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CO-OPERATIVE MEASURES FOR MAINTAINING AND 
IMPROVING THE QUALITY OF THE HYDROSPHEREl 

by 
Earnest F. Gloyna2, Dan M. Wells3, Bernard B. Berger4 

INTRODUCTION 

Water is the primary constituent of all living things on earth. It 
is also the most abundant compound on the surface of the earth, comprising 
more than 50 percent of the outer five kilometers of the earth's crust (1). 

Modern civilization can be said to be based on abundant supplies of water, 
not only for drinking, but also for washing, transportation, power genera
tion, irrigation, manufacturing processes, and recreation. 

Water is the earth's universal solvent, its primary cleansing agent, 
its primary transporter of waste, and its ultimate repository for natural 
and man-made wastes. The moderating influence of water on the surface 
temperature makes the earth inhabitable and productive, and the dynamic 
flow of energy contained in atmospheric water vapor creates local climate 
and global weather. 

Biological life cannot exist without water, and the quality of water 
available to man in any location is the primary determinant of the quality 
of life he can achieve in that location. The ultimate quality of the 
hydrosphere is therefore largely dependent upon the quality of water, and 
improvements in the quality of the hydrosphere will be expressed largely 
as improvements in water quality. 

Statement of Objectives 
The objectives of this paper are to outline the basic features of the 

hydrologic cycle and its role in the quality of the hydrosphere, to indi
cate the effect of changes in water quality on ecological systems, to 

lBasic Paper UN Conference on Human Environment, Agenda Item III, Subject 
(c) (ii). 

2Dean , College of Engineering, Director, Center for Research in Water 
Resources, The University of Texas at Austin, Austin, Texas. 

3professor of Ci vil Engineering, Director, Water Resources Center, Texas 
Tech University, Lubbock, Texas. 

40irector, Water Resources Research Center, University of Massachusetts, 
Amherst, Massachusetts. 



point out particular water quality problems of national or international 
significance, to discuss alternative approaches for solving worldwide 
quality problems, to point out areas of gaps in knowledge and basic data 
required for management of water resources, and finally, to suggest actions 
that should be taken to insure adequate supplies of water of acceptable 
quality for all purposes in the future. 

The Need for Water 

Two factors -- population density and degree of industrialization, 
with its concommittant need for power, navigation, recreation, etc. -- are 
the primary determinants of man's need for water. Prehistoric man required 
water only for drinking, cooking, and primitive transportation. Early man's 
conversion from a hunter and gatherer to a cultivator of crops was attended 
by a need for a dependable supply of water for irrigation. The stabilizing 
influence of a dependable food supply and the increase in idle time that 
such a supply afforded undoubtedly made possible the development of primi
tive industry. Industrial development further increased the need for water. 

Historical Perspective: Man's development of water resources to meet 
his needs is believed to go back to at least 7,000 B.C. at Jerico, 4,000 
B.C. in Mesopotamia, and 3,400 B.C. in Egypt (2). In these areas, the 
primary need for water was for irrigation of arid and semi-arid lands. 
Water management was therefore an imperative for the survival of civili
zation. 

Techniques developed by the earliest civilizations persisted in their 
areas of origin until well into the present era. Through the Romans, they 
also influenced European development to some extent. Throughout most of 
Europe, however, most of the earliest water resources developments were 
concerned with industry. Water power to operate flour mills and later 
textile mills provided most of the impetus for early water resources devel
opment. Such developments tended to be small and had little effect either 
on the total quantity of water available for other purposes or on its 
quality. The beginning of the Industrial Revolution in Western Europe 
might have been the beginning of the large scale development and use of 
worldwide water resources. The availability of power sources other than 
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human or animal muscles made it possible to undertake large water develop
ment projects and to lift water to ever-increasing heights above natural 
streams. The urbanization that is an inevitable consequence of industriali
zation provided the required spur to the development of modern municipal 
water supply systems, the need for usable water, and the need for manage
ment of wastewaters. 

The need for water and for water resources development at the present 
as throughout history stems not from a worldwide shortage of water, but 
from the fact that for ' economic or other reasons, man has either chosen or 
found it expedient to live in areas in which good water is in short supply 
either perenially or sporadically. Furthermore, man's increased numbers, 
expanded industrialization, and intensified use of resources has overtaxed 
the waste assimilative capacities of increasing sections of the waterways 
of the world. 

Present Requirements: Statements regarding water requirements tend 
to be meaningless unless they are first put in proper perspective. For 
example, many uses of water such as navigation or the generation of hydro
electric power require relatively large quantities of water but do not 
diminish either the long-~ange quantity or quality of water available for 
other uses. Such uses may be termed non-withdrawal requirements (3). 

By contrast, the use of water for either municipal, industrial, or 
agricultural purposes normally requires withdrawal of that water from some 
source of supply. The water withdrawn may be returned to a receiving water, 
or all or part of it may be consumed in the sense that it is either evapo
rated to the atmosphere, incorporated into products, or injected into an 
underground formation from which it cannot be recovered for reuse. Thus, 
a thermal electric generating plant may withdraw large quantities of water 
from a stream or lake, but practically all such water withdrawn may be 
returned to the source unchanged except for the addition of waste heat 
from the generating plant. In a similar manner, a large city may withdraw 
a large quantity of water from a source of supply, but most of this water 
will be used for cleansing purposes of one type or another and returned to 
a body of surface water. 

The quality of all s'uch return flow is likely to be impaired, and the 
quantity may be considerably diminished. Nevertheless, most water withdrawn 
for municipal and i ndustrial purposes is not actually consumed. 
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Water withdrawn for irrigation, on the other hand, is mostly consumed 
by evaporation and/or transpiration. However, even so highly consumptive 
a use as irrigation does not consume all the water withdrawn. A fairly 
small fraction, ranging from about 10 percent to about 40 percent of the 
withdrawn water, will be returned to groundwater or to surface water 
courses. The quality of this return flow is generally considerably impaired. 

While data regarding the total water withdrawals for all purposes on 
a worldwide basis are unavailable, there can be no doubt that more water is 
withdrawn for irrigation than for any other purpose. For example, approxi
mately 8 percent of the cultivated land in the United States is irrigated, 
but only slightly more is withdrawn for industrial than for agricultural 
purposes (4). On a worldwide basis, approximately 15 percent of all culti
vated land is irrigated, and much of this irrigated land lies in climatic 
regions that permit year round crop production, Table 1 . . 

It has been estimated that in the United States, 6,000 liters of water 
per person per day are used to produce the goods and services required by 
each person (5). Of this 6,000 liters required, a relatively insignificant 
400 or 500 liters are used for household purposes, leaving all the rest to 
be used for industrial and agricultural production. 

Water requirements for industrial purposes tend to be highly variable 
and highly dependent upon the availability of water (6). Table 2 shows 
the water use by se1ectetl industries in several countries. The wide vari
ability of water requirements can probably be attributed more to the price 
and availability of water at particular locations than to any ~ther factors. 
A similar variability of requirements would not be found to exist for ~ater 
for irrigation use. Specific crops generally require certain minimum quan
tities of water for reasonable yields, and the availability of smaller 
supplies would simply result in lower crop production. 

Future Projections: Projections of future requirements for water are 
dependent upon projections of future population and future standards of 
living. The total supply of fresh water available is constant and finite, 
and the only way that increased supplies of high quality of water can be 
made available in many areas of the world is through increasingly costly 
development and treatment projects. 
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TABLE 1. LAND AREAS UNDER IRRIGATION IN VARIOUS COUNTRIES OF THE WORLD 
{Source: President's Science Advisor~ Committee, The World Food Prob1em z v. I I z 1967} 

Population Ratio of 
Continent and Country in 1965 irrigated to 

in millions Area in millions of acres cultivated 
of ~ersons Total Cuhivated Irrigated {X 100} 

Africa': 
Sudan 14 620 18 4 22 
Tunisia . 5 31 12 .2 1.7 
United Arab Republic 30 247 7 7 100 

Total 49 898 37 11. 2 30 

Asia 
Afghanistan (15 ) 163 (37) 9 24 
China (Mainland) (730) 2,360 (500) 132 27 
Cyprus 1 2 1 .2 20 
India . 483 810 402 69 17 
Indonesia 105 369 44 14 32 
Iran 23 407 42 12 29 
Iraq 8 111 20 9 45 
Israel 3 5 1 .3 30 
Japan . 98 92 15 9 60 
Jordan 2 24 3 .2 7 
Lebanon (2) 2 1 .2 20 
Nepal 10 35 10 3 30 
Pakistan 115 234 71 27 38 
Phil i ppi nes 32 74 28 1 4 
Syria . 6 45 22 1 5 
China (Taiwan) 12 9 3 1 33 
Thail and 31 127 25 4 16 
Turkey 32 193 64 5 8 

Total 1 a708 5a062 12 289 296.9 23 

Australia 11 1,900 38 3 8 

Europe: 
Greece . 9 33 10 1 10 
Poland . 32 77 40 .5 1 
Spain 32 125 52 4 8 
Yugoslavia 20 63 20 .3 2 

Total 93 288 122 5.8 5 

North AAlerica: 
Mexico . 41 489 27 11 41 
United States 195 2,320 458 38 8 

Total 236 2,809 485 49 10 

South America: 
Argentina 22 585 74 4.0 5 
Bolivia 4 272 2 .03 2 
Brazil 81 2,105 47 .9 2 
Chile 9 184 14 3.0 21 
Colombia . 16 293 6 .6 10 
Costa Rica 1 13 .7 .04 6 
Cuba. 8 28 5 .15 3 
Dominican Republic 4 12 2 .2 10 
E1 Salvador 3 5 1 .01 1 
Equador 5 67 5 .3 6 
Guatemala 4 27 4 .02 .5 
Haiti 5 7 1 .1 10 
Honduras . 2 28 2 .05 2 
Nicaragua 2 37 4 .01 .2 
Panama . 1 19 2 .02 1 
Paraguay . 2 101 2 .03 1 
Peru . 12 318 4 3.0 75 
Uruguay 3 293 6 .2 3 
Venezuela 9 226 6 .6 10 

Total 193 4,620 187 13 7 

U.S.S.R. 231 5,540 568 23 4 

Grand Total 2,521 21,113 2,724 401.8 15 
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TABLE 2. WATER REQUIREMENTS FOR SELECTED INDUSTRIES IN THE WORLD 
[Water requirements for unit of product produced] 
(Source: Department of Economic and Social Affairs, 

United Nations, 1969) 
Industry, Product 
and Country 

Sugar: 
Denmark 
Finland 
France 
Germany, Federal 
Great Britian 
Israel 
Italy 
Republic of China 
United States 

Beer: 
Belgium 
Canada 
Cyprus kiloliter 
France 
Israel 
United Kingdom 
United States 

Industry average, 
United States 
Industry average, 
United Kingdom 
Industry average, 
France 

Unit of Product 
(Ton, Except as Specified) 

Food Products 

ton of sugar beets 
ton of sugar beets 

. ton of sugar beets 
ton of sugar beets 
ton of sugar beets 
ton of sugar beets 
ton of sugar beets 
ton of sugar cane 
ton of sugar beets 

kiloliter 
kiloliter 

(including cleaning bottles) 
kiloliter 
kiloliter 
kiloliter 
kiloliter 

Pulp and Paper 

ton of pulp and paper 

ton of paper and board 

ton of pulp and paper 

Chemicals 

Caustic soda and chlorine, Canada 
Caustic soda and (Solvay process), United States 
Caustic soda (Dual process), Germany, Fed. Rep. 
Caustic soda (Dual process), Republic of China 
Caustic soda (Solvay process), Republic of China 
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Water Required/Unit 
(liters) 

4,800 to 15,800 
10,000 to 20,000 
10,900 
10,400 to 14,000 
14,900 
1,800 

10,500 to 12,500 
15,000 
3,200 to 8,300 

7,000 to 20,000 
10,000 to 20,000 
22,000 to 30,000 
14,500 
13,500 
6,000 to 10,000 

15,200 

236,000 

90,000 

150,000 

125,000 
60,500 

160,000 
200,000 
150,000 



In this respect, many of the developing countries should have a 
substantial advantage over some of the more highly industrialized countries 
simply because they still have the ability to make substantial increases 
in water availability for all purposes at relatively low costs. In the 
industrialized countries, most of the good reservoir sites and most of the 
economically feasible inland waterways have already been completed. 

The developing countries also have the advantage of being able to plan 
and execute future developments in a manner that will guarantee optimum 
multipurpose use. 

THE GLOBAL WATER BALANCE 

Water is the most abundant substance on the surface of the earth. It 
is therefore axiomatic that there is no absolute shortage of water in the 
world, and that there will never be such a shortage. The water problem in 
the world is simply the fact that, from man1s viewpoint, water is not always 
where it should be and is not always of the proper quality. 

Overall Hydrologic Cycle 
Among the most important attributes of water is the fact of its almost 

perpetual motion. Indeed, without the moderating influence on climatic 
conditions of movements of enormous quantities of water, much of the world 
would be uninhabitable. For example, the moderating influence of the Gulf 
Stream on northern Europe1s climate is well known. Less well known but 
equally important is the moderating effect of the Gulf Stream on the climate 
of the tropics in which it originates. 

