Surnmary of Inputs

The inputs in termy of ¢reiit conrralling fectors carntirin :ted to
the fresh water resource pool oy mmeteorclogical waters, domestic use,
industrial use, agricultural use, and consumpiive Jgse of water zaight be

surnmarized as in the table on pages °% and 40,

Quality Changes in Surface Walers

A. Flowing streams

in order to understand in even au elementary fashion the o .auu,'

with or without retarn walers from

4

changes normal to 2 strear, eithe
man's activities, it is necessary to have a concept of if as a living thing.

As hydrologists and hydranlic engineers, | 4 sure yoo already hiave a
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Contributing Factor Principal Quality Input to Surface Waters

Dissolved gases native to atmosphere.
Soluble gases from man's industrial

N =

activities.
3. Particulate matter from industrial stacks,
dust, and radioactive particles.
4, Material washed from surface of earth,
e.g.,
Meteorological (a) Organic matter such as leaves,
Water grass, and other vegetation in
all stages of biodegradation,
(b) Bacteria associated with surface
" debris (including intestinal org-

anisms),

(c) Clay, silt, and other mineral
particles,

(d) Organic extractives from decaying
vegetation,

(e) Insecticide & herbicide residues.

1. Undecomposed organic matter, such as
garbage ground to sewer, grease; etc.

2. Partially degraded organic matter such
as raw wastes from human bodies.

Domestic Use 3. Combination of (1)} and (2) after bio-
(exclusive of degradation to various degrees by
industrial) sewage treatment.

4, Bacteria (including pathogens), viruses,
worm eggs.

5. Grit from soil washings, egg shells,
bones, etc.

6. Misc. organic solids, e.g., paper,
rags, plastics, and synthetic materials

7. Detergents.

1. Biodegradable organic matter having a
wide range of oxygen demand.
, 2. Inorganic solids, mineral residues.
Industrial Use . . . .

: 3. Chemical residues ranging from simple
acids and alkalies to highly complex
molecular structure.

4. Metal ions.
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Contributing Factor

Principal Quality Input to Surface Waters

1. Increased concentration of salts & ions
. 2. TFertilizer residues
Agricultural Use 3. Insecticide & herbicide residues
4, Silt and soil particles
5. Organic debris, e.g., crop residues
l. Increased concentration of suspended

Consumptive Use
(all sources)

and dissolved solids by loss of water to
atmosphere.

Principal Quality Input to Ground Waters

1. Gases, inciuding O2 and COZ’ NZ’ HZS’ & H.
2. Dissolved minerals, e.g.,
(a) Bicarbenates and sulfates of Ca & Mg
Meteoroligical Water dizsolved from earth rninerals,
(b) Nitraites and chlorides of Ca, Mg, Na,
& K dissolved from soil and organic
decay residues,
{(c) Soluble iron, Mn, and T salis.
Domestic Use 1. Detergents. _
(principally via septic 2. Nitrates, suliziss, and scther residues of
tank systems and seep- orgaric decay.
age from polluted surface 3. Salts and ions dissolved in the public
waters) water supply.
4. Soluble orgzric compounds.

Not much divect disposal to soil

Industrial Use 1. Soluble szlts from seepage of surface
walers contzining industrial wastes.
1. Concentraled szlits norrnal to water
Agricultural Use applied to land.
¢, Other meaieviale as per meteorological
waters.
Land Disposal of Solid 1. Hardness producing leachings from ashes,
Wastes (not properly 2. Soluble chemical and gaseous products

installed)

or organic decay.

Note: The foregoing list includes the types of things thai may come from

any contributing factor. Not all are present in each specific irnstance.
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good understanding of the living stream and so merely for purposes of
communication I will summarize my concept of a stream within the
context of water quality.

From a relatively broad, and at the same time, short, point of
view as measured by geologic time, a stream in its natural setting may
be said to be in dynamic equilibrium with other elements of the environ-
ment. Nevertheless a complex set of transients make up thgt equili-
brium. At one season it gathers strength directly from meteorological
waters, which rush in with a burden of soil and organic material
stripped from the surface of the earth. At that time it tearp at its
banks, snatches up deposits from its own bed, pounds stones together,
and generally destroys its former state of equilibrium. Then as the
rain gods depart for their holidays the stream grows weary, laying
down its burden somewhat in the same areas it recently ripped up.

Too weak to carry a load, it finally takes on the characteristics of
the groundwater on which it now depends for life.

However, the old degraded deposits have been replaced with
new fertilizer elements f;and a' crop of higher energy organic matter,
hence the foundation is maintained for continuance of the biological food
chain in the stream. |

With never ending variety the stream itself is a succession of
environments replicated many times. In the rapids it picks up oxygen
and carries it into more quiet pools which act as both sedimentation
basins and life sustaining systems. Here the nutrients and CO2 released
by bacteria (mostly aerobic), carrying out the biodegradation of organic
sediments, support the microscopic plants which serve as food for
small animal life, in a dog-cat-dog society that ranges from bacteria
to the fishes and other higher forms. Even in the shallows, the down-
stream shadow zone of each stone harbors sediments in which life
abounds.

To the biologist unconcerned with the destiny of individual species

in the food chain this may seem an idyllic situation. The philosophical
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attitudes at other levels of the food chain have not been reported. Never-
theless it is well understood that interruption of the food chain at any level
is catastrophic to all forms above that level.. Eliminate, for example, the
nutrients and the water becomes a biological desert, destroy the fly larvae,
etc,, and fish life disappears.

The whole matter of stream pollution hinges on this factor of the
maintenance of an uninterrupted food chain. On a later occasion the water
quality factors necessary to maintain such a situation will be discussed.
At the moment we are concerned with the way a stream reacts in terms
of water q'uality to classes of materials without particular regard to their
origin, although in the interest of our overall understanding there is no.
reason not to identify various sources.

Reaction of flowing water to seasonal precipitation under Wil‘der—
ness conditions has been implied in the foregoing paragraphs. Funda-
mentally it cleans out its bed and replaces old deposits with others freshly
mined from the earth minerals and from newly dead vegetation. There is
a good balance here in which the organic load does not reach such pro- |
portions that aerobic decomposition of that load sets in, Neither does
the load of sediment become inimical to the equilibrium, chiefly because
it comes at a time when the stream has the physical strength to manage
the load. This does not mean that individuals in the aquatic society do
not live dangerously. The elements are no kinder to them than they are
to us. But it does mean that the society goes on after the flood with
renewed vigor just as does man's.

Let us now consider the reaction of a stream, both in a physical and
biological sense, to the introduction of other materials from other causes.

1. Excessive amounts of suspended matter.
P

(a) Scientific agriculture. The very act of ploughing up the natural

sod and so uncovering large areas of the land surface has had the effect
of vastly increasing the sedimentary load introduced to streams by

meteorological waters. Nothing new is introduced here as far as the
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stream is concerned. It accepts the burden and lays it down when it
grows weary. The difference is that this time there is an abundance
of fine material which has at least two major effects: it hastens the
buildup of elevation of the river bed and so increases its aggression
on its own banks; and it obliterates much of the littoral environment
in which fish spawn and their food chain flourishes.

(b) Irrigation. Irrigation practice which results in runoff or

overflow may likewise introduce sediments eroded from the surface

of agricultural soil. In this case a burden of fines is introduced to

the stream at a time when its transporting power is at its lowest
value. Consequently fine material that would ordinarily be carried

to the ocean is deposited in the pools and on the little bars behind
stones, choking out the habitat of many organisms. Likewise, the
constant turbidity over perhaps 128 days of irrigation cuts out much

of the light utilized by plants which supply both food and oxygen to the
water. The amount of silt produced has been estimated by Geyer (2)
at from 0.03 to 3.0 acre-feet per square mile per year. Probably one
foot in 4000 years is his best guess. This amounts to about 7 x 106
ft3/year from a 1000 square mile drainage area; and represents the
contribution from row agriculture, highway construction, building sites,
etc,

(c) Industrial activity. Certain industries such as quarrying,

mining, stone cutting, and construction, for example, contribute
sediments at times of low stream flow with the same effects as ir-
rigation return water [(b) above] .

2. Insufficient suspended matter.

The wilderness stream, as has been noted, picks up its old
sediments when it finds the strength but drops new ones in their place
as it later weakens. Thus a migration of sediments from the source
to the mouth of a stream is characteristic of flowing water.

Ponding of water behind dams, a feature of man's use of water

for industry, agriculture, municipalities, flood control, recreation,
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and all other beneficial uses, has the effect of interrupting this inter-
mittently advancing bed lcad of the stream., The result is that seaiments
originally laid down as high flows declined, are picked up by the first
high flow following the construction of the dam pbut they are not replaced
in amount. Hence the cycle of deposit and resuspension is pirased out as
the old load advances to the sea. Thus the stream reduces its gradient
and an entirely new equilibriurn of a different ivpe is approached. It has
a profound effect on the original stream ecology. The resulis are not
always predictable.

The lesson which man never has te cease learning is that no simple
problem in water resources management can be solved by 2 single solution.
Any interruption of a dynamic equilibrium resulis in a shift toward a new
equilibrium in which some of the elemenis in the old may be eliminated.

3. Excessive organic loading.

Organic loading which irntroduces a demand for oxygen (30D) in
excess of the dissolved oxygen {DO) available in the stream will lead to
anaerobic conditions such as depicted by the cycle of growih and an-
aerobic decay previously discussed. Such a situation would represent
an extreme case of excessive organic lecading of a stream. An interruption
of the food chain, however, can occur by a serious depression of the DO
below levels (usually taken as 5 or 6 mg/l) needed by higher forms of
aquatic life. Again this is a subject to be discussed in relation to needs
of beneficial uses rather than stream reaction.
The overloaded stream behaves scmewhat as showa in the following
diagram. It abandons aerobic decomposition of crganiz maiter in favor
of anaerobic processes. At some reach in the stream, however, an-
aerobic organisms run out of substrate and aerotic organisms finish the
job. Diffusion of oxygen into the flowing water is encouraged by the lowered
oxygen tension. Later the nutrients from the stabilized organic matter support
a richer aquatic society than the stream originally keld. This society includes

the green algae which also produce abundant oxygen.
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so do certain microorganisms and, in turn, the in\'er—
tebrates and fishes that depend upon them for food.

‘ v AND RECOVERY of physical, chemical and biological system. As the oxy-
r?tl;:‘g;n i? zﬂectednif an intrica‘t,c gen dissolved in the water decreases (curve at left),

(Reprinted with the permission of the Wisconsin Commission on Water Pollution)
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Leaving to a later discussion the full implications of a stream as

- a waste treatment process, it is sufficient to note here that a stream can
recover from excessive organic loading but it must do so at the expense of
quality characteristics acceptable to man, who wishes to use the water

for other purposes; and at the expense of aquatic life which depends upon
free (dissolved) oxygen.

This is the reason why BOD has been so much a factor in stream
pollution control discussions and measures. If the beneficial effects on
aquatic life of the nutrients in sewage could be attained without the
catastrophy of oxygen depletion, it is possible that the wildlife biologists
might welcome raw sewage being discharged to the surface waters. How-
ever, health and other water use considerations would continue to require
waste treatment.

4, Miscellaneous factors.

Reactions of a stream to various wastes may have the effect of
changing water quality. Added nutrients increase aquatic life and the
tastes and odors which may result. Toxic ions and compounds reduce
aquatic life, but there is not a reaction of the river itself to this factor.
Various ions and materials may be precipitated in a stream or adsorbed
- on colloids in the season when sediments are transported most abundantly.
Tannery wastes at low pH may turn brown at the higher pH of surface
waters. In general, such miscellaneous factors are not profoundly in-
volved in changes of quality due to flow of water.

B. Stored water

On page 91 of the American Water Works Association Manual ( 1)
"Professor Sedgwick is quoted on an important facet of quality of natural
waters. ''It is therefore not so true that 'running water' as that 'quiet
water' purifies itself. We may even go so far as to say that the first
requirement for the natural establishment of purity in surface waters is
quiescence; but quiescence in rivers is ordinarily impossible.'" As I have

previously noted, the oxygen picked up in the rapids is utilized in the
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pools in streams. Pools, however, are far short of reservoirs in their
depth, detention, and other characteristics; hence the quality aspects
of stored water are worthy of separate consideration.

Changes in the quality of water resulting from the phenomena
associated with ponded water take place in natural iakes and ponds as
well as in artificial impoundments. To some degree these are heightened
or extended by water resource management techniques.

Reference has already been made to the increase in saits and
total solids resulting from evaporation (agricultural use). Some 35
percent of the storage available for irrigation was estimated as lost
by evaporation. Evaporation losses throughout the United States
average some 3 feet and in the Southwest the vaiue may be as much as
10 feet. Thus it may be said that stored water increases in salinity to
a marked degree.

Reaction to high temperature water discharged to a reservoir
has been observed to route the lighter water to the top where evapora-
tion cooled the surface and no temperature change in the reservoir oc-
curred. A somewhat similar situation exists with silt discharges
which commonly sink to the depths and channel through a reservoir
with little effect on the quality of water withdrawn for beneficial use,
for more pertinent reasons, from a higher elevation.

The American Water Works Association Manual {1} calls
attention to the decrease in bacterial content of stored water as lack
of proper food, effects of sedimentation, disinfecting action of sun-
light, depredations of other organisms, and devitalization take their
toll.

The principal phenomenon having an impact on quality of stored
water ig that of stratification and vertical mixing. Therefore it is
reviewed here and its implications briefly discussed.

The changes in quality resulting from storing water have a pro-

found effect upon the engineering of surface water supplies. An
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Since it is a cycle, any

interesting cycle of water quality takes place.

In the fol-

discussion of the cycle must begin at some arbitrary point.

lowing figure the situation in a deep reservoir is depicted in late summer

just prior to a situation of mixing of the reservoir contents commonly

known as the fall overturn.

Stratified reservoir before fall overturn

0\ ﬂ/ Water Surface

ZONE OF CIRCULATION. High DO,
high temp., growing algae and proto-
zoa (may cause taste and odor) ___

ZONE OF THERMOCLINE. Rapid
temp. change. Quality good in up-
per part. Algae and protozoa ma
be in upper part of zone. '
ZONE OF STAGNATION. Low
temp., no DO, carbon dioxid
methane, hydrogen sulfide,
hydrogen; color, odor,
taste, turbidity,
bacteria

Carbon dioxide

Decomposing organic matter
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Fall overturn results when temperature of water approaches 39, 3°
F (point of maximum density). Heavy water at top sinks to bottom when
wind disturbs surface causing the entire reservoir to go into vertical
circulation, Decomposing organic matter (leaves, surface washings,
dead algae and protozoa) produce organic acids and organic extratives.
Extratives produce color; gases may be odorous; acids may produce
tastes, odor, and color; organic debris is finely divided and causes
turbidity; lack of dissolved oxygen causes water to taste ''flat."

Stratified water as illustrated is subject to tastes and odors if
algal growth and protozoa are numerous. Organisms (called plankton)
give off essential oils in life processes. These have bad taste and odor
(some fishy, some like cucumbers, some like muskmelon, some musty,
etc.). Death of organisms releases oil globules which in combination
with chlorine give bad iodoform taste (medicinal taste). High tempera-
ture accentuates tastes and odors. In great numbers, plankton may;
cause turbidity and color as well as tastes and odors, and produce
overload on filters. Copper sulfate, chlorine, or other chemical
may be used to control growth of organisms in reserveirs.

Water is often taken from the Thermocline zone because of better
temperature, if DO content is sufficient.

Some physical factors and general considerations are important
to the quality of stored water. To begin with, a reservoir site should
be stripped of vegetation and the foregst duff lest tastes and odors from
such vegetation persist for decades. Wave action induced by winds
tends to produce turbid waters which may be carried out into the pond
by circulation or by ice floes. Such turbidity also involves micro-
scopic organisms and bacteria, as the littoral zone is the most
acti!ve biologically.

It may be said in conclusion that stored water changes in quality
quite profoundly, some of the quality factors being favorable and some

unfavorable to beneficial uses--the favorable being predominant.
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VII
VARIATIONS IN WATER QUALITY

Introduction

The quality aspects which have been related to meteorological
waters, and to the effects of domestic, industrial, and agricuitural
use on water returned to the resource pool are by no means constant
in time. Neither are the quality attributes of the surface and ground-
water resources themselves, although the latter is least affected by

diurnal, seasonal, or annual above-ground variations.

Factors in Quality Variation

Variations in quality occur in water from the same type of source
as a result of a number of conditions, of which the following are among
the most significant:

1. Climatic conditions

(a) Runoff from snow melt-~-muddy, soft, high bacteria
count.

(b) Runoff during drought--high mineral content, hard
groundwater quality.

(c) Runoff during flcods--less bacteriz than snow meit,
may be muddy (depencding upon cther factors listed
below.

2. Geographic conditions

Steep headwater runoff differs from lower valley z2reas in
ground cover, gradients, transporting power, etc.

3. Geologic conditions

(a) Clay soils produce mud.
(b) Organic soils or swamps produce color.
(c) Cultivated land yields silt, fertilizers, herbicides,

and insecticides.
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3. (d)

(e)

Fractured or fissured rocks may permit silt, bacteria,
etc., to move with groundwater.

Mineral content dependent upon geologic formations.

4, Season of year

(a)

(b)
(c)
(d)
(e)
(f)
(g)
(h)

Fall runoff carries dead vegetation--color, taste, organic
extratives, bacteria.

Dry season yields dissolved salts,

Irrigation return water, on growing season only.

Cannery wastes seasonal.

Aquatic organisms seasonal.

Overturn of lakes and reservoirs seascnal,

Floods generally seasonal.

Dry period, low flows, seasonal.

5. Resource management practices

(a)
(b)
(c)

(d)

(e)

Agricultural soils and other denuded scils are productive
of sediments, etc. (See seciion 2c.)

Forested land and swamp land yield organic debris.
Overgrazed oy denuded land subject to erosion.
Continuous or batch discharge of industrial wastes

alter shock loads.

In-plant management of waste streams governs nalurs

of waste.

6. Diurnzal variation

(a)

(b)
(c)

(d)

Production of oxygen by pilanktonic algze varies irom
day to night.

DO in water varies in same fashion.

Raw sewage flow variable within 24-hour period, treated
sewage-variation less prenounced.

Industrial wastes variable-~process wastes during
productive shift; different materizl during washdown and

cleanup.
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VIII
STANDARDS AND CRITERIA OF WATER QUALITY

Introduction

The preceding series of lectures has been directed to an identifi-
cation of the kinds of things——the factors--which change the quality of
water, to relate them to sources, and to note the conditions undexr which
they vary. The time has now come to talk about the effect of the quality
factors on the various beneficial uses of water drawn irom the resource
pool. To do so, however, requires that we first describe gquality in
quantitative terms, It is not enough tc say, for example, that turbidity
is aesthetically objectionable. We are not goiang to have crystal clear
water in our resource pocl, soc we shall have to decide how rnuch turbidity
the eye can detect and how much we are willing o pay to achieve such a
limit.

We are confronted with the necessity for guality control, both as
regards the nature of return water we shall permit users to discharge, .
and the nature of water acceptabie for zny heneficial use.

Control of water quality for any prupose, be it prorecticn of the
supply for some beneficial uses or conditicning of process water, involves

treatment. The goal of water ireatment thus hecormes that of altering

¢ intended cse. Water

or upgrading quality to a level appropriate ¢ i
treatment is accomplished by enginecred sveterms; and the goal of sound

engineering includes a concern for minimurn cost consistent with health,

safety, and product requirements., Therefore if qualiiy is to be changed,
some way must be found to decide when the change has teen carried far
enough, both in the interests of economy and suitability of the finished
water to its intended use. This way involves two concepts--'"standards, " 2
or '""requirements, ' and "'criteria' --which should he clearly undersiood.

Professor Jack McKee in his monumental work of "Water Quality

Criteria' notes that ''the term 'standard' applies to anv definite rule,

principle, or measure established by authority..... The fact that a
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standard has been established by authority makes it quite rigid, official, .
‘or'quasi-legal. An authoritative origin does not necessarily mean that
the standard is fair, é‘quitable, or based on sound scientific knowledge,
for it 'may have been established somewhat arbitrarily on the basis of
inadequate technical data tempered by a cautious factor of safety.'' (2) The
dangér ‘of such standards has been pointed out by someone else {Frank
Stead™) who notes that "today's estimate is tomorrow’s law. "
i Nevertheless some sort of parameters are necessary. ''We need
a yardstick, even if it is made of rubber, ' is one point which has been
expressed. To this end Professor McKee suggests that "'a far better-.
way to describe an administrative decision by a regulatory body is
'requirement.' It represents a requisite condition to fulfill a given
mission. It does not necessarily have the connotation of scientific
justification nor.does it give an impression of immutability. "
"A criterion, '’ notes McKee, '"designates a means by which any- -
thing is tried in forming a correct judgment respecﬁing it.'" He notes
the need for applying numbers to criteria but warns against letting
them ripen into rigid standards.
~When water is drawn from the rescurce pool its quality in quanti-
tative terms can readily be determined by physical, chemical, and
biological analyses of varying precision. And, except .in: the case of
human health and the welfare of other biota, the minimum acceptable
change. in each of these characteristics can be established through
experimental procedures. This exception, however, is a serious one
because our chief interest in this whole matter conéerns ourselves and
the flora and fauna in our own food chain. Therefore, our experiments
get involved with epidemiology, which involves time and disaster;

statistics, which involves more cf the same; and with biological

R R ' : o
' Director, Division of Environmental Sanitation, California State
I Department of Public Health. : SRR
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responses, which get involved with adaptations and secondary responses

that are difficult to evaluate. The values thus obtained can then be utilized

as criteria for judging the suitability of the water for specific beneficial ' -
use. - Assuming that the change necessary to make a water suitable for . |

the intended use is attainable by known and economically feasible pro-

cesses, the treatment system can be engineered. However, when used

water 1s to be returned to the resource pool with the goal of protectirig

the interests of all beneficial uses, looking out for the public health, and

keeping the quality of the pool such that reuse by all is within attainable

limits, standards normally become the parameter used. These may be

either stream standards or discharge standards.

Value of Standards

Standards which can be kept dynamic and flexibie have certain re-
cognizable values: ' ‘

1. : Measurement of quality factors is encouraged.

2. They permit self-control by dischargers.

3. They- preserve fairness in application of police power.

4. They furnish an historically docurnented storv of an event and
thus assist in controlling the future.

5. They make possible the definition of 2 problem.

6. They establish goals for design of systems.

7. In setting standards one must face his ignorance, or in facing
arbitrary standards one must say deiirnitely why they are
inappropriate.

8. They assess what we are getting from a system,

Where Standards are Needed
In a subsequent lecture the standards of water quality currently
used in relation to public water supply, agriculture, and industry are out-

lined. There are, however, several areas in which it is generally conceded
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that standards are yet needed. These include:
1. Chlorinated hydrocarbons in aquatic environments.
2. Transparency of water.
3. Nutrients in water.
4, Safety in fresh water recreation,
5

Safety of reclaimed water.

Classes of Standards

There are four major classes of standards:

1. Standard for etiological agent itself, e.g.., pesticides.

2. Index standard, in cases where some associated factor is
easier to measure than agent itself, e. g.. coliform
organisms which measure potentiality for disease producing
organisms.

3. Precursor. or element that enters into a reaction which affects
quality. e.g., BOD and nutrients are precursors; in them-
selves not important agents.

4. Major environmental factors which produce some results worthy
of concern, e.g., solar energy which drives biochemical

reaction.

Bases of Public Policy

The adoption of standards involving numer.ical specifications of
a spectrum of quality factors grew out of the goals o1 society as ex-
pressed in public policy. Protection of the public health was the first
goal to be so implemented. Originally public health concern was
directed to the prevention of specific illnesses. However, as time
went on, aesthetic goals became associated with health and standards
for prevention of nuisance, or offense to the senses of sight and smell
became common. The words '"pure. wholesome. and potabie' ap-
peared in public health laws. Now they call for the exprescsion of

quality in numerical terms which can be interpreted as defining pure,
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wholesome, and potable; all noncontinuous variables which are ill-defined
qualitative concepts.
But public health did not forever define the goals of water quality

1

control. New agencies were created to deal with the quality of water
where protection of the interests of beneficial uses not directly involving
public health was concerned--aquatic life, recreation, indusirial, and
agricultural supply, etc. These agencies, like the heaith agencies, must
establish suitable criteria and standards.

Currently, a totally new goal of water qualily has been added to
that of protecting the public health and other beneficial uses. This is
a social goal represented by organized and unorganized citizens who
demand ''clean'' or ''pure'' water per se. How shall the demands of

citizens be expressed in ''standards' without turning history back to

s 1
el

Indian days--an eventuality little advocated by the 'pore water’ enthusiasts---

is a question for which the answer has not yei anfolded. But it does fore-
tell the day when the return waters from beneficizl uses are going to
be required to look rmmore and more like the natural water which might

[

exist if the uses did not. Particuiarly do these "irve believers'

express
a concern for aquatic life. In fact, Professor Mcriee's researches into
the literature revealed that the number of references pertaining to the
effects of pollutants on aguatic life far exceeds that relative to any other
beneficial use.

To put this increasing social goal into persgpeciive, Mr. Frank
Stead of the California State Depariment of Pubilic rlealith lists five zom s
of concern for the control of any aspect of the environment, including the
water resource. In descending order of urgency they are as follows:

1. Zone of aesthetic enjoyment (top zor.e)

2. Zone of physical cormfort at bottom of which man becomes

aware of non-well being;
3. Zone of chronic illness or morbidity {chronic ill effect)-- ‘

impaired performance of man or system.
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4. Zone of acute morbidity (ill effects acute and serious).

5. Zone of simple survival (bottom zone), at bottom of which is

death or failure of a system.

The objectives of society may be to achieve the boundary between
any two of these zones in any, or in all, cases. For example, the
standards of water for public consumption have crept up from the
bottom zone to Zone 2, or in cases where the taste, odor, hardness,
and other uncomfortable factors are economically ipfeasible, to
to Zone 3.

A similar goal is developing for other beneficial uses as time
goes on. And, as has been noted, the achievement of the zone of
aesthetic enjoyment may well come to dominate the standards imposed
on all beneficial uses of water--i.e., domestic, industrial, and agri-
cultural return waters. Hence it is extremely important that standards
be more like the "'requirements' of McKee's definition: nct permanent
in magnitude for all time, but suited to the goals, the technology, and

the economics of society at each stage of its development.

Bases on Which Standards are Establishked

the goals which are to be achieved by the adoption c¢i standards, reg-
ulations, or criteria. Someone must eveniually express quality factors
in numbers which presumabie wiii establish the desired boundary con-
dition. One or more of the following bases may be used:
1. Established or going practice
2, Attainability, either easily or reasonably
a. Technologically
b. Economically
3. Educated guess, making use of best information available
4. Experimentation (e.g., animsal exposurej.
5. Human exposure

a. Take advantage of occurring catastrophy
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b. Experiment with humans directly
(Note: The same concept applies to plants and animals, including
aquatic life.)
6. Mathematical model or treatment[e. g., probability, mode,
percentile (MPN coliforms) ]
(Note: Biological events are geometric, hence single standard
cannot be used to describe the phenomenon in any case.)
In the existing water quality standards detailed in the next section
of this report, the educated guess and attainability have figured heavily.

A thorough study of the origins of standards of water
quality reported by Professor J. E. McKee in 1952 revealed the
sources to be ''technical personnel” or ''a committee of
representatives of the interested departments, ' either with
or without the added obscuring factor of statewide hearings.

In one case the frank reply to Professor McKee's question-
naire was that ''we have no records or minutes to show the
development of these standards and the former executive
secretary-engineer who handled these matters is no longer
with the Commission.'" More recently the Bureau of Sanitary
Engineering of the California State Department of Public Health
endeavored to trace to its origins the value of 500 mg/l which
appears as the recommended upper limit for total dissolved
solids (TDS) in the Public Health Service drinking water
standards. While rational men might agree that it is a
reasonable standard, the search revealed that the mind of man
does not recall nor do his records revezl its origin. Most
likely it represents a value widely attainable in the surface
waters of an America much less populatzd than today. As

500 mg/l is becoming increasingly unattainable in many cases,
it is now important either to document its validity or to develop
some new value to take its place. The former, as has been
noted, is impossible; the latter is doubly difficult. To base the
parameter on attainability one must first determine just what is
attainable in a water resource pool subject to an ever-increasing
recycling of waste waters; and he who would base it on some
rational or experimental curve of TDS number versus water
quality can only yearn for a former less number-minded era.

Attainability itself is by no means an easily identified
parameter, except in instances of some specific constituent of
water for which no scientifically feasible process of removal
is known. Therefore, attainability has not always been accurately
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estimated and subsequent embarrassment has accrued to the
standard bearer. In one case where the presence of a lead-using
industry suggested the need to set a standard for lead in the
waters receiving the industry's waste discharges, only intel-
ligent alertness op the part of the technical staff prevented an
unhappy decision. In this case those charged with the responsi-
bility of setting the standard suggested 0.1 mg/l lead as a
reasonable value for the receiving waters in view of what is
known about lead pollution and the beneficial uses to be protected.
However, a survey revealed that the muds upstream from the plant
naturally contained 10 to 250 mg/1 of lead. Eventually a

more realistic and liberal standard was established on the
grounds of attainability.

Perhaps the best researched parameter of water quality
is the MPN of coliform organisms. Even it involves an element
of the attainable; else why accept one organism per 100 ml
when no organism at all is the goal. The answer, of course,
lies in the epidemiological evidence that at this statistical
level of contamination other vectors of intestinal diseases
far outweigh the hazard of water. The parameter is there-
fore adequate under United States conditions but it is by no
means exportable as a criterion of water quality to regions
such as, for example, South Africa where the intensity of
typhoid and cholera pollution of sewage is far greater than in
the USA and where these diseases are not the only major
health hazards of waste waters.

