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WATER, WATER, EVERYWHERE
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Water f a'i I at the source of a river near the Matter horn i n Switzerland.

(Photo from Wassc^r-bedrohtes lebenselernen I..)



SYNOPSIS

The lack of quality data over long periods for different para-

meters and different rivers has up till now been prohibitive for the

formulation of a mathematical relationship between the changes in

river water quality and the changes in human activities which are res-

ponsable for it. A model is proposed which is based on a Potential

Pollution Index (P.P.I.). The P.P.I, depends on size of population

in the river drainage area, the economic activity in the river basin

and the average waterflow of the river. The relation of this P.P.I,

and actual river water quality is derived from river water quality

data of 160 riversites from all over the world. Based on the concept

of a Potential Pollution Index a classification of rivers is given

and general water pollution trends are presented. From these general

water pollution trends a reconstruction of natural pollution levels of

rivers as well as a prognosis of water quality for rivers in general

and for the specific case of the river Rhine in the year 1.980 and

the year 2000 are derived.

Finally the usefulness of the P.P.I, as an indicator for sani-

tation programming and P.P.I.'s possibilities for the communication

of information on river water quality are considered.

It is hoped that the preliminary results of this paper will

stimulate others, especially in Latin-America, Africa and Asia, to

make available more information on water quality of rivers In those

regions.



INTRODUCTION

Rivers have always been very important to human society. From

ancient history names are known to us like the Ganges in Pakistan,

the Jordan in Israel and the Nile in Egypt. Rivers consitute for

mankind as a whole the principle source of water although they con-

tain only about 0.01% of the water of the globe- This importance of

river water is a result of the easy accessibility and the superior

quality as compared with stagnant water.

When the population density in the drainage area of a river in-

creases, the use of river- water for different purposes will be also

intensified: transport of agricultural and industrial materials,

irregation, fishery, community water supply, waste disposal and re-

creation. As soon as the discharge of wastes into the river is tres-

passing a certain threshold, whereby the dilution of pullutants and

the self-purification capacity of the river are no longer sufficient

to restore natural water quality, man is confronted with a multitude

of problems. The most important implications of river water quality

deterioration arc:

1. increasing risk of breakouts of infectious diseases (pest, cholera,

etc.);

2. fishkills by decreased dissolved oxygon content;

3. increased eutrofication;

4. increasing quantity of substances exerting a chronic toxicity to

the ecosystem (carcinogens, organochloroposticides, heavy metals

etc.).

Up till now the lack of quality data over long periods for diff-

erent parameters and different rivers has been prohobitive for the

formulation of a mathematical relationship between the changes in

river water quality and the changes in human activities that were

responsible for it. Such a relationship would possibly give an answer

to questions like:

1. what might be the water quality at a specific riversite in the

year 2000 or what has been the "natural" water quality e.g. 100

years ago;



2. at what time should specific measures of pollution abatement be

programmed and how should the results be judged.

The key to the proposed mathematical relationship is an index

which depends on the size of the population and its economic activity.

The effect on water quality of the potential pollution charge of a

river that is represented by these two factors, will mainly depend on

water discharge of the river and the degree of sewage treatment. Not

taking into account the effect of waste water purification a Potential

Pollution Index can be defined as follows:

p D r N x G.N.P./cap. , ,
P.P.I. - Q X 10"

 {1'
where:

P.P.I. = Potential Pollution Index for a specific riversite

and year of observation

N = Number of people living in the considered drainage

area

G.N.P./cap. = Average Value of the Gross National Product/Capita

(U.S.$) applying to the population of the considered

drainage area

Q = Yearly average discharge (m /s)

It is of interest to mention a similar concept here: the GNP/Area

Ratio, that has been proposed in the meantime by GOLDBERG AND BERTINE

(1971) as an approximate but. useful measure of the potential pollution

of a country.

The establishment of a model, that describes changes in river

water quality as a function of time, will become possible by correl-

ating P.P.I, values with actual water quality data. For this purpose

a questionnaire was sent in 1971 to about 300 environmental agencies,

river authorities, research instutions, universities etc. all over the

world. A general specification of the available information is given

in the Appendix. An evaluation of the data and some preliminary con-

clusions that can be derived from this material will be presented in

this paper. Finally the results will be tested on a case history of

the river Rhine.