Perhaps smaller in scale, but of even more importance to man is the 
transport of heat from the tropics to higher latitudes in the form of water 
vapor evaporating from land and sea surfaces near the equator. Such vapor 
absorbs enormous quantities of heat in vaporizing, thereby providing some 
cooling for tropical areas, and later releases this heat of vaporization 
in condensing to form clouds or rain or snow in temperate or arctic areas. 

Practically all the earth1s water is contained in the oceans and in 
ice caps and glaciers. On a long term basis, the only water available for 
man1s use is that which enters the atmosphere in the form of water vapor 
and subsequently falls as rain or snow on the land masses of the world. 
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As indicated in Table 3, total annual evaporation amounts to approximately 
420,000 cubic km and total annual precipitation on land areas amounts to 
about 100,000 cubic km (7). While the entire 100,000 cubic km that falls 
on land areas is potentially usable by man, approximately 70 percent is 
used directly by plants, (many of which are used directly or indirectly by 
man), or is evaporated from the land surface. Hence, from the standpoint 
of withdrawal of water as discussed previously, only approximately 30,000 
cu km -- the amount of runoff to the oceans-- are available for man's 
withdrawal for municipal, industrial, and agricultural purposes. Man cannot 
substantially alter the hydrologic cycle at this time. The most he can do 
is to make minor interruptions in it by the construction of dams, the 
diversion of stream flow for irrigation, and the withdrawal of fairly sub
stantial quantities of stream flow or groundwater for temporary use. Re
search now underway may eventually produce a reliable method for shortening 
the residence time of water in the atmosphere to something less than the 
present twelve days. 

The hydrologic cycle is represented diagrammatically in Figure 1, and 
the world distribution of runoff is shown in Table 4. As can be seen in 
Table 4, the Maylayan Archipelago is the area of the world best endowed with 
an abundant supply of water, followed by South America, North America, 
Europe, Africa, Greenland and the Canadian Archipelago, Asia (including 
Japanese and Phi11ippine Islands), and Australia (including Tasmania and 
New Zealand). 

This table, like all generalizations, can be misleading if it is not 
interpreted properly. For example, the fact that runoff per unit area from 
South America is greater than from any of the other major continents does 
not necessarily mean that South America is free of water supply problems. 
Most of the runoff from the South American continent occurs in the Amazon 
basin, a very sparsely inhabited tropical rain forest. 

Evaporation 
As indicated in Table 3, about 83 percent of all water in the atmosphere 

is water that is evaporated from the surface of the oceans. The other 17 
percent comes from evaporation from land areas. This continuous evaporation 
of water from the land and the sea is of importance to the quality of the 
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TABLE 3. ESTIMATED WORLD WATER SUPPLY AND BUDGET 
(Source: U.S. Geological Survey, 1967) 

Water Item 

Water in land areas: 
Fresh water lakes . 
Saline lakes and inland seas 
Rivers (average instantaneous volume) 
Soil moisture and vadose water. 
Groundwater to depth of 4,000 m (about 

13,100 ft). 
Icecaps and glaciers 

Atmosphere 

World ocean 

Total, all items (rounded) 

Annual evaporation: l 

From world ocean 
From land areas . 

Annual precipitation: 
On world ocean 
On 1 a nd a rea s . 

Annual runoff to oceans from rivers 
and icecaps . . . . . . . . . 

Groundwater outflow to oceans2. 

Volume (thousands) 
Cubic miles Cubic kilometers 

30 
25 

.3 
16 

2,000 
7,000 

3.1 

317,000 

326,000 

85 
17 

78 
24 

9 
.4 

125 
104 

1.25 
67 

8,350 
29,200 

13 

1,320,000 

1,360,000 

350 
70 

320 
100 

38 
1.6 

Percent 
of Total 
Water 

0.009 
.008 
.0001 
.005 

.61 
2.14 

.001 

97.3 

100 

0.026 
.005 

0.024 
.007 

0.003 
.0001 

lEvaporation (420,000 km3) ;s a measure of total water participating annually in the hydrological 
cycle. 

2Arbitrari1y set equal to about 5 percent of surface runoff. 
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TABLE 4. WORLD DISTRIBUTION OF RUNOFF 
(Source: Llvovich, State H~drological Institute, Moscow, 1945} 

Atlantic Pacific Regions of Total 
Continent Slope Slope Interior Land Area 

(or other area) Drainage 

Area, Run- Area, Run- Area, . Run- Area, Run-
thou- off thou- off thou- off thou - off 
sands in. sands in. sands in. sands in. 
of sq of sq of sq of sq 

mi mi mi mi 

Europe (Including Iceland) 3,073 11 .7 661 4.3 3,734 10.3 
Asia, (Including Japanese and 

Philippine Islands) 4,626 6.4 6,422 11 .6 5,273 0.66 16,321 6.7 
-.I Africa (Including Madagascar) 5,110 14.0 2,109 8.6 4,291 0.54 11,510 8.0 
-.I 

Australia (Including Tasmania 
and New Zealand) 1,634 5.5 1 ,441 0.24 3,075 3.0 

South America 6,041 18.7 519 17.5 381 2.6 6,941 17.7 
North America (Including West 

Indies and Central 
America) 5,657 10.8 1 ,914 19. 1 322 0.43 7,893 12.4 

Greenland and Canadian 
Archipelago 1,499 ·7.1 1 ,499 7 . 1 

Malayan Archipelago 1 ,012 63.0 1 ,012 63.0 

Total or average 26,006 12.4 13,610 15.5 12,369 0.82 51,985 10.5 



TABLE 5. LARGE RIVERS OF THE WORLD 
(Source: U.S. Geological Survey, 1964) 

River 

Mississippi 1. 
St. Lawrence 
Mackenzie 
Col umbia. 
Yukon . 
Frazer 
Nelson 
Mobile 
Susquehanna 

Amazon. 
Orinoco . 
Parana. 
Tocantins 
Magdalena 
Uruguay . 
Sao Francisco 

Congo . 
Zambezi 
Nigar . 
Nil e. 

Yangtze 
Brahmaputra 
Ganges 
Yenisei 
Lena 
Irrawaddy 
Ob 
Mekong 
Amur 
Indus . 
Kolyma 
Sanka i (Si) 
Godavari 
Hwang Ho (Yellow) 
Pyasina 
Krishna. 
Indigirka 
Salween ... 
Shatt-a1 Arab4 
Yana 

Danube 
Pechora 
Dvina (Northern) 
Neva 

Country 

U.S.A. and Canada 
U.S.A . and Canada 
Canada 
U.S .A. and Canada 
Canada 

U.S.A. 

Brazil 
Venezuela 
Argentina. 
Brazil 
Colombia 
(3) . 
Brazi 1 

Congo 
Mozambique 
Nigeria 
Egypt. 

China 
E. PaK'i stan 
India 
U.S.S.R .. 

.do 
Burma 
U.S.S.R .. 
Tha il and 
U.S.S.R .. 
W. Pakistan 
U.S.S.R. 
China 
India 
China 
U.S .S.R. 
India 
U.S.S.R. 
Burma 
Iraq 
U.S.S . R. 

Romania 
U.S.S.R. 

;do 
.do 

.do 

do 
do 

Rhine 
Dnepr 

Netherlands and Germany. 
U.S.S.R. 

Rhone France 
Po Ita ly . 
Vistu1a Poland 

1Includes Atchafa1aya River. 
20epartment of Interior News Release. Feb. 24. 1964. 
3Argentina and Uruguay. 
4Tigris. Euphrates. and Karun. 
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Drainage area 
(thousands 
of sq mi) 

North America 
1,244 

498 
607 
258 
360 

92 
414 

42 
28 

South America 
2,231 

340 . 
890 
350 

93 
90 

260 
Africa 
1.550 

500 
430 

1.150 
Asia 

750 
361 
409 

1.000 
936 
165 
959 
310 
712 
358 
249 
46 

115 
260 

74 
119 
139 
108 
209 

95 
Europe 

315 
126 
139 
109 

56 
194 

37 
27 
76 

Average discharge 
at mouth 

(thousands of cfs) 

611 
500 
280 
256 
180 
113 
80 
58 
38 

7,5002 
600 
526 
360 
265 
136 
100 

1 .400 
250 
215 
100 

770 
700 
660 
614 
547 
479 
441 
390 
388 
196 
134 
127 
127 
116 

90 
69 
64 
53 
51 
35 

218 
144 
124 

92 
78 
59 
59 
51 
38 

Rank 

7 
11 
17 
19 
24 
32 
37 
43 
48 

1 
8 

10 
16 
18 
26 
34 

2 
20 
22 
33 

3 
4 
5 
6 
9 

12 
13 
14 
15 
23 
27 
28 
29 
31 
36 
39 
40 
44 
45 
49 

21 
25 
30 
35 
38 
41 
42 
46 
47 



hydrosphere for two primary reasons. First, the daily precipitation of 
somewhat more than one thousand cubic km of pure water is an effective 
system for cleansing the atmosphere. It removes atmospheric pollutants 
that might otherwise build up to dangerous levels and ultimately transports 
most of them to the sea. Second, by removing pure water from both the 
land areas and the sea, it serves to concentrate pollutants left behind on 
both the land and the sea. Thus, the global distillation process powered 
by the sun is responsible for supplying all of man's water needs and for 
the continuing concentration of pollutants in the hydrosphere. 

Surface Waters of the Land Masses 
As shown in Table 3, surface waters of the land masses, aside from 

the water contained in ice caps and glaciers, comprise only about 0.017 
percent of the total world water. Approximately half this water is con
tained in saline lakes and inland seas, leaving only approximately 0.0091 
percent of the earth's total water contained in fresh water lakes and rivers. 

Distribution of Surface Waters: As might be expected, fresh surface 
waters are as unevenly distributed as is rainfall. Table 5,which shows the 
locations and average discharges of major rivers in the world, indicates 
that almost a third of the total worldwide runoff from major rivers is con
tributed by the Amazon in Brazil. Virtually none of this water is presently 
used for any benefic~al purpose other than navigation. Another seven per
cent of the total discharge from major streams is contributed by the Congo, 
which is also practically untapped at the present. The potential for 
industrial development along these two rivers, made possible by the water 
available in them, approaches the total present industrial development of 
the entire world. 

Major lakes of the world are shown in Table 6. While these lakes con
stitute resources of enormous value, it is important to point out . that 
their potential for water supply is limited to the amount of fresh water 
inflow into th~m. Also, the fresh water lakes listed in the table generally 
serve as the sources of supply that maintain the flows in major rivers over 

most of the continents. 

Characteristics of Surface Water: Surface waters of the world can 
best be described as variable -- variable in quality and variable in quantity. 
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TABLE 6. MAJOR LAKES OF THE WORLD /' 

{Source: National Geograehic Societ~} 

Name Continent Area Sq mi Length mi Depth feet Elev. feet 

Caspian Sea Asia-Europe . 143,550 760 3,264 -92 
Superior. North America 31,800 350 1,333 600 
Victoria. Africa 26,828 250 265 3,720 
Aral Sea. Asia 25,300 280 223 174 
Huron . North America 23,000 206 750 579 
Michigan. North America 22,400 307 923 579 
Tanganyi ka . Africa. 12,700 420 4,710 2,534 
Great Bear North America 12,275 192 1,356 512 
Bayka 1 Asia . 11 ,780 395 5,315 1 ,493 
Nyasa . Africa. 11 ,430 360 2,226 1,550 
Great Slave North America 10,980 298 2,015 512 
Erie. North America 9,910 241 210 570 
Winnipeg North America 9,464 266 60 713 
Ontario . North America 7,600 193 802 245 
Ladoga Europe 6,835 120 738 13 
Balkhash . Asia 6,720 373 85 1,115 

. Chad . Africa 6,300 175 24 787 
Maracaibo South America 5,127 96 115 S.L. 
Onega . Europe 3,710 145 36b 108 
Volta . Africa 3,276 250 
Titicaca South America 3,200 122 922 12,506 
Athabasca North America 3,120 208 407 699 
Nicaragua North America 3,100 102 230 105 
Eyre. Australia. 2,970 90 4 -52 
Rudolf Africa 2,473 154 200 1,230 
Reindeer North America 2,467 143 1,150 
Issyk Ku1 Asia 2,355 115 2,303 5,270 
Torrens . Australia. 2,230 130 106 
Vanern Europe 2,156 91 328 144 
Winnipegosis North America . 2,103 141 38 833 
Albert Africa. 2,075 100 54 2,030 
Kariba Africa. 2,050 175 390 1,590 
Nettil1ing North America 1,956 67 100 
Nipigon . North America 1 ,870 72 540 855 
Gairdner Australia. 1,840 90 112 
Mani toba North America 1,817 140 12 814 
Unnia . Asia . 1,815 90 49 4,180 
Mweru . Africa '1,770 76 84 3,010 
Kyoga . Africa 1,710 50 25 3,400 
Khanka Asia . 1,700 55 33 226 
Lake of the Woods North America 1,695 72 69 1,060 
Koko (Tsing) Asia 1,625 68 125 10,5b 
Dubawnt . North America 1,600 69 764 
Great Salt North America 1,500 75 48 4,200 
Tungt'ing . Asia 1,430 75 36 
Van Go1u Asia 1,419 80 82 5,643 
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The quality ' of surface waters varies from the supersaturated brine found in · 
the North America's Great Salt Lake to the extremely pure water found in 
Crater Lake a few hundred miles away. 

The total quality of surface water resident on the land masses at any 
time is relatively constant on a worldwide basis, but it may vary extremely 
with time in any particular location. 