Avenues of approach to the problem of establishing a
quantitative degree scale to each of the many significant
factors which affect the quality of water for each of a wide
spectrum of uses, of course, transcend attainability and
epidemiologically demonstratable catastropky. Bioassay
with 50 percent kill of test organisms must be translated
into zero kill concentrations. Results of tests on rats and
dogs must be escalated to protect their larger cousin--
man. ¥ Social science must replace chemistry in defining
"pure'' water, and soc on. (2)

s

"The method here is illustrated by the following formula:

Lifetime (z yr) tolerance of healthy rat
10

= ditto for healthy man;

healthy man
10

= frail man.
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The foregoing concepts underlying the standards applied to water
to define its quality suitability for beneficial use have their counterpart

in their discharge streams and the waters which receive them. These

' o1

are commonly called ''pollution contrcl standards, receiving water

H

standards, ' or, more generally, "'water pollution criteria.'' The nature

and underlying rationale in this case is outlined in the fcllowing summary.

Pollution Control Standards

Two general types of stanaards have been used te control water
pollution:
1. Those which set ""stream standards' fexr receiving waters.
2. Those which set "effluent standards"' for wastes discharged.
Stream standards are of two ciassifications:
1. Dilution requirements (no longer a popular rmethod)
2. Standards of receiving water quality, which:
(2) depend on establishment of tlireshold values for various
pollutants, or
(b) depend on the beneficial use to which the water is to be put.
Effluent standards are likewise cf {wo classes:
1. Those which restrict strength or amount of pollutants to be
discharged (e. g., Delaware Rivexr Commi.ssion?.
2. Those which specify degree of treatment required.
Standards of receiving water quality oftenr involve 2 system of stream
classification or zoning. This has the advaniage over eifluent standards
in that these standards take into account dilution and assimilative capacity
of the stream and hence make for economy of treatment works for
pollution abatement. On the other hand, standards are hard to define,
and cumbersome and difficult to administer.
An example of stream standards based on dilution are those set
by the British Royal Commission in 1912 for sewage and sewage effluents.

These standards have served satisfactorily for many years. They were
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developed to satisfy the requirements of small streams in populous areas
receiving strong sewage (2 to 4 times that of U.S. sewage). As set forth

by Imhoff and Fair, these standards are as shown in the following table.

Required Condition of

C1 ification of Sewage or Effluent Type of Sewage
aZil 1§a 1dn ° 5-day, 65°F. Suspended Treatment Presumably
andat BOD Solids  Satisfying the Standards
ppm ppm
(2) General standard <20 <30 Complete treatment
(b) Special standards
Ratio of receiving
water to sewage
flow
150 to 300 -- < 60 Chemical precipitation
300 to 500 -- <150 Plain sedimentation
Over 500 -- -- No treatment required

Imhoff and Fair also present an example of standards which specify
the required treatment as well as classifying receiving streams according
to use. These standards are shown in the table on page 84.

Similar water quality criteria were recommended by the Inter-
state Commission of the Potomac River Basin, and by Water Pollution
Control Boards of states such as New York, Pennsylvania, South
Carolina, West Virginia, etc.

The table on page 85, derived from the Potomac River Com-
mission data is illustrative of receiving water quality criteria which
set minimum stream requirements for arbitrary classes without
attempting to dictate the treatment measures by which they shall be
achieved. These criteria, it is explained by the commission, are to
be used as a guide, and only then in connection with a sanitary survey.
Pollution agencies are to regulate waste discharges so that these
standards are maintained. No rigid standards are set because of the

wide variations in natural river conditions.
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Standards of

Required

Emergency

Class Use Quality at Treatment Treatment
Low-watexr Stage of Sewage
(L) (2) (3) (4) (5)
D For rough Absence of Sedimentation, Chlorination;
(Bad) industrial nuisance, cders except in large  ferri chloride
- uses and and unsightly receiving waters treatment to
for irriga- suspended or remove hy-
tion floating mat- drecgen sulphide;
ters; dissclved addition of
oxygen present nitrate to sup-
ply oxygen
C For fishing Dissolved oxygen Sedirnentation; Aeration; ad-
content not less chermical or bio- dition of
than 3 and pre- logical treat- diluting waters
ferablsy 5 ppm; ment wasre
CO, not more neCessary
than 40 and
preferably 20
ppm ™
B For bathing, No visitle As in class C; Chlorination -
recreation, sewage mat-~ ckloriration if
and shellfish ters. A necessary
culture bacterial stan-
dard such as B.
coli less than
100 per 100 ml.
A For drinking In the absence As in class B; Trezaiment of
(Good) water after of filtration™™ a removal of drinking water
chlorination bacterial sian- certain taste with heavy doses

dard such zs

coli less than

50 per 100 ml,
Chemical stan-

B.

producing sub-
stances such as
phenols

dards for substances

not removable by
common treat-
ment methods

of chlorine and
with activated

carbon

At high temperatures the tclerance of fish to low DO and high CO
decreased; high temperatures are also objectionatle in themselves.

*kWith complete purification in modern filiration works, a bacterial

standard such as 5, 000 B,

of a safe drinking water.

coli per 100 ml will normally permit production



Class Use Minimum Requirement
A Water supply Coliform bacteria MPN, 50/100 ml

with chlorination maximum.

only (Fish life, Color < 10 ppm.

bathing, recrea- Turbidity <10 ppm.

tion, process pH - 6.0 to 8.6 range

also) DO not less than 7.5 ppm. No single
obs < 6.0 ppm.

No toxic substances, free acid, debris,
odor or taste producers {except natural
sources}. No sludge deposits of any
kind.

B Bathing, fish life, Coliform bacteria MPN {monthly average)
recreation. between 50 and 500/100 ml.
Water supply after Color - 20 ppm rmax. desirable.
complete treat- Tarbidity - 40 ppm max. desirabie.
ment. pH - 6.0 to 8.5

5-day BOD - max. any sample = 3.0 ppm.
Average <1.5 ppm,

DO - monthly average > 6, 5 ppm.

- no sample< 5.0 ppm.
Other conditions -~ same as Class A.
C Water supply Coliform bacteria - monthly average
after complete 500 to 5000/100 ml.
treatment Color & turbidity - removable by
Ind. process, filtration.
navigation, etc. pH - 6.0 0 8.5
' 5.day BOD - monthkly average <Z.3 ppm.
- single sample <4, 0 ppm.
DO - monthly average > 6. 5 ppm.
- single sample > 5. 0 ppm.
Other conditions - same as Class A,
D Navigation, Shall not constitute nuiszance.

cooling water, etc.

pH - 6.0 to 8.5
5-day BOD - menthly average < 3.0 ppm.
- single sample <5, 0 ppm,
Other conditions - ne toxic substance,
iree acid, floating debris,
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Water Quality Criteria and Control in California

California has deviated appreciably from the more customary type
of standards of receiving water quality which depend on the beneficial use
to which the water is to be put, in that it does not sanction the grouping
of receiving waters into classes A, B, C, D, etc. While its rulings
may in time have a similar practical effect, the classification of water
quality will be controlled by the land and water use growth rather than by
some preconceived, and often arbitrary, systern of classification.

California's water pollution controcl act of 1949 has two distinct
goals:

1. Protection of the quality of the waters of the state for present

and future beneficial vse,

2. Maximum use of those waters for waste disposal,

The act set up a State Water Pollution Control Board of 14 men, divided
the state into 9 regions, and provided for a 5-man regicnal board in each
region. The stated objective of the State Board is ''the prevention and
control of pollution and contamination of the waters of the state at a
minimum of expense consistent with obtaining this objective. In
achieving this objective, it will be the policy of thisz board that its actions
and those of the regional water pollution control boards shall be so
directed as to secure that degree of care in the planning and operation

of works for the treatment and disposal of sewage and industrial wastes
as will adequately protect the public health and 21l of the heneiicizal uses
of waters in this state and at the same time pexrmit the ligitimate planned
usage of those waters for receiving suitably prepared wastes so that an
orderly growth and expansion of cities and industries may be possible,

Each regional board is autonomous in its region. Each consists of
representatives from water supply, irrigated agricuiture, county govern-

ment, city government, industrial waste.
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As regulatory agencies they have 3 principal duties:

1, Formulating and adopting long-range plans and policies.

2. Setting and enforcing waste discharge regulations.

3. Coordinating the interests of other agencies.

The state board serves in a coordinating and appellate capacity to:

1. Formulate a state-wide policy for control of water pollution
with due regard to the authority of the regional boards.

2. Review acts of a regional board where the regional board has
failed to take or obtain appropriate action to correct a
condition of pollution.

3. Administer state-wide programs of research or of financial
assistance for water pollution control.

4. Allocate funds for the administrative expenses of the regional
boards.

In controlling pollution a regional board follows 4 steps:

1. Enunciates beneficial water uses which it intends to protect.

2. Defines water quality criteria to protect beneficial water
uses.

3. Prescribes waste discharge requirements.

4. Checks compliance and enforces requirements,

In'

‘enumerating beneficial water uses' the board takes cognizance
of the fact that the law defines pollution as an impairment of the quality
of water by sewage and industrial waste to a degree which adversely

and unreasonably affects waters for domestic, industrial, agricultural,

navigational, recreational, or other beneficial use.

The law establishes what beneficial water uses are--the board states
only which of these water uses it intends to protect in any case. In doing
this it considers:

1. established water use,

2. planned future uses, and

3. need for economical waste disposal.
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In doing this it holds public hearings and takes its action at a public
meeting.

After setting forth the water use to be protected, the board must
establish limits of chemical, physical, and biclogical characteristics
beyond which impairment for beneficial use cccurs. [n setting these
standards the board consulis authorities in the proper fields {agriculture,
water supply, recreation, etc.). It expects the criteria, with a reasonable
margin of safety, to represent maximum concentrations of pollutants
which may be achieved, and a continuing study of water quality is made
with the idea that as maximum wvalues are approzched the possipility
of unreasonable impairment will exist and careful checks on waste
discharges and enforcement procedures may be in ovder.

A greatly simplified hypothetical case is shown graphically in the
accompanying figure {page 89).

In carrying out the last two steps in the contirol of pellution--pre-
scribing discharge requirements and enforcing these rejuirements--the
board makes use of pericdic checks and, if necessary, of the courts of
law. Waste dischargers may appeal decisions of the regional boards
to the state board, which mzy hear or refuse to hear the case as its

merits seem to warrant.

Discussion

-

In recent years the tendency has been io set standards ior receiving

waters rather than to specify the exact degree of *reatment required of
each municipal cor industrial waste discharger, It is generzlly under-
stood that the criteria shall serve as a guide in analyzing each problem
of effluent discharge as it arises. Furthermore, they are intended
to apply only for some reasonable time in the futare,
In establishing criteria or standards, considerations should include:
L. Not all streams were of the same yuzality before pollution began,
2. All beneficial uses of the stream, including wasie disposal,

should be taken into account.
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3. In a dynamic civilization, standards must be revised in time to
meet changed needs.

Serious disadvantages of any stream standard include the fact that:

1. Minimum permissible quality of water tends to become its
maximum quality, as waste dischargers seek to get by with
the least possible treatment which will meet the standards.

2, Standards tend to become fixed values rather than guides to
judgment, hence may result in arbitrary decisions.

3. If stream classification is involved, future use of the stream
tends to be frozen in advance.

The advantages include such considerations as:

1. The industry or town fortunately located on a stream or reach
of water having a large assimilative capacity is not penalized,
as is the case with effluent standards.

2. The degree of treatment imposed on a small industry with a
small waste volume is less than would be required for a large
ivn:sxt/a/flatiéiig‘(;f the same type in the same location.

3. Prox-/ision may be made for an orderly revision of regulations as

conditions require, with less administrative difficulty.
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X
QUALITY NEEDS OF BENEFICIAL USES

Introduction

Having discussed in a somewhat sketchy way the nature and
variation of quality factors contributed to the fresh water resource
pool by major water-using sectors of the economy and the self-
purification process of natural waters, let us now consider what the
quality of that pool means in terms of its beneficial use. In such a
condition we should address our considerations in the days ahead to
several related questions:

1. Is it feasible to maintain the quality of the resource pool

at such a level that all beneficial users find it satisfactory
for their purposes?

2. If not, what is the optimum quality which should be required
by the public so that each beneficial use can adapt the re-
source to its own particular needs by current technology
and within the scope of economic feasibility? |

3. By what legal and institutional concepts and procedures
can the public enforce its wishes or gain its objeciives?

4. By what quantitative parameters, numbers, standards,
etc., does the public and its representatives define its
objectives and measure the degree of attainment?

5. Can all local sectors of the water resource ever be made
suitable for every beneficial use which the fresh watex
resource may serve?’?

6. How does the saline water resource fit into the pattern of
water resource management and what are its peculiar
problems of quality management?

7. What are the technologically feasible means by which users
of water can alter the quality of their return waters to con-
form to imposed requirements? How do they function?

What are their limitations ?
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While these questions are not going to be taken up one at a time in
the sessions to come, it is proposed to keep them in mind in developing
the course presentations. Obviously some questions, such as No. 1
for example, are simple '"straw men'' to be knocked down with a single
blow. Others are going to take a lot of knocking before water quality
management is continuously responsive to the needs and desires of
society.

The first step in getting at answers to questions such as the fore-
going is to inquire into the quality requirements of beneficial uses, in-
cluding several which themselves contribute little, if anything, to a

change in the quality of the fresh water resource.

A. {Quality Requirements of Industry

By far the most varied spectrum of quality requirements is found
in industrial water needs when the quality requirements of beneficial uses
are considered. The accompanying table (page 93) reproduced from the
American Water Works Association Manual, 1950 edition (1) gives an idea
of the water quality tolerances for several industrial applications. A
study of the table and its numerous footnotes leads to the conclusion that
the needs of industry cannot possibly be the criterion by which the quality
of the fresh water resource is managed. Certainly a water with the zero
oxygen needed in high pressure boiler feed, the pH limit of 6.5 - 7 of
brewing, the 0.3 turbidity limit of rayon manufacture would be a wierd
concoction indeed and a bit awkward to magnage in metal pipes.

Therefore it would seem axiomatic to suggest that industry will
have to continue to treat water in accord with its own needs for process
water, and to locate its plants where the local resource can be suited to
its process and cooling water requirements. Generally the siting of a
new plant is governed more by the quality of return water it is permitted
to discharge than the quality of the water at its intakes. However, the

movement of industrial plants from the heavily industrialized northeast
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Tanning® 0 | 10-100] — ~ | — }30-133] 135 | 80 - — |02 e e It B R B B - - -
Textiles: .

Geaeral 5 20 — R, — 20 — — —_— - 8.25 1 0.25 1 — - L Rl — —— e — — -«-

Dyeing' 5 5-20 — — — 20 - — — —_ 02510251025 — o — e — o — e . —

Wool gcouriugﬂ — 70 — —_ — 20 — —_— — -— 1.0 1.0 | 1.0 — — — — — - — — e —

Cotton Bandagets 5 5 — — | Low a9 — — — — 02 102 |02 — - [ —_ — _ — - —.

t A——No cotrosiveness; li—No siine [ormation: C—Coal to f I drinki ter stand- Dbacteria, which tend to form slimes.
arda necessary; Di‘;\'&cqf 275 ppm. an natt ermance to federal drinkiog water stan * Ca(HCO,)1 particularly teoublesome.  Mg(HCO. ) tends to greenish color. €Oy assists to pre-
? Waters with algue sad hydrogen sulfide odors arc most unsuitable for air conditioning. vent cracking. Sulfates and chlorides of Ca, Mg, Nashould eurh by less than 300 pprs.iwhite butts),
* Some hardness desitabile, . % Uniformity of composition and temperature desicable.  Iron objectionuble since celluiose adsorbs
¢ Water for distilling must meet the samie general renuirements as for brewing (gin and spirits iron from dilute solutions. Mangancse very objectionalile, elogs pipelines and is oxidired to perman-
mashing water of light-beer quality; whiskey mashing water of dark-heer quality), ganates by chloripe, causing reddish color. . ; .
¢ Clear, odorless, sterile water Tor syrup and carbonization., Water congistent in character.  Most ¥ Excessivk iron, manguaese or turbidity crentes spots snd discoloration in tanning of hides and
high quality Bltered mnnicipal water not sutistactory for beverages. lesther goods. ., . . -
¢ Hard candy requires pH of 7.0 or greater, ax low value favors inversion of suCrose, causing sticky i Constant comporition; residusd alumina <0.5 ppm.
product. . 3 Calcium, mugnesium, iron, manganese, suspended matter and soluble onganie nuitter may he
P Control of cuer sivens-:is netexsary as is also contrel of organiams, such as sulfur and iron objectionable.

Reprinted, with permission, from Water Quality and Treatment, American Water Works As sociation,
Tre New York. 195(0.

¢h
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has often been triggered by the low quality of the intake water as a result

of upstream discharge of wastes by numerous other industrial plants.

B. Quality Requirements of Agriculture

Literature on the subject of the quality requirements of agriculture
is quite extensive. Some of the more important factors which define the
quality of water acceptable to growing of crops are outlined herein. They
are, of course, based on the limitations of current species of plants and
presuppose the maintenance of a situation in which the choice of crops to
be planted by the farmer is governed by factors other than water quality.
At the present state of our national development, one of the goals of water
quality management should be, in my opinion, the maintenance of such a
freedom as long as it is possible to do so.

In a previous lecture I have called attention to the fate of past civiliza-
tions which have depended upon the irrigation of crops for their prosperity,
and have speculated that if ours should go the same route it may well be
because intensive multiple repeated use of the water resource will have
salted the water rather than the soil. In any event, it is of more than
normal concern to us that the quality of the fresh water pool be suited to
the needs of agriculture.

What factors limit the usefulness of a water for agriculture and the
concentrations at which their effects are felt either in a minimal or a
catastrophic way have been the object of much research and many publica-
tions with which I am not thoroughly familiar. In what I have to say I am
drawing heavily upon the writings of Eldridge (2) and of Wolf and McKee (4).

Salinity. Eldridge (2), in his summary of '"Quality Considerations, "
states that:

Criteria for irrigation water are developed on the basis of
salinity, sodium, boron, and bicarbonate concentrations....
Irrigation water should be relatively high in calcium and
magnesium. ..; boron in irrigation water should not exceed
one to two ppm...; and silica, nitrate, and fluoride are un-
desirable in domestic water but in the normal concentrations
present no hazard to irrigation water,
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Relative Tolerance of Crop Plants to Salt Constituents

in the Soil Solution

Group I

Crops which may be

grown on soils of
weak salinity

Group II
Crops which may be
grown on soils of
medium salinity

Group III
Crops which may be
grown on soils of
strong salinity

CDBeans, wax, pods
> Beans, navy, tops
E Red clover

g Field peas

1 Horsebean

Vetch

Proso

Oats (grain crop)

Wheat (grain crop)
Onions

Squash

Carrots

Ladino clover
Sunflower

Rice

Rye (grain crop)

Oats (hay crop)
Wheat (hay crop)
Grain sorghums
Foxtail millet
Strawberry clover
Asparagus
Cowpeas

Flax

Sweet clover
Barley (hay crop)
Tomatoes

Cotton

Alfalfa

Sorgo

Kale

Rape

e Meadow fescue

U Italian ryegrass

L Crested wheatgrass
o
 Slender wheatgrass

Tall oatgrass

Emmer (grain crop)

Onions
Squash
Carrots
Ladino clover

(B)-Sunflower
Rice

Rye (grain crop)

Barley (grain crop) (B)}-Barley (grain crop)

Oats (hay crop)
Wheat (hay crop)
Grain sorghums
Foxtail millet
Strawberry clover
Asparagus
Cowpeas

Flax

Sweet clover
Barley (hay crop)

(B)-Tomatoes
(B)-Cotton

Alfalfa
Sorgo
Kale

Rape

Meadow fescue

Italian ryegrass

Crested wheatgrass
Slender wheatgrass
Tall oatgrass

Cotton

Alfalfa

Sorgo

Kale

Rape

Meadow fescue
Italian ryegrass
Crested wheatgrass
Slender wheatgrass
Tall oatgrass
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Relative Tolerance of Crop Plants to Salt Constituents
in the Soil Solution (cont.)

Group I Group II Group III
Crops which may be Crops which may be Crops which may be
grown on soils of grown on soils of grown on soils of
weak salinity medium salinity strong salinity
Smooth bromegrass Smooth bromegrass Smooth bromegrass
Bluestem Bluestem Bluestem
Bermuda grass Bermuda grass Bermuda grass
Rhodes grass Rhodes grass Rhodes grass
Sugar beets Sugar beets Sugar beets
Milo, tops and grain Milo, tops and grain Milo, tops and grain
Garden beets Garden beets Garden beets

Tentative Guides for Evaluating the
Quality of Water Used for Irrigation
(After McKee and Wolf, original manuscript)

Thr p — 5
Determination hreshold (a) Limiting  (b)

Concentration Concentration

Coliform organisms, MPN/100 ml 1000 (c)
Total Dissolved Solids (TDS), mg/l1 500 1500%*
Elec. conductivity, micromohs/cm 7503 2250%
Range of pH 7.0-8.5 6.0-9.0
Sodium adsorption ratio (SAR) 6. 0% 15
Residual sodium carbonate (RSC), mg/1 1. 25% 2.5
Arsenic, mg/l 1.0 5.0
Boron, mg/1 0, b 2.0
Chloride, mg/l 100% 350
Sulfate, mg/1 200" 1000
Copper, mg/1 0. 1% 1.0

(a) Threshold values at which irrigator might become concerned about
water quality and might consider using additional water for
leaching. Below these values water should be satisfactory for
almost all crops and almost any arable soil,

(b) Limiting values at which the yield of high-value crops might be
reduced drastically, or at which an irrigator might be forced to
less valuable crops.

(c) Aside from fruits and vegetables which are likely to be eaten raw,
no limits can be specified. For such crops, the threshold
concentration would be limiting.

*  Values not to be exceeded in more than 20 percent of any 20

consecutive samples, nor in any 3 consecutive samples. The
frequency of sampling should be specified.
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The growth of plants is affected by salt content in the
soil water. Plants differ in their tolerance to salinity.
Electrical conductivity is normally used to measure con-
centration. It is measured as conductivity in micromhos
per centimeter at 25° C[EC x (EC x 106)] . Four classes
are designated: '

Low (Cy) . . . . Less than 250 micromhos/cm
Medium (Cp2) . . . 250 - 750

High (C3). . . . 750 - 2250

Very High (C4g . . Above 2250

About one-half of the waters used for irrigation in the -
west come within the range of 250-750 micromhos/cm,
which in terms of dissolved minerals is about 175 to 500

ppm.

Plants have difficulty in obtaining water from saline .
solutions. The characteristic(s) of soils, however, are
not adversely affected by high concentrations of salts, if
sodium is low in comparison with calcium and magnesium.
Sodium renders soils impermeable to air and water, and
when wet these soils become plastic and sticky. The effect
of sodium on the soil is measured by the "sodium-absorption
ratio' which is the ratio of sodium ion to calcium and
magnesium ions.

The formula used is:

Na

Ca+Mg
2

SAR =

A volume of SAR = 8 is considered satisfactory; 12 to 15 is
marginal; and more than 20 is serious and requires special management
practices, i.e., the application of gypsum (CaSO4) to the soil.

"SAR must be used in combination with total salt content since
the higher the salts the more sodium can be tolerated.'" This fact
has led to a classification of irrigation waters on a scale of C1 to
C4 as follows: | |

1. Low salinity water (Cl) can be used on most crops and soils.

2. Medium salinity water (CZ) can be used on most crops but

requires a moderate amount of leaching.
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3. High salinity water (C3) requires good drainage, permeable soils,
and salt resistant crops.

4. Very high salinity water (C4) is not normally good for irrigation.

Similarly sodium factors ranging from S, to S, have been designated

1 4
and related to C._ to C4 salinities in terms of micromhos/cm.

1
Boron. Boron is toxic to plants in certain concentrations but varies
with species and climate factors. In general:
Sensitive crops (fruits, nuts, beans) - 0.33 to 1.25 mg/1
Semi-tolerant crops (cereals, vegetables, cotton) - 0,67 to 2.50 mg/1

Tolerant crops (alfalfa, sugar beets, asparagus) - 1.00 to 3. 75 mg/1

Bicarbonates and carbonates.

Bicarbonates in irrigation water tend to render calcium
more soluble, When calcium bicarbonate enters the soil an
increase in temperature or evaporation may precipitate the
calcium as CaCO_ which tends to hold the calcium in the soil.
This is of importance since it keeps the calcium content of
the soil high. This reduction of calcium in the drainage water
results in an increase in the sodium-absorption ratio.

""'residual sodium carbonate'' which

is defined as the sum of the equivalents of normal carbonate
and bicarbonate minus the sum of the equivalents of calcium
and magnesium. (2)

Some waters contain

It is generally concluded that water containing less than 66 mg/l residual
normal sodium carbonate (NaZCO3) can be safely used in irrigation.
Between 66 and 132 mg/l is marginal; and above 132 mg/l is not suitable

for agriculture.

C. Quality Requirements of Domestic Use

The quality of water which must pertain in the resource pool if it
is to be suitable for domestic use varies widely with the individual quality
factor under consideration. In general, it may be said that as a matter

of principle:
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1. To be suitable for domestic purposes the raw water supply
must be of such quality that the public health drinking water
standards, in all factors where absolute limits are specified,
are achievable by normal water treatment technology, i.e.,
coagulation, filtration, chlorination.

2. The quaiiiy standards which are recommended but not
obligatory should be exceeded only as a result of character-
istics of the natural water and not as a result of the increments
added by return waste waters, e.g., softening or de-ionization,
or simply human tolerance of such things as salinity and hard-
ness should not be imposed as a result of quality depression
by previcus beneficial use of the raw water.

In the table on page 116, McKee and Wolfe (4) present the water
quality objectives of raw water supplies for various beneficial uses.
Reference is rnade to the Public Health Service drinking water standards.

"Drinking waisr standards'' present a considerable amount of
explanatory data on general environmental sanitation, sampling techniques,
and frequency, and methods of analysis. Maximum permissible limits
of coliform bacteria and certain chemical factors are specified. Re-
commended maximum limits of other chemicals are presented. (The
reader is referred to the original reference and to "Water Quality
Criteria (4) for a full presentation of the significance of various quality
factors.)

Bacteriological standards are summarized in the following table.

In general they mean one coliform organism/100 ml.

Sample Examined Limits

Standard 10 ml portions Not more than 10 percent in one month
shall show coliforms. (Subject to
further restrictions specified.)

Standard 100 ml portions Not more than 60 percent in one month
shall show coliforms. (Subject to
further specified restrictions.)
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Physical characteristics: No material present offensive to senses

of sight, taste, or smell.

Turbidity . . . . . . . . . . 5 Units
Color . . . . . . . . . . . 15 Units
Threshold odor number . . . . . . 3 Units

Chemical standards, both recommended and absolute, are sum-
marized in the accompanying tables (pages 10land 102). One shows by com-
parison of the 1946 and 1961 standards the immutability of some standards,
or perhaps the slow progress made in establishing epidemiological bases
for standards. The other presents the same data as tabulated in '""Public
Health Service Drinking Water Standards, ' 1961 (6).

Radioactivity: Added radiation shall not 'bring total from all socurces
above maxima specified by the Federal Radiation Council and approved by
the President. Water supplies shall be approved without concideration
of other sources of radiation from Radium-226 and Strontium-90 when the
water contains these substances in amounts not exceeding 3 and 104 |
c/liter, respectively.

In the known absence of Strontium-90 and alpha emitters, the water
supply is acceptable when the gross beta concentrations do not exceed
1000 p pc/liter. In excess of this amount the water shall be rejected

for public use.

D. Quality Requirements of Recreational Use

Recreational use of water as herein discussed refers primarily to
bathing, swimming, and other water-contact sports; boating, zand aesthetic
enjoyment. Fishing is, of course, a recreational use of water but the
quality considerations in that case are those required for the protection
of aquatic life and are hence discussed in that context.

The general criteria of quality for recreational use are obvious:
freedom from obnoxious suspended or floating material, cbjectionable

color, or foul odors. Furthermore they should be free of substances
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Revision of Chemical Limits

Recommended a Concentrations Which
Maximum Limits Constitute Grounds For
) (mg per liter) Rejection of Supply
(mg per liter)
1946 1961 1946 1961
Revision Revision
Alkyl benzene sulfonate .
(detergent) - 0.5
Arsenic - 0.01 0. 05 0.05
Barium - 1.0
Cadmium 0.01
Carbon chloroform extract _
(exotic organic chemicals) - 0.2
Chloride 250. 250.
Chromium 0. 05 0.05
Copper 3.0 1.0
Cyanide - 0.01 - 0.2
. b b
Fluoride - 1.7 1.5 2.2
Iron + manganese 0.3 -
Iron - 0.3
Lead 0.1 0.05
Manganese - 0.05 |
Nitrate - 45,
Phenols 0.001 0.001
Celenium 0.15 0.01
Silver - 0.05
Sulfate 250. 250.
Total dissolved solids 500. 500.
Zinc 15. 5.

a ) . . ..
Concentrations in water should not be in excess of these limits when
more suitable supplies can be made available,

Fluoride temperature concentration relationships are discussed in
detail in the text.
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Chemical Characteristics--Recommended Mixima (6)

Concentration

Substance (mg/1)
Alkyl benzene sulfonate (ABS) 0.5
Arsenic (As) 0.01
Chloride (Cl) 250
Copper (Cu) _ 1.0
Carbon chloroform extract (CCE) 0.2
Cyanide (CN) 0.01
Fluoride (F) 0.6 to 1.7 range
Iron (Fe) 0.3
Manganese (Mn) 0.05
Nitrate (NO3) 45 -
Phenols 0.001
Sulfate (SO,) 250
Total dissolved solids (TDS) 500
Zinc (Zn) . 5

Chemical Characteristics--Maximum Permissible {6)

Arsenic (As)

Barium (Ba)

Cadmium (Cd)

Chromium (hexavalent) (Cr
Cyanide (CN)

Fluoride

Lead (Pb)

Selenium (Se)

Silver (Ag)

+6

)

. 05
.0

. 01
. 05

O = O

(@]

0.05
0. 01
0.05
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(including pathogens) which are dangerous to swallow.