SPECIFICATION OF AVAILASLK INFORMATION

As a result of responses to the questionnaire a total number oi"

more than 1000 yearly average values for about 50 water quality para-

meters at 160 riversites have been gathered. Most of the data orig-

inate from the United States of America and Western Europe, in. part-

icular the United Kingdom (see Figure 1). For each of the following

parameters more than 40 values have been obtained: Chloride, Fluoride,

Phosphate (ortho)', Total Hardness, B.O.D.5, Coliforms, Iron, Manganese,

Zinc and Copper.

CONTINENT

AFRICA

AMERICAINOBTH )

ASIA

AUSTRALIA
EUROPE

TOTAL

COUNTRY

SOUTH AFRICA

SUDAN

U.S. OF AMERICA
IRAN
ISRAEL

NEW ZEALAND
PHILIPPINES
VIETNAM (SOUTH)

AUSTRALIA
BELGIUM

FED, REP OF GERMANY
FINLAND

FRANCE

GREECE
HUNGARY
NETHERLANDS
NORWAY

SWEDEN
SWITZERLAND

UNITED KINGDOM

NUMBER OF
RIVERSITES
WITHWATER

QUALITY
DATA

1

1

6 0

2

1

2

1

3
3

3

2

9

1

3

S

2

2
1 0

1

51

1 6 0

FIG. 1 ORIGIN OF RIVER WATER QUALITY
DATA



The average river in this study has a yearly discharge of about

100 m-^/s, while only 10% of the considered rivers have a yearly dis-

charge of more than 1000 m /s (see Figure 2). Although it may be

stated that the size of the considered rivers is rather representative,

this does not at all apply to the economic situation in the considered

drainage areas. About 7.5% of the drainage areas have an average

G,N.P./Cap. of U.S. $ 1000 or less, while about 75% of the world po-

pulation belong to this category. Especially in this respect the

available information needs to be completed by data from South America,

Asia and Africa. On the other hand a more extended list of parameters

has to be aimed at, that includes organic pollutants like mineral oil

and synthetic detergents as well as micropollutants like polynuclear

aromatic hydrocarbons, pesticides, taste and odour substances and

metal compounds.

FIG.2 FREQUENCY DISTRIBUTION OF
YEARLY AVERAGE RIVER DIS-
CHARGES.
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CLASSIFICATION OF RIVERS IN VIEW OF THEIR POTENTIAL POLLUTION

The potential pollution of rivers as indicated by the P.P.I, can

vary considerably. The lowest P.P.I, value found up till now, amount-

ed to approx. 0.01 for the Angat River at the Ipe Dam in the

Philippines, while the maximum value amounted to approx. 1000 for the

Santa Ana River at the Prado Dam in California.

POTENTIAL
POLLUTION

INDEX
RIVER LOCATION DISCHARGE

(m3/s)
COUNTRY

RIVERS WITH MAXIMUM PP|. VALUES

9 8 0

270

265
2 0 0

1 3 0

1 1 0

110

110

1 0 0

9 0

SANTA ANA

SANTA CLARA

L E E

BLYTHE

MERSEY

CHELMER/BLACK WATER
SKILLET FORK

SAMBRE
TRENT
NORTH CANADIAN

PRADO DAM
SANTA PAULA

CHINGFORD

BLYTHE BRIDGE
HOWLY WEIR

LONGFORD
WAYNE CITY

NAMUR
NOTTINGHAM
OKLAHOMA

13.0

8.0

6.5

0.5

4 2

3.2
1.3

15

8 2

19

U.S.A. (CAL.)

U.S.A. (CAL.)
UN KINGDOM

UN.KINGDOM
UN KINGDOM

UN.KINGDOM
U.S.A. (ILL.)

BELGIUM
UN.KINGDOM

U.SA.(OKLA)

RIVER WITH M I N I M U M PPI.VALUES

0.34

0.30
0.20

0.15

0.13

0.13

0.11

0.07
0.06

0.0 09

CAM-LE

STORSJON
JAJRUD

BLEU NILE
TOWY

LULE ALV

KARAJ

MEKONG
DENMARK
ANGAT

DA-NANG

OSTERSUND
LATIAN

KHARTOUM

TV CASTELL
BODEN

SIERA

CHAU-DOC
DENMARK WEIR

IPE DAM

1 2 5

2 4 0

5.4

1.640
4 6

5 0 0

10

14.500
4

40

S, VIETNAM

SWEDEN
IRAN
SUDAN

UN.KINGDOM

SWEDEN

IRAN
S.VIETNAM
AUSTRALIA

PHILIPPINES

FIG. 3 TEN RIVERS THAT ARE MAXIMAL/ MINIMAL CHARGED
WITH POTENTIAL POLLUTION

Figure 3 shows 10 rivers respectively having the highest and the

lowest P.P.I, registered. The highest potential pollution is found

in relatively small rivers in the U.S.A. and Western Europe. Low

P.P.I, values are registered for rivers of different size in Asia,

Africa and parts of Scandinavia. Among the larger rivers of the world

with an average yearly discharge of more than 2000 m^/s the Rhine

proves to be potentially the most polluted one. (Table 1.)
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Table 1. P.P.I, values for rivers with more than 2000 m-Vs discharge.