Rivers: The discharge of major rivers of the world is shown in Table 
5. Of significance, but not shown in Table 5, is the fact that discharges 
may vary widely on a predictable seasonal basis or may be highly erratic 
and unpredictable for any particular stream. In general, streams originating 
in well-watered regions in the world tend to have relatively constant flow 
rates, while those originating in more arid regions may be characterized 
by highly erratic flow rates. Utilization of rivers as sources of permanent 
water supply therefore generally requires the construction of dams and 
reservoirs for the purpose of assuring a more nearly constant flow rate. 

Lakes and Reservoirs: Significant quantities of water are contained 
in natural fresh water lakes and man-made reservoirs throughout the world. 
The primary function of these lakes and reservoirs in the hydrologic cycle 
is to dampen out irregularities in the cycle and provide a constant source 
of flow downstream, although many such lake and reservoir systems are also 
widely used for such diverse purposes as water supply, flood control., power, 
fish and wildlife propagation, and recreational areas. 

Bays and Estuaries: Bays and estuaries are the mixing basins for 
nutrient rich fresh waters and sea waters. The nutrients transported by 
rivers into the bays and estuaries and the salinity gradients existing as 
a result of mixing of fresh and salt water are important in spawning and 
juvenile development of many of the commercially important marine organisms. 

Groundwaters 
Groundwater represents the largest available source of fresh water in 

the hydrologic cycle. Permeable formations in the crust of the earth serve 
as storage reservoirs and as conduits for the transmission of groundwater (8). 

Groundwater originates as surface water and it supplies most of the 
dry weather flow for most surface streams. 
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Distribution of Groundwater: Groundwater is widely distributed 
throughout the land areas of the world. As indicated in Table 3, the 
quantity of water contained in underground formations is esimated to be 

· far greater than the total quantity contained in all lakes, reservoirs, 
and streams combined. In general, all groundwater is in motion, but 
velocities usually range from a few feet per day to a few feet per year. 
It therefore provides large, widely distributed sources of water supply. 
As indicated, its primary contribution to the hydrologic cycle is to supply 
much of the dry weather flow of most streams. 

Characteristics of Groundwater: The quality of groundwater at any 
particular location tends to remain constant over long periods of time. 
It is highly dependent upon the characteristics of the geologic formation 
in which it is contained. Groundwater is generally free of suspended and 
organic matter but it frequently contains higher concentrations of dissolved 
minerals than the surface water from which it was derived. Except for that 
taken from deep formations, the temperature of groundwater is generally very 
near the mean annual temperature of the region in which it occurs. 

PROTECTION AND OPTIMUM USE OF WATER RESOURCES 

The value of water to man depends upon his ability to put it to bene
ficial use. Many of the purposes for which water can be used are compatible, 
but many others, for example waste disposal and municipal supply, are con
flicting. The primary problem faced by each nation regarding water resources 
management is that of determining the management system that will maximize 
the economic, social, and ecological benefits for that nation. Because of 
the wide diversity of water resources systems that exist, and the different 
means that must be used to protect the quality of water in these systems, 
it is convenient to discuss each system separately. 

Lakes and Reservoirs 
Natural lakes and man-made reservoirs are water resources of great 

value that require careful and enlightened management if their values are 
to be preserved. Lakes and reservoirs are efficient traps for both sediment 
and nutrients. The long residence time of nutrients in lakes and reservoirs 
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makes it most difficult to reverse the process of eutrophication in such 
bodies of water once it has started. 

The North American experience with degradation of quality in the Great 
Lakes may be cited as an example of poor management of an international 
resource of almost incalculable value. The Great Lakes constitute the 
largest body of fresh water in the world. The present population of the 
Great Lakes region in the United States and in Canada exceeds 30,000,000, 
and it may double by the end of the century. 

Okun reported evidence to indicate a three-fold increase in ammonia 
concentration in Lake Erie between 1930 and 1942, and another three-fold 
increase between 1946 and 1958 (9). Nitrates increased in concentration 
from less than 0.1 mg/l in 1901 to more than 0.3 mg/l in 1956. Phosphorus 
concentrations more than doubled between 1942 and 1958. Okun also reported 
that low DO concentrations (3 mg/l or less) appeared in approximately 70 
percent of the hypo1 imnetic waters of the Central Basin of Lake Erie during 
late summer, and that there has been a recent trend to more frequent and 
increased severity of oxygen depletion than in the past, with a much greater 
area affected. 

Okun estimates that approximately 68,000 kilograms per day of tota1 
phosphate is discharged to Lake Erie and that only one-third leaves the 
lake. The rest remairis to stimulate the growth of algae and to cause 
nuisance conditions. 

Although the upper two Great Lakes (Lakes Superior and Michigan) remain 
relatively free of pollution, the facts that so large a body of water as 
Lake Erie has been degraded in quality in a very short time, and that the 
effects of this degradation are expected to persist for decades even if 
further pollution is controlled, amply demonstrate the necessity of adopting 
sound and effective long-range policies for protecting the quality of water 
in Takes and reservoirs. Such waters can satisfy nearly all beneficial 
purposes, but only if waste discharged to them is stringently controlled. 

Streams 
Because of their dynamic nature, flowing streams may be utilized for 

all purposes with much less danger of permanent quality impairment than 
can lakes and reservoirs. Nevertheless, all -rivers flow into the sea 
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through bays or estuaries, and bays in particular provide essential temporary 
habitats for marine organisms of great importance. Sophisticated management 
techniques therefore must be employed to insure that the quality of water 
in streams is properly protected. 

A factor frequently overlooked in the management of stream quality is 
the contribution of pollutants from urban and agricultural runoff. Means 
must be found to evaluate better and, when necessary, to control these 
sources of pollution. 

Tributary Watersheds 
Tributary watersheds have been utilized frequently for single-purpose 

water supply projects for major cities. The protection of water quality in 
such watersheds has been relatively simple in the past, but increasing popu
lation pressure and increasing demand for access to water supply reservoirs 
for recreational and many other purposes make it unlikely that such practices 
can be followed in the future (10). 

Future demands will require that many such reservoirs be converted to 
multi-purpose use and that all new reservoirs be constructed for mUlti-pur
pose use. It is essential that management systems be adopted to protect 
the quality of such waters and that tributary watersheds not be considered 
as separate and distinct segments of the entire drainage basin. Rather, 
their management must be made an integral part of the management of the 
entire river basin in order that optimum use be made of the entire basin's 
resources for the benefit of all people living in it. 

Estuaries and Coastal Waters 
It is recognized that estuaries and coastal waters are of enormous 

economic importance, but the full value of this resource has yet to be 
exploited or even fully evaluated. Major estuaries may serve as deposi
tories of pollutional materials contained in tributary streams and in 
wastes discharged directly to them from adjacent municipal and industrial 
sources. Many estuaries contain bottom deposits of organic sludges that 
are slowly decaying and ex~rting constant pollutional effects on the 
overlying waters (10). Other have become eutrophic through the addition 
of excessive quantities of nutrients from tributary inflow and waste dis
charges. In these cases, the value of the estuary as a spawning and 
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nursery area for marine organism$ may be seriously impaired or totally 
destroyed. 

It is essential that suitable means be found for adequate evaluation 
of estuaries and coastal waters and of the relationship between water 
quality and economic value. The species diversity index now appears to 
be a promising tool for evaluating the pollutional effect of waste dis
charges on a body of water, but no means yet exists for relating the 
species diversity index to economic values . 

• Until much more is known about the long-term economic, social, and 
ecological values of estuaries and coastal waters, it ', is essential that 
policies be adopted that will ensure the preservation of such waters to 
the maximum possible extent. 

Wetlands and Flood Plains 
Coastal wetlands playa primary role in estuarine ecolngy. Nutrients, 

sediments, and suspended materials delivered to marshes by inflowing rivers 
are, to a large extent, removed in the marsh. Sediments and suspended 
material are removed by chemical and mechanical processes, and vegetation 
in the marsh converts nutrients ' into plant tissue. This removal of nutri
ents helps to prevent undesirable algal blooms in the estuary. Removal of 
sediment in the marsh prevents the covering of shellfish beds and the 
filling of navigation channels in the estuary. Of particular importance ' 
to the estuarine ecosystem are the transforming of complex molecules of 
cel~ulose by bacteria and other decomposers into other carbon compounds 
digestible by animals, and the changing of nitrogenous wastes of animals 
into compounds available to plants and/or lower animals (11). 

Large amounts of dead vegetation are transported from marshes to 
adjoining waters by high river inflows and tides. Some .of this material 
becomes waterlogged and sinks, and it is thought to be a main source of 
food for various amphipods which are a major food item for juvenile fish. 
Many organisms cannot utilize the carbohydrates (particularly cellulose) 
present in detrital materials that is transported into the estuary from 
the marsh, but they can utilize the microinhabitants of the detritus 
which are capable of converting cellulose into proteinaceous material. 
Detrital material from a marsh is therefore responsible for the abundance 
of many organisms in estuarine areas distant from it. 
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The seeds of several of the brackish and fresh water marsh plants and , 
the leaves and roots of some submerged aquatic plants are prime duck foods. 
Many kinds of birds and animals could not survive without these marshes. 
Hence, small changes in any part of the complex marsh system may be magni
fied exponentially as they are transmitted through the system (11). 

Marshes are impossible to evaluate from a strictly monetary viewpoint. 
Fish and other organisms originating in marshe~ are likely to be distri
buted throughout the estuary and for great distances offshore, making it 
virtually impossible to state that a particular group of organisms is 
entirely dependent upon a specific marsh. On the other hand, there is no 
lack of agreement that without marshlands there would be few shrimp, men
haden, and other marine forms. 

Marshlands are considered by most laymen to be simply wastelands. 
For this reason, little objection has been raised in the past to the filling 
and draining of these highly productive lands. 

Means must be found to make both the public and the officials respon
sible for all types of developments aware of the fact that the fishery 
sector of the marine economy is almost totally marsh-dependent, and that 
marshland conversion to other uses is an irreversible process. The fact 
that the primary beneficiaries of the productivity of prime marshlands 
generally have no control over these lands makes it appear that these water 
and land resources can be preserved in the future only through government 
ownership and control. 

Flood plains of rivers are generally highly fertile and highly pro
ductive agricultural lands. Their use for agricultural or other purposes, 
however, usually entails some hazard, not only to growing crops and live
stock, but also to life and to man-made structures within the flood plain. 

The construction and operation of engineering works to control flood 
flows do not necessarily reduce the risk to the health, safety, and welfare 
of the community for which the project was undertaken. White suggests that 
this may be because, "(1) While protection is given to life and property 
within a levee, new development takes place in unprotected areas; (2) While 
flood frequency and magnitude are reduced along the flood plain by channel 
improvements or reservoir operation upstream, new encroachments at lower 
levels cause greater hazards to the public and greater losses, even though 
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some floods are lower than formerly; or (3) The losses which occur when 
the levee is overtopped or channel capacity is exceeded by flow greater 
than the design flood are catastrophic and outweigh the benefits gained 
in other years. II (12) 

Flood plains serve as traps for sediments, nutrients, and organic 
materials washed down from higher elevations during flood flows. As 
such, they make a major contribution toward preservation of the ecology 
of the region. 

Flood plain management to achieve the optimum balance between water 
quality protection, maximum biological productivity and minimum hazard to 
life and property is one of the major challenges that faces water resource 
managers throughout the world in both the long-and short-term future. What 
is needed in many river basins is a comprehensive strategy, including pro
tection, zoning ordinances, subdivision regulations for new urban develop
ment and building codes for vulnerable areas. Currently, we have no 
mechanism for developing such a strategy. 

IMPACT OF POLlUTANTS ON THE HYDROSPHERE 

The impact of pollutants on the hydrosphere depends upon such diverse 
factors as concentrations, total quantity, point of release, decomposition 
pathway, toxicity, physical characteristics, and many others. The flow of 
pollutants in the hydrosphere is an extremely complex process that is 
understood only in the broadest general terms. Among the problems that may 
result are biological concentration of toxic materials, the movement of 
pollutants from their places of origin to areas that may be hundreds or 
thousands of miles removed by surface streams and ocean currents, the re
circulation of pollutants on a long term basis by up-welling currents, and 
the creation of health hazards, nuisance conditions, and ·loss of commercial 
or recreational utilization of fishing areas. 

Assimilative Capacity of the Hydrosphere 
The ocean, which is the ultimate repository for non-degradable pollu

tants added to the hydrosphere, is limited with respect to its capacity as 
a sink for wastes and as a producer of food and other resources. Pollution 
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and biological productivity in the ocean, as elsewhere, are definitely 

re 1 a ted (1 3) . 
The open sea, which represents about 90 percent of the total surface 

area of the sea, is a virtual desert that contributes a negligible frac
tion to the world's fish catch and has little potential for producing more 
in the future. This area would then appear to be an ideal space for the 
final disposal of wastes of all types. Unfortunately, this is not 
necessarily the case. Wastes deposited in the open sea may enter into 
either surface or deep currents and reappear at a spot on the surface 
thousands of miles removed from the point of disposal within a few years 

- or within a few hundred years. Hence, toxic materials such as heavy metals, 
highly persistent chemicals such as chlorinated hydrocarbons and their decay 
products, and radioactive materials that are discharged in non-productive 
areas of the sea may reappear in productive areas at some future time to 
cause severe pollution problems to future generations. 