Specific standards in terms of numbers, however, are not so
easily established. Largely because of the need for some sort of a
standard, coliform organisms have often been considered. The pos-
sibjlity of infection certainly exists when fecal organisms abound in the
water, although British studies of the North Sea failed to show any
correlation between disease and sewage polluted water and beaches.
The result is that standards set by regulatory agencies have generally
been related to aesthetic considerations and ability of compliance
rather than on any sound epidemiological evidence. A general dis-
inclination of people to come in contact with sewage together with un-
certainty of the mode of transmission of infectious hepatitis suggest
that some coliform standard or criterion should be utilized. Natural
agents such as the organisms which produce schistosome dermatitis and
leptospirosis occur in some waters and so render them unfit for
recreation involving contact, but the methods of preventing such
infestation of waters does not appear in standards. The table on
page 104, compiled from data in McKee and Wolf (4) reflects the
rather uncertain quality limits suggested by various agencies for

recreational waters.

E. Quality Requirements for Livestock and Aquatic Life

Livestock and wildfowl. Animals react very mich the same as

humans to highly mineralized waters. Generally no animal will choose
to drink saline water when better water is available. I have found
cattle with access to a heavily sewage polluted stream so excited over
fresh water offered in a bucket that the safety of myself, the bucket,
and the smaller of the animals was threatened. (Incidentally, I

caused city water to be piped to these animals, and it was evident to
me on seeing the results that these animals were drinking sewage only
with the same survival motive as a human might.) Sudden changes

from slightly mineralized to highly mineralized waters has been known
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Tentative Guides for Evaluating Recreational Waters

Water-Contact

Boating & Aesthetic

Determination Noticeable Limiting Noticeable Limiting
Threshold Threshold Threshold Threshold
Coliforms, MPN/100 ml 1000* o -- --
Visible solids of sewage origin none none none none
ABS (detergent) mg/1 1% 2 ¥ 5
Suspended solids, mg/1 20% 100 20% 100
Flotable oil & grease, mg/l 0 5 0 10
Emulsified oil & grease, mg/1 10%* 20 20% 50
Turbidity, silica scale units 10* 50 20% ok
Color, Std. cobalt scale units 15% 100 15% 100
Threshold odor number 32% 256 32% 256
Range of pH 6.5-9.0 6.0-10.0 6.5-9.0 6.0-10.0
Temperature, Max. °C 30 50 30 50
Transparency, Secchi disk, ft. -- -- 20% alota

"Value not to be exceeded in more than 20 percent of 20 consecutive samples, nor in any

three consecutive samples.

At

no fecal pollution is evident.

ste ste
bR

No concentrations likely to be found in surface waters would impede use.

Note: Noticeable threshold represents level at which pecople begin to notice and perhaps to

complain,

s :
No limiting concentration can be specified on basis of epidemiological evidence, provided

Limiting threshold is level at which concentwations prohibit or sericusly impair use of

water for recreation,
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to kill livestock from salt poisoning. However, the tolerance of animals

depends upon many factors including health, salt content of the diet, and
the nature of the salts involved. McKee and Wolf discuss this point in
some detail, but the conclusion is‘ that the maximum concentrations of
salts that can be tolerated by domestic animals without danger of injury
by the osmotic effect of salts lies between 15,000 and 17, 000 mg/1.
However, a value of 10,000 mg/l is more realistic for sheep and perhaps
7,000 mg/l for milk cows in production. Obviously, these values are
considerably higher than can be tolerated by humans who, as I have
noted previously, have to practice a bit to get along on 3, 000 mg/1.
Toxic algae and protozoa cultured in heavily sewage polluted
water are dangerous to both livestock and wildfowl. (See section on
Effect of Nutrients.) Wastes from dairies and slaughterhouses have
been suspect in the spreading of animal disease through water. Oily
substances are detrimental to livestock if the unavailability of fresh-
water forces them to drink it, Wildfowl losses are particularly great
when contact fouls up their feathers. (See McKee and Wolf (4) for
fuil discussion. )

Aquatic life. The extensive literature on the effects of pollution

on aquatic life is such as almost to discourage one who would summarize
it. As has been previously pointed out in these discussions, anything
that interrupts the food chain at any level is serious to all organisms
higher up the chain. Thus a lack of fertilizers may lead to an

aquatic desert. However, as discussed in another section on
Eutrophication of Water, the likelihood that man's activities are going
to wipe out the fertilizers in water where they already exist is quite
remote. The danger lies in toxicity acting in différent Ways on dif-
ferent creatures, or in suffocation of organisms as a result of
lowered or completely obliterated oxygen content of the water. It

is for this reason that BOD and oxygen relationships have been

featured most prominently in assessing the quality of water for aquatic
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Tentative Guides for Evaluating the Quality
of Water Used by Livesiock

Threshold” Li.mr’_ting*'\"

Determination - ) . .
Concentration Concentration

Total dissolved solids {TDS), mg/1 2H00 QO

Cadmium, mg/l 5 L
Calzium, mg/l i) L GO0
Magnesivm, mg/l A0 sy
Sodium, mg/1 1033

Arsenic, mg/l [

Bicarbonate, mg/l e STy

Chloride, rang/l 1501 R

Fluoride, mg/2 i f:
Nitrate, mg/1 AR SO
Nitvite, mg/1 T el T e
Sulfate, mg/1 300 TR

Range of pii b, M5 B, 0

e
Threchold values represent concenivationg at widch powlizy
sensitive animals might show slight effects {i-om prelonged wee 28 aush
water., Lower concentrations are of litle o7 ws concern.

ke

I.imiting concentrations hased on inletim criteris

Animals in lactation or production might sh.ow definite advecse
reactions,
Ry . ) A
Tot2l magnesium compounds plus saodium sulfate shoold aot
exceed 50 percent of the total dissolved selids



107

life, and why domestic sewage has been the first line of attack whenever
the protection of aquatic life is one of the beneficial uses of water to be
protected by public agencies. Ouality management for aquatic life,
therefore, revolves about oxygen; although with the advent of organic
pesticides, their effects on the water resource have been a matter of
concern.

Bacterial pollution of water has been a factor in relation to aquatic
life, not because of its effects on the organisms themselves but rather
because of the danger to human beings from eating raw shellfish or
by contaminating the food or drink of the fisherman through carelessness.
Shellfish, being nature's little sewage treatment plants, can concentrate
bacteria and evidently virus to a degree that is dangerous to the gourmet.

On the other hand, the possibility that wastes may produce disease
in fishes cannot be ruled out. Recently it has been found that the English
Sole in San Francisco Bay caught near the sewer outfalls have growthé
on their heads and mouths which are evidently cancerous. Virus in
sewage is suspect but the results of investigative work are not yet in.
Nevertheless it seems evident that something in the sewage-contaminated
environment is the cause.

McKee and Wolf (4) summarize tentative guides for evaluating water
quality in the context of fish propagation. (See table on page 108.) They
also summarize work which leads to the general conclusion that salinities
below 12, 000 mg/l are definitely detrimental to oysters; that oysters and
clams are critically affected by temperature but different species have
different ranges of tolerance. Concéhtration of radic nuclides, and in
some cases of exotic organics, is also a factor in considering the suit-
ability of water for aquatic life.

Most of the concern of our discussions has been with the fresh water
resource, whereas shellfish are brackish or salt water organisms. This
brings to attention that little has yet been said concerning the resource

implications of the discharges from the fresh water résbu_rce pool, which
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Tentative Guides for Evaluating the Quality of Water
Used for the Propagation of Fish
[After McKee & Wolf (4)]
Threshold Concentration

Determination ’ Fresh Waier Salt Water
Total dissolved solids (TDS), mg/1 2000 -
Elect. conductivity, micromhos/cm at 25 @C 30007 -
Temperature, maximum, °C 34 34

Maximum for salmonoid fish 23 23
Range of pH 6.5-8.5 6.5-9.0
Dissolved oxygen (DO}, minimum, mg/l 5, 0 5, G
Flotable 0il and grease, mg/l o* 0¥
Emulsified oil and grease, mg/1 1o 16*
Detergent, ABS, mg/l 2,0 2.0
Ammonia, free, mg/1 G, 5* -
Arsenic, mg/l 1. 0% 1. 0%
Barium, mg/1 ' 5, 0% -
Cadmium, mg/l 0. 01% -
Carbon dioxide, free, mg/! 1.0 --
Chlorine, free, mg/1 v, 2 -
Chromium, hexavalent, mg/! 0, s 0. G5*
Copper, mg/l oL 0, 02%
Cyanide, mg/1 (3, GAF® 0, Q2™
Fluoride, mg/l S i, 5%
Lead, mg/l S ¢.1¥
Mercury, mg/l 0l 0. 01
Nickel, mg/1 DL .
Phenolic compounds, as phenol, g/l Y --
Silver, mg/l W, 01 0. 01
Sulfide, dissolved, mg/1 DL BF 0, 8%
Zinc, mg/1 3,1 -

sk " . . .
Values not to be exceeded in ruore then 20 pereent of any 20 consecutive
samples, nor in any three consecutive samples., Other values should never
be exceeded. Frequency of sampling should be specified.
Dissolved oxygen concentrations should not fall below 5.0 mg/1
more than 20 percent of the time and never below 2,0 mg/1.

Note: Threshold concentration is value that normally might not be
deleterious to fish life, Waters that do not exceed these values
should re suitable habitats for mixed fauna and flora.

McGauhey note: Recent data indicate also that rate of change of oxygen
tension is an important factor, and that diurral changes in DO may,
in sewage polluted water, render the value of 5,0 of gquestionable
mezrit,
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incidentally, in any degree of purity constitutes a pollutant if introduced

either by design or inadvertence into a saline environment. (The
significance of the marine and estuarial water resource is the subject of
a subsequent section. )

Klein (3) lists a series of coal tar derivatives which lead to
cbjectionable tainting of fish flesh, and which at the same time are toxic
to fish. He notes that phenols, chlorphenols, and similar compounds
from industrial wastes may thus damage the value of fisheries. He
also presents a quite comprehensive list of the effects of various
substances on fish. A recent publication of the Robert A. Taft Center
of the Public Health Service (7) gives a wealth of information on the
response of lower creatures in the aquatic foed chain, particularly
the aquatic insects, protozoa, and bacteria, as indicated by numbers
of organisms present, to a whole spectrum of ions, compounds, and .
envirecnmental conditions. These findings, and those of the numerous
references from which they are drawn, are toc voluminous to sum-
marize here and to interpret as quantitative measures of quality. The
important factor is that a great deal of investigative work is being
directed to the matter of the water quality needs of aquatic organisms,
and we may expect that as time goes on and the data become more con-
clusive, such quality considerations will be reflected in an increasing
stringency of requirements to be met by beneficial users of the water
resource which return used water to the resource pocl.

For the present purpose, the tables compiled by McKee and
Wolf (4) and by Klein (3) may serve to indicate the general criteria by

which water can be judged as to its suitability for aquatic life."

F. Other Beneficial Uses

The spectrum of beneficial uses of water extends beyond dom-
estic, industrial, agricultural, recreational uses, and the preservation

of useful or even useless aquatic life. It includes alsc navigation,



110

Tabl 5!. lcihal limits to fish for sotae important poliuting substances st

In this - able the concentration values arc the lowest at which definite toxic actior:

is indicatid by the data in the reference cited. Wherever possible the exposure

time is given. It must not be assume tha. lower concentrations are harmless anc

for further information the works cited should be consulted as many include surviva’

curves or tables. Where no reference is given th< figures are based on unpublished

work by the writer. Most of the data is for temperatures between 15° and 23° C

Concentrutions are parts per million unless otherwise stated. Exposure time:s

have beer: approximated in some cases. For the pH values tolerated by various
fishes, see Figure 30.

Lethal Exposure
Substance Fish tested concentration time Ref.
hours
Aceticacd . . . | goldfish ! 423 20 1
Aluminium potassium sul-
phate (alum) ” 100 12-96 |
Aluminiu m nitrate . | stickleback 0-1 144 15
Ammoniz, . . . | goldfish 2-2-5 NH, 24-96 1
» . . « | perch 3N 20 55
» . . . | roach 3N 5 55
’ . . . | rainbow trott 3N . 2 55
Ammonium chloride . " ” 500 17 79
Ammonium sulphate . . " 1000 14 79
Amyl alcohol . . . | goldfish 1 161 )
Aniline . . . | minnow 200 48
. . . . | brown trout 100 48
Arsenic compounds
Sodium arsenite . . | minnow 17-8 As 36 79
Sodium arsenate . . » 234 As 15 79
Barium chloride . . | goldfish 5000 12-17 1
” ” . . | salimon 158 ? 80
Barium ritrate . . | stickleback 500 Ba 180 15
Bromine . . . | goldfish 20 15-96 1
Butyl aleohol . . . - 250 7-20 4
Cadmium chloride . . ’ 0017 9-1(8 4
Cadmium nitrate . . | stickleback 0-3 Cd 190 15
Calcium hydroxide . . | goldfish 100
(pH 11-1) ? 8l
Calcium uitrate ” 6061 43-48 4
» » . . | stickleback 1000 Ca 192 15
Carbon aioxide . . | various spp. 100-200 ? 2
Carbor 1nonoxide . . . . 1-5 1-10 2
Chloramine . . . | brown trout fry | 0-06 ? 82
Chlorine . . . | rainbow trout 0-03 ? 83
” . . . » » 0-08 ? 46
’s . . - | brook trout 0-5-1-5 ? 84
» . . . | goldfish | 96 1
Chromic acid . . . » 200 60-84 |
Citric acnd . . . ” 894 4-28 1
Cobalt c.iloride . . v 10 168 |
Cobalt nitrate . . | stickleback 15 Co 160 15
Copper 1iitrate . ' 002 Cu 192 14
” ” . . | rainbow trout 0-08 Cu 20 72
” ' . . | salmon 0-18 ? 80
Copper sulphate . . | stickleback 0-03 Cu 160
Cupric chloride . . | goldfish 0-019 3-7 4

Reprinted, with perrnission, from River Pollution.
2: Causes and Effects, by Louis Klein. Butterworths, Inc.,
Washington, D. C., 1962,
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Table 51~—cont.
Substance Fish tested Lethal Exposure | Ref.
concentration time
hours
Cresylic acid . . goldfish 1 6-48 1
Cyanogen chloride . rainbow trout 0-1 ? 85
Ethyl alcohol . goldfish 0-25 c.c.fb 6-11 4
Ferric chloride stickleback pH 48 14 15
Herbicides*
Aminotriazole coiho salmon 325 418 86
- bluegill 10,000 48 86
Baron . chinook salmon | 2-3 48 86
» largemouth bass | 4-6 24 86
Dowpon coho salmon 340 48 86
Diquat chinook salmon | 285 48 86
v rainbow trout 60 96 86
Diuron coho salmon 16 48 86
Endothal . chinook salmon | 136 48 86
F.98 (Acrolein) ' » 0-08 24 86
' rainbow trout 0-065 24 86
Hyamine 1622 coho salmon 53 48 86
Kuron chinook salmon | 1-23 48 86
’ largemouth bass | 3-5 24 86
Monuron coho salmon 110 48 86
» various spp. 40 240 86
Omazene ch’nook salmon | 0-83 48 86
Phygon XL largemouth bass | 0-07 48 86
Simazine chinook salmon | 66 48 86
Sodium TCA v " ->870 48 86
Hydrochloric acid stickleback pH 48 240 15
" . . goidfish pH 40 4-6 1
(Sec also Figure 30)
Hydrogen sulphide . v 10 o6 1
Insectictdes®
Aldrin ” 0-028 96 87
' rainbow trout 0:05 24 60
BHC . . . . | goldfish 2:3 9% 87
BHC (65 per cent
gamma isomer). . | rainbow trout 3 96 88
Chlordane . goldfish 0-082 96 87
' . rainbow trout 05 24 60
Chlorothion. fathcad minnow | 3-2 96 87
Co-ral blucgilt 0-18 96 87
DDT . goldfish 0-027 96 87
. rainbow trout 0-5 24 60
. ” ’ 0-32 36 63
' salmon 0-08 36 63
v ” 0:072 ? 89
» . brook trout 0:032 36 63
Dieldrin goidfish 0-037 96 87
» bluegill 0-008 96 87
» rainbow trout 0-05 24 60
Dipterex fatncad minnow | 180 96 87
Di-syston bluegill 0-064 96 87
Endrin goldhish 0-0019 . 96 87
» carp 0-14 | a8 65

® The references cited should be consulted for the chemical names of these compounds, the degree
of purity of the preparations used for the tolerance tests, and the methods employed for making the

test solutions.



112

Table 51—cont.
Lethal Exposure
Substance Fish tested concentration time Ref.
hours

Insecticides (conl.)
Endrin fathcad minnow | 0-001 96 87
EPN . " 0-2 96 87
Guthion bluegiil 0-005 96 87
» . fathcad minnow | 0-093 96 87
Heptachlor . rainbow trout 0-25 24 60
” goldfish 023 96 87
» . bluegill 0-019 96 87
Malathion . fathead minnow | 12-5 96 87
Methoxychlor rainbow trout 0-05 24 60
» goldfish 0-056 96 87
OMPA fathead minnow | 121 96 87
Parathion ” ” 1:4-2-7 96 87
Para-oxon . ’ 0-33 96 87
Sevin . » » 13 96 87
y bluegill 56 96 87
Systox fathead minnow | 3-6 96 87
Toxaphene . rainbow trout 0-05 24 60
»» goldfish 0-0056 96 87
» ca 0] ? - 90
TEPP fathcad minnow | 1-7 96 87
Lactic acid goldfish 654 6-43 1
Lead nitrate minnow 033 Pb ? 7
”» ” stickleback 033 Pb ? 7
s " brown trout 0-33 Pb ? 7
. » stickleback 0:1 Pb 336 14
” ” goldfish 10 -2 14
. . . rainbow trout 1Pb 100 72
Lead sulphate . goldfish 25 Pb 96 6
Magnesium nitrate stickleback 400 Mg 120 15
Mercuric chloride " 001 H 204 15
Methy! alcohol goldfish 0-25 c.c.fl 11-15 4
Naphthalene salmon 32 ? 80
» perch 20 1 51
Nickel chloride goldfish 10 200 1
Nickel nitrate stickleback 1 Ni 156 15
Nitric acid minnow pH 50 ? 7
Oxalic acid goldfish 1000 1 |
Oxygen . rainbow trout 3 cc./L* 45
" . cel 1 c.c./L.* 45
. . . coho salmon 720 41
Nascent oxygen various species 0-033 ? 91
Ozone . » . 0-01 ? 91

Phenolic substances
ortho-cresol minnow 60 2 92
para-cresol . » 50 2 92
v w rainbow trout 5 2 21
phenol minnow 20 4 92
w - rainbow trout 6 3 21
. perch 9 1 51
o . . goldfish 10 72 1
Potassium chromate rainbow trout 75 60 79

* These are said to be the minimum tensions at which the animal is able to extract its normal

requirement of oxygen from the water.
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Substance

Potassium chromate .
Potassium dichromate

I 1
Potasstum cyanide

b2} 12

5 »”

» »
Potassium nitrate

Potassium permanganatc .

”

Pyrié;nc

(44
Quinoline
Silver nitrate .
Sodium chlorate
Sodium chloride
Sodium cyanide

39 EE]
Sodium fluoride
Sodium hydroxide .

(See also Figure 30)
Sodium nitrate
Sodium sulphide

thl b2l
Sodium sulphite
Strontium chloride .
Strontium nitrate
Sulphuric acid
Tannic acid

» ” -
Tartaric acid .
Zinc sulphate .

Sk e ted

Lire meuth bass

. ‘ T pow trout

Eyaldfish

ranbow trout

sticklrback
goldish
variows species
perel

gralddtish

perch
stickleback
golddfish

sticl::‘leback
various species
goldfish

1A
sticklebick

bx'o‘\r\'n trout
goldfish

stickleback
goldfish
salmon
goldfish
stickleback
goldfish

rainbow trout

Lethal Exposure
concentration time Ref.
hours
1395 Cr 68 93
57 72 79
500 72 1
(-4 CN 118 4
0-1-0-3 96 1
0-13 CN 2 21
0-07 CN 70 18
70 K 154 15
10 12-18 i
3-5 ? 68
1000 1 51
1-87 c.c. L. 10-30 4
30 1 51
0-00¢ Ag 180 15
> 1000 120 1
10,000 240 1
1-04 CN 2 11
! | ? 20
11000 60-102 1
PIT 106 168 2
60300 Na 180 15
458 2 11
18 ? 29
100 96 1
10,400 Sr 17-31 4
1500 Sr 164 15
pH 39 5-6 1
100 180 1
4-8 ? 80
100 200 1
0-3 Zn 204 14
100 120 1
0-5 64 10

Table 52. Lethal limits to fish for Synthetic Detergents and Soaps

This Table is based upon the data in HENDERsON, PICkERING and
Couen56 and 1Water Pollution Research, 195557

Expo-
Lethal Water sure
Substance Fish tested concentration type fime
p.p.m. hours
Entire packaged detergents ' fathead minnow | 41-85 soft 96
» ”» 1 + ” 15-87 hard 96
Surface active agents
alkyl benzenc sulphonates . . 4-5-23 soft 96
”» 3 I " ’ 3-5-12 hard 96
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Table 52—cont. x

Expo-
Lethal sure
Substance Fish tested concentration Watsr lime
p-p-m. type hours
Surface active agents (cont.)
polyoxyethylenc ester fathead minnow | 37 soft 96
» o " 5 38 hard 96
sodium lauryl sulphate . » » 51 soft 96
1 ”» 9 . »” » 59 hard 96
sodium  tetrapropylene
benzene sulphonate rainbow trout 12 ? 6
Builders
sodium perborate . » » 320 ? 24
sodium pyrophosphate . s . 1120 POy ? 24
sodium silicate . » » > 256 ? 24
sodium sulphate ’ ” > 704 ? 24
- » fathcad minnow | 9000 soft 96
” » . . » » 13,500 hard 96
sodium tripolyphosphate | rainbow trout 1120 POy ? 24
» . fathead minnow | 140 soft 96
» » " » 1300 hard 96
Soaps
household soaps " » 29-42 soft 96
» ” . ” » 920-1800 hard 96
pure sodium stearate »y . 100 soft 96
»» » » ' " > 1800 hard 96

Table 53.  Check list of fishes used in cxperjmental work
with polluting substances °¢

Common name

Scientific name

bleak .

bluegill .

brown trout

carp . . .
catfish (American) .
chinook salmon
chub .

coho salmon

dace

cel .
fathead minnow
goldfish (common) .

goldfish (crucian carp)

largemouth bass
minnow

perch .
rainbow trout
roach .
salmon (Atlantic)

speckled trout, brook trout or

American char .
stickleback (3-spined)

stickleback (12-spined)

tench

Alburnus alburnus (L.)

Lepomis macrachirus Rafinesque

Salmo trutta (L.)
Cyprinus carpio (L.)

Ameturus nebulosus (Le Sueur)
Onchorhynchus tshawytscha (Walbaum)

Squalius cephalus (L.)

Onchorhynchus kisutch (Walbaum)

Leuciscus leuciscus (L.)

Anguilla anguilla (L.)

Pimephales promelas Rafinesque

Carassius auratus (L.)

Carassius carassius (L.)

Micrapterus sahnoides (Lacépéde)

Phoxinus phoxinus (1..)

Perca fluviatilis (L.)

Salmo gairdnerii Richardson

Rutilus rutilus (L.)
Salmo salar (1..)

Salvelinus fontinalis (Mitchell)

Gaslerosteus aculeatus (L.)
Pygosteus pungitius (L.)

Tinca tinca (L.)

sls
3

2: Causes and Effects, by Louis Klein.

Washington, D. C., 1962.

‘\Reprinted, with permission, from River Pollution.

Butterworths, Inc.,
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power production, flood control, and wastes transportation. General
statements might be made about the quality of water required for each
of these benefits, but they would be relatively meaningless from a
practical viewpoint. Specifically, the quality control measures
necessary to protect other beneficial uses today would become over-
riding long before metal ships are cut off at the waterline or turbine
runners are converted to lace--although both have happened in the past.
The same may be said for water used as a transport system. If trans-
port were the only objective a fluidity adequate to insure downhill
movement a bit faster than molasses is about all that is required. And
quality aé a factor in flood control is essertially meaningless.
Thérefore, these uses are not discussed here in detail. Instead,
attention is directed to the following summary sheet from McKee and
Wolf (4) which lists the principal objectives and treatment réquirements

appropriate to the major beneficial uses.



WATER QUALITY OBJECTIVES AND MINIMUM TREATMENT REQUIREMENTS

Water Quality £

TABLE 3-4

biectives, Applicable to Receiving Waters, for Salt and Fresh Surface Waters and Underground Waters
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X

EUTROPHICATION OF SURFACE WATERS:

THE EFFECT OF NUTRIENTS
(1) (2) (3) (4)

Introduction

In a previous lecture it was pointed out that under '"'wilderness "
conditions mineral salts brought in from weathered soil, plus degradable
organic matter of terrestrial and aquatic origin, furnish the nutrients
which support the normal aquatic food chain. It was particularly noted
that such materials seldom are present in sufficient concentrations to
lead to anaerobic conditions. This is to say that the amount of mineral
and organic matter is the limiting factor in the abundance of aquatic life.
And whenever such factor is limiting, the system is nutrient sensitive
and can be expected to react quickly to the addition of fertilizer com-
pounds at a low energy level; or to change in population characteristics
if the compounds enter at a high energy level, In terms of the 2erobic
cycle of growth and decay, it is the lefi-hand half cf the cycle which
reacts first to the introduction of stable nutrients, whereas the right hand
sector will be first to react to unstable organic materials possibly going
into the anaerobic cycle with catastrophe to the aquatic society.

Highly treated domestic and organic industrial wastes; return water
from irrigated agriculiure; and runoff irom farm land, golf courses,
lawns, and other land areas to which comumercial fertilizer is applied
are the principal outside sources of the bio~chernically stable nutrients
entering surface waters. FExerting little or no BOD, these compounds
have the effect of enriching the aquatic life. Incompletely treated dom-
estic and organic industrial waste waters, surface wash from vegetated
land and from organic swamps, and dead aquatic organisms within the
receiving water itself are the principal sources of unstakle organic
matter which must first be degraded through an oxygen-demanding process
before they appear as nutrients to other than the microbial population of

the water,
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Eutrophication of Lakes and Rivers

It is reported that the Swedish biologist, Neuman, in 1919 was
first to designate nutrient-poor waters as '‘oligotrophic and nutrient-

rich waters as ''‘eutrophic, '

Utilizing Neumann's concept, the term
"'eutrophication' may be used to describe the process of maturatioﬁ of
a lake from a nutrient-poor to a nutrient-rich body of water. The
"wilderness'' lake in its early years is almost universally oligotrophic,
unless it is created in an organic swamp. If it is of appreciable size
and depth so that the inflow-outflow relationships are small in com-
parison with the volume of the lake, many centuries may be required
for the organic buildup to reach such proportions that the lake is
nutrient rich and continues to remain so through recycling of nutrients
regardless of the relatively small annual influent of such materials.

In other words, eutrophication, although the ultimate destiny of a lake,
may be very slow in developing. If, however, artificial enrichment
occurs as a result of huma1|1 activities, lakes may become eutrophic
within a very short period of time.

Thomas (4) notes that ''In northern Switzerland. .. all lakes of
20 meters depth or more with at least 500, 000 square meters of
surface area belonged to oli'gptrophic types until a few decades ago...
Today most of these lakes are in -a eutrophic state as a result of
artificial fertilization. "

An extensive list of lakes showing early eutrophy was published
by Hasler in 1947. A partial summary of this list is given i{n the table
on page 120 (1.. It includes lakes ranging from 286.1 to 0.18 square
miies in surface area and from 414 to 4.2 meters in depth.

The advance of eutrophication of a lake receiving artificial
fertilization is dramatically demonstrated by Zurichsee in Switzerland.
It consists of two basins--~the Obersee and the Untersee--separated by
a narrow passage. Hasler (1) states that in the past fifty yeérs ""The

Untersee, the deeper of the two basins, at one time a decidedly
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List of Lakes Showing Early Eutrophy owing to Domestic Drainage (1)

‘ Area in Max. Depth
Lake Sq. Miles in Meters
Alpine Lakes
Zurichsee (Unter) 25. 86 143
Hallwilersee 3.90 48
Rotsee 0.18 26
Zugersee 15.01 198
Murtenersee 8.81 46
Freifensee 0.33 35
Worthersee 7.50 85
Lago di Como 56.33 414
Finnish Lakes
Lohjanjarvi 47.19 56
Vesijarvi 56. 37 40
Mommilanjarvi _ 1.46 100
Lehijarvi 286.10 19
Engiland
Windermere 5. 7("'. 67
United States
Mendota (Wisconsin) 15,20 . 25,6
Wingra " 0. 31 4.2
Monona " 5,44 22.5
Waubesa " 3.18 i1.1
Kegonsa " 4.91 9.6
Geneva " 8.53 43,2
Delavan " 2,83 17.2
Nagawicka " 1.43 28.8
Pewaukee 1 3.59 ) 13.8
Lake Washington (Wash. ) 33.83 _‘ 65.2
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oligotrophic lake, has become a s__trong_ly eutrophic lake apparently owing
to urban effluents originating from a group of small communities (thé
city of Zurich is located at the downstream end of the lake but con-
tributes no sewage). The shallower of the two received no major

urban drainage and has retained its oligotrophic characteristics."

Objections to Eutrophication

Implied, if not indeed explicitly, in the foregoing paragraphs
is the concept that eutrophication, like sin, is something to be abhorred
by all right-minded water resources management people. What, in
terms of water quality, do we have to lose by accelerating the natural
process of nutrient buildup in ponded waters? To answer this questiori
it is oniy necessary to consider the quality characteristics of a lake
water before and after it has become eutrophied.

Large lakes in their original or ''wilderness'' state have, as
Thomas (4) éxplains, a very 1arge volume' of water in the hypolimnion
(zone of stagnant water). Characteristically such lakes appear blue
or gre.enish blue, the water is clear and transparent, and the phos-
phorus content of the water is so low that plants cannot make use of
all the available nitrogen. ''There is only a quantitatively moderate
development of phytoplankton organisms even in the surface water, and
littoral plant production is also slight. The high permeability of
light prevents the formation of a distinct thermocline and provides
the plants with good conditions for development even at great depths. "

In such lakes the alkalinity‘and dissolved oxygen vary but little
from top to bottom and there is no production of ammonia, hydrogen
sulfide, or other gases of decomposition in the depths. Although’
some of these conditions are conducive to organic growth, nutrients
are the limiting factor; hence, the production of plants and phyto-
plankton is slight during the entire year. In contrast the deep'fauna

is comparatively rich, whitefish (Coregonen) being the predominant
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£
species. The fall overturn of such a lake would p#oduce none of the

adverse quality conditions discussed in a previous .la_ectionr.

It should be pointed out that small lakes, evenijn the original state
may be subject to the seasonal low quality limitationé" described in a
previous section. In them the ratio of water volume to influent organic
matter --leaves, surface wash, pollen grains_, insects, etc., --may be
quite small, leading to anaerobic conditions in the depths and to quality
degradation previously described in connection with the turnover of
reservoirs.

The objections to eutrophication, however, are not lirnited to the
degradation of the quality of stratified water. The ﬁutrient substances
present in sewage effluents frequently lead to the production of explosive
'"blooms'' of algae of such intensity that clear sparkling lakes are trans-
formed to turbid colored bodies of water., Decomposition of the algae |
then produce obnoxious odors and floating decomposing mats of organic
matter. Thomas {4) graphically describes the conditions in these
terms: ''Plankton algae make the water turbid and discolored with
unpleasant shades of green, yellow, brown, and violet., The floating
layers of plankton algae are particularly disagreeable to swimmers,
boaters, fishermen, inhabitants of the banks, and people walking
nearby. Shore algae also are often unpleasant, '

He goes on to describe the growths of diatoms on stones in

eutrophied Swiss lakes, and the masses of Oscillatoria which overgrow

the mud or lake chalk bottom of the shallows. Part of the oxygen from
this growth is held back in the tangled mass of algal filaments, ''"These
gas bubbles finally result in patches larger than hand size being detached
from the bottom so that they float on the surface and form repulsive

flat cakes there that look like the skin of a toad. This unpleasant
phenomenon is overcome only by rain and wind in April or May. The
original biotopes of the 'toad's skin' are then overgrown by other algae

.. which then rise to the surface of the lake in summer and disfigure



123

the shores.' He describes inb detail the coating of stones in water O to
3 meters deep with diatoms and algal filaments to a depth of several
centimeters. Algal pads of Cladophora rise to the surface annoying
everyone who comes in contact with them. In Lake Zurich such masses
constrain the natural motion of reeds in the wind with the result that
the reeds break at the surface of the restraining mat and themselves
contribute to a mass of decomposing organic matter. The result is a
situation disadvanfageous to fishermen, aesthetically objectionable to
the public, and conducive to gasses of decomposition such as hydrogen
sulfide which are in themselves objectionable.

The fish population of seWage fertilized, i.e., eutrophied, lakes
has been observed to change from whitefish to coarser species. In the
United States eutrophication of lakes has caused great concern. The
lakes at Madison, Wisconsin, and Lake Washington at Seattle have
probably been given widest publicity. More recently national attention
has been drawn to Lake Tahoe, one of the finest of the few remaining
non-eutrophic lakes in the world, where the problem of managing
man's occupancy of the lake basin without creating the conditions which
would lead to early eutrophication of the lake present some unique
problems.

Concerning the Wisconsin lakes, Rohlich {1) has noted that:

'""As early as 1882, algal blooms were reported as having occurred in
Lake Mendota and Monona. ...Over a period of more than twenty-five
years argument and debate continued in regard to the odor nuisances,
the fertilization of lakes, and the extensive algae growths."

In the case of LLake Washington it remained a relatively clear
oligotrophic lake until quite recently. Anderson (1) noted that since
1950 '""prominent changes have occurred, particularly in 1955 when
for the first time there appeared an increased growth of phytoplankton

made up mainly by the blue-green alga Oscillatoria rubescens, a

notorious indicator of pollution in many lakes.' He points out that
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since 1955 the annual crop of algae has increased with the result that with
™the increase in productivity the transparency of the water has decreased
and oxygen consumption and nutrient release in the hypolimnion (zone of
stagnation) during summer stratification has progressively increased. "
The oxygen deficit has increaped threefold in the depths since 1933 and in
1957 the deepest waters became anaerobic for a short period for the

first time.

The consequences of enrichrnent of rivers are similar to those of
lakes in their effects upon beneficial use. In the "wilderness'' state there
are sufficient nutrients brought into the stream to suppcrt aquatic life
without detracting from the appearance and other qualities of the water,
In fact a river in its original state is suitable for fishing, swimming, and
development for public water supply. Enrichment of such stream has
little effect on the reaches where velocity is high. In the pools and
quiescent zones, however, algae and higher agunatic plants soon develop.
A thick growth of weeds depreciates the sport of fishing. Swimming is
impossible. And tastes, odors, and other factors compound the problem
of reclaiming it for water supply.

Exclusion of further nutrient discharges to a river will result in
its reverting in time to its original state of nutrient limited aquatic life,
The lake, however, is essentially irreversible because of recycling
of nutrients. Solar energy is the only inpu‘t‘ needed to keep the cycle
going indefinitely, since the normal influx of fertilizer compounds is
more than enough to offset the discharge losses. Asg previously noted,
there is a slow accumulation of nutrients in a lalke even under wilderness

conditions, but '"'instant eutrophication' is the result of human activities.

Factors Influencing Eutrophication

Although the amount of nutrients is an influencing factor, there is
no simple relationship between the maturing process of a lake and the

amount of nutrients present in its waters. The rate at which eutrophication
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occurs is governed by a combhination of factors related in a complex
fashion which is not fully understood. Nevertheless, there is no doubt
that urban drainage is one of the most critical factors. Rohlich (1) has
noted that: '"Essentially all climatic, physical, and biological factors
have an influence on the eutfdphication process particularly as they
relate to the distribution, availability, and utilization of the nutrients
required by the algae in their fnetabolisrh. "" Rawson (l) stresses the
complexity of the relationship| of envirdnmental factors which lead to
eutrophigcation of lakes. Geology, geometry of the lake, tempefature,
dis?olvgd oxygen, pH, calcium, iron, nitrogen, phosphorus, silica,
and organic material seem all to be involved in a complex fashion
of unknown nature. Sawyer (1} and others, however, '.stress Vthe
predominance of nitrogen compounds and phosphorus as determinants
of algal blooms. In a report authored by Sawyer and Lackey in 1943
(See reference 1), rﬁtrogen ah_d phosphorus were identified as the
culprits in the eutrophication of the Madison lakes, the major soufce
for Lake Mendota being the disposal plant for the city of I\/T[adisonv. The
report further stated that '"inorganic nitrogen and phosphorus were
found ‘to be critical factors in the producti\./ity of the lakes, and that
for during the year 1942-1943, L.ake Waubesa, the most heavily
fertilized lake in the survey, at least 65 percent of the‘I inorganic
nitrogen and 89 percent of the inorganic phosphorus entering the lake
were derived from non-gricultural drainage.' Later studies by other
observers in 1949 found the less frequent blooms in l.ake Mendota, in
corﬁparison with its compahion lakes, to be related to its lesser intake
of nutrients. However, there are sufficient inputs from non-urban
sources to produce algal blooms in the lake when other environmental
factors are favorable. |

| Rohlich (1) calls attention to another case in which algal blooms
are not triggered by the return waters from‘irrigation, industry, or

cities. This is the upper Klamath Lake which for sixty years has



developed unsightly and offensive smelling conditions each summer.

"The precise explanation, ' Rohlich notes, 'for the unusually high

productivity is as yet not fully explained, but it was noted that the S
drainage water from 92, 000 acres of muck soil agricultural land which ;
has been drained and diked as well as drainage from 136, 000 acres of

essentially natural marsh land contains humic leachates from the marsh

soil, and analysis of the leachate shows that the nitrogen content in

summer is more than double that in the winter. Algae culture studies

using media enriched with humic water showed that the production,

measured by weight of algae, was 70 percent greater in the humic-enriched

cultures than in the unmodified controls. "

Thomas (4) reported results of experiments in which nitrogen and
phosphorus were added to samples of water from forty-six different
lakes, in the amounts of 20 mg/l nitrogen and 2 mg/l phosphorus. Over
a two-month pericd the plankton had greatly increased in all cases, .
The results demonstrated that ''only nitrates and phosphates come into
question as minimum substances in such lakes...the addition of
nitrogen and phosphorus compounds to lakes and rivers is sufficient
to stimulate some types cf algae to greatly increased growth, which can,
however, have very detrimental results. '’

Maloney (4) of the U. S. Public Health Service attempted to determine
the minimum concentrations of nutrients necessary to support the growth
of algae. His tentative conclusions were that nitrogen should be below
0.1 mg/1 and phosphorus below 0.01 mg/1l, with essentially no iron
present if nutrient scarcity is to prevent algal growth. Similar conclusions
have been reached by other observers (1}.

It is generally conceded today that phosphorus is more important than
nitrogen in causing algal blooms. In fact, an algal bloom may result from
excess phosphate out of all scale. with the normal ratio of nitrogen to
phosphorus in plant growth. This is the result of the development of
types of algae which can fix nitrogen from the atmosphere provided there

is plenty of available phosphate.
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The Problem of the Engineer

The entire concept upon which treatment of domestic wastes has
been.predicated is the matter of BOD reduction. Standards, of course,
specify a limit on suspended solids as well, but the sewage treatment
process has been built around satisfying the oxygen demand of de-
gradable organic matter before releasing domestic waste water to
the resource pool. This simply means that the right half of the aerobic
cycle of growth and decay must be more nearly completed by the treat-
ment process as the demand for higher and higher quality of effluent
is ifnposed by regulatory agencies. Until quite recently, however, the
prevention of eutrophication of receiving waters has not been considered
as an objective of sewage treatment, nor has it been a goal of water
quality regulation. Historically each time the water quality objectives
have been tightened, the discharger of organic wastes was required to
bring the state of nitrogen and phosphates in his effluent nearer to that
of stable inorganic nitrates and phosphates. Within the past two or
three years, however, pollution%control agencies notably in the eastern
and southern United States, have begun to set receiving water standards
which éimply cannot be met by e;xtending the degree of oxidation of
nitrogen and phosphorus in the discharge. It is not clear whether the
regulatory agencies are é.ware of this, but the consulting engineer
confronted with a regquirement that cannot be met because organiéms are
quite as happy with nitrate as with ammonia is in a quandry. We
have simply not yet come up with any technologically and economically
feasible method of nitrogen removal, nor has nitrogen removal been
generally recognized as an objective of waste treatment. Deionizing
of water, distillation, anaerobic fermentation with denitrification, and
other procedures can, of course, remove nitroggn. However, the
parameters necessary to design engineering systi(ems, as well as the
economics of such systems, have yet to be developed.

A similar problem exists in the case of phosphates. Phosphate
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removal methods were developed and published more than a dozen years
ago. Currently, one installation based on the method of phosphate removal
by alum precipitafion is going into operation in the Lake Tahoe basin on
~what is patently an experimental basis as far as operational parameters
and economics are concerned. Although techniques for removing phosphorus
have been developed, some very difficult problems may arise if phosphate
:emoval becomes an objective of waste water treatment. To a large

degree these relate to the sources of phsophorus in sewage.

| Phosphorus finds its way into domestic wastes via a number of
routes. As previously noted, phosphates are concentrated in the leaves

of growing plants; thus the household garbage grinder introduces a portion
of the phosphate content of sewage. Milk contains an important amount

of phosphorué, aﬁd the use of milk on a large scale in the diet of Americans
makes an important contribution of this element to the waste waters. The
builder in the more than four Billion pounds of synthetic detergents sold
each year in the United States is phosphates. In fact, possibly 30 to 50
percent of the phosphorus content of sewage comes from household
detergents. There are already indications that within a year or two
phosphates rather than ABS may be the whipping boy of the public. This
time, however, induéi‘i:ry cannot respond in the fashion it did when the
nuisance of ABS froth on water was abhorred by the public by rearranging
the carbon atoms in the molecule. There is no known way to formulate
detergents without phosphates, nor does there appear to be any satisfactory
answer beyond phosphate removal--a prospect which under current costs
may well confront the public with some difficult choices along the road to

its goal of "'unpolluted, '’ ''pure, ' or ''clean'" water,

There are other ways than nutrient removal from sewage which might
theoretically overcome the eutrophication of lakes, but they do not seem of
practical importance. Such things as hafvesting of fish crops, removal of
algal growths and plants from lakes, siphoning off deep water from lakes

to remove the nutrients produced by bio-degradation of organic matter,
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artificial aeration of deep water, and chemical poisoning of algae are
among the expedients sometimes suggested. While each of thése
techniques may have some role in the management of water quality,
control of eutrophication by engineered systems must either involve
prevention of sewage discharges or nutrient removal from the waste
water in the long run. Expedients might then be helpful in re-establish-
ing oligotrophic conditions in certain instances, but in general the cbntfol
of aquatic growths must depend upon nutrient removal before a waste

water is returned to the fresh water resource pool.
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XI
PESTICIDES AS A FACTOR IN WATER QUALITY

Introduction

The question of the role of synthetic organic pesticides in the
environment first came to widespread public attention with the publica-
tion of Rachael Carson's ''Silent Spring' in 1962. Since that time savant
_and ''true -believér" alike have repeatedly been heard from in public‘
print. Although a full discussion, or even a fully documented expression
of opinion or prejudice, is beyond the scope of this discussion, it might
be well to give some scale and concept to the problem as it concerns the
quality of our water resource,.

In spite of alarmist reports, synthetic organic pesticides are not
commonly used with reckless abandon. Nevertheless, the objectives of
use of pesticides have generally been limited to quite narrow concepts.
That is, not enough thought has been given to the shift in equilibria which
must necessarily follow the upsetting of an existing one. It is in this fact
that a real danger of unknown consequences lies, Specifically, in ration-
alizing the use of synthetic pesticides only two ecolagical streams seem
to have been considered--man and his insect and botanical enemies. What
might be the effectsiof introducing pesticides into other ecological streams
which bear less direct, but eventually profound, effects on man, is the

great unknown factor which we can ill afford to ignore.

Toxicity of Pesticides

There is no doubt that pesticides of several varieties have extremely
high indices of toxicity--that is, the purpose for which they were created.
Of the pesticides, the herbicides have given least concern in terms of
water quality, although some can damage planis at a distance when they
migrate through soil with percolating water. However, by far the most
important are the insecticides which in some cases have contaminated

irrigation water long after the chemical has been applied.
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Most of the modern insecticides fall into two broad classes, the
chlorinated hydrocarbons and the organic phosphates. The former include
such materials as DDT, BHC, and dieldrin, endrin, hepfachlor, toxaphene,
TDE, aldri_n, methoxychlor, and chlordane. Such compounds are often
thought to have the greatest potential for damaging the water resource
because of their long residual activity, On the cther hand, their low
solubility in water is an offsetting factor and hence the true si'gnificahce
of insecticides on agricultural soils or forest plants is difficult to assess
in terms of water qﬁality.

The organic phosphate insecticides are believed to be less
dangerous to fish than fhe chlorinated hydrocarbons because they are
less stable, some breaking down quickly in water. Examples of organic
phosphates include malathion, parathion, TEPP, EPN, chlorthion,
diazinon, quthion, dipterex, and demeton.

Of the hydrocarbons endrin appears to be the most toxic, and TDE
and BHC the least toxic to fishes. Of the phosphates quthion seems by
are the most toxic.
| Lethal concentrations obsefved in experiments have been presented

in a preceding section in a table from Klein's boock (pages 110-114).

The Scale of Production and Use

In 1960 there were more than 100 organic insecticides available.
Estimates of production range from 500 to 1060 x 106 pounds of organic
pesticides, plus 1 x 106 pounds of non-organics {e.g., arsenals, Cu
and Zn sulfate, etc.) annually. Similar egtimates of the acres of land
to which pesticides were applied in 1959 range from 100 x 106, or about
5 percent of the United States, to 30 x 106 acres sprayed at least two

titnes each year,

How Pesticidal Water Pollution Might Occur

There are several ways in which pesticides, particularly
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insecticides, might find their way into the fresh water resource: -

| By surface wash or runoff into streams

By movement with perccjlé‘ting water into ground waters.

By direct application to-bodies of water for pest control

By drifting onto surface waters from adjoining treated areas
By return irrigatioﬁ waters

By spills and wastes from pesticide manufacturing

N o bWy -

From cannery and other food processing waste waters

Evidence of Danger to Water Quality

DDT in concentrations of 5 to 20 parts per billion (ppb) has been
observed in the Detroit, Miséouri, Mississippi, and Columbia Rivers.
Aldrin at a concentration of 1 ppb was found in the Snake River. As
early as 1950, fish were deci@ated in fifteen streams tributary to the
Tennessee River in Alabama by an insecticide applied over a wide area,
In 1953, sanitary engineers from the Robert A. Taft Sanitary Engineering
Center of the U. S. Public Health-Service‘ recovered DDT from the Detroit
River and St. Clair Lake in both raw and treated water. DDT was present
in the Detroit River and persisted .in samples taken over a six-month
period. i : |

In 1955, in St. Lucie County, Florida, 2000 acres of salt marsh
were treated for the sandfly larvae by the application of dieldrin at a
rate of one pound per acre. It is estimated that 20 to 30 tons of fish wére
killed in canals bisecting the marshes.

TDE used te control the Clear Lake gnat on a lake of the sarme name
in California appears to have led to the death of hundreds of grebes.
Samples of fat from one bird showed a high concentration of the chemical.
Similarly, samples of visceral fat from several species of fish taken over
a period of six to eight months after the last spraying showed from 40 to
2000 mg/1 of TDE,

Recent observations in widely separated incidents suggest the
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probability that DDT now perv‘ades the entire aquatic environment of the
earth. It has been found in local fishes 2000 miles from land in the
Pacific Ocean. My own laboratory has sought unsuccessfully to find

cultures of Chlorella that are DDT free. Even pure cultures nurtured

for hundreds of generations 1n laboratories are found to contain
measﬁrable quahtities cf DDT. _ _
Tarswell and Henderson of ‘ghe U. S. Public Health Service have.
deséribéd a runoff sfudy conducted near Atlanta, Georgia. Here 4. 66 .
pbunds of dieldrin were applit_ad per acre of grassland to control white
fringed beetle. Bio-assays showed that the first runoff from rain was
' toxié to fathead minnows in dilutions of one to three. On the third rain
fish mortality was less than 50' percent. The concentrations of dieldrin
were estimated at 0.128 mg/l. Evidently only a small fraction of the
chemical was washed out by the rain. It is not known whether the
remainder was lost by weathering or remained in the soil to be washed
out by future rains.

Walton of the U. S. Public Health Service has described a case of
underground water pollution near Henderson, Colorado. Groundwater
cbntaminated by arsenals which eventually formed 2-4-d traveled some
three miles in eight years to affect crops. Seven years later some sixty

”square miles had been affected seriously.

At Montebello, California, seepage of 2-4-d from a manufacturing
plant contaminated the city's water supply. The plant was shut down
within thirty days but taste and odor persisted in the water for five
years.

Various similar instances of water pollution by pesticides are to

be found in the literature.

Significance of Findings

Although the potential of water pollution by pesticides can be

shown by theoretical considerations and actual incidents to be worthy of



134

deep concern, it must be recognized that the known deleterious effects
,on aquatic life are quite small considering the quaz}tity and extent of use
of pesticides in the United States. It is therefore necessary to consider
the relation between the risks and the benefits to be derived from the
uyse of pe'sticides.- It is impossible to gainsay that modern agriculture's
ability to feed an opuleht society would certainly fail if it were necessary
to return to the "man with the hoe'' to control weeds, or to coi'npete
with iné,ects for the wormy apple or the tassel end of every ear of corn.
There is only one instance on record where grasshoppers were cut
down by the sea gulls, On countless occasions they have taken a serious
toll. I recall one season in my own boyhood when every head of wheat
at harvest time enshrined one or two grasshoppers. As the mower
sickle toppled the stalk, these fellows took wing to rush forward to
occupy as yet undisturbed grain, This somewhat unintelligent routine
eventually led to their physical exhaustion and when the wheat was in the
granary it consisted of about one part fried grasshopper to ten parts of
grain.

In California, weeds are cut and inseci pests controlled by aero-
plape dusting. The same is true elsewhere in America. Thé integrity
of U. 8. forests'depenc}s upen similar procedures, In 1?63 a representa-
tive of the University of California Agricultyral Extensioh Service
estimated that 90 percent of the food grown by man could be destroyed
by pests if continual wars were not waged against the pests.

It is my personal judgment, therefore; ihat the calculated risk
is worth the toll that may occasionally be taken of aguatic life as a result |
of the use of synthetic pesticides, However, we must devote a greater
amount of effort to a determination of just bhow to calculate this risk, and
to reduce it by the production of tilme-unstable compounds that will do
their appointed task and then decay prior to reaching the water resource

pool.
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XII
WASTE WATER TREATMENT AND DISPOSAL BY SOIL SYSTEMS
. (2) (3) (4) (5)

Introduction

The existence and replenishment of groundwater as a geological
and hydrological phenomenon demonstrates that it is possible to in-
filtrate water into the soil surface and for it to percolate. through un-
saturated soil or be translated laterally through aquifers. Furthermore,
the relative absence of bacteria and suspended solids in spring and
well waters gives us advance notice of important phenomena relative
to pollution travel. There aré several other phenomena from which
we may draw lessons regarding the surface and subsurface introduction
of water into the soil mantle of the earth.

1. Surface runoff during rainfall forewarns that infiltration rates

have some finite limit,

2, Failure of intense short-duration rains to wet dry soils to

any appreciable depth reveals the factor of air-locking or
* gas-binding. |
3. A pond can be created only by applying water to the soil at
a rate in excess of its infiltrative capacity, hence ponding,
whether in a t;‘ench or on the surface, bespeaks eithei' a
temporary or a permanent overloading of the soil.
4, It is possible, as demonstrated by the engineering science
of goil mechanics, to rearrange soil particles and control
8Qil moisture in such a way as to make a soil essentially
water tight., Inadvertant management of a soil system can
result in loss of infiltrative or percolative capacity in
accord with the same laws.
Unfortunately, man's record of comprehension of the implications
of these facts does him little credit. For example, in spite of the fact
that rain has been falling through the bacteria-laden atmosphere and

passing through the biologically active zone of the earth for centuries,
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only to return to the surface bacteria free, we have assumed fhat bacteria
may travel freely with percolating water. And to protect ourselves from
this assumption, every state has passed laws prohibiting the intrqduéfion
into the groundwater, in any systematic enginéered way, waste water of a
quality unsuited for public supply. Haphazard ignorant discharges via
septic tanks was not included in the concept. There ai'e, how'ever,
several reasons why such laws were formulated and interpreted as they
were, | _

1. Lack of scientific knowledge of the behavior of.l":\acteria in
soils in relation to percolating water, | |

2: The need for large factors of safety (ten or more) where health
considerations are involved and no precise knowleé\ge exists.

3. The certainty that in fractured and fissured rock, i:'.'\.} dis-
solution caverns and channels in limestone, and in very coarse
materials bactelria do indeed travél freely with moving water.

4. The problem pf enforcement and administration of the law,
Specifically: If the law is to differentiate between under-
ground conditions where bacterial tra;»rel is and is not a hazard,
a whole set of guides, parameters, and ''thou-shalt-nots'! have
to be spelled out; a permit system has to be esfa’blished,
and staff, budget, and procedure set up for'managing the
system., '

The simplest, and perhaps wisest, course was to prohibit all ground-
water recharge with unpotable water. The difficulty is that there has
developed in the semi-arid southwest a compelling need to salvage the
water fraction of domestic and industrial wastes which is hindered by
continued adherence to laws based upon erroneous assumption but ad-
hered to on the rationale of convenience of enfo.rcement.

However, leaving for a moment the mattef of pollution travel, let
us look into the matter of ground disposal of waste water in a systematic

manner.
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Ground Disposal or Recharge

Disposal of waste waters to the soil has been undertaken for several
purposes:
1. Reclamation, salvage, and storage of:
(a) Flood water
(b) Stabilization pond effluent
(c) Secondary sewage plant effluents
2. Utilization of underground storage capacity
(These two purposes I shall discuss further in relation to the
subject of water reclamation.)
| 3. Convenient method of making possible the use of pressure
water systems in homes remote from public sewers
(a) Rural homes (priginally)
(b) Urban and suburban subdivisions (since Warld War II)
(In the first case, necessity was the compelling factor. In the
second, low cost, lack of legal restraints, ease of supplying pressured
water, difficulty of ownership and management of community sewage
treatment systems, etc.,, were the compelling factors.)
4, U-se of soil mantle of the earth as an engineered waste water
treatment gystem with objectives of:
(a) Protecting groundwater quality

(b) Reclaiming or conserving water

Typgs of Engineering Problems Investigated
| In relation to ground disposal or recharge of wasteﬂ waters two
types of engineering problems have been investigated:
1. H.'ow to get water into the soil at a maximum rate
2. How to achieve optimum quality change
The first of these two objectives has been given the most attention
for pbvious reasons. First, man cannot afford to spfinkle a

relatively small amount of water over a vast area. Besides he is
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greedy. Consequently he has sought to inject water into the earth
continuously and at rates vastly greater than occur in nature. The
dimension of his failure has called attention to the lessons to be learned
from nature, which are summarized in the introduction to this section.

Attention to the second type of problem began with a study of the

travel of pollution intended to determine what types of pollutants travel
with underground waters and under what copditions. Currently, the
inverse of this objective is being studied, i.e., the management of

the soil mantle to produce an optimum change in water quality. The
rationale here involved derives from two important points of view:

1. Given a quality of groundwater to be preserved, what quality
of water, and hence what degree of pre-treatment, may be
applied to the soil surface without endangering the quality
objective. (Laws have said no application unless suited to
groundwater quality. )

2. Given an applied water of :certain quality aspects, what wiil
be the quality of that same water upon reaching the ground-

water table,

Types of Systems

The types of engineered systems which may be utilized for ground
disposal of waste waters include:
1. Surface infiltration ponds or trenches
2. Subsurface percolation gystems
(a) Narrow trench
(b) Wide trench (seepage bed)
(c) Seepage pit

3. Sand filters (effluent returned to the surface)

Fundamental Principles of Spreading Ponds

Before undertaking a discussion of engineered or haphazard systems,

let us first take a look at what has research taught us of the fundamental
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principles of ground disposal or recharge of waste waters.

It is obvious to even the most casual observer that in order to
create a pond it is necessary to apply water to éoil faster than the soil
can accept it and transport it away. The phenomena involved, however,
are far from obvious, yet the whole problem of disposing of water
successfully by use of spreading or percolation ponds hinges upon a
knowledge of these phenomena and the methods of opération required
to manage them in a particular situation.

Of course, if water is to be disposed of by percolation it must be
applied to a soil that is pervious enough to éarry it away at an acceptable
rate. It is well known that clays are quite watertight and hence un-
suitablbe for percolation beds, whereas coarse gravel may aécept water
at such a rate that ponding of applied water may not occur. Curiously
enough, the porosity of the two media may be quite similar; it is their
perviousness that is different. For practical purposes these two terms
may be defined as follows: ' ‘

Porosity is the percehtage of a material that is void space.

Perviousness is the size of the void spaces.

Perviousness of a soil to which water is to be disposed is im-

portant for two major reasons:

1. It controls the maximum rate at which water can percolate.
downward to the water table, or be translated laterally as
moving groundwater.

2. It controls the minimum elevation of the pond bottom above
fhe water table in any soil having pore spaces small enough
to establish surface tension of water across the pore as a
significant force. Specifically, the water table must be
located far enough below the pond bottom that the pond and
the soil itself will drain when no more water is added to the
pond. If such is not the case a column of water will remain

in the soil pores suspended by the surface tension of water
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ac'ross the pores. This, as explained later, is catastrophic
to the percolative system. In good é.gricultural soils in
Califo1;nia_this distance is of the order of 2 to 2-1/2 feet. In
~ coarse gravel it is zero and in clays it is inﬁhity.
To understand the behavior of a spreading pond or.any inundated
pervioﬁs soil, two additional concepts should be clearly defined:

The infiltrative capacity of a soil is the rate at which liquid will

pass through the soil-water interface. It measures the ability of a
soil to accept water.

The percolative capacity of a soil is the rate at which water moves

through the soil once it has passed the interface. It measures the
ability of a soil to transport water,

Several important facts concerning inf‘iltrative capacity and

percolative capacity of an homogenous soil should be borne in mind:

1. The percplative capacity of a soil _rnay be measured by a
standard percolation test if properly conducted at a sufficient
number pf lqcat_ions on the percolation area. .

2. The infiltrative capacity of a soil, except th the moment water
is first applied, is always less than the percolative capacity
by reascn of soil clogging which, as later explained, is
largély a surface phenomenon.

3. The infiltrative capacity is variable and is a function of the
numerous factors which are involved in clogging. Hence it can
not be predicted in advance by currently known tests, although
it is readily measured from day to day by the rate of outflow
from the pond to the soil.

4. Since the infiltrative capacity of soil is less than its perco-
lative capacity:

(a) The soil between the infiltrative surface and the water
table is unsaturated by percolating water {a desirable

condition).
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(b) The problem of design and operation of a spreading pond

is to maintain the infiltrative capacity as near as possible

equal to the percolative capacity.

5. The percolation test identifies a soil capable of transporting

water (and hence suitable for spreading purposes) at an

observed rate, provided infiltrative capacity can be maintained.