Because of its sheer volume, the sea nevertheless has an enormous 
potential for the assimilation of simple and naturally occurring wastes. 
Its capacity for assimilating toxic and non-degradable materials without 
harm to present or future generations is much more limited. It appears 
that the governments ~f the world would do well to consider adopting 
international agreements controlling the use of the hydrosphere for unlimited 
waste discharge. 

Availability of Dilution Water 
The amount of dilution water provided is the greatest single factor 

controlling the overall waste-assimilative capacity of waters. In general, 
the waste-assimilative capacity increases as the amount of dilution water 
available increases. 

In natural systems however, it cannot be assumed that all dilution 
water available will be thoroughly mixed with the waste to be assimilated. 
Dilution in tidal estuaries, for example, is extremely complex and only 
poorly understood. Dilut ion of wastes discharged through outfalls in 
the ocean or large lakes is highly variable and dependent upon currents 
in the vicinity of the outfall. Thus, while dilution is an effective means 
of reducing the concentration of pollutants to tolerable levels, its use 
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as a long term solut i on to pol lution problems would appear to be limited 
by future increased quantities of wastes and increased demands for high 
quality water (14). 

Assimilative Capacity of Surface Water~ 
The assimilative capacity of water as used in this paper will be 

defined as the ability of a body of water to utilize the nutritive elements 
contained in waste discharges for the synthesis of protoplasm without 
serious adverse affect on the quality of the receiving water. In this 
context, surface waters of the hydrosphere have an . ~normous capacity for 
assimilating waste materials, particularly naturally occurring organic 
matter. Their capacities for assimilating synthetic organics and toxic 
materials are much more limited. 

In the past, a primary aim of sanitary engineers regarding the quality 
of surface waters utilized for waste disposal has been to control waste 
discharges to the extent that the concentration of dissolved oxygen in the 
water did not fall below the minimum concentrations at which fish living 
in the waters could survive. This criteria was reasonably effective so 
long as practically all materials discharged were reasonably degradable 
and utilizable by biotic species in the receiving water. Recently, however, 
the manufacturing of synthetic organic compounds including pesticides with 
half lives of 10 to 20 years has proliferated. The discharge of radio
active species is increasing. Therefore, considering the propensity of 
biological organisms to concentrate many toxic substances contained in 
water to several orders of magnitude above the concentrations existing in 
the water, the maintenance of adequate levels of dissolved oxygen in sur
face waters is, by itself, no longer an appropriate measure of the effect 
of pollutants on surface waters. 

The uti l ization of surface waters for waste disposal is highly va l u
able and necessary so l ong as damage to the waters does not result from 
this use. Long range measures for protecting and improving the quality 
of the hydrosphere should include provisions for beneficial use of the 
assimilative capacity of surface waters, but should also include restric
tions against the use of surface waters for disposal of persistent toxic 
materials. 
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Assimilative Capacity of Groundwaters 
The absence of sunlight as a source of energy for photosynthesis 

makes the unit capacity of groundwaters for assimilating wastes much less 
than the corresponding unit capacity of surface waters. Also, because of 
the generally slow rate of movement of groundwater and the long residence 
times of such waters within any particular aquifer, the effects of quality 
degradation on groundwater are generally much longer lasting than are 
corresponding effects on surface waters. 

The soil through which groundwater moves is normally very effective 
in filtering out all but dissolved pollutants in a relatively short dis
tance from the point at which they are introduced. Degradable materials 
removed and degraded by soil microorganisms may provide a source of nitrates 
that render the water unsafe for consumption by infants and harmful to the 
production of livestock. 

Seepage from waste lagoons and tile drainage fields, and recharge from 
rivers are the basic ways in which groundwaters may be contaminated. Ex
cept for increases in total dissolved mineral concentrations and in the 
concentration of nitrates, these processes do not normally seriously degrade 
groundwater supplies. Intentional or inadvertent recharge of municipal or 
industrial wastewaters directly into aquifers may pose a serious threat to 
groundwater quality. National and international organizations therefore 
must be. cognizant of the possibility of long tenn degradation that lessens 
the value of groundwater for beneficial use. 

Water Balance and Its Effect on the Aquatic Ecosystem 
Stable ecosystems develop only in response to stable environmental 

conditions, or environmental conditions that change on a routine, cyclic 
basis. Changes in the water balance in any area as a result of man's 
activities therefore generally have an adverse effect on the existing eco
system in that area. It should be made clear that man is not the only 
animal capable of adversely affecting stable ecosystems. For example, the 
construction of a dam by a beaver also has an adverse effect on the exis
ting ecosystem. 

Biological Regimes i n the Hydrosphere: Stable ecosystems are char
acterized by a wide diversity of species, each of which fills a particular 
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niche in the environment. Either subtle or major changes in the environment 
resulting from the addition of pollutants or the alteration of flow regimes 
in the aquatic environment therefore have the effect of altering at least 
some of the conditions on which the existing stable ecosystem is based. If 
changes in the environmental conditions wrought by man are of a constant 
nature -- for example, the installation of a new thermoelectric generating 
plant on a stream, utilizing the stream for cooling water -- a new and 
stable ecosystem adapted to the changed environment will eventually develop. 
This process may take years to attain stability, but, so long as the 
changed conditions remain constant and predictable, stability will eventu
ally develop. ' If then the generating plant is closed down for an apprecia
ble period of time for any reason, the stable ecosystem that had developed 
as a result of its construction will again be subjected to a major upset. 
The system will then start again on the long road to stability under the 
new conditions. Subsequent startup of the plant will again alter the 
environment, re-creating the instability that was associated with its 
original startup. 

Similar changes can be expected to result from water resources develop
ments of any types or from changes in the characteristics of the aquatic 
environment that result from the discharge of municipal, industrial, or 
agricultural wastes into the aquatic environment. 

Role of Macronutrients: Macronutrients are those elements such as 
carbon, nitrogen, phosphorus, si~ica, and other elements that are required 
in relatively large quantities for the production of protoplasm. Biostimu-
1ation is the most common effect of the addition of excessive quantities 
of ,macronutrients to aquatic systems. The short-term effects of a bio
stimulatory addition are generally excessive growths or blooms of algae 
with resulting dissolved oxygen problems and a decrease in the aesthetic 
quality of the receiving water. The long-term effects are an increased 
rate of eutrophication or aging of the body of water (15). 

Role of Micronutrients: Micronutrients -- the vast array of metals, 
vitamins or other organic compounds which are needed in sometimes minute 
quantities for plant growth are almost always present in natural bodies 
of water in concentrations sufficient to supply the needs of aquatic 
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organisms. Hence, their addition to existing aquatic ecosystems through 
waste discharges will not of itself generally have a significant effect 
on water quality in the system. 

Role of Toxicants: Sub-lethal doses of toxicants may be as significant 
in their effects on aquatic ecosystems as are lethal doses. The biological 
concentration of toxicants, particularly of the chlorinated hydrocarbons, 
provides a multiplier that may be considerably in excess of an order of 
magnitude for each increase in trophic levels. Hence the effect of sub
lethal doses of toxicants may manifest itself at a time and place relatively 
far removed from the place of origin of the toxicant, making the source of 
the toxicant difficult to control or even to detect. Lethal doses, on the 
other hand, commonly manifest themselves by immediate kills of algae, fish, 
or other aquatic organisms, making them relatively easy to detect and con
trol. 

NATURAL POLLUTION OF THE HYDROSPHERE 

Natural pollution of the hydrosphere has always occurred at a rela
tively constant rate in a geologic sense. It is undoubtedly true that until 
the advent of modern technology, natural pollution of the hydrosphere far 
exceeded the pollution attributable to man's activities. 

Dissolution of Geologic Species 
One of the significant effects of the hydrologic cycle is the water

induced solution, erosion, and transportation of crustal rocks from the 
land masses to the seas. All geologic species are soluble and erodible 
to some extent in water. As a result, drainage from certain watersheds may 
contribute water of very poor quality to river systems or other aquatic 
systems that are of otherwise good quality. Although some of man's acti
vities have resulted in an increase in the rate of solution and erosion 
of geologic species, it is doubtful that such increases have caused signi
ficant changes in worldwide water quality. 

Naturally occurring geologic species that are dissolved, eroded, and 
transported to the hydrosphere may contain radioactive materials, hydro
carbons, toxic materials, or excessive concentrations of dissolved minerals 
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such as chlorides. Man has the ability to do little to control these 
sources of pollution. 

Natural Transport of Sediments 
The vast and fertile deltas which characterize the mouths of all major 

river systems on earth, and which predate recorded history by millions of 
years, are ample evidence of the fact of the hydrologic cycle's ability to 
transport soil. 

Man-made structures for water resource development including dams and 
reservoirs, irrigatio~ canals, navigation channel"s, and flood control works 
of all types are but temporary interruptions of the hydrologic cycle. Un
less planning and management of such facilities make provision for their 
cleaning and maintenance, most water development projects which man con
structs will eventually fill with sediment transported naturally by water. 

Washing of the Atmosphere 
The fact that the quality of most of the earth's atmosphere remains 

relatively good is undoubtedly primarily attributable to the natural 
cleansing action of the hydrologic cycle on the atmosphere. Precipitation 
in the form of either rain or snow is a highly effective means of removing 
pollutants from the atmosphere. The effectiveness of the system is evi
denced by its adoption in the form of wet scrubbers used for controlling 
atmospheric emissions from thousands of industrial plants of all types. 
In addition, precipitation removes large quarytities of pollutants from 
the atmosphere simply by the fact that some form of particulate matter 
must be present in the atmosphere to serve as the condensation nucleii 
that allows raindrops to form. 

Dust from Natural Causes: Natural dust in the atmosphere results 
mainly from wind erosion in arid and semi-arid zones and from major vol
canic eruptions. Manis activities in plowing and overgrazing the soil 
have undoubtedly resulted in increases in the amount of dust in the air 
from "natural ll erosion of soil by winds, but man is totally incapable of 
controlling volcanic eruptions. 

MacIntyre and Holmes state that the average quantity of aeolian 
transport to the ocean amounts to a layer of about 6 x 10-5 centimeters 
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per year of continental dust reaching the sea flood in the Tropical 
Atlantic, and that up to 50 percent of the sediment in the North Pacific 
is dust from the Gobi Desert and other arid regions (13). 

Gases from Natural Causes: Gases are added to the atmosphere and 
consequently to the hydrosphere, as a result of respiration processes of 
all biota. In addition, major natural perturbations of the surface of the 
earth such as volcanoes, fumaroles, erosional exposures of fossil hydro
carbons, and other 'natural causes add enormous quantities of gases to the 
atmosphere and the hydrosphere. The capacity of the hydrosphere to absorb 
or release gases in response to minute changes in their atmospheric concen
trations results in a practically constant concentration of constituent 
gases in the atmosphere except in highly localized areas of the world. 

Volatile Organics from Natural Causes: Organic material decomposing 
under anaerobic conditions releases large quantities of methane gas to 
the atmosphere. Other more complex volatile organics are released by 
many species of plants and animals as natural consequences of their meta
bolic processes, and all of these gases are soluble to some extent in water. 
Again, the hydrologic cycle is the primary mechanism through which they are 
removed from the atmosphere for ultimate deposition in the hydrosphere. 

Encroachment of Mineralized Waters 
Naturally occurring mineralized waters can usually be found at or near 

the surface of the earth in most arid regions, and at greater depth in 
practically all regions of the earth. From the standpoint of man's bene
ficial use of water resources, the primary problem associated with such 
waters occurs when, either as a result of natural causes or of man's acti
vities, such highly mineralized waters begin to encroach upon existing 
supplies of fresh water. Salt water encroachments on fresh water aquifers 
that are connected to the sea or to salt water aquifers are examples of 
natural pollution of fresh waters that can result from man's unwise use 
or overuse of existing fresh water resources. 

Cyclic changes in climatic conditions, particularly extensive periods 
of drought, can make significant changes in the location of the interface 
of fresh and salt water in bays and estuari .es, thereby providing major 
perturbations to existing aquatic ecosystems. 
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Thermal Stratificati on 
Thermal stratification i n natural and man-made water impoundments may 

cause drastic changes in the usefulness of the water, both for domestic 
and industrial use, and for waste assimilation. 

Thermal stratification results from very small density differentials 
resulting from temperature changes with depth of water. During the summer 
months, incident solar radiation and high atmospheric temperatures raise 
the temperature of the surface of deep lakes. This elevation in tempera
ture makes the surface waters less dense than the colder waters in the 
bottom of the lakes and results in a condition in which the warmer, 
lighter surface water (the epilimnion) simply floats on the colder, 
heavier bottom water (the hypolimnion). Surface perturbations such as 
those induced by wind then provides circulation and mixing of the waters 
in the epi1imnion, but not between the epi1imnion and the hypolimnion (16). 

Under these conditions, organic materials which are introduced into 
the body of water from external sources, and organic debris resulting 
from the death of biological organisms living in the epi1imnion, tend to 
settle to the bottom of the body of water. Oxygen supplies in the bottom 
waters are then depleted rapidly by decomposer organisms, making the 
bottom waters unsuitable for use for municipal supplies as well as for 
industrial supplies requiring high quality water. 