Time-Rate of Infiltration

One of the most fundamental of all phenomena of surface applica-
tion of water to soil is the well-known time-rate infiltration curve. If
even a clear water without suspended solids or dissolved organic matter
is applied continuously to a pervious soil, the time-rate curve will

appear somewhat as shown in the following figure.

e e e e me e e e w—

Sterile water and soil [ Allison (1)]

Infiltration Rate —=

e.g., 1to4in./day ,

0 Time (days) —= e.g., 180-360
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The phenbmena predbminant in the three sectors of the infiltrative curve
have been identified as follows:
@. Soil slaked due to:
(a) affinity of internal soil surface for water
(b) overcoming of cohesive forces which hold soil together

@. .Entrapped air removed by solution in peréolating water

(3. Decline due primarily to microbial action in soil. [Allison (1)
noted that decline does not occur with sterile water in'a
sterile soil--a situation not pobs sible of achievement with septic-
tank s;rstems.]

As shown iln-the example, infiltration rafes become negligible in
periods quite short when compared to the life span of av sewage diépbsai
project. This has repeatedly been shown to be the case 'ev.en thoughn;:h.e
percolative capacity of the soil is high. From it may be drawn an

important criterion: Any soil continuously inundated will fail as a

percolatipn system due to loss of infilirative capacity. How it may be

overcome is best understcod after a review of the phenomena of clogging.

Clogging of Soils |

A soil of such characteristics that it has some positive pércolativé
capacity may become clogged as a result of phvsical, chemical, and
biological factors, although in the end the exclusion of water is a physical
phenomenon.

A. Physical Factors in Clogging

There are several ways in which clogging may result from pre-
dominantly physical phenomena. They include: |
1. Compaction of soil by superimposed loads (e.g., pond water,
heavy equipment, etc.)
2. Migration of fines by vibration of dry soil during preparation of
site area.

3. Migration of fines due to rainfall beating surface
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4, Washdown of fines perched on larger particles

5. Smearing of surface by excavating equipment

The travel of particles in a porous medium is inhibited by at
.lelagst three major factors which lead to clogging by parficulate matter.

These are illustrated in the following figure:

Particle trapped at sharp intersection
of soil grains

Particles adsorbed on surface of
larger particle

Particles removed by sedimentation on
downstream side of large particle

B. Chemical Factors in Clgging

 Of the vpurely chemical, as opposed to biochemical, phenomena
ion exchange is by far the most important. The swelling of clay
colloids by sodium is a well-known way in which either soil surfaces
or aquifers may become clogged. However, in areas where soils
suffer from this limitation the fact is soon well known and spreading
ponds are simply not usable. Assuming, therefore, that soil, sewage
effluent, and groundwater are compatible, we may turn to the most
important factor in clogging--the biological.

C. Biological Factors in Clogging

Clogging by biological factors is essentially a surface phenomenon.
In soils up to approximately 1 mm in diameter the organic mat seldom
exceeds 0.‘ 5to 1 cm in depth. Primarily this mat consists of organic
solids taken out by the three factors i.’llustrated above, plus an over-

growth of bacteria which feed on particulate and dissolved organic
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matter. As the porosity of the ri;at decreases, it becomes itself a
filtering medium catching smaller and smaller solids and so decreasing
the infiltrative capacity of the soil. It is alleviated by intermittent
resting of infiltrative surface during which time the: |
1, surface is drained and oxygen drawn in to maintain high-rate
aerobic decomposition;
2. clogging material is degraded to liquids and gases; and
3. drying and cracking improve soil texture and increase its
infiltrative capacity.
In contrast with the typical time-rate curve previously shown, periods
of rest and loading will reproduce the upper section of Sector @ in a
pattern such as the following, thus permitting long-time use of an in-

filtrative surface at acceptable infiltration rates,

|| |
} | |
o | | |
k& BN I
g DURL I P
g
& See Page 28 (5)
0 Time (days) —=

The optimum cycle of resting and loading must be determined for
each situation. However, it is generally of the order of days (3-7) rather
than minutes and hours which ‘might occur in the normal pattern of household

use of water,

Note: Restoration rate by periodic loading and resting at Lodi, California,
7-10 times equilibrium rate
Net. gain, 5 times equilibrium rate
For 163 days, gain was 10 times equilibrium rate.
Winter rate restoration rate smaller than summer.
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‘In the absence of a loading pattern which maintains aerobic con-
ditions, anaerobic conditions pet in. Excessive clogging then develops
from two major factors:

1. Rapid growth of slimes

2. Deposition of ferrous sulfide

Ferrous sulfide is a black particulate matter that gives the character-
istic color to digested sewage sludge, anaerobic compost, clogged sep;tic-
tank percolation systems, etc. It is the result of anaerobic decomposi-
tion of organic matter and its presence in serious amounts indicates
an unsatisfactory condition of operation of the pond intended to dispose
of sewage effluent to the soil. It may account for one-half of the loss
of infiltrative capacity of a soil. _

In contrast with the biological clogging mat which may be only
1/2to 1 cm in depth on a fine pervious soil, ferrous sulfide may p;ene-
trate 3 to 10 cm below the surface just-as any other finely divided
inert material, In coarser media it may penetrate to much greater
depths, as may the bacteria which produce it. Deep penetration of |
ferrous sulfide in a soil is indicative that the soil has a good capacity
to accept water if properly managed. |

Fortunately ferrous sulfide is readily 6xidized to the soluble
sulfate form upon resting and draining of the so0il to bring in atmospheric .
oxygen. However, a pervious soil that becomes deeply élogged with
ferrous sulfide to the extent that it remains waterlogged may remain
clogged indefinitely. Drainage to fill the pore spaces with air is a
necessary factor in removal of ferrous sulfide. |

Interestingly enough the formation of ferrous sulfide cannot be
prevented by simply blowing air through a septic sewage, the medium

itself must be drained and rested.

Another criterion of systems operation and design then is: Main

tain an aerobic system by alternate periods of resting and loading on an

optimum cycle. Such a system can accept septic effluent,
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D. Clogging During Construction

One of the major causes of failure of percolation systems is the
damage done by the careless and ignorant methods used in construction.
Among the most serious causes of permanent loss of infiltrative capacity
are:

1. Smearing of sidewall and bottom surfaces during construction.

2. Compaction of trench bottom by human feet or by dozer tracks or

wheels.

3. Silting of open excavation during rain, by spalling of walls, or

by windblown loess.
Damage by smearing and compaction is most severe where soil

particles are small and soil moisture is high. The criterion here must be

that of keeping the infiltrative surface as near as possible representative

of an internal plane in the undisturbed soil.

E. Clogging in Depth

Since clogging is essentially a surface pnenornenon and the depth of
penetration of particles into the soil has been shown to be a function of
soil grain size, the possibility of dispersing the clogging mat through
a greater depth of soil readily suggests itself. A theoretical method of
accomplishing this, which as been demonstrated (£) to be correct is

depicted in the sketch:

0
% Lo utTio e s

KL

Top of Large Stone

Soil Surface

Percolating Water
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. The sketch illustrates an overlay of the soil surface with particles
graded in size from quite large to only slightly larger than the largest.
particles in the soil. In passing through this overlay the particulate
matter is removed by entrapment, adsorption, and sedimentation. The
particulate matter, the microbial life which depend upon it, and dissolved
solids from substrate are dispersed in depth with three major beneficial
effects:

l. Any given amount of clogging material which might clog the
soil surface is insufficient to clog the system.

2. Clogging of coarse material in depth still fails for a prolonged
period to reduce the percolative capacity of the clogged zone
to that of the soil. Hence the percolative capacity of the soil
is the control.

3. Liquid reaches the liquid-soil interface minus its clogging
potential, hence the infiltrative capacity of th.e soil and its
percolative capacity are essentially equal.

Of course, the infiltrative capacity of the overlay will eventually
become the controlling factor and resting and draining will be necessary.
However, the system will function much longer than one in which the
liquid-soil interface is the clogged zone, and when clogged will drain
and recover more readily.

Used in a trench in which a stone fill is customary, the graded-size
system would overcome a sericus interruption, or decrease, of the

infiltrative surface such as is illustrated in the following sketch:

Effective infiltrative surface

Soil Partlcles Pore spaces in soil partially
blocked by stones



152

In actual field practice the infiltrative capacity of spreading ponds has
been observed to increase after drying.. The reason is that cementing
rogether of surface particles by zoogleal gels and surface cracking in a
crade way leads to clogging in depth. Roots of growing plants accomplish
2 similar increase by a combination of clogging in depth and increasing
the area of infiltrative surface, i.e., area of contact between water and
O,

F. Sidewall! Effects

Except in shallow ponds where infiltration of the soil depends
upon the ability of the pond bottom to accept water, the sidewalls are
the most effective infiltrative surface. Until experiments demonstrated
this trutk it was largely overlooked. In fact, the whole practice of trench
tiie field) disposal of septic tank effluents, complete with design tables,
©*tc., was built up and codified without discovering that its principal
cr.terion--the area of trench bottom--was completely irrevelant and
meaningless.

The evidence from which an erroneous conclusion was drawn relative
to the role of the bottom vs. sidewall is well known to all of us. , e.g.,

L. There is little evidence of plant growth beyond the margin of

an irrigated area.

2. On a smaller scale, watering of individual plants in a flower
ked does not sustain nearby unwatered plants.

3. Shallow surface ponds used for flood water or other waste
water reclamation function with very little sidewall area in
comparison with bottom area. (Their operation does indeed
dcperd upon management of the bottom area.)

From these observations we can correctly conclude that percolating
weater flows vevtically downward from the infiltrative surface of a
hemogenec.s medium,

On the other hand, we have equally conclusive observations that

tateral flow takes place when a limiting zone is encountered, e.g., the
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watering of an area underlain by a boulder does not result in producing
a column of water extending from the btoulder to the surface.

Where then is the dilemma? The answer is that in the trench we
often fail to recognize the trench bottom as the limiting zone as a result
of its clogging. Outward flow from the sidewalls then must be effective
if evaporation is not to be the only outiet. While the reader is referred
to reference (5) for a full discussion of this phenomenon, the principal
reasons for the effectiveness of sidewzll areas in trenches and pits are
as follows:

1. Sedimentation is not an important factor in sidewall clogging.

2., Declining water depth in the trench permits alternate resting

and loading of the sidewalls, whereas the bottom may be
continuously inundated. (although not zll increments of
wall get the same periodicity).

3. Gravity assists in stripping sidewa:ls of clogging material as

it decays during periods of resting.

Although the trench or pit cannot te loaded in an ideal fashion,
another criterion for the optimum maintenance of infiltration rates and

for ground recharge of water is: The entire infiltrative surface to be

utilized in one operation should be lecaded simultaneously. In trench

systems this means that a dosing tank shculd be utilized so that
localized overloading does not lead to sysiem fzilure. Obviously, the
requirement that pericds of resting and locading be maintained, dictates

that the infiltration system consist cof st le2st two sections.

Spreading Ponds vs, Stabilization Ponds

A careful distinction must be made between the pond intended
to dispase of sewage by infiltration to the soil and subsequent percola-
tion to @ moving groundwater mass, and the pond intended to carry out
the cycles of biodegradation which remove its BOD. This does not

preclude the possibility of disposing of septic or decomposing sewage
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through a spreading pond, but it does mean that operation of the pond

will necessitate optimum loading and resting to keep the soil sufficiently
aerobic to prevent or oxidize ferrous sulfide and to dry out the organic
surface mat.

The optimum sequence of ponds would be:

1. Anaerobic ponds (if utilired) of sufficient capacity to handle
the organic load. The bottoms of these may be expected to
clog quickly until outflow rates by infiltration are insignificant
from the viewpoint of disposal of liquid.

2. Stabilization ponds in which oxidation is completed to a high
degree; bottom cloggéd by constant inundation and other
factors.

3. (Possibly) secondary ponds tc rminimize the algal carryover to
the spreading area. These may not be necessary if effluent is
well oxidized, and might even be detrimentzal if low nitrogen,
high phosphate, and low dissolved oxygen shouid encourage the
growth of nitrogen-fixing algae. Continuous inundation clogs
the bottom of such ponds.

4. Spreading ponds operated on alternaie periods of loading and
resting on an oxidized effluent probabiy with a minimum of
algae. However, the pressure of 2lgae is no great handicap.

In general spreading ponds should be shallow with a minimum of

excavation unless it is necessary to strip the surface toc remove an im-

pervious overlayer of material.

Spray Irrigation

In cases where wind carriage of polluted spray is no consideration
and vegetation is of no commercial importance, spray irrigation offers a
very good alternative to spreading ponds. It is not necessary to remove
vegetation, which, incidentally, is generally beneficial to the infiltrative
capacity, and no leveling of the surface is required. Alternate loading

and resting is necessary since the soil mast drain to remain aerobic.
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XIII

WATER RECLAMATION., TRAVEL OF PCLLUTION

Introduction

The term ''reclamation'' has long been associated with water manage-
ment activities although in the historic sense it is the land that is to be
reclaimed by irrigation water. Mozxre recently attention has been turned to
the recovery of water itself; water which has been degraded in quality
to the extent that it is no longer suited to beneficial use, yet is too valuable
to throw away in many a water-deficient area. The term '"water reclama-
tion' has therefore come into quite wide use although without precise
meaning. In some cases it has been considered as synonyrnous with re-use
of wé.ter; in others its intended meaning is more accurately described as
water renovation. For the purpose of this discussion we may think of
water reclamation as the objective of engineered systems, although the

processes by which it is accomplished may be renovation techniques.

Sources From Which Water may be Reclaimed

The sources from which water might be reclaimed include:

1. Oceans and estuaries

2. Saline groundwaters

3. Agricultural return waters

4. Industrizl return waters

5. Domestic waste waters

In some of these cases tle need is to desalt waters which have
acquired by dissclution a solids contenttoo great for heneficial uses. In
others, it is desired to recover water which has acquired unsuitable
materials during use as a transportation device intended to remove wastes
from the environment of their origin. Generally, only domestic wastes
fall -into this latter category, although in some instances desalination of

domestic waste waters would be required to renovate it.
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Incidental versus Purposeful Reclamation

For the most part the reclamation of water from domestic wastes
has been incidental rather than purposeful. That is, in the process of
complying with effluent or receiving water standards, wastes have been
so upgraded in quality that when mingled with the receiving waters they
have been incidentally subjected tc use more than one time. The approach,
however, has been one of disposal rather than of water reclamation.

There have been nurmerous deterrents to purposeful water reclama-
tion in the past. Among the most sigrificant are the following:

1. The concept of waste treatment as a device for meeting the
requirements of regulatory agencies concerned with the public
health or water pollution prcoblems rather than as a measure
in conserving water resources,

2. Associating reclamation with disposal of waste effluents.

3. Unclear concept of just' what beneficial use is to utilize
reclaimed water.

4. Over-restrictive legislation predicated upon assumptions of
pollution travel now known to be invalid.

5. Preaqccupation with the needs for agricultural water which are
far beyond the quantity cf waste water available.

6. Inertia--a tendency to persist in accustomed habits.

7. Tradition of wasteiulness and rejection of second-hand or
other unwanted materials.,

8. Cheapness of water {(approximately five cents per ton, delivered).

9. Doubt regarding the role of detergents, exotic organics, virus,
etc., in the quality of reclaimed water.

10. Unknown economics of reclamation.

While a thorough analysis of the foregoing factors is beyond the
scope of this discussion, a few salient points should be emphasized.

1. Direct re-use above ground, which seems the most likely from

the standpoint of economics, requires that either industry

agriculture, or recreationzal activities be the user.
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Since 60 to 80 percent of industrial water is used for cooling,
treated domestic waste water might be used for this purpose with only
slime control. However, in this case all the deterrents previously noted
apply plus some which are peculiar to the problem of industrial use.

For example, delivery of water from the waste water treatment plant

to the industrial area of the city involves installing a separate system of
pipes in paved streets already underlain with a network of conduits. In
addition, the maintenance of two separate piping systems within an
industrial plant is a nuisance and is hard to police by health agencies
concerned with cross-connections.

2. Direct use by agriculture and other iand areas is not a good

prospect for reasons of both geography and quantity.

Sewage effluents have in a number of cases heen applied to crop and
grass lands successfully. Instances of irrigation of pasture land, cotton,
citrus fruits, grains, golf courses, etc., are noted in the references
(7). Generally in these cases the motive has been disposal of waste water
where no receiving water exists, or an extremely acute water shortage
in the immediate locale. The major drawbacks toc agricultural use are
that crop-type is limited if the farmer must take effluent on a vear-round
basis at a constant rate rather than on a seasonal basis as required by
crops. Thus disposal of waste water by the community cannot be tied to
agricultural use. More impozrtant, agricultural activity is generally
located both up hill and remote from any important volume of reclaimable
waste water. And finzalily, the total .quantity of water in domestic use,
although impressive in amount, is but a f{ew percent of agriculture's
projected needs.

3. Direct re-use in recreational activities presents some pbssibili-

ties.

‘Planned reclamation of water from domestic wastes for recreational
use has been demonstrated and practiced in Golden Gate Park at San

Francisco for almost a generation. Here planted areas and a series of



159

ponds are supplied directly with reclaimed water. At Las Vegas and
several other places in‘the Southwest, golf courses are watered with
sewage effluents. At the Santee Project near San Diego reclairhed water
for recreational useis first passed through a soil system. In fact,
because of concern for viruses and exotic organics as factors in the
safety of reclaimed water, there is an increasing tendency to require
passage through a soil system before using water for recreation, This
may well place a new limitation on the direct re-use of water reclaimed

from domestic wastes.

Fundamentals of Purposeful Reclamation

A number cf the drawbacks tc direct re-use of water outlined above
are inherent in the concept of re-use as a2 method of disposing of sewage
treatment plant effluents. The first step in purposeful water reclama-
tion, therefore, is to separate the sewage disposal and water reclama-
tion functions of a system. The normal system of disposal is based
on health and aesthetic considerations; lzence it cannot be tied to
continual acceptance of effluent b,f teneficizl uses. That is, there is
no way in which the duty of public agencies to protect the public health
can be sub-contracted to private users through agreements requiring
them to take all the effluent at all times. Separation of the two
functions can be attained in several ways.

1. Reclaiming water from the sewexr at the site of its use at
rates and at times suited to the user and returning the
effluents of the reclamation plant to the sewer.

2. Reclaiming water from the sewer prior to introduction of
industrial wastes which might preclude reclamation.

3. Reclaiming water from domestic wastes for recharge of
groundwaters, or underground storage, with proper arrange-

ments for control of its withdrawal.
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Methods of Reclaiming Water from Domestic Wastes

There are several methods of reclaiming water from domestic

return waters. They include:

1. Dilﬁtion--discharge of adequately renovated effluents into
surface waters. »

2. Algal ponds in which the nutrients in waste waters are con-
verted to separable algal cells, rendering the water suitable
for direct re-use of groundwater recharge.

3. Groundwater recharge by:

(a) over-irrigation
(b) surface épreiad_ing

(c) direct injection into underground aquifers
| '

Practical Considerations in Reclamation
Parkhurst (6), on the basis of field experience in water reclama-
tion, states that four conditions are necessary to justify the construction
of sepafate facilities for the purpose of water reclamation.
1. The chemical quality of the water must be suitable for re-
use. »
2. The quality available must be sufficient to permit economical
production costs. |
3. Reclaimable water must b‘e produced near a project which can
utilize it.
4. There must be a benefit derived from the pioject to provide
interest in the purchase of water at a price to compensate for
"allora part of the cost of production.
Concerning the chemical quality of the waste water, it should be
noted that desalinization is not yet economical, certainly in the small
quantities involved in domestic wastes. Until an ecpnomical desaliniza-

tion procedure is developed, the reclarnation of domestic waste water
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will continue to be practical only where salinityis’ not: the
controlling factor.

Park.hur st points.out that the increment added by domestic use in
terms of total dissolved solids is about 300 mg/l. Taking 1000 mg/l TDS
as the limit of useful water, as is customary today, this means that raw
water supplies may nct contain more than 700 mg/l TDS if the water is
to be reclaimed by methods other than desalination after domestic usage.

Applying this criterion to waters in the Los Angeles Basin,
Parkhurst's findings concerning reclaimable water in the area may be
summarize;d as follows:

1. City of Los Angeles

83 percent of water from Owens Valley with TDS of 200 mg/1.

17 percent of water from Colorado River with TDS of
600-800 mg/1.

Approximately 95 percent of nearly 300 mgd is recla.imable.

2. Los Angeles Countiy

70 percent of water from Colofado River, plus heavy in-
dustrial contributions of brine discharges.

‘Hence, only 33 percen_t of some 285 mgd (i.e., 100 mgd) are
reclaimable. 90 percent of the reclairnable water, however,
could be put to practical use--~above ground re-use, oOr

recharged to the groundwater.

Groundwater Recharge

l. Technical Feasibility

As noted in reference (7), Goudy first demonstrated in 1930 that
a highly treated sewage effluent (activated sludge followed by sand
filtration) could be returned to the groundwater by surface spreading.
Later, in 1949, Arnold, Hedger, and Rawn (7) demonstrated at Azusa
and Whittier, California, that groundwater recharge with sewage

effluents was practical. Later (1950) studies at Lodi, California (7) (4)
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and at Bakersfield (7) developed the operational and management techniques
for recharge with sewage effluents and flood waters. In 1954 (7) similar
parameters were developed at Richmond, California, and Manhattan Beach,
California, for direct injection of water into underground water-bearing
formations.

[ Data on the following subjects (2 through 7) for both surface spreading
and direct injection are discussed in detail in reference (7). Hence they are
not summarized here, except for pollution travel, which is discussed
briefly in subsequent paragraphs. |

2. Rates achieved

Operational techniques
Prediction of rates by lysimeter studies

3
4
5. Effect of surface treatment
6. Engineering problems

7

. Pollution travel

Extent of Current Practice A\

Perhaps the most extensive development of surface spreading of
water reclaimed frém domestic wastes is the Whittier Narrows Project
of the Los Angeles County Sanitation Districts. Here the Sanitation
Districts produce 10 mgd of reclaimed water. The Los Angeles County
Flood Contrel District spreads this water on its existing spreading grounds.
The Central and West Basin Water Replenishment District pays the
Sanitation District for reclaimed water at the same rate charged by the
Metropolitan Water District for Colorado River water nsed by the Re-
plenishment District forgroundwater recharge purposes.

This plant has proved to be an outstanding success and is currently
being enlarged. At an early date it and other water reclamation plants
of the District will be producing 65 mgd of reclaimed water.

The problem of ownership of recharged water has been resolved by

the water replenishment districts of the area by charging a withdrawal fee



163

to all who pump from the underground waters of the district. This fee
is then used to purchase reclaimed or untreated Coloradec River water to
make up the overdraft on the groundwater basin.

Direct injection of water is a growing practice throughout the United
States. Oil and chemical companies have for some years been disposing
of chemical and brine wastes by injeciion into deep strata below the
groundwater. Certain radioactive wastes are likewise being so dis-
charged. As a water reclamation or conservation technique, however,
examples range from the California coastal areas where injected re-
claimed water is holding back intruding saline water from the ocean, to
Long Island, where water withdrawn for cocling purposes is returned to
the groundwater resource. Similar examples are to be found in many
other states throughout the nation. The point here is simply that water
reclamation by groundwater recharge, togetner with the use of the soil
mantle as a water renovation device, is becoming an important facet
of the water resources and water quality manageraent pregram, and is

destined to increase in importance in the years ahead.

Travel of Polluiion

As previously noted, legal restraints upon groundwater recharge
with domestic waste water effluents were predicated upon the pos-
sibility that bacteria would travel underground with percolating and
moving groundwater, in spite of the general evidence to the contrary.
Random evidence of limited movement oi hacteria and loag distance
travel of chemicals was to be found in the literature (7) when systematic
investigations of pellution travel were initiated in California in 1950,
At that time experiments (4) (7) directed to both the public health
and engineering aspects of surface spreading of sewage effluents were
initiated at Lodi, California, and coitinued for twenty-eight months.
Previous experiments at Whittier, California, had shown a reduction

from 110, 000 coliforms/10C ml to 40, 000/100 ml in three feet of soil,
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with none appearing at lower herizons. In a coarser soil at Azusa,
California, 120, 000 coliform/100 ml was reduced to €0 at 2 1/2 and 7
feet below the surface., At Lodi the observed penetration of celiferms
was as shown in the table on page 165,

In all cases bacteria behaved as particulate matter, penetrating
to a maximum depth in the soil initially and regressing as surface
clogging developed and organisms died.

When sewage effluents were injected directly into an underground
aquifer at Richmond, California (5), the distance of travel under quite
high wellhead pressure was as shown in the table on page 165.

These data, together with those of other researchers, demonstrated
quite conclusively that the danger of travel of bacteria with percolating
water or mqving groundwaters in a soil or sand medium is not a
deterrent to the reclarnation of waste water by groundwater recharge.

In the case of chemicals it was found that nutrients, wheither stable
or unstable, move quite reaaily with percolating water once they escape
or are injected beyond the biologically active zone. Fhosphates and
ammonia tend to be adsorbed on soils, but nitrates and cther ions normal
to groundwater are not removed, and many inorganic and organic ions,

ABS, and other chemicals move with groundwaters.

The Problem of Virus

Demonstrations of the remocval of bacteria in soil systems did not
result in profound changes in the laws concerning the quality of water
suited to recharge, although by 1965, 1000 coliiorms/100 ml began to be
acceptable. The reason, beyocnd the innate conservatism of health depart-
ments, was the unknown behavior of viruses in scils.

Significant data on the removal of viruses by soil systems has now
been produced at the Santee Project in California, in which the safety of
waters reclaimed from domestic wastes is being demcnstrated.

For those who are not familiar with the Santee Project, it might be
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MPN of Coliform Organisms in Observation Wells During Continuous
Recharge with an Average of 2.4 x 10~ Organisms per 100 ml (7)

Distance from MPN MBEN MPN
Recharge Well 3rd Day 12th Day 32nd Day
13 feet N 240 240, 000 230
28 " N 2,400 240 5
47 " N 240 38 5
63 " N 23 8.8 None
88 ' N None None None
138 " N - None None
39 ' NE z2, 400 240 8.8
45 '* NE Ncne 8.8 None
63 '' NE None 38 None
106 ' NE None None None
39 "t NW 2,400 240 2, 300
45 " NW 240 None 5
63 " NW None 2.2 8.8
13 " E 24, 000 24, 000 8.8
50 " E 240 5.0 None
13 " W <3 Nozie %, 300
50 "' W 23 >240 2.2
13 " 8 95 . 2,400 230
63 " S None None 9.4
100 " S 23 5.0 None
188 '* S Norne None None
192 ' S None None Mone

MPN of Colifcrm Organisms as a Function of Depth in Hanford Fine
Sandy Loam at Lodi, California {7)

Sewage Average MPN at ladicated Depth
Effluent :
Basin Spread Surface 1 ft. 2 ft. 4 it. 7 fr. 10 £t 13 ft.
A Primary 414 x 10% 1.6  32% 0.6 0 0
Final 179 x 103 1.2 285% 2.1 0 0
B Primary 570 x 104 20 0 0 0 0 0
Final 188 x 103 482 5.6 0.5 0.2 0.1 0
c - - . - - - - i
Final 188 x 10° 143 305 2.6 0.2 0.1 0.3
D Final 164 x 103 0.2 - - 0 -0

*Sand channel from surface to 2-ioct depil.
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noted that domestic waste water is being rencvated and used success-
fully for recreational purposes under the careful management and study
of various state and national agencies. | Domestic waste water is first
treated in a conventional sewage treatment plant involving primary
treatment followed by activated sludge. It is then retained for thirty
days in an oxidation pond from which it is pumped to a2 spreading ground
in coarse gravel which fills an old river bed to a depth of ten to twelve
feet. After traveling through the gravel a distance of some 2500 feet

it is collected, chlorinated, and introduced into a series of ponds in
which fishing and boating are permitted, and around which picnicking
and other recreational activities are encouraged. Currently a s‘pecial
pond for swimming activities has been authorized and is about to go
into operation. Restraints on the recreational use of the water were,
of course, imposed pending the cutcome of studies of iravel of

viruses.

General Information on Viruses (3)

Enteroviruses found in sewage include more than sixty types
belonging to three groups:

1. the polioviruses

2. the ECHO viruses

3. the coxsacki viruses

Also adenoviruses and reoviruses, clinically considered
respiratory, are found in sewzge. The virus of hepatitus must be
presumed to be present, altnough propagation of this virus in the

laboratory has not been cenfirmed.

Recovery of Virus in the Santee System

Virologic tests reported in 1962 and 1963 gave the following
results:

l. Samples of raw sewage, primary effluent, and activated sludge
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effluent were 100 percent positive. (Thirteen different viruses
were identified.)

2. Effluent from oxidation pond (thirty days detention) showed 30

percent of samples positive.

3. Recreational pond influent, after 2500 feet in soil system, 100

percent negative.

In 1964 a special study involving the introduction of attenuated
polio virus in the water reaching the spreading ground was conducted.
Sampling wells were located at distances of 200, 400, and 1500 feet down
the wash. No virus was recovered at any »f the sampling wells.

On the basis of these data it may be concluded that the soil mantle
of the earth removes viruses, as it does bacteria. They would seem
to justify the growing feeling among health auvtherities that reclaimed
water should be passed through scil before being mingled with the

water resources from which water supply mavy be drawn.
ply ¥
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X1V
QUALITY CONSIDERATIONS IN ESTUARINE WATERS
" by R. E, Selleck

Introduction

Although the subject of estuarine and marine resources transcends
the scope of this volume, both the objectives and the techniques of
quality management of the freshwater resource must take into account
the quality considerations relevant to such waters. This is particularly
true of the estuarine waters, which are an integral part of the quality
interchange system.

For obvious reasons great industrial and commercial cities are
located on estuaries and hence millions of people have an intimate con-
cern with the resource values of such bodies of water. Many of these
resource values depend upon the quality characteristics of the water,
hence however concerned the citizen may be for ''pure' water at the
intakes of his freshwater supply, he is never cblivious to the effect of
stream discharges on the estuaries which funnel it into the ocean, In
fact, the estuary is 2 more than nermally sensitive spot because its
aquatic life must always live dangerously. Floods may overwhelm life
with freshwater, or shift and obliterate the botiom deposits on which it
lives. Diversions may lead to an increase in salinity for lack of flush-
out; industrial wastes may increase in concentration; or the residence
time of domestic effluents increase, with consequent abnormal oxygen
depletion,

To the human being, what happens upsiream as a result of water
quality or quantity management in his behali, may lead to the irrigation
of his favorite beach, the disappearance of fish he scught for sport and
recreation, increased concentration of polluiants in the estuarine waters,
or as in the case of California's Delta Area, encroachment of salinity

on his most valuable agricultural land. Jt is therefore pertinent that
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the engineer concerned with management of the quality of the freshwater
resource have some understanding of the constraints which may arise

as a result of quality considerations in estuarine waters.