As the surface temperature of the water decreases in the fall, the 
temperature differential between top and bottom water will finally dis
appear. When this occurs, wind currents acting on the surface of the 
water will induce mixing throughout its depth. Such mixing may result 
in a temporary condition in which the quality of all water in the lake 
or reservoir is unsuitable for domestic use. The mixing also brings the 
nutrient-rich bottom waters to the surface, where they may cause algal 
blooms and other nuisance conditions to develop in a very short time. 

Research now underway offers promise of overcoming this problem 
either through mechanical mixing or through oxygenation of bottom 
waters. 
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MAN-HADE POLLUTION OF THE HYDROSPHERE 

Pollution has frequently been the penalty of progress in the past, 
but it need not be so today. Water renovation is possible, but today's 
standards of wastewater treatment cannot economically reestablish the 
original quality of water. 

Environmental Pollutants 

Environmental pollution may be defined as a discharge into the 
environment that imposes an external cost on subsequent users, or as a 
discharge that interferes with the enjoyment and use of the environment (17). 

The Nature of Water Pollution: Water pollutants fall in eight major 
categori es as fo 11 ows : ( 1) i nfecti ous agents - mi crobi a 1 or vi ra 1 agents 
that can transmit diseases to people; (2) oxygen-demanding wastes -
wastes added to water that ,increase the gross respiration rate of aquatic 
or marine microorganisms to the extent that the concentration of dissolved 
oxygen in the water is decreased; (3) plant nutrients - compounds of 
carbon, nitrogen, and phosphorus that promote excessive plant growth 
(primarily algae) in water; (4) organic chemicals ~ waste products from 
organic chemical manufacturing operations that may be only slightly de
gradable and that may be toxic to the flora and fauna in the water, or 
that may impart disagreeable taste and odors to the ,water; (5) inorganic 
chemical and mineral SUbstances - dissolved inorganic materials such as 
chloride that may decrease the value of water for subsequent usage, or of 
heavy metals such a mercury that may be toxic to animal life; (6) sedi
ments and other solids - soils and other material eroded from watersheds 
that may fill reservoirs, irrigation ditches, and navigation canals; 
(7) radioactive materials - fissionable materials that may be released 
from nuclear reactors or other sources and be concentrated by biological 
organisms to concentrations severals orders of magnitude greater than the 

, concentration existing in the water; and (8) heat - the utilization of a 
body of water as a heat sink, generally for an industrial process or a 
thennal electric generating plant (17). 

Some of the above materials should be considered to be pollutants 
only if their concentrations are so high as to impair desirable water 
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uses. For example, the addition of small quantities of oxygen-demanding 
wastes and of plant nutrients to a healthy, flowing stream may result in 
an increase in productivity of the stream without a noticeable adverse 
effect on its quality. Likewise, the addition of heat to a very cold 
stream may have a beneficial effect to downstream users or may result in 
a significant increase in fish production (18). It is only when excessive 
amounts of these materials are added to a stream that they become trouble
some. 

General Considerations: Pollution establishes a technical link 
between various economic units of all users of a body of water. An essen
tial element of the pollution problem is the fact that damages caused by 
all waste discharges into water courses are, in most instances, external 
to the polluting unit. 

Water pollution is a comp~ex problem that must be considered in both 
qualitative and quantitative terms if water is to be managed in a manner 
that will maximize economic and social returns. While industry is viewed 
by the layman as the primary polluter of water resources, it is the con
sumers of industrial products who are the ultimate polluters. Consumers 

must therefore be made aware of the fact that it is they who will bear the 
primary burden of improving environmental quality. 

The assimilative capacity of water resources is of great value as a 
waste disposal system. Such use of water resources should be viewed as a 
legitimate economic activity and should be evaluated along with other 
beneficial uses of the water in the decision-making process. 

Although the technical aspects of handling water pollution are 
further advanced than are the economic-socia1-po1itica1 aspects, many 
technical questions remain unanswered. We can generally provide the treat
ment required to attain any desired level of quality, but we are simply 
not capable at this time of determining the optimum level of quality. 

The layman generally regards pollution as something he can see of 
smell or something that interferes with his enjoyment of a water resource, 
but experts know that many pollutants that are invisible and odorless may 
be highly destructive to .bio1ogica1 life. 
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Trends in Water Quality Management 

The sanitary engineer has characteristically been concerned with the 
treatment of waste to the extent required so that the treated effluent 
when discharged does not impair public health, does not create nuisance, 
and does not result in significant harm to fish and wildlife. In this 
sense the engineer has done 'a reasonably good job, and the utilization of 
conventional treatment processes has been generally adequate, especially 
in maintaining sufficient oxygen levels in receiving waters to prevent 
fish kills (19). 

Our current concern is not primarily with immediate effects such as 
fish kills - these we can control - but with long range or chronic effects 
caused by residual materials contained in treated effluents. Our knowledge 
concerni~g these materials is scanty although we can recognize them as 
harmful either in their toxicological effect on organisms in the natural 
fish food-chains, or in their excessive stimulatory effects on plant 
growths. In either case, these materials may alter the natural ecosystem 
unfavorably even though traditional parameters of water quality do not 
disclose the probability of such effects. Too often, conventional waste 
treatment and disposal systems lower the biolo~ical diversity in water. 

Additional parameters are needed for predicting and assessing the 
effects of wastes on receiving waters and for generating improved treat
ment design technology. This will require that biologists make valuable 
contributions to our knowledge of the subtle but important effects of 
trace substances in waste effluents. Some progress in this direction has 
been made over the past decade. The level of research and development 
efforts in this field must be increased many times - perhaps by an order 
of magnitude - if the huge' sums of money needed for pollution control are 
to be invested wisely (19). 

In the face of inadequate knowledge, the design engineer must neces
sarily incorporate a maximum of flexibility in his waste treatment systems. 
On their part, regulatory agencies must encourage and permit the designer to 
be progressive and even experimental in his approach. This is a serious 
problem in the United States and other scientifically advanced countries 
where traditional design concepts usually are deeply rooted. 
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Influence of Industrial Use on Water Quality 

Industrial plants use water for a variety of purposes including cool
ing water, waste transport, cleaning operations, and process water. Indus
trial use may affect water quality in one or more of several ways. For 
example, water that is used on a once-through basis for cooling may either 
pick up no impurities other than heat, or it may also pick up impurities 
dissolved or washed off the product being cooled. Impurities that may be 
found in industrial wastewaters include practically every naturally oc
curring and synthetically produced compound known to man. Fortunately, 
however, not all of them occur in anyone effluent. 

Reuse and Recycle: The degree to which an industry reuses and recycles 
its wastes is undoubtedly the single most important factor in determining 
both the quantity and quality of its wastes. Past studies have shown that 
each cycle of use through which industrial intake water is put actually 

consumes an average of two percent of the water. Hence, an industry that 
utilizes water on a once-through basis will return approximately 98 percent 
of its intake water to the environment. By the same token, approximately 
50 cycles of use would consume the total quantity of intake water. 

Reuse and recycling of water has two primary impacts on water re
sources. First, it increases the effective supply available at the site 
of reuse by a factor dependent upon the fraction of water consumed in each 
use cycle as indicated above. Second, recycling generally requires that 
pollutants added through each cycle of use be removed prior to utilization 
in the next cycle. Thus, ,pollutants that otherwise would be discharged 
to surface or groundwater sources are necessarily removed at the point of 
ori gi n. 

Great economies in water requirements for particular areas can often 
be achieved simply through reuse of previously used water for processes 
that can utilize a lower quality of water. For example, municipal waste-
'waters treated by conventional secondary treatment processes frequently 
can be used for industrial purposes with little or no additional treat
ment. The 'design of industrial plants, particularly in water-short areas, 
should include an analysis of the availability and usability of domestic 
was tewater for both process and cool i ng water as an i ntegr,a 1 part of 
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the design. 

Resultant Buildup of Solids: The factor most commonly limiting reuse 
and recycling of both municipal and industrial wastewaters is the buildup 
of solids in the water resulting either from evaporation of the water or 
from the addition of dissolved minerals during each use cycle. Intense 
recycling of water within an industrial plant may therefore produce a 
small quantity of highly concentrated wastes that pose a serious ultimate 
disposal problem. 

Thermal Load: Thermal loads result both from industrial use of 
water for cooling processes and from the inefficiency of thermal electric 
generating plants. Thermal electric generating plants convert only about 
one-third of the heat value of fuel burned into electrical energy. The 
other two-thirds is dissipated either to the atmosphere or to cooling water. 
The thermal load imposed on water by nuclear powered generating plants is 
considerably greater than that imposed by fossil fuel plants for two rea
sons. First, in a fossil fuel powered plant, much of the waste heat goes 
up the smokestack and is dissipated to the atmosphere. This is not the 
case for nuclear powered plants, where all the waste heat is generally 
transferred to cooling water. Second, nuclear power plants currently 
being designed are less efficient in converting thermal energy into elec
tric energy than are fossil fuel plants. Hence, generating plants powered 
by fission reactions must dissipate around 75 percent of their total heat 
to surface waters. 

As indicated previously, the thermal loads introduced to the hydro
sphere by industrial processes of all types may be sufficient to cause 
fairly drastic changes in local ecosystems unless positive steps are taken 
to avert such changes. It appears that, on a long term basis, much more 
attention will need to be paid to the effects of thermal loads on receiv
ing waters if the quality of the hydrosphere is to be maintained at its 
present level or improved in the future. 

Residual Pollutants: An analysis of water use, reuse, recycle, "and 
economics must consider the problem of ultimate disposal. The total mass 
of solids in the intake water and resulting from process use will not be 
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decreased through conventional reuse and recycle practices. Consequently, 
concentrated waste streams must be disposed of in some suitable manner and 
the discharge must logically be added to the cost of water management. 

Influence of Urbanization on Water Quality 

The concentration of large numbers of people in compact urban areas 
has an obvious adverse effect on all aspects of the local environment, 
including both quality and quantity of water. General hydrological effects 
are listed in Table 7. 

Trends Toward Urbanization: Industrial development in any nation 
requires urbanization simply to provide the large pools of manpower re
quired to accomplish economic objectives. Increasing efficiencies of 
farmers throughout the world, and increasing desires of the world's popu
lation to enjoy the benefits of industrial society strongly suggest that 
trends toward industrialization and urbanization will continue and accel
erate throughout the world within the foreseeable future. 

Surface Runoff: Surface runoff resulting from precipitation in urban 
areas has only recently come to be recognized as a significant source of 
water pollution. Such runoff may contain relatively high concentrations 
of degradable organic material, suspended materials, and plant nutrients. 

The treatment and control of pollution derived from urban runoff are 
made difficult by the highly erratic nature of the occurrence of such run
off. It is simply not feasible to build a conventional treatment plant 
for treatment of a waste that may be produced for only a few hours each 
month. 

Domestic Wastewaters: The volume and character of domestic waste
water resulting from urbanization are variable from country to country. 
It appears, however, that the quantity of pollutants produced on a per 
capita basis is relatively uniform, Table 8. The concentrations of pollu
tants in domestic wastewater are therefore inversely proportional to the 
per capita ' production of domestic wastewater, Table 9. Included in this 
table are quantities which are typical of various sewage collection pro
cedures. It can be seen that the amount of water accompanying the organic 
material increases appreciably as the community water supply and industrial 
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TABLE 7. HYDROLOGIC EFFECTS OF URBANIZATION 
(Source: U.S. Geologica l Survey) 
[A selected sequence of changes in land and water use associated with urbanization] 

Change in land or water use 

Transition from preurban to early-urban stage: 
Removal of trees or vegetation 
Construction of scattered city-type houses 

and limited water and sewage facilities 
Drilling of wells 
Construction of septic tanks and sanitary 

drains 

Transition from early-urban to middle-urban stage : 
Bulldozing of land for mass housing, some 
topsoil removed, farm ponds filled in 

Mass construction of houses, paving of streets, 
building of culverts 

Discontinued use and abandonment of some 
sha 11 ow well s 

Diversion of nearby streams for public water 
supply 

Untreated or inadequately treated sewage 
discharged into streams or disposal wells 

Transition , from middle-urban to late-urban stage: 
Urbanization of area completed by addition 

of more houses and streets and of public 
commercial, and industrial buildings 

Larger quantities of untreated waste discharged 
into local streams 

Abandonment of remaining shallow wells because 
of pollution 

Increase in population requires establishment 
of new water supply and distribution systems, 
construction of distant reservoirs diverting 
water from upstream sources within or 
outside basin 

Channels of streams restricted at least in part 
to artificial channels and tunnels 

Construction of sanitary drainage system and 
treatment plant for sewage 

Improvement of storm drainage system 

Drilling of deeper, large capacity industrial 
wells 

Increased use of water for air conditioning 

Drilling of recharge wells 
Wastewater reclamation and utilization 
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Possible hydrologic effect 

Decre~~p in transpiration and increase in stream flow, 
Increased sedimentation of streams. 

Some lowering of water table. 
Some increase in soil moisture and perhaps a rise in 

water table. Perhaps some waterlogging of land and 
contamination of nearby wells or streams from over
loaded sanitary drain system. 

Accelerated land erosion and stream sedimentation and 
aggradation. Increased flood flows. Elimination of 
smallest streams. · 

Decreased infiltration, resulting in increased flood 
flows and lowered groundwater levels. Occasional 
flooding at channel constrictions (culverts) on 
remaining small streams . . Occasional overtopping or 
undermining of banks of artificial channels on small 
streams. 