What Constitutes an Estuary

A somewhat poetic definition of an estuary is presented by Webster--
"The passage where the tide meets the current of the river.' Actually,
an embayment is also commonly called an estuary even when there are
no significant tributary streams. Often estuaries are classified into
three categories; inverse, neutral, and positive. An inverse estuary
has generally a net landward flux of water, and a positive estuary a net
seaward flux. A neutral estuary is one which fits into the definition
somewhere between the negative and the positive. An estuary is always
tidal, hence in the common term ''tidal estuary'' the ''tidal'' is redundant.

In the context of water quality management the positive estuary
would be most affected by landward control of surface water and water
quality, since the seaward flux is a result of freshwater inputs, usually
above ground. The negative estuary might be expected to have the most
profound effect on the freshwater resource if its landward flux is the
result of saline recharge of underground aquifers as well as of evapora-
tion and transpiration. In any event, it has the least ability of any type
of estuary to cope with return flows from beneficial use, although its
mere presence is a temptation to beneficial users seeking a cheap
transport of wastes to the ocean.

For the purpose of this discussion both bays and more purely
defined passages are considered to be estuaries. Furthermore, in
evaluating the quality considerations in estuarine waters it is difficult
to exclude entirely the interchange between estuarine and marine waters.
Therefore, effects on beach and nearshore waters, beyond which the
effects of freshwater pbllution are undetectable, are associated with

the estuary.
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Nature of Estuarine Resources

The quality factors which are of importance to estuarine environ-
ments and which may be directly concerned in freshwater quality
'manégement undertakings are related to aesthetic values, recreation,
com_.r'r}ercial and sport fishing, industrial water supply, pleasure boating,
trénspo:tation, and to a lesser extent, 0il reserves and underwater
nlineral'deposifsf These, at least represent the principal resource
values of estuarine waters which place limitations on the free use of
es.tuaries either as recipients of wastes discharged into influent streams
after treatment, or directly into the estuary to avoid mingling of fresh
and return water supplies. Associated with some of these resource
values are considerations of public health and aquatic ecology which
impose further constraints.

A full evaluation of the economic and social worth of estuarine
resources in the U.S. is beyond the scope of this writing. Nevertheless,
a few random éxamples and general relationships, together with more
detailed discussion of such subjects as quality criteria, eutrophication,
etc., contained in other chapters, may serve to underscore the role of
estuarine water quality considerations in the overall problem of water

quality management,

Considerations of Aquatic Life

Protection of aquatic life from z iverse water qualities is far
more comp-li'cated in estuarine waters than in the streams which dis-
charge into them, both because of the diversity of life itself and of the
shifting and subtle environmental relationships in estuarine equilibria.
For example, freshwater itself may be a pollutant in an estuary. An
estimated_loss of 90 percent of the oyster crop in Mobile Bay occurred
in 1963 wheﬁ unusual rainfall inland dropped the salinity of the bay below

10, 000 mg/1 for a prolonged period at a critical time,.
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Although considerable experimental work has been done on the
effect of toxic materials on fishes, much of this relates to standard test
species or to the most valuable of freshwater species exposed to a
single type of material. In the estuary, however, where numerous
species may exist, and where all quality factors from all upstream
beneficial uses are mingled, the data are difficult to evaluate. Each
species of fish has its own period of life when it will be most susceptible
to toxic compounds in the aquatic environment. In general, the younger
fish are the most sensitive. Moreover, when several different toxic
agents are present strange effects can result. One agent may either
enhance or decrease the toxic activity of another agent. This might be
particularly true in saline waters where comparatively large concentra-
tions of many ions are already present. In general, however, there
seems to be a tendency for most poisons to be less toxic to fish in a
brackish or marine environment than in a freshwater environment.

This may result from either the adaptation of species to ions or to an
antagonism between ions, or both. On the other hand, it may be more
apparent than real since it is based on mortality rather than productivity
observations. In this connection Butler (2) states:

Although acute toxic levels of natural and man-made
pollutants are quite simple to demonstrate, the effects of
low levels of toxicants are much more obscure, and disastrous
changes in productivity levels might occur without significant
mortality, Our ability to delineate the individual factors that
are deleterious to estuarine forms will determine in large
measure our success in preserving this part of the marine
environment, which is so sensitive to pollution.

Fortunately many saltwater fish do not propagate in regions
readily accessible to waste water outfalls, but to some extent this only
makes it more important to know the life history of each species of fish
in determining the effects of waste discharges on fish life. An example

may be drawn from the ecologies (3) (6) of some saltwater species found

in the waters of California, Table 1-14,



Table 1-14.
Waters
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Ecology of Some Saltwater Species Found in California

Remarks: Possible Effect
Type of Species Species of Water Quality in
Estuary
Freshwater 1. Steelhead trout Minimal effect as passage
spawners 2. Striped bass through Bay (e.g., San
3. King salmon Francisco Bay) is made by
4. Perches adult or near-adult fish.
Estuarine spawners 1. Herring Spawn in spring in
(S. F. Bay) shallow flats, could be
very susceptible to
adverse quality factors.
2. English sole Flatfish, bottom dwellers
3. Sand dab may be particularly
4, Starry flounder affected by benthic
conditions not character-
istic of overlying water.
English sole observed to
develop malignant growth
on heads when dwelling
in vicinity of sewer
outfalls in S. F, Bay.
5. Bay smelt Response to benthic and
6. Sturgeon water quality conditions
uncertain,
Estuarine residents 1. Perches Presence in Bay as adults
2. Striped bass observed to increase when
sewage pollution reduced.
Migratory from 1. Jack mackrel Practically unaffected by
remote ocean 2. Bonito estuarine or near-coast
centers 3. Tuna water quality conditions.
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To some extent the mdbility of fishes enables them to escape to
a limited degree from some adverse water quality factors. Shellfisb,
however, cannot escape from or avoid an adverse climate. Oysters are
essentially obliged to live in estuarine waters since they seem to prefer
brackish water in the 10 to 30 gm/1 range of salinity, Some species of
clams are also estuarine dwellers. While adaptation to a wide range
of salinity is characteristic of such shellfish, they are sensifive to many
other quality factors in both gross and subtle ways. For example, oysters
show considerable tolerance to low D.O, levels, but growth and fat-
tening may be inhibited and shells deformed when D.O. sinks to 3 or
4 mg/1 for prolonged periods of time. As yet unknown factors affect
their response to carbohydrates and temperature. From the viewpoint
of aquatic biologists and conservationists the ''maintenance of habitat'!
is becoming an increasingly important objective of water quality control.
It is more and more being reflected in public policy and scientific
parameters for judging it are being refined. The latter are based on
the important ecological rule (4) that 'if the normal climate of an
ecological system is changed, the number of species will decrease while

the number of individuals will increase, "

This can be brought about by
the addition of a waste water of somewhat different quality aspects to a
natural water more or less in a state of equilibrium, -without the ad-
dition of nutrients or a toxic agent, Such refinement of objectives and
subtlety of response must inevitably suggest that increasing knowledge
of the environmental responses of aquatic life to water quality factors
will further intensify rather than relax the constraints which quality

needs of estuarine waters may impose upon freshwater quality manage-

ment routines.

Public Health Factors

Concern for the effects of pollution on aquatic life involves questions

of human health as well as of the welfare of aquatic species. Shellfish

N
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are typically filter feeders. Some species are capable of pumping up to
50 liters of water per hour, hence concentration of organisms characterizes
their life process. Coliform organisms found in shellfish, on an MPN/
100 gram basis, are from one to ten times the MPN/100 ml of water in
which they are immersed. These organisms may persist in the shellfish
for 15 to 60 days after removal from polluted water. McKee (5) correctly
suggests that ''. .. shellfish constitute one of the weakest links in our
defense against enteric infection, whether bacterial or viral.,'' Further,
a committee of the American Public Health Association stated in 1963
(1) "...there is ample evidence that failure to conform to coliform
standards for drinking waters and shellfish harvesting waters has produced
disease outbreaks,'' For this reason the quality of water entering an -
estuary from which shellfish are harvested is a matter of great concern,
No particular public health problem kas been observed with fish
except during canning. However, fish can become contaminated with
coliform organisms within one hour of exposure and require six or seven
days to rid themselves of these organisms when transferred to clean water.
Health and its closely related factor of aesthetics are a considera-
tion in the recreational use of estuarine waters, Epidemiological
evidence to support water quality requirements for bathing beaches, water
skiing areas, etc., is essentially nonexistent. Nevertheless, the level
of general sanitary standards expected by the public, plus the problem of
engendering a high degree of sewage treatment if not applied "across the
board, " generates requirements for estuarine waters that are reflected

in upstream quality management objectives,

Economic Factors

Of the several estuarine resource values having economic implica-
tions, fisheries and recreation are the two most concerned with water
quality factors. Commercial fishing in California is not particularly an

activity in estuarine waters. Prior to 1900, however, the 435 square
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mile area comprising San Francisco'Bay accounted for 93 percent of the
State's commercial fishing production--oysters, clams, mussels, crabs,
and various species of fish (7). After 1900, fishing pressure, siltation,
and pollution led to a rapid decline in commercial activity., The contri-
bution of water quality alone to this decline is impossible to assess with
accuracy. Nevertheless, it is known that reduction of sewage pollution
after 1950 restored an important amount of aquatic life, and the area
became dedicated to sport fishing instead of commercial fishing,

The economic value of sport fishing in California is difficult to
determine. Angling licenses in 1963 numbered 1,7 million (7). In 1961,
20 percent of the 1.5 million license holders for that year fished in San
Francisco Bay and the connecting Delta; 15 percent of the total fishing days
being spent in that area. Angling in the Bay, the Delta, and the ocean is
estimated (7) to represent 45 percent, with 55 percent being in freshwater.
The number of California anglers was estimated in 1965 =5 1.17 million
with an annual expenditure of more than $107 million. A sizable, if
unidentifiable, portion of this total is concerned with waters where quality
of influent water is a factor, largely in the preservation of aquatic en=
vironments suitable for fish life.

Pleasure boating, water skiing, aesthetic enjoyment and other
recreational activities involving large financial investment depend upon
estuarine waters. In California alone there are estimated to be about
79,000 pleasure boats in operation (1962). However, the quality con-
siderations of other estuarine resources are overriding and it seems
unlikely that the public would tolerate a system of water quality manage-
ment in which the needs of these activities would be the critical ones.

Unlike California, a significant portion of the commercial
fishing of other seaboard states is done in estuarine waters. The
oyster industry of the east, south, and pacific northwest depends upon
maintenance of quality of such waters, as do other segments of the sea-

food industry. In British Columbia, 62 percent of the commercial catch
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of salmon is made in estuarine waters. Its landed value was placed at
$50 million in 1963.

Industrial use of estuarine water is an important economic factor.
Since this is mainly used for cooling purposes, temperature may become
an environmental factor in sectors close to industrial return outfalls.
Turning again to San Francisco Bay as an example, the 1962-63 average
rate of industrial recirculation of water was 100 mgd (3). During that
same year more than 81,000 acre-feet of Bay water was evaporated to

produce industrial salts.

General Conclusion

Although the direct interchange of quality factors between the
estuarine and freshwater sectors of the overall water resource is
minimal, the resource values of estuarine waters impose limitations
upon the quality of influent water. Therefore, any system of freshwater
quality management must take into consideration the quality requirements
of this link in the transport chain. Furthermore, population concentra-
tion around major U.S. estuaries, public awareness of unsatisfactory
conditions so close to home, and the subtleties of aquatic environment
relatiocnships tend to increase the pressure for greater upstream

quality control.
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XV
MARINE DISPOSAL OF WASTES

by R. E. Selleck

Introduction

Inevitably the ocean must be regarded as the ultimate sink into
which all quality factors flow with water and in which they are left behind
in the hydrological cycle. This does not mean, of course, that no con-
cern need be held for the type of wastes the ocean may receive once they
have survived the considerations of beneficial use, preservation of
resources, and sentimentality which accompany quality management in
the freshwater system. Beyond the limits of even the estuarine resources
discussed in Chapter XIV lie resources of the ocean which grow in
importance as human population of the land mass increases. Radio-
activity and pesticides, for example, are among the quality factors
which may be concentrated in marine life and spread rapidly over the
world's oceans by marine organisms with results not yet fully evaluated
by ecologists,

In general, however, it may be assumed that the upstream needs
of mankind will engender these engineered systems which will effectively
prevent water quality considerations of the ocear from becoming the
controlling factor in freshwater quality management. Nevertheless,
great population concentrations exist at the shoreline and the return flows
from their domestic and industrial use of water must either be reclaimed
or discharged into marine waters. In either case, most of the quality
factors reach the ocean in either a raw or stabilized condition.

Life on the seacoast likewise generally involves shipping and
other ocean transport activities. This historically has created cities
where bays and estuaries provide harbor facilities. Consequently, the
temptation, and often the necessity, exists for discharge of waste waters

into the estuarine waters, or into the shallow ocean waters overlying
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the continental shelf. If this is to be accomplished in a manner acceptable
to human aesthetics, and without interference with his use of other shore-
line resource values, it may be necessary to precondition waste waters
for discharge by the engineered systems discussed in other chapters--
ponds, soil systems, conventional works, etc. In other cases direct
discharge of raw waste waters may be feasible. But in any event an
engineered system of discharge is required, the general principles of

which are herein discussed.

Dilution, Dispersion, and Decay in Estuarine Waters

For simple geographical reasons the gravity sewerage system of
a city developing around an estuary terminates at the shoreline in
numerous separate outfalls. The simplest and initially least expensive
expedient is to allow such multiple discharges to flow into the estuary
and hope that the outgoing tide will transport them to the ocean. This
is, of course, exactly what has been the engineering practice, only in
many situations the tide was not notably cooperative. In essentially
all instances the time arrived when pollution control was necessary, but
by that time the community was often reluctant to assume the financial
burden of intercepting these numerous outfalls and providing conventional
waste treatment until legal action by regulatory agencies forced the
issue. However, since the technology of waste water treatment does
not achieve complete stabilization of organic matter the necessity continues
for an understanding of the waste treatment potential of estuarine waters
and for the explanation of such potential by engineered systems.

In Chapter XIV estuaries have been classified according to flow
in tributaries (advection), i.e., positive, neutral, or inverse. They
may also be classified according to their degree of stratification in a
vertical plane.

1. Vertically well mixed

2. Partially mixed
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3.  Stratified
4. Intensely stratified (fjords)

The vertically well-mixed estuary is the type most studied and

discussed in the literature, the reason being that this type of system can
be described in mathematical terms, Nearly a;ll estuaries are stratified
to some degree. However, the intensity of water turbulence imparted by
the tide is often sufﬁcieht to mix reasonably well a soluble constituent
throughout the water column,

In the stratified estuary the net advective velocity of the fresh

tributary water may be so great that the tidal forces are not sufficient
to overcome vertical stratification. The less dense freshwater will
then usually flow over the more dense ocean water, causing a difference
in net velocities of the upper and lower layers, with the upper layer
moving seaward and the lower layer fnoving landward.

The fjord is usually a relatively deep body of water having a sill
at the ocean entrance or mouth. In such an estuary the stratification
may be so intense that the dense lower layer may be entirely void of
dissolved oxygen even when no waste water discharges are involved.

Some random examples of estuarine types are presenteci in
Table 1-15.

From a consideration of Table 1-15it is at once evident that dif-
fusion of waste effluent throughout the mass of receiving water is a
necessary objective of an engineered system intended to take advantage
of any capacity of the estuary to handle such effluent. It is equally
obvious that any continuous acceptance of effluent must also depend
‘upon a positive seaward movement of the mixture during tidal cycles.
For example, the southern sector of San Francisco Bay, although
reasonably well mixed, has a residence period of some two weeks.
Consequently, cities discharging to that end of the Bay are required to
subject domestic and industrial return waters to a very high degree of
treatment prior to discharge, whereas primary effluent and raw sludge

are acceptable from communities located opposite the Golden Gate.
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Table 1-15. Examples of Estuarine 'lI‘ypes

Type Example
Vertically well mixed 1. San Francisco Bay (most regions)
(northern positive; southern inverse)
2. Guanabara Bay, Brazil
(generally neutral)
3. Thames Estuary, England
(positive)
Partially stratified 1. Straights of Juan de Fuca
(positive)
2. Straight of Georgia
(positive)
Fjord 1. Saanich Inlet, Vancouver Island »
(inverse)
2. Many British Columbia estuaries '

The hydrographic observations necessary to classify an estuary

are fairly straightforward and obvious. Less readily observed factors

are involved in the equations of mixing and in the assumptions under-

lying engineering works to bring it about. Nevertheless, in evaluating

the consequences of discharging any constituent into an estuary it is

necessary to estimate its resultant concentration in the mixture.

Factors affecting constituent concentrations in a vertically well-

mixed estuary include:

. Net advection

. Longitudinal eddy turbulence

. Method of initial dispersion utilized

1
2
3. Concentration and rate of discharge of constituent in outfall
4
5

. Rate of decay
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6. Loca;t:'ion' 6f outfall =
7'. Other sources or sinks of constituent in estuary
A d1ffus1on equatmn can be wr1tten to take into ‘account the effects
of eddy diffusion', advection and various 'types of ‘sources or sinks. The

one-dimensional, first order form is:

F - Qe - AK SS
X dx

Advectdn Diffusion
Where _F‘ is the net mas:s.flnx. df e..constituent acress é. ple.ne e.t X,
_'Q the net advect1on,' c the const1tuent concentratmn, .A the ¢r6§s-
sectmnal area, and K the coeff1C1ent of 1ong1tud1na1 eddy d1ffus1on
wrm. |
By tak1ng the part1a1 of F w1th respect to x and cons1der1ng the

law of mass cont1nu1ty, one can der1ve the second order equat1on

I

Q.
(g}

ADS = 28 8 gy ac/a x) - KAc

o+

~Ox - 8x : :
Advection Diffus1on _ (F1rst Order Decay)
where the term kAc represents the decay or sink of the constituent (the
;letter "k'' is the first order rate reaction constant). - Most workers in
this field have used the second order equation but in certain cases the
first order equation is simpler to apply and visualize. . -

In most estuaries the coefficients Q° and A .are-not constant with
longitudinal distance. ‘Unfortunately, the coefficient K -is also not
constant. - It can vary at least as much as one order of magnitude in

- actual estuaries. - Unless the coefficients Q, -A, and K are relatively
. 'simple mathematical functions of the distance x, the diffusion.equations
~cannot be integrated except by finite:difference methods. . -

The coefficient A can be easily determined from hydrographic
charts, and Q. can often (but not always) be accurately estimated., At
the present time nobody can predict accurately what the values should

be for K. In general, K increases in magnitude as one progresses
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from the landward end of an estuary to the ocean. (In the landward most
portion of South San Francisco Bay this general rule does not hold true.)
In actual estuaries the value of K may range from about 500 to 5000
feetz/sec, although it is still too early to make a definitive statement
about the actual magnitudes of K.

The resolution of problems involving the diffusion of a waste ef-
fluent into a receiving water in such a manner as to limit the concentra-
tion of any particular constituent to that specified by some water quality
criterion or objective is extremely complex. Usually rapid mixing is
desired to prevent excessive local concentrations at the initial point or
in the water mass during the transport and dispersion of the mixture into
the ocean. To this end it is customary to assume, though hard to
demonstrate, that waste water discharged from a line source is instantly
mixed in the vertical plane of the line source.

In practice a line source is equivalent to a diffuser in which the
waste water is released through several parts closely spaced along a
submerged pipeline. The line source assumption is often used in the
following cases:

1. Vertically well-mixed estuarine outfalls with or without dif-
fuser if the waste discharge is relatively great in comparison
to the boundaries of the estuary.

2. Marine (coastal) outfalls having a multipartite diffuser at the
discharge end.

3. Stream outfalls under conditions similar to (1) above.

Although in a vertically well-mixed estuary the assumption of
instantaneous mixing in a vertical plane may be relatively valid, the
relationship between Ithe concentration (co) of any constituent at that
instant and its concentration (cw) in the seaward moving water mass
is extremely complicated.

Figure 1-15 represents the considerations from which equations

for the cw/co relationship can be developed. In it the element at o
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represents a region of instantaneous mixing of the waste water being
released from a line source normal to the axis of the estuary. The
subscript, s, signifies the coefficient to the landward, and, o, to the
seaward. Subscripts 1 and 2 refer to distance in the landward and
seaward reaches, respectively, US and UO are net velocities, and
FS, Fo’ and FW are mass flux values. The system is assumed to
be in a ''steady state'' condition, i.e., the average constituent concen-
tration, as taken over a complete tide cycle, does not change from one
tidal cycle to the next. If this is the case, then the mass flux into the
element equals the flux leaving the element, or

F =F +F

o s W

Since FW = QWCW where Ow and Cw are the flow and concentration

of the constituent in the waste, then

F
s

f

O

0

]

>

074
—
o
| S

and

F =(Q +Q )c -AK [dc]
o s w' o0 o o dx20

since the value of ¢ at o (co) must be the same for both F and F .
s o

Therefore, Equation (1) becomes

— -1
c Q c
o W o

(2)

A K
CW o o [dc dc J
clx1 dx2 o

Equation (2) is perfectly valid for any steady-state line source

problem, but to determine the two concentration gradients at 0
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something must be known about the coefficients A, O, k, and K, as

well as the boundary conditions.

For purposes of illustration, it is assumed that A, Qg Qws K,

and k are constant and independent of X and X, The boundary

conditions are assumed to be F = 0 at xl =0, c =0 tothe left of

X, = 0, and ¢ =0 at x, = LZ. Using these conditions it can be shown
that
2
[dc ] _ Cok [ 1 ] N Usco (3)
dxl o US Jg ctnh astLl +1 K
where
k = first order rate of constituent decay
8)
a = >
s 2K
k
Jg © [1+ 4"12{] 1/2
Us
U=0/A
s s

dc Uoco UoCo
[dx ]o - 2K [1 +Jo ctoh ao‘]oLZ] t- K

(4)
where jo and a_ are equivalent to js and 2. respectively, except
that Uo is substituted for U .

s

Q_ +QW ]
Uo - A

Substituting Equations {3) and (4) into Equation (2) vields

‘wo_ @ +Q,) L4 etnhai L | . 2kKA 1
c 20 Jo R A J M QU T ctoh a j L. +1
W s 2 s's 1

(o] w S

(5)
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Equation (5) gives the ratio of cw/c at 0 (the outfall) for the
assumptions made in the derivations.

It is of interest to investigate
this equation in detail to ascertain the importance of the coefficients

K and Qs, as well as the location of the outfall.

Highly positive estuaries. In highly positive estuaries, with Q

being comparatively large, the importance of K is diminished. In
fact, K may play an insignificant role in determining the value of the
ratio cw/c if the following conditions are fulfilled:

{1) 4k£{ -0 (landward and seaward)
Gl
k AK
@ 95 7°
W s -
and 2.2 2
{3) y l: k ,L 216 {landward and seaward)
Z K
4K
{Note:

ctnh X =1 when X2 4.)
Note that condition (1} has the following form:

, L)
U7 = —— >>4kK

If kx were 0 (a conservative or nondecaying substance) then (1) is

immediately fulfilled. If k = 0.2/day {the approximate rate of BOD
decay), then

Q)
AS >>2NKkK = 0.107 ft/sec

if K is taken equal to 5,000 ftz/sec.

Condition (2) is automatically fulfilled if k = 0, Otherwise,
Q. Q

——“’2—_3 >> kK = 0.0116 ftz/secz
A
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for the same values of k and K as used previbusly.
Condition (3) depends on the location of the outfall as well as the

parameters K, k, and U. For example, 1f k = 0 then

9, 40,000 (£
A L ' sec

with L1 in feet. A similar condition has to be fulfilled on the down-
stream side as well,

Neutral estuaries. In a neutral estuary Qs = 0, . In this special

case Equation (5) reduces to approximately.

c v ) . ’ ’ . . " -
—Xz 172+ ———AQ' kK ctnh kL, + E—
‘o w ctnh ’J'k'Ll

If k = 0, Equation (5) becomes

c v"QLz

w w2
= 2 \ e
1[ 1 ﬂ-:ctr\h TAK

o

Nontidal streams. In streams the coefficient K is generally

much less than in estuaries, because there is a lack of tidal action and
because the boundaries are usually more confined. Also, A is generally
much less so that U = Q/A is much greater, Finally, I.;1 and LZ

may be very large. In most cases the inequalities (1), (2), and (3)

are fulfilled and the effect of K is insignificant. In this case Equation

(5) reduces to

= ’. . . . . . . 3 . . (6)

which is simple dilution effected by the net advection.
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Marine outfalls with diffusers. In marine outfalls L1 and L2

are nearly unlimited so that the inequality is immedijately fulfilled. In

this case Equation (5) becomes

Cw Qg9 L], _2kKA 1
c T z2q Jo QU 1+
W w s s

e 0

More often Eguation (6) is used in actual practice.

If Equation (6) could be made to apply, the concentration ratio
CW/CO would be computable by quantities which might be estimated
from hydrographic data. A test of the validity of using this simple

equation might result from an example such as the following:

Given:

Waste Discharge - Domestic

QW = 10 MGD = 15.4 cfs

k =0.008/sec (for coliform organisms)
River

2
Qs = 2000 cfs, A = 1000 ft
2
K =20 ft /sec
L - ©
1 and L2

Estuary

Qs = 2000 czfs, A =10,000 f1:2

K =500 ft /sec

I_,1 = 1000 f{t, L2 = 10,000 ft
Marine Qutfall with 1000 ft diffuser

Current = 0.5 knot = 0. 85 fps

Effective depth of mixing = 30 ft

K =10 ftz/sec

L1 and L2 —
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¢ /c in each case:
w' o .

Answérsv
River
S 2000 '
Us = Tooo - 21ps
2015 ) '
= = 2,02 =
Ys * 1000 02 fps= U,

141

By Equation (5), cw/co

By Equation (6), ¢ /c 131

w (o]
Estuary ,
» 2006 _ - e
qs—w— 0.20 fps--UO

By Equation (5), ¢ /c0 = 2,610

, W :
By Equation (‘6), CW/CO = 151
Marine Outfall
Qq . .
U =3 = 0. 85 fps.
CL | 5
A =1000 x 30 = 30,000 1t
Qq =.0.85 x 30,000 = 25,500 cfs
QS + QW
Uo a A T Us

By Equation (5), Cw! €6 = 1,986
By Equation (6), ¢ /c = 1,660
w' o

It may be seen from these examples that all the terms included
in Equation (5), except the advective term, are not particularly im-
portant in rivers, or even marine outfalls. In estuaries, however,
significant differences may arise between the two equations (e.g.,

2610 vs 131). From an engineering viewpoint this means that when a
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iine source is applied even in a vertically well-mixed estuary the con-
centration of any constituent in the water mass resulting from a waste
discharge cannot be computed without taking into account longitudinal
eddy diffusion. Furthermore, the parameters by which it can be taken
into account are presently all but mathematically overwhelming. Hence
it must be concluded that much additional experimental work must be
done before engineered systems of predictable performance can be
designed on the basis of quality objectives set forth for any individual

estuary.,

Dilution in Marine Waters

Although the use of Equation (6) to predict the cw/co ratio for
marine outfalls, subject to various assumptions, seems feasible the
diffusivity cannot be overiooked in the practical case where ocean out-
fall design must be governed by the concentration of quality factors
acceptable at beach areas. Development of the principles of ocean out-
fall behavior begins with a consideration of the dilution effected when a
waste water is released from a single part into an overlying sheet of
water of unlimited c¢xte:i and having no advective velocity. Practical
s.pplications of such « concep? might be the release of waste water into
a relatively quiescen® ‘oke of comparatively great horizon. The lake
water may or may no he s.iatified. The concepts and equations
de.eloped are of grea! ' slve in estimating the dilution effected within
the immediate vicinity of & rising jet, They must, however, take into
consideration more complex problems of diffusion when the advection ot
ocean water is talen into a:..onnt,

Forces acting on a rising let. Two forces act to effect hydraulic

dilution in a rising et these are the initinl momentum of the jet and
the buoysney ol the jel id in the surrounding medium. Hydraulically
speaking, the momentum «ifect should be some function of the Reynolds

number and the buoyancy some [unction of the Froude number. In
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practical problems, however, the Reynolds number is so large as to
have no appreciable influence on the dilution effected. The same is not

true of the Froude number "F'', where

v ;
(PS - Pw)

g Pw’

E:

Ps and PW are the densities of the surro‘unding:mediu'm and jetted
fluid, respectively; D the diameter of the nozzle; and V the velocity
of the discharging jet. However, as P +P <’ F +0, so that in the
case of sewage being discharged into freshwater of about the same
temperature, F will be large. |

The effect of the water surface on the Jet  Frankel .and'Cu.mming

(5) investigated carefully the effect of a horizontal water surfa'ée on
rlslng water Jets of moderate Froude numbers in nonstrat1f1ed waters.
These investigators concluded that there exists a aurface transition
zone in whxch the dilution factor remains uvzrhanged In this zone the
turbulence may be 1f‘tense but additional dilution is scant because of
relatively slight constituent concentration gradients. The effect of this
transition zone appears to extend rather deelply along the axis of the
rising jet. Frankel and C‘ﬁmrning estimated that this zone extended to
a depth equal to 25 percent of the value of H/D, where H is the

total depth of water above the port and D the diameter of the port.

Vertical jet of pure momentum (F =w )} in nonstratified waters,

Assuming that a similar surface effect would be observed with water:
jets having an infinite Froude number as well as finite F ‘numbers,
and using the theoretical equations of pure momentum dilution described
by Abraham (1), the dilution effected along the axis of a vertical jet may

be approximated by the following equations:
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and

so=o.144—%— P €:)
where

5.2-2 0.75-5- and F =,

In the above equations the symbol S stands for hydraulic (or

advective) dilution. In terms of constituent concentrations

where Cw is the concentration of the constituent in the waste water,
C the concentration in the surrounding medium, and c the concentra-
tion at some point in the jet.

Sj is the hydraulic dilution effected along the axis of the rising
jet, and’ So the dilution observed at the water surface, within the
surface transition zone. The coordinate y is measured vertically
from the nozzle end. For values of y/D greater than 0.75 H/D,

Sj remains constant and egual to So; and when /D is less than 5.2,
Sj =1.0 (cW = cj). These dimensions are delineated on Figure 2-15.
Equation (8) is a linear equation which plots as a straight line on

log -log paper (see Figure 3-15).

Jets having buoyance and momentum in nonstratified waters.

Figure 3-15 presents observed hydraulic dilutions effected within the
surface transition zone of a rising jet for various ratios of H/D. The
two lines shown for vertical ports represent a plot of Equation (8) when
F = © (a theoretical evaluation) and the observations of Frankel and
Cumming with F = 24, The three lines shown for horizontally placed
ports are from the observations of Frankel and Cumming (F_‘_ = 20) and

Rawn, Bowerman, and Brooks (8), (F = 16 and 32).



: WATER SURFACE

195

H/D T  RITTRIRUIETRTOLITRENTRRT,
N S e N
N
\\\&9)3?&%5‘\\\\ .
TRANSITION e
\\\“ﬁm‘e :
(=]
2N \\s\\\\\\\\\\\\ S
T WHERE S0 ~ CONC. o
3 N
© ‘
" \
(-]
[}
0.75 H/D f'l—'
A‘
1T |
I L = 0.090 y/D= | o OF —-
a o . 0 S
~ >
b3
w > i ‘ '
o 2 ,
: ~ \— 5:1.65 8§,
w (o]
o M [
| - \ S.
a 4 j
>
[4 - ¢
5.2 - w s
S=—= Cg
[ - ¢
Sp = ———*
o ° Co — Cs
- S - Cw — €3
" N
7] s
L
0 5
NOZZLE - o
VALUE OF x/D
g X

FIGURE 2-15.. ANATOMY OF A VERTICAL JET WITH F=®



196

|00 T 5. 17T v T T ™ 1 1 7T 70

50

20

RAWN et al FRANKEL AND //
r=pg] L2~ cummine 5] 7
10 7

VERTICAL ~

VALUE OF So AT WATER SURFACE

5 10 ‘ 20 l 50 = 100
VALJUE OF H/D
FIGURE 3-15. JET DILUTION AT HIGH FROUDE
| NUMBERS



197

The horizontal nozzles are much more effective in producing
dilutions than vertical nozzles. Frankel and Cumming concluded that

horizontal nozzles provide the best initial dilution, all other factors

being held constant. The agreement between the horizontal jet observa-

tions of Frankel and Cumming (5) and those of Rawn and Palmer (9) is
excellent considering the vast difference in the methods of conducting

the two investigations, Both studies indicate that there is a comparatively

'small change in initial dilution effected for Froude numbers ranging from

about 4 to 20 (data not presented in Figure 3-15). The observation
with the greatest F value {32) indicates an appreciable increase in
dilution effected for the lower H/D ratios.

For vertical nozzles, Frankel and Cumming found that the value
of So increases with decreasing F numbers, especially when F <16,
However, So ~appears to be decreasingly influenced by F as F in-
creases {as predicited by theory) and appears to approach a lower limit
as F—©,

Water stratification and depth of effective mixing. In the previous

discussions of density of the waste efflnent, P_"” has been assurned to
be always less than the density Ps of the surrounding water, or
PW PS. This gives a positive F number,

In most actual cases of wasie water heing released into salice
estuarine and marine waters, PW is less than Ps. If P-s is approximately
constant from the bottom to the water surface; then the waste water will
rise to the surface and remain there {s2e Figure 2-15), The depth of
the waste water field as it flows away frocm the scurce may be czlled the
depth of effective mixing. In the case of nonstratified waters the depth
of effective mixing will increase with distance from the sburce, reaching
downwards until the hottom is attained. No doubt the time required to
attain a uniform vertical distribution is dependent on the rate that the

waste field is dispersed, both horizontally and vertically, and hence on -

the lateral and vertical coefficients of diftfusior,
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In stratified waters there will be a tendency for the waste field to
be confined in one layer, since a density gradient acts as a physical
barrier, limiting the exchange of waters from one layer to another. In
this case the depth of effective mixing remains more or less constant,

In some cases the rising jet fluid Will not penetrate a density
gradient, but rather remains in the lower, more dense stratum. This
situation is analogous to an inversion layer in the atmosphere in which
waste gases are unable to penetrate the inversion layer and escape from
a smog-bound basin.

In other cases, the residual momentum of the rising jet will be
sufficient to penetrate the density structure but the dilution already ef-
fected has been so great that the waste plume will not maintain itself
in the surface layer, but rather plunges back down into the lower layer.
Hence, four cases can arise when a waste water is jetted into a receiving
water:

1. The jet rises to the surface and then is gradually dispersed
vertically from top to bottom in the receiving water (non-
stratified case).

2. The jet rises to the surface and is confined in the layer situated
above the density gradient.

3. The jet rises tc the surface but plunges back downward into the
layer lying beneath the density gradient.

4. The jet is always retained ir the region beneath the density
gradient.

The reason why a jet of waste water may be maintained in the lower
layer is as follows: As the jet rises fhe waste water is diluted with the
water of the denser bottom layer. If the dilution effected prior to r.eaching
the gradient is sufficient, the water in the center of the rising jet will be
actually maor=s dense than the fluid of the upper layer. In this case the
waste water will remain beneath the density gradient. A comprehensive

discussion of this phenomenon is presented by Hart (6) (1961).
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Unlike the problem of an inversion layer in atmoespheric pollution,
it is generally much more desirable to inaintain the waste effluent
beneath the density structure when considering problems of waste water
disposal. In other words, the most critical case usually occurs when
the rising jet penetrates the density structure and is confined in the-
uppermost straturn since this is the time when the waste constituents
will be visually evident to the public. Hence, outfall designs are usually
made for this case unless it is known that the density structure is of a
permanent nature. However, if protection of bottom dwelling organisms
becomes an objective of quality management, entirely different para-
meters must be used.

Status of engineered systems. From theoretical and experimental

considerations the dilution of waste water by marine water in a rising

jet may be estimated. Whether or not the mixed waters will reach the

surface depends upon such factors as depth and the prevailing density-

térnperatur_e-s-t?:uctuvre. In a practical case the density depth character-
istics of a particular site can be studied by such devices as the bathy-
thefn.idgfa;i)'hi. ‘However, if thé site is subject to considerable upwelling
of deep ocean waters, both temperature and salinity measurements are
needed. From such information the likelihood that the waste-seawater
mixture will reach the surface layer, where the most rapid transport
occurs, is predictakble. From othef oceanographic data, nearshore
circulation systems and the current structure at a given site can be
e\}aluated in relation to the fate of the rising jet of rnixed water and

of any plume of the mixture as it {lows from the jet.

- On the basis of such factors as the foregoing, estimates have been
made of water mass velocity, mixing depths, eddy diffusion, lbac‘-:erial
concentrations, and numerous marine outfalls based on these estimates
have been designed and cornstructed. Among the largest ever undertaken
is the. 12-foot diameter submarine ocutfall of the City of Los Angeles,

which terminates 5 miles offshore in 192 feet of water. Monitoring of
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the area indicates that it is successful in keeping pollutants off the
beaches and transporting the mixed waste and seawater away from the
area beneath the surface.

For the most part, however, the linkage between theory and design
remains tenuous in the extreme. Engineering judgment derived from
theoretical analyses, oceanographic data, experience, and other
factors cited in the literature (1, 2, 3, 4, 5, 6, 7, 8, 9) is the major
factor in successful marine outfall design. A great deal more will
have to be known before the engineer, given the quality requirements
of the water mass for the protection of beaches, aquatic life, bottom
organisms, etc., can design an outfall system of reasonably pre-

dictable performance.
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XVI
QUALITY MANAGEMENT BY ENGINEERED PONDS
by W. J. Oswald

Introduction

The purposeful addition of organic wastes to surface ponds ante-
dates history. During ancient times in the Orient and in Europe, and
at present in many places throughout the world. ponds fertilized with
organic wastes, as well as with inorganic fertilizer, have been con-
structed and operated to encourage algal growth and thereby greatly
increase the areal yield of fish which feed directly or indirectly upon
algae. (4) The purification of sewage in fish ponds has been a recognized
art in Germany for nearly half a century. (15) In America, however,
fish ponds have not been used intentionally for sewage treatment. In
fact the first waste stabilization ponds in the United States evidently
were built for the purpose of excluding waste waters from other sectors
of the water resource in which they would be objectionable. Once built,
however, the waste purification potential of ponds became increasingly
evident to the cbserver. Following the description of ponds at Santa
Rosa, California, in 1924 by Gillespie (6), a succession of papers
described the behavior of several specific pond installations, More
recently a growing body of technical and scientific literature (5) (11)
have placed stabilization pond design on an increasingly rational basis.

It is now widely recognized that when properly designed and
operated, stabilization ponds will develop a population of organisms
which will degrade organic matter and subsequently convert the low
energy products of degradation intc high energy algal cells. If theée
cells are then harvested from the liquid, the final effluent is of a quality
superior to that produced by conventional waste treatment processes.
In terms of the aerobic cycle of growth and decay presented in Chapter

III, it may be said that whereas the normal treatment system degrades
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organic matter to stable fertilizer compounds which remain in the water
without exerting an oxygen demand, the pond system goes further to pick
up these fertilizers and incorporates them into living cells again. Thus
if the cells are removed, the mineral content of the treated water is
reduced and its ability to cause eutrcphication of receiving waters
greatly diminished. On the other hand, if algal cells are not harvested,
the pond itself represents a highly eutrophied body of water but its
effluent is as highly stabilized as is possikle with any normal engineered
system.

When the low cost of the stabilization pond is considered along
with its ability to upgrade the quality of water, it is evident that such
a system is a device for water quality management worthy of engineering
attention, particularly where land areas and geographical relationships

are favorable,

General Concept of Stabilization Pornds

The term ''stabilization pond'" is generally applied to’'artificially
created bodies of water intended to retain waste flows containing de-
gradable crganic compounds until tislogical processes render them
stable and hence either unobjectionable frorm an oxygen demand view-
point for discharge into natural waters, or are removed by percolaticon
and evaporation. The theoretical minimurn time of such retention is
that sufficient to permit biodegradation of organic matier and die-away
of pathogenic bacteria and parasites. The theoretical maximum time,
from a quality control viewpoirt, is the maximura time plus that
necessary to tie up the stakle products of biodegradation in algal cells,
In practice, however, the design detention period, oz pond capacity,
may be governed by requirements of controlled discharge imposed by

quality management considerations of the receiving water,
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Types of Stabilization Ponds

Stabilization ponds may be classified according to types of influent,
outflow condition, methods of oxygenation, biological processes, etc.
Typical general classes are as follows:

1. ' Types of Influent

(a) Raw sewage ponds, or lagoons: influent sewage directly
from municipal sewer without{ treatment.

(b) Screened sewage ponds: influent sewage screened or
comminuted.

(c) Primary sewage ponds, or oxidation ponds: influent sewage
is effluent from primary sedimentation systerh.

(d) Secondary sewage ponds: influent sewage is effluent from
secondary sewage treatment system.

2. Outflow Conditions

(a) Percolation beds: outflow by evaporation and percolation
in soil exceeds influent rate.

(b) Nonoverflow ponds: outflow by evaporation and percola-
tion equals influent plus precipitation.

(c) Intermittent ponds: no outflow during dry season but
discharge effluent during wet periods.

(d) Overflowing ponds: effluent discharged continuously.

3. Methods of Oxygenation

(a) Mechanical aeration: water aerated essentially continuously
by brushes, low-head propeller pumps, floating aerators,
etc. (Principles of "total oxidation'' activated sludge
apply; sludge must be withdrawn.)

(b) Photosynthetic oxygenation: during growth and photosyn‘the-
sis, algae produce dissolved oxygen in amounts equal to or

greater than the oxygen demand (BOD) of the applied waste.

4. Biological Processes

(a) Aerobic ponds: loaded so that aerobic conditions prevail and

biological processes mainly bio-oxidation and photosynthesis.
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(b} Anaerobic peonds: lcaded to such extent that anaerobic
conditicns prevail through water mass. Biological
processes primarily organic acid formation and methane
fermentation.

(c) Facultative ponds: divided by loading and thermal strati-
fication into aercbic surface and anaerobic bottom strata.

From the foregoing summary, it is evident that any single pond
may fall into several classifications. For exarnple, a pond may be an
aerobic primary or secondary pond, coverflowing or intermittent, etc.

On the other hand, it may not be a raw sewage nonoverflow pond.

Fundamental Principles of Stabilization Ponds

Although stabilization ponds are physically nothing more than
simply constructed shallow {5-6 {t) sasrthwork basins, their effective-
ness depends upen a complex interaction of physical, chemical, and
biological processes. In natural ponds, however, thege prccesses
pro‘ceed without the watchful eye of highly competent chemists and
microbiclogists. Moreover; a minirmum 2mount of engineering, con-
struction, and mechanical equipment is required. These factors,
together with the tendency for industrialimed nations io uvtilize mechanized
treatment processes, long diverted scientific atiention away from the
stabilization pond as a practical water quality control system.
Engineering attention began largely in th» context of providing a cheap
substitute for sewage treatment for coraraunities toe poor to aiford
modern works, but as the merit cf pornds became evident, zttention was
turned to the underlying principles and parameters of design.

One of the first fundamenial principles underlying the rmost used
types of stabilization ponds is that their action depends upon the
simultaneous and continuous functioning of both the right-hand and left-
hand sectors of the aerobic cycle of erganiz growth and decay (figure
page 19). Here it is in contrast with the coaventional system which

carries out only the degradation process and leaves the growth potential
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to be exerted in the receiving water as described in Chapter X. Figure
1-16 illustrates the synergistic activity of bacteria and algae in photo-
synthetic oxygenation. Here it is significant that although the system is
internally self-sufficient the input is biodegradable dead organic wastes
and the output is living organic matter at a higher energy level. Hence
the potential oxygen demand (BOD) of the effluent may be greater than
that of the influent, provided of course that the organic waste is sewage
or other partially degraded organic matter. The living cells, however,
are not quickly available for biodegradation because of their tenacity of
life. Nevertheless, in terms of water quality, the stabilization pond
effluent may substitute an aesthetic factor for the quality factors as-
sociated with biodegradation unless the algal cells are harvested.

To express these two factors in more precise terms it may be
said that the waste matter ehtering the system has some definite BOD
which when satisfied through biodegradation produces stable products

having an Algal Growth Potential'(AGP). AGP may be defined as the

weight of algae which will grow at the expense of algae nutrients in a

water when no factor other than nutrient is limiting to growth.

The relationship between BOD and AGP is illustrated in Figure
2-16. AGP, whether it be generated in a stabilization pond or in a
conventional system must be considered a factor in water quality., The
significant fact is that it may have to be controlled either by harvesting
algae from the pond effluent or by nutrient removal from the convention-
al plant effluent, neither of which is economically acceptable at the
present time. A further factor to be considered in relation to the water
quality effects of stabilization ponds or conventional works is the pos-
sibility of growth stimulation by effluents from which nutrients have
been removed. That is to say that effluents which in themselves do not
contain nitrogen or phosphorus may contain other factors (trace elements,
vitamins, etc.) capable of triggering eutrophication of receiving waters

which contain nutrients but are limited by certain growth factors in
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their ability to support life. Hence quality management may involve
productivity tests not commonly utilized in the past. |

The siz;nultaneous processes of growth and decay in stabilizztivn
ponds are affected by numerous environmental factors. Insolation an('\_l
radiation, temperature and thermal gradients, pond geometry, wind, -
gas exchange, and seeding are among the most important which have
been evaluated experimentally (11). The biochemical activity involves
typical _carbon, nitrogen, sulfur, and phosphate transformations, as
well as more subtle reactions, all of which vary with the type of pond.
Principal reactions are summarized in Table 1-16 and their inter-

actions shown schematically in Figure 3-16.

Engineering Design Considerations (12 )(13)

A number of consi%gre_t}pps enter into the design of a stabilization
__pond, . -I'n"'g‘éﬁ'e';;ﬂ;l;’concern the physical integrity of the structure or
the determination of pond size. For example, a nonoverflow pond must
be of adequate size to dispose of the influent by a combination of
evaporation and percolation at all seasons of the year. A mass diagram
based on anticipated influent rates, seasonal rainfall, local evaporation
rates throughout the year, and equilibrium percolation rates can be
utilized in the normal engineering fashion to establish the surface area
and embankment freeboard requirements, Most of these data can be
readily estimated from normally available data. Percolation rates,
‘on the other hand, are not so easily determined. The equilibrium rates
for most soils may be quite small. In some small stabilization ponds
in California percolation rates of 0.3 inch per day have been observed.
Table 2-16 gives data for combined evaporation and percolation for
some small ponds in central California.

. Based upon currently available data, a conservative rule of thumb
for estimating purposes in average soil in semiarid climates is 10, 000
to 15, 000 gallons per acre per day outflow via percolation and evaporation

combined.



Table 2-16., Percolation Plus Evaporation Rates as a Function of Soil Types

Pond System Pf}nd Pond . , Approx, Terminal Rate*
Observed Size Depth Soil Type Inche‘&_;l _ Gal}?ns -1

Acres Irches Day Acre Day
Woodland South 2 60 Heavy silty clay 0.40 11,000
Esparto, Jul., Aug. 2 2 Light silty clay 0. 66! 18,000
Esparto, Feb., Mar. 2 72 Light silty clay 0.25° 6,800
Woodland Nerth 2 60 Alkaline silt . 0,73 20, 000
Woodiand Pilot i/4 60 Alkaline silt 6.75 20, 200
Gonzales 3 72 Fine sand 1.3 35, 600
Rio Lindo 1/2 72 Gravel with silt 1.5 41,000

: n waich may average 0.1 inch per day, and equal 0.3 inch per day
éuring suramer. Tnesas raites apparsintly decrease in winter arnd increase slighily during
summer I{viscosciiy) and {gasification).

July, Aug. evaporatior = §.33 inches per day, therefore Perc. = 0,33 in/day.

In California evaporaticn and precipitation are usually equal. In March therefore loss
is primarwily due to percolation slone.

112
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Design parameters which must be established for stabilization

ponds include detention period, hydraulic loading, organic loading, depth,
recirculation, mixing, pond size and shape, and inlet and outlet system.

1. Detention Period

The detention period necessary to accomplish the function of a
stabilization pond depends, of course, upon the type of pond
and, hence, the nature of the reactions upon which it depends;
the type of waste applied; and various environmental conditions,
A summary of such characteristics and environmental factors
for various types of ponds receiving domestic return flow is
presented in Table 3-16.

In a pond of depth (d), length (.1), and width (w), the

detention period (D) is described by the simple equation:

Volume (V) _ wld
Influent rate (Q) - Q

Selection of the appropriate detention period for various types

of ponds is subject to the following considerations:

(a) Aerobic ponds: Photosynthetic oxygen production is
equated to the oxygen demand of the waste. A deter-
minant time is required for accumulation By algae of
sufficient sunlight ehergy to liberate the required oxygen,

according to the following equation, (13)

d _ 0.66 FS
D L
a
where F = oxygenation factor (Figure 4-16)
S = solar radiation (Table 4-16)

d, D, and La are as previously noted.



- TABLE 3-16.  ,.

Summary of Characteristics and Envirqnuntal Requiremehts of

the Major Biological Reactions .in Waste Disposal Ponds

Characteristics Environmental Factors
Biological Time odors | Temp.
Reaction : Usual Ma jor i °c ' . Toxic
Organisms Substrate Products R‘Eg:i;‘;i dﬁig d Perm.** Oxygen PH ] Light Compounds -
g ¥ Opt .
Aerobic Aerobic Carbohy- ‘ '
Oxidation | Bacteria drates, | COp +NH, | 5 - 10 | None -1%_ Required. 7.0-.9.0 | Fot T} er'™, wm, +
L ’ proteins q : : ’
Photo- . : PR
syuthetic | Algae CO2, NH, oggg' 10 - 20 | None —l';f;g ig“é:ergagi' 6.5-10.5 | Requirea | %, : Cl2
Oxygenation " | Conditions Cr
Acid Forma- Facultative Carbohy- H2S Required Un- . : S _—
tion Heterotrophs | ' drates, Organic 10 - 20 Org- o- der Certain k.5- 8.5 Not re- cr
Bacteria Proteins, acids Acids 10 Conditions ) 71 quired Clz
Fats : : ) i
Methane Methane - .Organic CH,. CO | . 6- Must be : Not re- o
Fermentation | Producers acids 41{[2 21 40 - 50 HoS Ill—-j% excluded 6.8- 7.2 | quired 0», deter-
: S , ’ gents

* Time required after first initiation of pond to develop a stable population.

Permissible range

Optimum range <

1R ¥4
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PERCENT OF INFLUENT BOD REMOVED
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‘FiGURE 4-16. RELATIONSHIP BETWEEN OXYGENATION FACTOR AND BOD REMOVAL IN

WASTE PONDS
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TABLE 4-16,

Probable Values of Visible Solar Energy as a Function of Latitude and Month

Month
Latitude

Jan Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Omax | 2558 | 266 | 271 | 266 | 249 | 236 | 238 | 252 | 269 | 265 | 256 | 253
min | 210 | 219 [ 206 | 188 | 182 | 103 | 137 | 167 | 207 | 203 | 202 | 195

10 max 223 2Ll | 264 | 271 | 270 | 262 | 265 | 266 | 266 | 248 | 228 | 225
min 179 184 [ 193 [ 183 | 192 ) 129 | 158 | 176 | 196 | 181 | 176 | 162

20 max | 183 | 213 | 2u6 | 271 | 284 | 284 | 282 ) 272 | 252 [ 224 | 190 | 182
min 134 1o | 168 | 170 | 194 | 8 | 172 | 177 | 176 | 150 | 138 | 120

30 max 136 176 | 218 | 261 | 290 | 296 | 289 | 271 | 231 | 192 | 148 | 126
min 76 96 | 134 | 151 | 18k | 163 | 178 | 166 | 147 | 113 90 70

4o max Bd 130 | 181 | 181 | 286 | 298 | 288 | 258 | 203 | 152 95 66
min 30 53 95 | 125 | 162 | 173 | 172 | 147 | 112 T2 Lo 24

50 max 28 70| 141 | 210 | 271 | 297 | 280 | 236 | 166 | 100 | ko 26
min 10 19 58 o7 | 14 | 176 | 155 | 125 73 Lo 15 7

60 max 7 32| 107 | 176 | 249 | 294 | 268 | 205 | 126 L=z 10
min 2 4 33 79 | 132 | 174 | 144 | 100 38 26 3

=\

® Values of § in cal per sq cm per day.

To determine average value of S: S =S . +p (8 -85 . ) in which p =
ave min max min

total hr sunshine divided by total possible hr sunshine.

To determine yleld of algal cell material, in 1b of algal cell material per
acre per day: Yc = 0.15 FS.

To detemine yield of oxygen, in 1lb of oxygen per acre per day: 0z = 0.25 FS.
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For best light utilization the required detention period
rarely exceeds five days. In Table 4-16, values for visible
solar energy are tabulatéd.

(b) Facultative ponds: Detention period is selected to provide
either suitable time for coliform die-away or sufficient
time to permit combined evaporation and percolation to
equal the influent volume, depending upon which of the
two is required by pollution control considerations. It
is rarely that the detention period is designed to be so
short that suspended solids removal or even BOD removal
is hampered by lack of time. However, even though
detention periods may be as long as 120 days, effluent
BOD rarely falls below 15 ppm.

(c) Anaerobic ponds: Detention period selected to permit
complete anaerobic breakdown without diminishing the
organic load rate. To assure anaerobic conditions
organic load should exceed 200 pounds per acre per day.
Detention periods are best made long by providing as
much depth as is feasible.

2. Hydraulic Loading

Hydraulic loading {U) is normally expressed in terms of inches
per day, therefore it is equal to Q/A, or in terms of detention

period:

Typical values for various types c¢f ponds are:

(a) Aerobic ponds: Hydraulic load usually limited to 2 to 10
inches per day.

4

{b}) Facultative ponds: Hydraulic lcad usually limited by over-

flow requirements. Overflow may be equated to evaporation
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and percolation for nonoverflowing systems. Maximum
recommended hydraulic load is about 1.5 inches per day
for domestic waste.

(c) Anaerobic ponds: Hydraulic load should be selected to
give 40 or more days of detention period to permit com-
plete digestion.

Organic Loading

Organic loading (Lo) is expressed in pounds of BOD per unit
area of pond surface per day (pounds/acre/day). Itis pro-
portional to the hydraulic load and the organic concentration

(La) or ultimate BOD, Therefore

d
L = O.ZZéTL

o a

in which the constant 0.226 is thie conversion factor from

mg/l BOD to pounds/acre/day.
Typical organic loadings for various pond types are:

(2) Aerobic ponds: Maximum owrganic load about 200 pounds
of ultimate BOD per acre per dayv, but load is dependent
upon available sunlight energy. (12) A first approxima-

tion is

in which Lo is the uvltirnate BOD to be satisfied in
pounds per acre per day, and S is the quantity of sun-
light energy in cal per cmz per. da;'. (See Table 4-16.)
(¢) Facultative ponds: Maximum load is based upon mass
diagram for gas evolution, since evelution of methane

is major method of carbon escape. Mass diagram of gas

evolved from pond ir Wocdland, Northern California,
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indicated an average rate of organic loading 50 lbs of
ultimate BOD per acre per day. If 50 lbs of BOD per
acre per day is exceeded continuously, it is believed that
the effects of eutrophication will become evident within
three to five years.

(c) Anaerobic ponds: Permissible loading is a function of
rates of methane evolution and organic overflow. Maxi-
mum BOD removal in anaerobic ponds is about 70 per-
cent, Therefore anaerobic ponds must discharge to
secondary ponds.

4. Depth

Considerations in the selection of pond depth and the normal

values used are:

(a) Aerobic ponds: Algae concentration is inverse function of
depth; light conversion efficiency increases with depth,
Yield of algae or oxygen is product of efficiency and con-
centration. Maximum yield and concentration occurs with
pond depth held at 6 to 12 inch depths. However, if oxygen
production is the sole objective, depths of 36-48 inches
are desirable.

(b) Facultative ponds: Selected depth should be such that the
summer thermocline occurs several feet above the pond
bottom, so as to provide a sufficiently deep stratum in
which sludge accumulation and digestion can take place
below the thermocline. This criterion is usually best
met by maintaining depths of 60 to 72 inches. Ponds as
deep as 96 inches are now observed to operate satisfactorily.
A cone shaped central well surrounding a central inlet forms

"an excellent digester. Cone depths of 3 or 4 feet are used.

(c) Anaerobic ponds: Depth selected to provide minimum sur-

face area to volume ratio for heat retention and to provide



&)

219

detention period for alkaline digestion. Criteria usually
best met by maintaining depths of 96 to 168 inches.

5. Recirculation

Recirculation of the contents of stabilization ponds is necessary

in some cases, and not in others.

(a) Aerobic ponds: In high rate ponds recirculation is essential
because it provides influent oxygenation and seeding. A
recirculation rate of at least 2Q is desirable.

(b) Facultative ponds: Recirculation is only justified if edge
or corner inlet is used; if ponds are long and narrow; or,
if loading in primary ponds of a series exceeds the
maximum at which aerobic surface conditions can be
maintained. In each case recirculation should be applied
with incoming sewage and the anticipated temperature of
recirculant should be considered in calculations so as to
avoid cooling the influent sewage to temperatures below
that needed for digestion.

(c) Anaerobic ponds: Recirculation of actively digesting
sludge from the anaerobic zone into incorning waste is
feasible providing there is no entrainment of oxygen into
the digesting bottom layer. Submerged application is
reccmmended for the prevention of the escape of odors.

6. Mixing

(a) Aerobic ponds:

(1) Mixing is essential for the commingling of the setile-
able bacterial sludge and the algae which remain in
the supernatant., Mixing may be accomplished by
flow-through, using air lift pumps, propeller pumps,
brush aerators, or various other methods. Around
the end baiffles with propeller pumps believed to be

most economical.
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(2) Mixing systems should create a velocity of at least

1/2 foot per second throughout the matrix of the

“culture. City of Concord mixing system uses
velocity of 1/2 foot per second. University pilot
high rate pond uses 1 foot per second.

(3) Mixing best applied.

(a) At night during the period when dissolved oxygen
is at a level below saturation (usually between
midnight and 5 a.m.).

(b} When the pH of the culture exceeds 9.5, so that
CO2 may be replenished in the supernatant,

(b) Facultative ponds:
(1) Mixing is not required for facultative ponds to which
the BOD loading is 30-60 pounds per acre per day.
(2) In aerated facultative ponds mixing should be applied
only to the aerobic zone, and then mainly at night.
(c) The effect of mixing on anaerobic ponds has not been
studied, but it is obvious that aeration with oxygen must
be avoided since oxygen is toxic to the methane bacteria.
Some mixing is naturally provided by rising gas bubbles
when vigorous fermentation is in progress. Vigorous
gasification prevents formation of thermocline.

7. Pond Size and Shape

(a) Aerobic ponds (photosynthetic oxygenation): Maximum
size of individual ponds should be about 10 acres. (Size
is governed by depth, heat loss during mixing, and
channel width.) An extensive mixing facility is required
for channels which are in excess of 50 feet wide. Power
for mixing is about 3 KWH per acre per day. A length
to width ratio of 41 is optimum for overall pond. Channel

lengths of 10, 000 feet not uncommon.
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(b) Facultative ponds:

(1) Overflowing ponds: No size limitation other than cut
and fill balance in earthwork consideration. However
small ponds give superior performance. Small size
is ideal since lateral percolation is maximized and
problems of wind mixing and erosion minimized.