Rise in water table 

Decrease in runoff between points of diversion and 
disposal. 

Pollution of stream or wells. Death of fish and other 
aquatic life. Inferior quality of water available 
for supply and recreation at downstream populated 
areas. 

Reduced infiltration and lowered water table. Streets 
and gutters act as storm drains, creating higher 
flood peaks and lower base flow of local streams. 

Increased pollution of streams and concurrent 
increased loss of aquatic life . Additional 
degradation of water available to downstream users. 

Rise in water table. 

Increase in local streamflo~ if supply is from outside 
basin. 

Increased flood damage (higher stage for a given flow). 
Changes in channel geometry and sediment load. 
Aggradation. 

Removal of additional water from the area, further 
reducing infiltration and recharge of aquifer. 

A definite effect is alleviation or elimination of 
flooding of basements. streets, and yards. with 
consequent reduction in damages, particularly 
with respect to frequency of flooding. 

Lowered water-pressure surface of artesian aquifer; 
perhaps some local overdrafts (withdrawal from 
storage) and land subsidence. Overdraft of 
aquifer may result in soft-water encroachment in 
coastal areas and in pollution or contamination 
by inferior or brackish waters. 

Overloading of sewers and other drainage facilities. 
Possibly some recharge to water table, due to 
leakage of disposal lines. 

Raising of water-pressure surface. 
Recharge to groundwater aquifers. More efficient use 

of water resources. 



TABLE 8. HUMAN FECES WITHOUT URINE 
( Gotaas, 1 956) 

1. Approximate Quantity 
0.3-0.6 pound (135-270 g) per capita per day moist weight 
0.08-0.16 pound (35-70 g) per capita per day dry weight 

2. Approximate Composition 
Moisture content. . . . . . . . . . 66-80% 
Organic-matter content (dry basis). . ... 88-97% 
Nitrogen (dry basis) . . . . . . . . . . .. 5.0-7.0% 
Phosphorus (as P205) (dry basis) ...... 3.0-5.4% 

-Potassium (as K20) II II • • • • 1.0-2.5% 
Carbon II II.... 40-55% 
Calcium (as CaO) II II ••••••••• 4-5% 
C/N ratio II II ••••• 5-10 

Human Urine 

3. Approximate Quantity 
Volume: 1 3/4-2 1/4 pints (1.001.3 liters) per capita per day 
Dry solids: 0.12-0.16 pound (50-70 g) per capita per day 

4. Approximate Composition 
Moisture Content ... 
Organic-matter content 
Nitrogen 
Phosphorus (as P205) 
Potassium (as K20) 
Carbon 
Calcium (as CaO) 

. . . . . . . . 93-96% 
(dry bas is). .... 65-85% 

II II..... . 15-19% 
II II........ 2.5-5% 
II II 

II II 

II II 

3.0-4.5% 
11-17% 
4.5-6% 

complex become more highly developed. 
Domestic and industrial wastewaters may have similar effects on the 

oxygen economy of receiving waters, but an important difference is the 
fact that domestic wastewaters also contain enormous numbers of pathogenic 
organisms. The removal or inactivation of these organisms must remain a 
primary concern of managers of water resource systems. 
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TABLE 9. QUANTITY OF DOMESTIC SEWAGE* 

Country 
or 

area 

Brazi 1 
Costa Rica 
Cuba 
Ecudor 
Ghana 
India 
Israel 
Japan 
Mauritius 
New Zealand 
Nigeria 
Peru 
Saudi Arabia 
Southern Rhodesia 

* Results of author's survey 

Influence of Agriculture on Water Quality 

Water carriage 

liters/capita/day 

150-300 
262-379 
190-225 
100 
90-145 

100-250 
80-415 

250 
. 63-144 
226-230 
80 

140 
158 

7- 77 

Agricultural operations can have both beneficial and detrimental 
effects on water quality. For example, soil is an effective mechanism 
for removing organic materials from partially treated wastewater, but the 
evaporation and transpiration or irrigation water applied to crop land 
always results in return flows carrying increased concentrations of dis
solved minerals. 

Surface and Goundwater Depletion: As indicated previously, irrigated 
agriculture is believed to be by far the biggest single user of water. In 
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many areas of the world, irrigated agriculture is supported by the mining 
of groundwater reserves, and in many other areas such as the Southwestern 
portion of the United States, virtually all available surface water is 
also used for irrigation. 

While irrigated agriculture is essential to the production ,of the 
necessary food and fiber for the existing population of the world, water 
is frequently of much greater economic value for other than irrigation 
purposes. 

Evaporative and Transpirative Losses: From 60 to 90 percent of the 
water applied to agricultural lands for irrigation is lost to the atmos
phere through evaporation from the soil surface and transpiration through 
the leaf surfaces of plants being produced. The remaining 10 to 40 percent 
is used for the transportation of concentrated dissolved minerals from the 
soil surface into either underground formations or surface water courses. 
Exchange properties of the soil may result in changes in the relative con
centrations of dissolved minerals in return flow, but in general, all dis
solved minerals contained in irrigation water applied to land must be 
removed by return flows in order for the soil to remain productive. 

Characteristics of Return Flows: Agricultural return flows may 
contain both high concentrations of dissolved minerals and objectionable 
concentrations of pesticides, fertilizers, sediment, and plant residues. 

On a long term basis, pesticides contained in agricultural return 
flows undoubtedly pose the greatest threat to biological life in the 
hydrosphere. Persistent pesticides such as DDT are transported from the 
sites of application by agricultural return flows, by atmospheric phenomena, 
by migration of biological species, and by ocean currents. The total eco
logical impact of widespread and increasing use of persistent pesticides 
will not be known for many years, if it is ever known. However, the near 
extinction of several species of birds as a result of biological concen
tration of DDT has been well documented. 

The potential for both surface and groundwater pollution resulting 
from confinement feeding of livestock, particu1arly 'catt1e, is extremely 
great. Commercial feedlots frequently contain 30,000 to 100,000 cattle, 
and the quantity of waste produced by each animal is about equal to that 
produced by 15 people. ' 
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ALTERNAT IVE MODES OF WATER TREATMENT AND WASTEWATER TREATMENT 

Water treatment and wastewater treatment are indistinguishable from 
each other both in terms of processes used and in terms of purposes. In 
both cases, treatment is necessary for three primary reasons: (a) to 
prevent the transmission of disease; (b) to avoid foul odors and objection
able sights; and (c) to keep the waters clean enough for all the various 
purposes for which they may be used. Physical, biological, and chemical 
methods are used for the treatment of water and wastewater, and the system 
chosen for any application will depend upon the set of objectives which 
have been established for it, and on the quality of the input water or 
wastewater. Figure 2 indicates the relationships of various processes 
used for wastewater treatment. 

Physical Treatment 
Physical treatment in the form of plain sedimentation is commonly 

employed for the removal of suspended material from water. It is the 
simplest and least expensive system used for water treatment. Plain sedi
mentation plus skimming can be expected to remove from 25 to 40 percent 
of the BOD in domestic wastewater. Its effectiveness for removing pollu
tants from industrial wastes or from water supplies depends almost en
tirely upon the characteristics of the pollutants to be removed. 

The chemical coagulation of water or wastewater prior to plain sedi
mentation can generally be expected to approximately double the effective
ness of plaln sedimentation in removing pollutants. 

Filtration through sand or other granular material is another type of 
physical treatment process commonly used in the treatment of water supplies, 
but less frequently used in wastewater treatment. Filtration is generally 
preceded by coagulation and plain sedimentation, and its primary purpose 
is to remove suspended material that is too finely divided to be removed 
by plain sedimentation. 

Biological Treatment 
Biological treatment processes, commonly called secondary treatment, 

are widely employed for removing suspended and dissolved organic materi als 
from wastewater'. Both aerobic decomposition and anaerobic fermentation 
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are of significance as biologica l treatment processes. 
The aerobic process requires a continuous supply of oxygen and is the 

most efficient method for ' reducing the organic content of dilute liquid 
wastes. Where solids must be liquified and where th~ wastes are highly 
concentrated, the anaerobic process is considered to be very useful. 

Both capital and operating costs of biological treatment processes are 
approximately twice as great as corresponding costs for plain sedimentation, 
but the cost per unit of organic material in the form of BOD removed is 
about the same as for plain sedimentation. On a worldwide basis, there 
appears to be little justification for failure to require that all munici
pal wastewaters and all industrial wastewaters containing significant quan
tities of BOD be subjected to biological treatment. 

Chemical Treatment 
Chemical treatment is widely used for the disinfection of both water 

supply and wastewaters. Chlorine and ozone are widely used for this pur
pose, while iodine and bromine are less widely used. 

Surface water supplies are usually subjected to chemical coagulation 
as the first step in the treatment process. Water supplies containing 
excessive concentrations of calcium and magnesium are frequently softened 
by the addition of lime, and the expense of such softening is normally 
more than offset by the savings in soap and detergent by water users. 

Except for disinfection, chemical treatment of wastewaters is not 
widely practiced at this time. As the production of wastewater increases 
in the future, it is apparent that presently existing water quality can be 
maintained only by removing an increasing fraction of the pollutants from 
wastewater. Chemical treatment methods will therefore generally be re
quired for all waste streams before the end of this century simply to main
tain existing quality. 

Advanced Treatment 
Advanced treatment, also sometimes called tertiary treatment, of 

wastewater generally includes any type of treatment beyond biological 
treatment. Advanced treatment is generally employed for the removal of 
organic materials not removed by secondary treatment, for the removal of 
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plant nutrients, for the removal of trace organics, and/or for the removal 
of dissolved minerals from wastewater. Advanced treatment has been applied 
to practical problems in only a relatively few cases in the past, but it 
is expected to be much more widely used in the future. Future demands 
for water can be met only through reuse of wastewater in many areas, and 
such reuse will require advanced treatment in order to maintain the quality 
of water in the system. 

Relative Cost of Wastewater Management 
The cost of wastewater treatment tends to increase exponentially with 

the fraction of pollutants removed. While both capital and operating costs 
of treatment plants are highly dependent upon local conditions, a general
ized relationship between effluent quality and capital and operating costs 
is shown in Figure 3. Costs shown are based on costs of treating munici
pal wastewater in medium sized cities in the United States. 

ALTERNATIVE MODES FOR DISPOSAL OF CONCENTRATED WASTES 

All forms of water and wastewater treatment involve the removal of 
polluting materials from water. One objective of all types of treatment 
systems is to concentrate these pollutants into the smallest volume 
feasible in order to simplify the ultimate disposal problem. Several 
alternative systems for fin'al disposal have been used with varying degrees 
of success. 

Land Burial 
Land burial of concentrated wastes is an effective method for re- . 

moving such wastes from the environment provided proper care is taken in 
selecting the burial site and in maintaining and operating it. The 
disadvantages of land burial are that both groundwater and surface water 
may be polluted by leachates from the site if it is not properly chosen, 
that such use of land limits its usefulness for subsequent beneficial 
purposes, and that in large metropolitan areas, the price of available 
land frequently makes the cost of such operations prohibitively expensive. 

Incineration 
Sludges derived from biological treatment processes can usually be 
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dewatered to the extent that they can be incinerated with the addition 
of only small amounts of additional fuel. While incineration is fre
quently the least costly alternative method of volume reduction, its use 
results in the production of significant quantities of ash that must 
ultimately be disposed of by burial or some other method. Further, the 
operation of incinerators frequently results in the conversion of a water 
pollution problem to an air pollution problem. Nevertheless, as land 
values in and near major metropolitan areas continue to increase, incin
eration will undoubtedly gain in popularity in the future. 

Deep Well Disposal 
Subsurface disposal of concentrated liquid wastes is not a new concept. 

Oil and gas producers have been using this method for disposal of oil field 
brines for half a century. Process industries have " only recently realized 
the applicability of deep well injection for disposing of concentrated 
and relatively untreatable waste streams. Since much of the land surface 
is underlain by great aquifers containing salt water or brines, these 
formations offer convenient and safe repositories for concentrated wastes, 
preventing pollution of usable surface and subsurface water supplies. 

Basic information regarding subsurface geology must be obtained and 
evaluated before installation of a wastewater disposal well. Either 
limestones or sandstones may be acceptable strata in which to inject 
wastes, but in either case, water in the proposed receiving formation 
should be judged unsuitable for any future use before the installation 
is made. 

A wastewater must be free of suspended solids, must be stable, and 
must be compatible with receiving formation waters for the project to 
be successful. Different degrees and types of treatment are necessary to 
condition various wastes for subsurface injection. 

In general, it can be expected that deep well disposal will be an 
increasingly popular method of ultimate disposal of highly concentrated 
and relatively untreatable wastes in the future. 

Ocean Disposal 
The basic philosophy governing ocean disposal of wastes should be 

the economic disposal of such wastes without causing any deleterious 
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effects on the receiving water. Ocean disposal is an economical system 
for disposal of many types of wastes, but care must be exercised in 
the selection of disposal sites, and international agreements should be 
made regarding the types of wastes that can be disposed of on the high 
seas. Disposal practices which interfere with other beneficial use of 
the waters, including commercial and sports fishing and navigation, 
should not be permitted. Toxic materials that are not readily degraded 
into innocuous materials should not be permitted to be discharged under 
any conditions. 

RELEVANCE OF DEEP WATER OUT FALLS 

Deep water outfalls are frequently economically attractive alter
natives for ultimate disposal of treated wastewaters. In many cases, 
such outfalls can be installed without causing serious deleterious effects 
on the receiving water. 

Prior to the design of a deep water outfall, it is necessary initially 
to establish or define the beneficial uses of the receiving water. 
Generally these uses may include: (a) aesthetic; (b) fishery and wildlife; 
(c) sports; (d) swimming; and (e) general recreational use (20). 

Effects on Benthic and Pelagic Fauna 
A classic example of the unexpected results that can follow construc

tion of a deep water outfall is the disappearance of the giant kelp, 
Macrocystis, in the vicinity of sewer outfalls in southern California. It 
was first thought that the ~ewage was directly responsible for the dis
appearance of the kelp, possibly by being toxic to it. Laboratory research 
demonstrated, however, that sewage actually increas'ed the growth rate of 
kelp when properly diluted by sea water. It finally became apparent that 
the sea urchin multiplied greatly in the presence of sewage effluent and 
that increased grazing by these animals was responsible for the disap
pearance of the kelp (20). 

If deep water outfalls are so designed that the concentration of 
sewage in sea water ,remains slight. degradation of the sewage by micro
organisms can proceed without significant reduction in dissolved oxygen 
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in the water, resulting in overal l increases in numbers of both benthic 
and pelagic fauna of all types. Suspended material that settles to the 
bottom may form benthic deposits that slowly decompose under anaerobic 
conditions and that result in significant changes in benthic fauna. 

Effects on Attached and Planktonic Flora 
Deep water outfalls frequently result in a reduction of clarity 

in the overlying water, thus reducing the depth to which sunlight may 
penetrate to support photosynthetic activity by either attached or 
planktonic flora. In general, however, the nutrients added to sea water 
by a deep water outfall will generally serve to increase the level of 
primary productivity in the vicinity of the outfall. Obviously, if 
physical conditions in the vicinity of the outfall (current, water 
depth, wind direction and speed, etc.) do not provide adequate dilution 
of the wastewate~, algal blooms and other nuisance conditions may develop. 

Effects on Community Energetics 
The nutrients added to water by deep water outfalls will generally 

result in an increase of primary producers, which will be reflected in 
a corresponding increase throughout the biomass pyramid. The areal 
extent of the increased standing crop will depend upon the quantity of 
wastewater discharged, the nature of ocean currents in the area, the 
quantity and concentration of toxic materials that may be discharged, 
and the type of flora and fauna native to the area , of discharge. 

In most cases, the standing crop of biological organisms in the 
vicinity of the outfall will be substantially increased, but the 
increase in biomass may be attributable almost entirely to either un
desirable species or species less desirable from man's standpoint than 
were the species originally inhabiting the area. 

Because of the high cost of constructing ocean outfalls, their 
design shou l d be preceded by detailed biological studies to determine as 
far as possible the total impact of the proposed construction on the 
existing system. 
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INSTITUTIONAL WATER USE AND WASTEWATER TREATMENT PRACTICES 

In most areas of the world, the orderly development and usage of 
water resources are prime factors in regional economic developments. 
The complexity of the end product and of the technological and legal 
conditions under which it is used and exchanged make the application of 
conventional management techniques very difficult. 

Legal rights or political boundari es, rather than economic consider
ations, are the devices normally used for allocating water among users. 
Water systems are usual~y disequilibrium systems, with supplies adjusted 
to the requirements of the individual users through a complex of legal 
as well as economic considerations, all subject to intense political 
pressures. 

The production functions of virtually every user of water are 
affected to some extent by the operations of other users. As a conse
quence, it is rarely possible to identify each user with the social costs 
which he incurs and the benefits which he generates. Without this 
identification, the supply or allocation of water cannot be determined 
entirely by market forces, but must be controlled by some governmental 
agency if anything approaching an optimal system is to be achieved (21). 

Each of the different types of water resources -- groundwater, 
surface streams, coastal and oceanic water -- requires a different 
management approach. The development and application of a sound water 
policy for each type of resource in the future depends to a great extent 
on every user of water realizing the importance of other uses, which 
mayor may not be compatible, and making provision for them. Wise public 
planning for prudent use by all interests must become an axiom, not a 
hypothesis. 

Groundwater 
The vo l ume, .widespread distribution, and constant quality of ground

water make its wise deve lopment and use of prime economic importance to 
local, regional, and .national economies. Rational management of ground
water resources requires a knowledge of the volume and areal extent of 
the groundwater basin, as well as a knowledge of recharge rates, sources 
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of recharge, and points of natural discharge of the groundwater basin. 
Groundwater supplies can either be mined or harvested on a safe 

yield basis. Long range planning would seem to indicate that the pro
duction of groundwater on a safe yield basis, thereby assuring a permanent 
supply, would generally be the most prudent approach. Economic con
siderations, on the other hand, may make it desirable to mine available 
groundwater in an area in order to provide a short term supply while 
other arrangements are made for the importation of a permanent supply. 

Because of the long residence time of pollutants in groundwater 
supplies, it is essential that appropriate regulations and agreements 
be made for the protecti?n of groundwater quality. Unlike surface 
waters, which frequently form national boundaries, groundwater basins 
do not follow artificial political boundaries. It is therefore essential 
that all governments having an interest in a particular groundwater · 
basin participate actively in the development of management systems for 
that basin. 

River Basin Management 
The interdependencies of a drainage basin's water and water depend

ent resources must all be given consideration in development of com
prehensive management systems. With the relatively primitive tools 
currently available for making such studies and forecasts, the best 
current development plans can provide only a relatively optimum develop
ment of the basin's total resources. 

Optimum management considerations obviously include the management 
of water quality in the basin as well as the allocation of water supply 
among the various users. Optimization of management systems implies 
that the entire basin be managed as a unit rather than on a piecemeal 
basis. For river basins lying entirely within one nation's boundaries, 
basinwide management generally may be instituted only with considerable 
difficulty. For basins that cross one or more national boundaries, the 
international agreements required to assure optimum management are likely 
to be much more difficult of achievement. 

Area Wide Treatment 
Economies of scale frequently make waste treatment on an area wide 
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basis an economically attractive alternative to the construction and 

operatjon of a large number of small, individual treatment units. In 
addition, such systems can generally be expected to produce better 
quality effluents than can many smaller individual systems. 

The German experience in management of water quality in the Ruhr 
Valley is an outstanding example of the advantages that can be gained 
through the application of area wide treatment systems and basinwide 
management approaches. Only by means of such fully integrated management 
systems can the earth be made to supply the needs of increasing numbers 
of people in the future, and simultaneously improve the quality of its 
water resources and the quality of life for its inhabitants. 

Coastal and Oceanic Controls 
The control of water quality in coastal and oceanic areas, which 

will eventually govern the quantity of food man is able to harvest from 
the sea, depends almost entirely upon the development of and adherence 
to international agreements for coastal and oceanic water quality 
management. Such agreements must include provision for utilizing the 
seals resources for maximum beneficial purposes. 

Among the significant problems requiring international agreements 
and international cooperation for solution is the problem of preventing 
and cleaning up oil spills. Accidental spills from tankers and from 
offshore drilling and production operations, along with deliberate dis
charge of oily ballast can be materially lessened by the provision of 
properly designed fail safe devices. Oil producers and transporters 
must be made to bear the costs associated with cleanup of oil spills. 

The danger of major ecological disasters that could result from 
wreckage of one of the coming supertankers of 400,000 or more tons dis
placement makes it desirable that such ships be equipped with better 
navigation aids and that they be restricted to sea lanes where navigation 
hazards are minimal. 
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RECOMMENDED ACTION STATEMENTS 

A general listing of needed studies, programs, and actions are given 
under the broad headings: (a) Water Quality Requirements; (b) Monitoring; 
(c) Design; (d) Collection, Treatment, and Disposal; (e) Water Resource 
Protection; (f) Special Industrial Problems; (g) Education. 

Water Quality Requirements 
1. Broad Problem. Man will find it necessary, in the years ahead, to 

give increasing attention to the broad problems of water supply. In order 
to assure mankind an adequate supply of safe ,drinking water on "a continuing 
basis, it will be ' necessary to improve the water quality of urban, indus
trial, and agricultural return flows. 

Water resources, more perhaps than any other, illustrate the inter
action of all parts of the environment, and also the recycling process that 
characterizes every resource of the biosphere. Everything that man injects 
into his environment can ultimately find its way into the water supply and 
these contaminants must be removed, by nature or by man, before the water is 
again potable. 

Worldwide concern for water quality until quite recently has centered 
principally on the danger of bacteriological contamination from inadequate
ly treated sewage discharged into our rivers and streams. Today mankind is 
confronted with the fact that chemical pollution of waters poses additional, 
and possibly even more difficult problems. 

The role of water in the protection of man's health and well-being is 
as great as ever, and therefore a very high priority must be given to re
search and development programs directed to an improved understanding and 
use of this resource. 

2. User Responsibility. Every user of water must be responsible for 
the resulting wastewaters. Assessment of the immediate and local area sur
rounding the point of wastewater discharge is the responsibility of the 
local group or nation causing the release. Significant changes in the 
water quality of the rivers and drainage basins of a nation, as monitored 
with available instrumentation, should be adequate reason to cause upstream 
improvement of the water resource. 
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Acceptable procedures and performance standards for municipal and in
dustrial wastewater treatment shou l d be established by international con
vention, and these should be applicabl e to all nations. 

3. Environmental Battle. It is necessary to assess to what extent 
environmental values and water quality deterioration are really being lost. 
The authors would like to express an opinion, contrary to many, that the 
environmental battl e, far from being lost, and is only just getting started. 
In fact, the environmenta l requirements for man's ~ell-being are only now 
being recognized . Present environmental confusion is characterized by a 
great number of instant experts rendering a wide variety of positive pro
nouncements proclaiming simple solutions to the very complex problems of 
water quality management. Perhaps this public confusion is a necessary step 
in bringing the whole picture of water quality management into focus. 

Immediate emphasis should be placed on the development of practicable 
procedures for predi cting the probable environmental impact of water re
source developments . . The use of the species diversity index, a quantitative 
measure of community structure, should be thoroughly investigated. It has 
proven, at least in some areas, to be a most promising approach for equating 
waste discharges to ecological system effects. 

4. Technical and Institutional Arrangements. The main problems facing 
the world today in pollution control are technological and institutional. 
While both are of major importance, the institutional problems are more 
formidable. 

There are some who would say that technology is available for doing 
the job and al l that is needed is money to apply it. Certainly more money 
will be needed, but it is important that this money be spent wisely. Un
fortunately, the technology to serve as the basis for wise spending in many 
cases does not exist. Because of current widespread public interest in the 

. protection of environmenta l quality, there is a real danger that a great 
deal of money wi l l be spent for various types of projects based on current 
technology, and that insufficient funds will be available for doing the job 
correctly at a later date when more adequate techn~logy is available. 
Simply, i t must be recogni zed that the main reason for the lack of adequate 
technology is that technology is a product of research and development and 
the extent of this activity in water pollution control has been and sti l l is 
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pitifully littl e. Muc h of the waste treatment technology in use today has 
been used for decades. 

New parameters of water qua l ity relevant to the significant environ
mental impact of water resources development in addition to those currently 
in use should be developed and applied. These parameters should be used in 
the development of advanced technologies of waste treatment and disposal. 

The institutional problems of creating desired regional wastewater 
treatment entities involves a host of problems. Overcoming the reluctance 
of local, national, and international jurisdictions to get together is very 
difficult. Furthermore, even i.f this institutional barrier can be overcome 
and a workable water resources management system evolved for a river basin, 
as an example, the problem is still not solved. Political scientists are 
thinking in tenns of developing all-encompassing regional entities handling 
all regional problems, of which water pollution control is only one. It is 
doubtful that the art of political science has advanced sufficiently to per
mit the creation of such all-encompassing regional agencies, especially 
where more than one nation is involved. 

Emphasis should be placed on the development of institutions for water 
resources planning, development and use that overcome the present barriers 
of political boundary lines at all governmental levels. 

5. Materia l Objectives. A variety of national objectives, in addi
tion to basic economic principles for national efficiency analysis, should 
be considered when decisions are made on projects involving water quality. 

It is necessary to give quantitative consideration to the questions 
of risk and uncertainty and the resultant range of possible outcomes with 
explicit consideration of the possibilities of events. 

Monitoring 
6. Global Monitoring. While most present water quality problems are 

local, it is highly desirable that global monitoring of water quality be 
initiated. The scientific and political feasibility of integrating some 
present and projected monitoring programs on an international basis, using 
a system which provides "rea l time" data analysis, should be examined in 
depth. 

An i nternational system of water resources monitoring should be estab
lished based on relevant parameters of water quality with sampling phased 
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in time to provide an integrated picture of water quality status at any 
point in time. 

7. Detecting, Measuring, and Analysis. Means of detecting and 
measuring water pollutants and their effects must be improved. Analytical 
methods now available for gathering basic data, monitoring, research, and 
treatment control are inadequate. Emphasis should be placed on the develop
ment of analytical methods for specific organic pollutants of all concen
trations and o~ the development of methods for determining low levels of 
nutrients that are involved in eutrophication. 

Real-time data are required for the development of water resource 
management systems. The management of water quality in a river basin will 
require continuous monitoring of the quality of water at various points in 
the basin, including tributaries, and of the effluents of waste treatment 
plants involved. 