(2) Nonoverflowing ponds: Percolation of liquid into
levees may dispose of significant quantities of ef-
fluent into the ground. Individual ponds as small as
1/4 acre are feasible. Two acre square ponds ar-
ranged in tetrads is an excellent configuration. In
square ponds, corner radii should not be less than
40 feet.

(c) Anaerobic ponds:

(1) Overflowing ponds: One half to two acre sizes., Length
to width ratio of 2:1 to 4:1 will provide iniet and out-
let separation.

(2) Nonoverflowing ponds: Size should be selected to
minimize surface area to volume ratio, thereby
conserving heat. May be square-shaped with
rounded corners,

8. Inlet and Outlet Arrangements

(a) Aerobic ponds: Arrange to aveid short-circuiting during
periods when mixing is not in progress. Inlet is usnaliy
on discharge side of mixzing system, outlet on intake side
of mixing system. Check valves on pump outlets, avoid
backflow. Outlet arranged to decant overflow,.

(b) Facultative ponds:

(1) Inlets. Central inlets superior to all others. Sludge
deposition will then ke entirely submerged and
sludge will be protected from aeration. Inlet pipe

should be turned up and extended about 18 inches to
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avoid possibility of clogging. See Figure 5A-16,

(2) Transfer structures. Simple pipes through the levee
are satisfactory providing erosion control at the
discharge is used. A superior transfer structure
uses the decanting and submerged discharge principle.
A typical system is shown in Figure 5A-16.

(3) Outlet should be decanted from surface outlets, should
be located downward so that outlet skims pond. Final
pond in series may have submerged discharge to avoid
putting scum in receiving body. See Figure 5B-16,

(c) .Anaerobic ponds: Same as facultative ponds except that
inlet pipe should extend upward about 5 feet to avoid
clogging. (See Figure 5C-16.)

9. System Arrangements

The arrangements of ponds into systems of various types is
diagrammed in Figure 6-16 in which flow patterns are shown
for single ponds and for groups of two, three, and four ponds.
Parallel ponds give maximum load distribution, whereas
series ponds have the advantage of producing superior ef-
fluents ( 9).

10. Miscellaneous Design Considerations

(a) Pond Linings
(1) Aerobic ponds: Rapidly mixed photosynthetic

oxygenation ponds should be lined if most effective
oxygenation is to be attained. Lining is not essential
if the velocity is low although mixing may cause undue
turbidity, resulting in increased light adsorption and
severe light limitations for the algae. Linings may
be of asphalt, gunnite, or plastic. Galvanized sheet
iron forms a suitable lining for small ponds, since

carbon dioxide removal by algae causes the pond
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TRANSFER

FIGURE 5A-16. SUPERIOR INLET AND TRANSFER STRUCTURE
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FIGURE 5C-16. TYPICAL USE OF SUBMERGED BAFFLES TO PROVIDE
DIGESTER
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water to have a positive Langelier Index with deposi-
tion of insoluble substances on the metallic surfaces

‘ (7). Deep aercbic ponds need not be lined if séouring
velocity is not exceeded, that is, if velocity is below

1/2 foot per second.

(2) Facultative and anaerobic ponds: Linings not required

for the fostering of any fundamental reactions. Linings
may be applied to prevent excessive rates of percola-

tion or bank erosion. Cost of linings is high because

of the large pond areas involved. Liners may be of
plastic, clay, or compacted earth.
(b) Levee Slopes '
(1) Aerobic ponds: Levees need not be high, and since
they should be lined, may be constructed with slopes
7 sufficiently flat to permit operation of paving machines.
Recommended minimum slopes: 4:l.
(2) Facultative ponds: Recornmended interior levee
slopes: 4:1 to 6:1. Exterior slopes: 3:1, Water-
line may be paved to prevent beaching. Rip rap

should not be used as a svbstitute for shkallow slopes.

(c) Levees

(1) Width: Since levees will provide percolation in pro-

poriion to their size, design size should be generous.
Recommended minimum top widih, 14 feet. Levee
crown should be rounded to prevent impoundment of

rainwater.

(2) Redwood or precast concrete baffles m>ay replace
inner levees in high rate ponds or in overflowing ponds
when water surface area must be kept at a maximum

and land is at a premium. Submerged baffles may be

used to create an anaerobic zone,
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(d) Freeboard: Minimum recommended freeboard, 2.0 feet.

Maximum freeboard governed by anticipated wave size

(usually 1/2 the depth).

(e) Appurtenances

(1)

(2)

(3)

(4)

(5)

(6)

Meters: Provision should be made for inlet and out-
let metering in every ponding system.

Distribution systems: Usually are open boxes coﬁ-
taining valves to control flow through pipes leading
to the various ponds. Rotary distributors give
superior performance but are costly.

Facultative and anaerobic ponds: Single or multiple
submerged vertical inlet pipes should be used.
Vertical inlet height should be about 18 inches above
pond bottom. Primary pond inlet should be at center
of pond.

Individual pond inlets: Aerobic ponds: No special
inlet requirements except to avoid short-circuiting
of influent sewage directly to effluent overflow.
Drains: Each pond should be provided with a drain
sump, with drainage pipes leading to the influent
well. Ponds may thus be emptied into 6ne another
when one is to be removed from operation. Thus
the key phrase ''keep ponds full or empty'' can be
accomplished. Portable pumps and portable irriga-
tion piping may be provided in lieu of permanent
drains.

Skimmers: Each pond should be provided with a
surface skimming device located within a few feet of
the levee-waterline intersection at the downwind edge
of the pond. Skimmers should be adjustable and
operable manually. Skimmers should drain to the

influent or recirculation sump.
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(7) Outlet and interpond transfer systems: May be com-
bined with pond drains or designed to operate as
simple culverts through levees, In freezing climates
submerged transfer or overflow lines should be
connected through a manhole containing a depth
control weir,

1. Management of Ponds

In a preceding section attention was called to the fact that the
ability of a natural pond to furction without scientific person-
nel led to an ignoring of the pond as a treatment device. This
does not mean that the engineered pond functions without at-
tention and maintenance. Such an as sumption leads essentially
all ponds to degrade to the status of an anaerobic pond with
attendant objectionable aesthetic conditions., Such negleci has
repeatedly occurred and has done much to obscure the merits
of the engineered pond in some quarters.

The functioning of an aerated pond, an aerobic pond, or a
facultative pond depends upon management techniques which
maintain optimum conditions for the processes which the pond
is intended to exploit. Proper cperation and maintenance,
therefore, are just as essentizl to the stabilization pond as to

other engineered systems for guaulity management.,

Performance of Stabilization Ponds

The effects of stabilization ponds o thie qguality of domestic return
flows has been the subject of many experiments, BOD reductions which
may be expected from various types of ponds are as follows:

1. Aerated ponds: Up to 95 percert, conversion to CO2 and humaus.

2. Aerobic ponds: Up tc 95 percent, conversion to algae and

humus,

3. Facﬁlfative ponds: 90 to 95 percent, conversion to methane and

humus.,



4. Anaerobic ponds: Up to 70 percent, conversion to methane and

humus.

Conversion of BOD to algal cell material in aerobic ponds pro-
duces about one ton of algae per million gallons of domestic sewage
ponded. The short detention period involved results in but small re-
duction of the coliform count, Facultative ponds, however, are more
effective in reducing bacteria. A single pond at Santee, California, has
been observed to remove 50 percent of influent coliforms, A series of
facultative ponds providing an overall detention period of 60 days
produce water of a quality suitable for golf course irrigation and land-
scaping. Coliform bacteria counts in the third of a series of ponds
receiving domestic sewage are generally less than 10 per 100 ml, Fish,
frogs, and invertebrate life likewise attest to good quality of water in
tertiary ponds.

Observations (3) of pesticides in aerobic ponds show that many such
are adsorbed on algal surfaces. In preliminary experiments with algal
harvesting, 80 percent of pesticides were removed. Degradation of
detergents in stabilization pond studies (8) are summarized in Table

5-16.

Table 5-16. Removal of Detergents in Stabilization Ponds

Percent Removal and Degradation

Type of
Pond ABS LAS Alcohol Sulfate
Removed Degraded| Removed Degraded| Removed Degraded
Aerobic 15 2,9 56.2 35.3 95.3 94, 2
Facultative 30 15.9 93.1 80.5 98.7 94.0
Anaerobic Not observed. Other available systems ineffective.

Status of Stabilization Ponds

Stabilization ponds are now employed to treat municipal return

flows, and to retain or treat many types of industrial waste waters
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throughout the United States and most civilized countries of the world.
For example, in 1957 there were some 68! municipal ponds in the
United States (1). By 1960 the estimated number was above 1,000 {1%).
Although data for the entire U.S. A, were not compiled in 1963 there
were more than 800 municipal and industrial ponds in California alone,
with new ones reported every few weeks, At Melbourne, Australia
(14) ponds covering more than 500 acres are a major factor in treating
the waste water from domestic use, Numerous ponds are in use in
India, and the Middle East. In Israel more than 75 stabilization ponds
were in operation in 1965 (10) an>d plans are well advanced {2) to
utilize ponds in the treatment and reclamation of water from the city
‘of Tel Aviv and the entire Dan Region in the amount of some 90 million
cubic meters per day.

The range of applicability of stabilization ponds has not been
fully explored. Domestic sewage, food processing wastes, animal
manu:rés, oil, and certain mineral wastes are among the water carried
wastes which have been treated successfully, However, the feasibility
of utilizing ponds for the biodegradation of solid organic wastes in a
pond seems worthy of exploration. In such ponds there would be no
overflow and the organic matter would be reclaimed by conversion to
algal cells which could be harvested for arimal feed supplements. In
any event, for maximum quality objectives of the system as a water
treatment device, provision should be made for removal of algal cells,
although such removal is not implicit in the concept of the stabilization
pond and has not yet been established on an economic basis.

Nevertheless, the design of stabilization ponds is rapidly being
placed on a rarional basis, and their usefulness as engineered systems
for water quality management is certain to grow in importance as the

objectives of such control become increasingly restrictive.
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XVII
QUALITY CHANGES
BY CONVENTIONAL ENGINEERED SYSTEMS*

Irtroduction

For the purpose of this discussion of water quality management a
distinction is made between natural and artificial environments in which
changes of quality may be brought about. Ponds, lakes, flowing streams,
estuarine and marine waters, and the soil mantle of the earth are.con-
sidered as natural environments, albeit subject to exploitation and
optimizing By engineering works. In contrast, artificial environments
are considered to be those maintained by suitable operational and
scientific techniques within structures designed and constructed by man.
A conventional engineered system is then one in which a series of units
each designed to exploit some particular process or phenomenon, are
put together in an optimum manner to accomplish a desired change in
water quality. Specifically, the engineered works designed for filtra-
tion, sedimentation, aeration, softening or deionizing, and sterilizing
water; or for fermenting, oxidizing, precipitating, or otherwise altering
ar removing any of its acquired constituents, are herein treated as
conventional systems,

The processes involved in conventional systems are those wkich
occur in nature under appropriate environmental conditions, The ob-
jective of the conventional system, however, is to provide structures
in which water may be isolated from the water resource while these
processes of quality change are accomplished under conditions that

bring them about most rapidly and effectively. In achieving this

e

"A su: ‘mary of the lectures presented by Mr., Donald Anderson,
whose discussions of the subject drew heavily on standard textbook
material,
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objective new and complicating factors may be introduced. For example,
the flowing streem receiving a burden of organic wastes degrades and
recovers in quality in a sequence of environments. Ideally, if the
streamflow and temperature relationships remained constant, the waste
products of one group of organisms world be flushed away by flovring
water to become the food supply of the nexi group downstream., Ob-
viously such arn ideal situation does not occur for many reasons ranging
from flow variation to the fact that organisms themselves may be at the
mercy of the current. Nevertheless, however dangerously a species may
be forced to live, nature establishes an eguilibrium in which a succession
of orgarisms predominate., In contrast with this system the conventiconal
system of sewage treatment must seek to carry out all of these processes
within limited space. In the anaerobic digester, for example, the
succession of organisms involved in biodegradation must ali function
simultaneocusly within a single tanlk., T=z:s environment is folded on
environment and the welfare of each group cf organisms.depencds upcn

the ability of tre rext to keep its waste products reduced to tolerable
levels. Thus there is never a time in the life of an anaerodic digester
when any of its several popnlations mey fzlter either in numbers oo
efficiency if cztzstrophy is not to result., For the engineer this generates
the familiar difficvlties of digester operz2ion, and a comsiznt threat of

iz prepared to correct,

imbalances man is as yet 1
In a similar iashior the aerobic cycle of degradation in an

activated sludge tank depends upon the harmoniosus functioning of 2 mass

culture of organisms. Here the waichiul eye of experienced chemists

and biologists is required to accomrplish the resulis readily achievad by

&

s of other

[
[s A

unattended natare, albeit at the expense cf ihie quality nee
users of the water resource,
The nature of conventiorzal systems is weil known io engineers

and is described ir many taxibocks and published articles, Conseguently

it is not precented here in trie same detzil 25 are soil, pond, and
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estuarine systems. Instead the processes exploited by conventional
systems are summarized and evaluated in respect to their ability to
change the quality of water at the present level of technology and
economic acceptability. In this manner any gaps between the public
objectives of water quality management and man's ability to attain such

objectives can be identified and evaluated.

Summary of Conventional Processes

Many of the processes utilized in conventional systems of water
quality control are applicable both to preparing water for some specific
beneficial use or range of uses, and to upgrading the quality of return
flows to levels required by resource quality objectives. Others are
predominately used in one or the other of these two situations. In
general, at the present time, those processes designed to stabilize
degradable organic matter are applied primarily to return waters,
whereas demineralization, when it is used at all, most commonly pre-
cedes beneficial use.

In the outline which follows, the normal applications of each type
of process are indicated. While the table by no means covers all that
has been feared concerning the conditions under which each process is
optimized, it does indicate how extensively the knowledge of process
performance is related to treatment systems as a whole rather than to
the individual processes which make up a system.

From the standpoint of water quality management a consideration
of conventional engineered systems underscores the fact that such
systems are heavily criented to the objectives of control of oxygen
demand and of coliform organisms in receiving waters. These have been
problems of first order magnitude in the past and will continue to be so
in the futur=. Nevertheless, in looking back over the history of water
quality control by engineered systems one cannot but be impressed at

the little change in preocess that has occurred within the past 40 years.
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Gravity Separatinn

Type or Process

Common Applicntions

Approxirate Limit aof
Quality Input

Principal Change 1r|' Quality Factrrz
(Approximate)

Refe rence

Reduction in suspended
solids in raw weter to be
pumped .

No theoretical imit:
3000-5000 mg/f typical
maximum in floodvaters.

Removes inreer and heavier suspended solids.

Plain Sedimentation

Primary sewapge treatment

Unspecified

50% reduction in suspended solids.
55-h0% reduction in BOD.
50% reduction in turbidits.

AR

e
Serondnry sewage trealment

Unspeciflierd

tinreported

Cencent.rated return
activated sludge
(zecondary treatment)

Uaspecified

Thickens sludge te 20-25%% original volume .

Cancentrating or reducing
suspended solids in
industrial westen,
organic and fnorganic.

Urispecified

Highty deprndent. ipon nature of waste
treaten.

Grit removal - raw tewage

Unspecified

TRemeval of heavy suspended solids not
transported at velocity of 1 ft/sec.

Plain Bedimentetion

Primary sevage treatment

Unspeeified

1. 25-hk0% reduction in BOD.
2. 40-70% reduction in suspended solids.
3. 29-7%% reduction in bacteris

Plus Skimming L. 2% redactlon 1in detergents (1!
Vnricus industrinl wastes Unsprcif'ind Dependent, upon nature of waste.
Secandary sewape treatment | 0.29-3.0 § BOD/2vn yd/filter | 1. B0-95% reduction in BAD.
2. 10-921 redrictiocn in buspended solids.
Trickling Filter 2. 00959 reduetion in dbacteria.
plus Plain L 40-30% reduotfon 1o ARS. {1}
Sedimentation 9, Bn-udf reduction in TAS. fi]
Orgaric Industrial Wnstes Dependent upon wante Dependent upon pature of waste.
(e.g., milk process.) treatment .
Activated Slud Secondary sewage treatment | Unspceified 1. 87-95% reduntion in BOD.
lus Plain &= . R%-05% reduction in suspended solids.
gedinentnti n 3. 94-94% reduction in bgeteria.
° 4. 50% reduction in ABS. )
h. G0-u% reduction in LAS. i1l
Raw sewnge Unspecified OB% rednclion in tuebidity.
1
Sed :;::.:tion (experimentally) 40% reductlon in suspended solids.
Mechantcal FO$ reduction in BOD.
o
Flocculation rln melrial wantes Unspecified Variable, depending upon nature of wastes
treated.
i ¥umleipal and
tndustrial ter
~:r;1;r al wmter Unspeeified 2deldem ovaluated reparate from filtration.
Sedi::::tion N.  dater softening
gho::ﬁ.::ion RAw sewamn UnopeciFled ] 1. 0-A%% reduction in BOD.
{not. ensmon) Y. 70-90% redueticn in suspended snlids.
i. 40-0% reduclion in bacteria.
1ndvetrinl wvastes Derendent apan ugrte Varinble, dependent upon neture of waste.
Minfelpn]l water supply Unapeedfiod L. Conlesce and preeipitnte dispersed clay
eotledds.
Heduee tarbidity .
f. Deduee caler,
Chemical Fhosohnt» removel tvem asone {Fed Redure sanluble phosphates to trace amounts.
Cosgulation warte wters _
Sedli?nl::tation iime-snda sof'tening of Applicnble to wntoyrs i. Hardness reduced to approximately 75 maft:
vater sypplies ~eptnining O npd mg hv exeess 1ims to 30-5) mgfg; by hnt
sulfatas and biearhepntos. protess to e 10 mg/2 ns CaCOs. [2]
Iron and Mm in aaturnl . Fe reduced to o.l mgfe (+)
unters. {e.g., marimu “. Remecves (0. - requiring restabilization.
from 10 mg/2; mirimm, 4. 60-100% reduction in bacto by excess
5 me/L.) 1ime.
Filtrrticn (2], I3, )
v
1. Tertiary trestment of Rrlatively lew turbidity. i. 0-9% reductfon in BOD.
sevage efTluent. 2o Ah-a5% peduction in suspended solids-
2. Water reclamtion A, in-4f$ reduction in bacteria.
syEtems., 4. 90-99% reduction in surfactants.
low Sand
?cx:'vtt;) Municipal vater supply Turbidity 40 mg/e. Lo rednekinn in vecteria.
2. un-100% redietion in turbldity.
5. %0% reducti~n In eolor
. Odors and {actes removed.
e (0% reducticn 'n icon.
Industrial vsstes Unsveelfinrd Varien with nature of waste.
Rapid Sand Municipal and industrial Low burbidity, o ou., : 9ua rednettan in bneterie.
(G:avltv) wvater nupply {13ttle S0 npf e, maxtmin 2. 9% reduction in turbidity.
¢ uged without ecagulatien) S U MDY 000 190




r

- Exchange
tural or
Jyrthetie Zeolite)

suppliers for municipal
or injustrial uge.

sulfetes and
bicarbonates) nf
natural waters.

> 850-1000 /4 CnCO,
Iron < 1.5-2 mg/#.
Low in silica.

€0z < 15 mg/s.

£

with removed Ca and Mg.

Surmary of Conventicna]l Processes and Systems (continued) )
p—-
Filtmtion (2], [3], (4] (continued)
Type or Process Common Application Approximste Limit of Principsl Change in Quallcty Factors Reference
Quality Input {Approxinute)
Municipel and industrial No 1imit specified for 1. 90-99% reduction in bacteriu.
Rapid Sand vater supply maximum turbidity. 2. 100% {-) reduction in turbidity.
pius Chemical Maximm coliform MPN 3. fglior .wduction to lesn than 5 mg/#.
Coagulation 5000-20000/100 ml. b, Alk. increased 7.7 mg/f/ar. nlum.
(Gravity) 5. COz increased 6.6 mg/f/gr. nium.
6. Slight reduction ir iron.
7. Odor and taste partially removed.
Rapid Sand plus Municipal and industrial No limit specified for 1. Approximately 100% reduction In bacto.
Chemlcal wvater supply maximm turbidity. 2. 100$ rveduction in turbidity.
Coagulation, Maximum coliform MPN 3. Color reduced to near zero.
Chlorination, 5000-20000/100 ml. L. Iron and Mn reduced.
and Activated 5. Taste and odor removed.
Carbon
1. Small wunicipal supply 1. Generally unspecified Similar to rapid sand filter but more
Rapid Sand 2. Swvirming pools 2. Lov turbidity desirsble | variable in performsnce.
{pressure) 3. Industrial supply and
{precoat with process
Chemical floc) 4. Emergency and military
use
—
1. Small municipal None specified, but oper- 1. Capable of good clarification of
supplies ation depends upon nature water. Efflciency, however, not
Diatomaceous 2. Iastitutional wvater of water. vell documented.
Earth supply 2. U40-90% reduction in suspended solids.
{pressure and 3. Swimming pools 3. 50% reduction in color.
vacuum) k. Industrial supply and
pracess
5. BEmergency and military
use
Contsct Manganese removal None specified 1. Reduce to PHS Standards. (51
Filters Iron removal 2. 884 reduction in iron
. Swirmming pools Unspecifled Strains out hair and coar:er suspended
Pag Filters solids. Reduces bacto to ie el
controllable by chlorination practice.
1. Primary clarification 1. Size of particles to 1. B7-96% reduction in microscopic (71
of water prior to be removed greater organisms .
filtretion than screen size. 2. (0-9% veduction in microscople 31
Wicrostraining 2. Clarification of 2. Material suitable for particulates.
sewage effluents microstraining 3. 50-60% reduction in suspended solids (91
3. Treatment of trickiing filter effluent
industrinl wastes L. 30-40% reduction in turhidity. {7
Rawv Sewage None specified 1. 5-10% reduction in BOD.
2. 2-20% reduction in susrended solids.
Fire Screening 3. 10-20% reduction in bacteria.
Industrinl wastes None specified Varies with amture of wmste.
(e.g., cannery, pulp
miil, ote.)
Speclal municipal and Very low turbidity, 1. Adsorbs axotic arganic chenirals,
Carbon Fllters industrial vater other not specified including surfactants.
applicutions 2. Remowes tastes and odors.
3. Adsorbs miscellareous gnses.
Aeration
1. Municipal and Unspecified 1. Relense gases producing taste and
industrial vater odor.
supply 2. Reduce CO» in groundwaters to
Jzeny or 2. Ilndustrial wvaste normal surface water levels.
s treatment 3. Partial removnl cf H-S
L. Partial removal of gases of
decomposition.
i 3. Oxidation and removal of seluble
iron in groundwaters. “3-27% (5]
reducticon observed.
Treatment of sevage Limits veriable or 1. Grit precipitated.
and (r'ustrial wastes unspec ified. 2. Grease concentrnted at curface.
Pressum 3. Separates various solids by flotatlion.
,,,r:‘:T L. Maintains mernbic conditions in
) | biolcglcel systems, =.g., activated
aludge, serated ponds.
5. Reduces ABS or LAS to 1-2 mg/#.
B 6. Reduces septicity of sewage.
oxidat! Pond Treatront of domestic No toxic substances 1. 75-96% reduction in BCD.
(See C?;:"t ml?) sevage and organic (See Chapter 17) 2. 90-99% reduction ln suspended solids.
pter indust-ial wastes 3. 98-99.9% reduction in bacteria.
b. 56-93% reduction in LAS.
Demineralization
I
Softening of groundwater 1. Herdness {Ca an! Mg Increases sodium content by exchange &
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Demineralization (continued)

brackish naturnl or vaste
vaterc. (Experimsntel.)

limit not specified.

97-98% reduction in TD8, APS, and COD.

Type or Process Common Applications Approximate Limit of Principal Chenge in Quelity Pactors Reference
. Quality Input {Approximate)

Ion Exchange Iron or Mn removal from Iron less than approxi- 1. 50-100% remowal of iron. f5)
{Greensand or groyndwster mtely 2.0 ng/$. 2. Mn partially remowed.

Styrens Buse Gels)

Ion Exchangs Spacial vater conditioning | Unspecified Femoves sll cations (M, X, Mg, Pe, Cu, Mn).

(Organic Cation for industry end commerce

Bxchangers )

Ion Exchange Epecisl water conditioning | Unspecified Removes S04, Cl, NO,, etc.

(Anson Exchangars) for industry and commerce .

Ion Exchenge Defluoridation of public More than 1.5 ug/s P in 1. Approximately 100§ removel possible.

(Fluoride vater supply water supply. 2. FWormlly reduce to < 1.5 q/l.
[ Exchangers)

1. Recleiming water from Applicable to highly Reamoves snicns and cations. [10)
" saline gources, public | saline or breckish
;l:::ﬂ mical snd industrisl vaters.
ne supplies -
2. Deminerslizing munici-
pel waste effluente
o Reclamation of water frowm PBrackish vaters, upper Red ione upon retion
Teverse 1s difference across mesbrans. 10}

1.

feclamation of water
from saline sources.

Produces distilled vatsr (may be
contaminated vith NHs, voletile

Distillation 2. . Specialty industrial No limit. organics, stc.).
and commercial
surniies
1. Reclsmtion of wator
; from saline scurces.
Freezing 2. Specialty industrial No 1imit. (Experimantal)
and commercisl -
supplies.
Chlorinstion
1. Public vater supply. Turbidity low for watere to | 1. Reduces bacto load on filters.
2. Industrial vater be sterilised dy Clp. 2. Oxidizes organic matter.
supply. 3. Reduces odor.
L. Assists in color removal.
5. 100% (-) raduction in bacterie.
6. Controls plankton growth in ressrvoirs.
7. Reduces Mn concentration et bresk-point
Liquid Clp
and . Municipal and industriel Unepecified 1. Asaiete in gresse ramowel.
Cl, Compounds vaste wvater treatment snd 2. Contrele filter fly nuisance.
management . 3. Cleens air stones in seretion systems.
4. Removes Ha8.
5. Removes MHy.
6. Controls elims formtion in sewers end
, cooling towers.
T. Assists in control of digester foaming.
8. Disinfects effluent; 98-99% reduction fn
bacteria.
Digestion
1. S8tabilization of 1. pH ebove 6.8. Reduces organic sludges to huwun snd relstively
. sevage solids. 2. Acide limited. stable chemical compounds.
2. BStebilizetion of 3. Fo toxic eubstances

organic industrial
wastes.

in significent
amounts .
4. Minimm of grit.
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This period has seen the rise of industry as a major producer of wastes,
as well as the growth of population which has overwhelmed the resource
coﬁcepts suited to a pioneer society. In the waste water treatment field
this period has likewise witnessed abthoroughgoing exploration of the
limits of conventional approaches, Coagulation with lime or alum,; and
applicatior; to a trickling filter has characterized the response to each
new waste problem, be it one of toxic metals or synthetic organic com-
pounds. Thus it has been well established that new approaches to water
quality management must be forthcoming, either at the production or at
the treatment end of the scale if exotic-organics, mineralized waters,
growth factors in effluents, and similar substances are to be dealt with as
effectively as are the biodegradable fractions of organic residues. While
effective use of the capacity of soil and pond systems is a necessary
adjunct, it will not be enough to offset the trend of public policy toward
limited acceptance of man-generated quality factors in the water resource,
This means that the engineered system of a ''"conventional' type must
grow in importance. It must also grow in sophistication.

Obviously, an engineered system must be designed to exploit some
known phenomenon. The future need, however, is for reduction in the
mineral content of return flows, and in some cases, of the available
water resource itself.b Interestingly, and fortunately, the processes of
demineralization listed in the table are those which have been least
exploited, and are currently under greatest experimental study. It
seems safe to predict at this time that the technology of conventional
engineered systems will in the future expand in this direction under a

revised concept of economic feasibility,



239

References

1. American Water Works Association. Water Quality and Treatment.
A Manual., American Water Works Association, New York, 1950.

2, Carter, Rolf C., et al. Behavior and Evaluation of Microstraining
for the Lytle Creek Supply. Paper presented before the California
Section, American Water Works Association, Sacramento, California,
October 27, 1961,

3. Clark, John W,, and Warren Viessman, Jr. Water Supply and Pol-
lution Control. International Textbook Company, 1965.

4, Cowser, K. E. '"Iran Removal Practices with Illinois Ground Waters. '
Water and Sewage Works 98:12, 1951,

5. Fair, Gordon M., and John C. Geyer. Elements of Water Supply
and Waste Water Disposal. John Wiley and Sons, Inc., New York,
1957-

6. Keefer, C. E. "Operating a Sewage Microstrainer.' Water and
Sewage Works, 101(7):356-358, 1954,

7. Klein, S, A., and P, H. McGauhey. "Degradation of Biologically
Soft Detergents of Wastewater Treatment Processes.' Journal of
the Water Pollution Control Federation 37(6):857-66, June 1965.

8. Turre, G. J. ''60-mgd Microstraining Plant Meets Denver's Growing
Needs.'' Water Works Engineering, December 1961, pp. 1054-
1056.

9. U. S. Public Health Service. Summary Report, Advanced Waste
Treatment Research, January 1962-June 1964, AWTR-14, April
1965,




<.

ERRATA

Chapter XIV

Page 169, line 5 from bottom. Change irrigation to obliteration.

Chapter XV

Page 184, line 16. Change parts to ports.
Page 184, line 10 from hottom. Change multipartite to multiport.
Page 192, line 7 under "Dilution in Marine Waters.'" Change part to port.

Page 193, equation. Change Dg to Dg.

Chapter XVI

Page 203, line 5 from bottom. Change maximum to minimum.

Clrapter XVII

Page 234, line 12 from bottom. Change feared to learned.

Page 235, table.
Column 1. Remove line immediately above '"Plain Sedimeﬁ_tatior./'
Column 4, line 6. Change turbidits to turbidity. -
Column 3, line 13 from bottom. Change mg to Mg.
Column 3, line 11 from bottom. Change Mm to Mn.

Column 3, line 2 from bottom. Change maximun to maximum.
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