Real-time data are of little value without computers on which they 
can be analyzed. The transport and long-term deposition mechanisms' of 
pollutants in the oceans, lakes, and deep underground formations are ex
tremely complex systems. This sheer complexity may ultimately limit the 
generality of any mathematical descriptions that can be developed, but it 
is essential that a balance be . found between the difficulty of understanding 
natural water systems and the need for describing them mathematically. 

A system of international cooperation should be established designed 
to focus a major research resource on the improvement of analytical methodo
logy. 

8. Translation of Laboratory Data into Design. One of the greatest 
problems in water treatment is the matter of translating fairly well-developed 
theoretical and laboratory data into economical designs. There is a logi-
cal process by which theoretical concepts can be moved through a laboratory 
study, pilot plant, drawing board, and field evaluation. Some way must be 
found to acce l erate the process. 

More money is needed for both bas i c and developmental research, which 
should be maintained at a high level for design and operation of advanced 
waste treatment plants. Chemica l and biological characterizations should 
be made of advanced treatment sys t ems operating at both the laboratory and 
pilot-pl ant l evel, inc luding the identification of specific chemical 
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compounds and viruses which are not removed during various phases of treat
ment. The use of adsorbents of all kinds should be considered. Further 
knowledge of various chemical species and wastewaters obtained in laboratory 
and pi1ot~p1an't experiments will permit the development of improved full 
scale plant designs. 

An effective international system of technology transfer should be 
established. In particular, methods should be developed for prompt trans
lation of laboratory data into design technology. 

9. Agricultura l and Urban Areas. Pol l ution resulting from the drain
age of agricultura l l ands and urban areas is becoming a significant problem 
and ought to be of greater concern. 

Runoff from agricultural lands contains manures, agricultural chemicals, 
and field trash, and runoff from urban area contains relatively high con
centrations of pollution indicator organisms, plant nutrients, biochemical 
oxygen demand, and other pollutants. Treatment of such wastes is complicated 
by the erratic nature of their occurrence. 

Emphasis must be placed on the development of effective designs of 
systems controlling pollution carried in urban and agricultural land runoff. 

Collection, Treatment, and Disposal 
10. Solid Wastes. The magnitude and impact of solid waste disposal on 

both surface and groundwaters is usually underestimated. Consideration 
should be given to means of reducing the volume of solid waste by developing 
degradable or recyclable packaging materials, and to developing better dis
posal systems. 

Because of the impact of solid waste disposal on the water resource, em
phasis should be placed on the development of methods for disposal of such 
wastes that will not endanger the water resource. 

11. Treatment Sludges. Research should be directed to finding new 
methods of handling wastewater treatment sludges. The use of synthetic poly
mers and po1ye1ectro1ytes and other surface-active chemicals to improve 
flocculation, sedimentation, and cond i tioning of treatment sludges should 
be investigated further. Reliabl e and useful data should be developed on the 
economics and technology of alternative means of sludge disposal such as 
incineration, land burial, use as a fertilizer or soil conditioner, and 
pipeline transportation for use in land reclamation. 
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12. Ocean Outfa11s. In view of the utility of ocean outfa11s, 
procedures should be established to use ocean dilution in a way to maximize 
benefits and eliminate current abuses. For many areas, ocean outfa11s 
provide the best feasible system for disposal of wastewaters from both 
urban and industrial complexes~ Obviously, the degree of pretreatment 
required depends upon the characteristics of the wastewaters, the mode of 
dispersal, and the sensitivity of the ecological balance. Adequate pre
installation research and postoperation evaluation of ocean outfa11s must 
be made to insure their satisfactory performance. Current technology makes 
it possible to design ocean outfal1s that perform in an effective manner, 
that do not create significant changes in water sediment qualities, and 
that do not cause major upsets to existing marine ecosystems. 

Frequently, removal of floatable material and settleable solids from 
domestic wastewater will allow the residual wastewater to be discharged 
through an ocean outfall without damaging the local marine environment. In 
other cases, wastewater may require fairly complete treatment before the 
residual effluent can be discharged through ocean outfa1ls without undue 
disturbance of the ecosystem. In some cases, nutrients contained in waste
waters provide a beneficial effect on selected ocean environments. 

13. Groundwater Pollution. Definitive research in groundwater pollu
tion, prevention of pollution, and maximization of use is much more expensive 
than is research dealing with surface waters. As a result, surface water is 
much better understood than is groundwater. Areas of needed research are: 
(a) selective transport of pollutants through underground aquifers; (b) 
evaluation of exchange relationships under natural and induced recharge 
systems; (c) role of groundwater in reuse programs; (d) effective removal of 
interfering microorganisms such as slime formers, algae, iron bacteria, sul
fate-reducing bacteria, and fungi; (e) equipment development, corrosion con
tro1, etc. 

Research should be intensified on the mechanisms of separation of water
borne impurities by soil and on the behavior of such impurities in the soil. 

Water Resource Protection 
14. River Modification. The possible ecological consequences of pro

posed river modification should be determined as a prerequisite condition 
to formulation of decisions on river development plans. 
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This requirement applies to all plans whose objectives are to modify 
the normal magnitude and character of stream flow. It should apply 
particularly to structures for impounding waters for flood control, irri
gation and hydroelectric power generation purposes, and to proposals for 
diverting water out of the basin. 

The natural stream channel ~nd the variation in magnitude of stream 
flow, regardless of the range between high and low flows, represent an 
aspect of environment to which life in the river has adapted. Changes by 
man may provide enormous benefits in protecting man's life and property, in 
improving the yield of his agriculture, and in providing energy for his 
homes and industry. However, we have learned that there may be significant 
costs, often obscure and unpredicted, associated with these benefits. Pru
dence requires that such costs be identified and evaluated and that measures 
be taken to prevent or minimize undesirable consequences of river develop
ment projects. 

15. Streams in Metropolitan Areas. Because of the multiple and con
flicting uses made of streams flowing through metropolitan areas, emphasis 
should be placed on the development of effective management procedures to 
assure maximum advantageous use of the river resources. 

Streams have long been exploited by urban developments, but frequently 
urban areas have not taken full advantage of the benefits associated wi th 
them. At least one deterrent to river sanitation includes the historical 
dependency of large municipalities on rigidly controlled tributary water
sheds rather than on nearby major streams for drinking water supply. Fre
quently, the industrial complex around a well-established urban development 
is so highly integrated into the community that serious economic barriers 
to industrial waste control exist. Similarly, storm water and overflows 
from combined sewers present significant unsolved pollution problems. 

There is always considerable uncertainty involved in assessing the 
economic benefits that may be realized from vigorous water quality manage
ment. Local communities, in particular, are usually reluctant to join in 
an area-wide or regional approach to water quality management. At the 
present the conventional methodology for planning a regional waste disposal 
system is inefficient because of the large number of governmental agencies 
'that may exercise certain environmental interests or control. In developing 
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areas, .it is imperative that regional wastewater treatment programs be 
incorporated into the overall water resources plans. 

16. Tributary Watersheds. The need for water resources planning on a 
regional or river basin scale necessitates the development of planning 
techniques that will effectively integrate tributary watershed planning into 
the broader development program. 

Competition for waters will become more intense and more complex. Con
sequently, pressures placed on tributary watersheds to fit into broad re
source plans will continue to grow. All competitive needs of water users 
must be considered. The accuracy of various estimates of water need, in 
terms of costs, quality, alternative systems that require less water, and 
wastages, must be thoroughly investigated through a competent pricing policy. 

17. Optimum Use of Lakes and Reservoirs. An increasing rate of de
gradation of lakes and reservoirs in many countries requires that immediate 
measures be instituted for arresting current misuse of these resources and 
for developing management systems that will insure their future protection. 

The process of eutrophication must be anticipated and prevented or 
arrested and reversed. The multiple use of drinking water impoundments for 
recreational and other uses must be examined carefully. More masterful 
techniques for lake and reservoir management should be developed. 

18. Estuaries and Coastal Waters. Systems for managing the estuaries 
of river systems should be developed to halt their current misuse and to 
realize their great potential ecologic, economic, aesthetic and recreational 
values. 

There is a basic need for development of systems for prudent planning 
of coastal land use. Some of the more important challenges include the 
following questions: (a) How may patterns of urban population, and indus
trial and recreational development be projected in terms of their influence 
on estuarial water quality and on water quality criteria? (b) How may 
techniques for estuarial study be improved in terms of reliability of data 
and lowered survey costs? (c) How may procedures for determining the value 
of water uses to be protected be estimated with confidence and how should 
they be weighed against the costs of obtaining the desired water quality 
objective? (d) What pollutional effects are exerted by bottom sediments 
in estuaries? (e) How may such deposits be eliminated or controlled most 
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effectively? (f) How can the buildup of tracer amounts of residual material 
such as heavy metals, pesticides, etc., be effectively evaluated? 

19. Wetlands and Flood Plains. Research on coastal and freshwater 
wetlands and flood plains should be intensified to elucidate their functions 
in supporting regional ecosystems, groundwater recharge and flood protection. 

Land use planning is a vital component of any water quality management 
plan. There are conflicts between land developers who claim that drainage 
of wetlands is essential to a desirable regional land use plan and those 
wh6 are concerned about the elimination of wetlands. Since elimination of 
wetlands may have far-reaching effects on the .terrestrial, aquatic, and 
marine ecology of the region, the maintenance of groundwater supplies, and 
the control of floods, their elimination must be preGeded by careful studies 
to determine the probable effects of such elimination. The effect of leach
ings from solid waste disposal in wetlands or lowlands must be considered 
thoroughly. 

The beneficial use of flood plains should be an essential component of 
any comprehensive flood control program. 

Special industrial Problems 
20. Thermoelectric Power. Means should be adopted to optimize production 

of thermoelectric power not only by generating electricity as economically 
and efficiently as possible, but also by adopting practices for the preser
vation and enhancement of the environment in which man must work and live. 

Beneficial uses of warm water to grow edible fish to enhance winter 
recreation, and for other purposes,should be explored further. 

Research should be intensified to determine how ecologic and economic 
values may be best derived from thermal energy now wasted by power plants 
into the water resource. 

21. Oil Pollution. The magnitude of oceanic oil pollution is likely 
to increase linearly with worldwide growth of petroleum production and this 
increase poses a potential problem which must be met by improved facilities 
designs, clarification of international law, development of sophisticated 
monitoring systems, testing of new oil collection gear, and the treatment 
of wastewaters containing oil and oily-like materials. The source of the 
"base load" of oil pollution is derived from natural seeps, accidental spills, 

surface runoff and fallout of airborne petroleum hydrocarbons. 
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Studies should be undertaken to determine the levels of concentration 
of different petroleum fractions which are toxic to most types of marine 
organisms and the extent of concentration of other persistent materials 
such as pesticides in oil films. Institutional changes should be instituted 
to reduce or eliminate the discharge or leakage of waste oils and greases 
into rivers, lakes, estuaries, and coastal areas. Effective international 
control measures should be established for oil-carrying tankers. Similarly, 
international standards or procedures, and the enforcement of these standards, 
should be developed for the offshore oil drilling and production operations. 

Emphasis should be placed on developing an effective system of control 
of oil spills from tankers and from shore and offshore oil production and 
handling facilities. 

22. Wastewater Discharges from Ships. Wastewater discharges from 
snips, especially in estuarine waters, should be eliminated and such releases 
should be perm,itted only after treatment of the wastewaters. Ballast water 
contains some portion of the original cargo and these waters should ' be 
analyzed, treated, and disposed of in a suitable manner. Ship designs, cargo 
handling, dock facilities, and onshore treatment units must be designed to 
accommodate the ballast and waste discharges from larger ships. Similarly, 
on-board treatment of both sanitary wastes and cargo wastes needs considerable 
attention. Present designs of many ships are inadequate to handle these 
wastes. 

Practicable means should be established for preventing pollution of marine 
and fresh waters by sewage discharges from vessels, particularly those ply
ing inland waters. 

Education 
Because new stresses and problems are produced by intensified use of the 

water resource, an improved system of international communication and water 
quality intelligence should be developed to assure that timely control action 
may be taken. An important aspect of such action would be the development 
of improved educational programs to prepare specialists for careers in the 
water resources fields. 

23. Environmental Engineers. Environmental engineers and scientists 
must be capable of resolving today's crises and of recognizing tomorrow's 
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water quality problems. Most engineers should be educated as specialists 
by curricula strong in the discipline of science yet focusing on the real 
world of engineering in such a manner that the student is made aware of 
his role as a doer. 

The environmental engineer has a role in maintaining the quality of the 
environment. As a water quality or sanitary engineer, he must be prepared 
to cope with industry's specialized needs for process water and for waste
water disposal facilities, and he must acquire these capabilities with the 
aid of educational programs that take cognizance of his early academic 
background in one of the several fields of engineering. 

Furthermore, all segments of society must be called on to assess goals 
and responsibilities in relation to their impact on the quality of the 
aquatic environment. Although every informed and concerned citizen will 
have to participate in deciding how best to deal with the multitude of 
problems which environmental pollution presents, engineers will undoubtedly 
have to shoulder a major burden of leadership for two reasons, one ideological 
and the other very practical. 

The challenge of pollution control ranks among the major social and 
technological issues of this century. The path toward solution, no matter 
how many turns it may take, will touch on virtually every form of human 
activity from scientific inquiry to law-making, from economics to aesthetics, 
and from education to health care. 
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