P.P.I.

39
13
7.6
5.5
3.8
2.3
2.2
0.068

Discharge
x 1000 m3/s

2.2
2.2

15.8
7.3
2.4
6.8
5.5

14.5

River

Rhine
Missouri
Mississippi
Ohio
Danube
St. Lawrence
Columbia
Mekong

Location

Lobith
St. Louis
Vicksburg
Cairo
Budapest
Ogdensburg
Bonneville
Chau-Doc

Country

Netherlands
U.S.A. (Miss.)
U.S.A. (Miss.)
U.S.A. (111.)
Hungary
U.S.A. (N.Y.)
U.S.A. (Ore.)
S. Vietnam

A more detailed classification can be developed by comparing the

actual P.P.I, value of a river with the P.P.I, value of its natural

state of pollution. The natural pollution will mainly depend on

geological and hydroldgical characteristics. Rivers with a relatively

low discharge will naturally be more polluted than rivers with

relatively high discharges. Figure 4 shows the tentative relation-

ship for the P.P.I, of naturally polluted rivers (G.N.P./Cap. smaller

than U.S. $ 1000 in the drainage area) and the drainage area/discharge

ratio. From these relatively few data the following general definit-

ion of the natural potential pollution index (P.P.I. ) of a river can

be tentatively derived:

log (P.P.I. ) = 2.2 log (D.A./DISCH.)-4.8 (2)

where:

D.A. = Drainage Area in km2

DISCH. = Discharge in m^/s

Based on this natural P.P.I, value the following classification

of rivers to their degree of potential artificial pollution is pro-

posed:
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Table 2. Classification of rivers to artificial pollution.

p.p

>5

5 x

<50

.1

X

P

X

-

p.

.p

p

p.I.,

.I. N

.P.I.

- 50 x P.P.I.N

N

Class

Naturally/Slightly Artificially
Polluted

Moderately Artificially Polluted

Strongly Artificially Polluted

The result of this type of classification is given in Figure 5,

which also proves that the river Rhine is one of the best examples of

artificial river water pollution.

The Jordan n^ar Lake Kinnerei in Tsracl

(Photo by J.M.G. van Damme)
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GENERAL WATER POLLUTION TRENDS

A detailed presentation of the obtained results for the water

quality trends of five parameters in relation to the P.P.I, is given

in figure 6.

• Vr
f

•if'V
•V-

I
FI6.6 RELATION POTENTIAL POLLUTION INDEX OF

RIVERS AND FIVE WATER QUALITY PARAMETER*
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The overall result concerning those 11 parameters for which

more than 40 data are available is presented in figure 7. Tentatively

some general trends can be distinguished.

mg/ll ITotHardmssI MNP/ mil
Cl I ImqCaCOam Colitorms|

0,01 , r-
0,01 5 0,1 S 1,0 5 10 S 100 5 1000

concentration units ^ -

FIG.7 TENTATIVE GENERAL WATER QUALITY TRENDS IN RELATION TO THE PR I.

The most sensitive parameter for increasing P.P.I, values is the

Collform number, followed by respectively the o-Phosphate content,

the Nitrate content and the Total Hardness of the water. Most para-

meters are in general rather insensible to changes in P.P.I, when the

P.P.I, values are below 1.0. Above P.P.I, values 01 10, Chloride and

Fluoride content are distinctly increasing while an abrupt increase

appears in this P.P.I, range for the B.0.D.5 and the content of me-

tals like Iron and Zinc. For P.P.I, values of 10 and more, a less

sharp increase is found for- Manganese and Copper.

17



The Tleinry Mountains In the drainage area of the Colorado, Utah, U.S.A.

(Photo Iron Water, Time Inc.)



RECONSTRUCTION OF NATURAL POLLUTION LEVELS

Using the information of Figure 7 it is generally possible to

approximate the natural pollution levels of rivers for the individual

parameters. This can be of practical importance for the establish-

ment of water quality standards- (ZOETEMAN, 1973). Because of the

insufficient knowledge on dose-effect relations for water pollutants

a tendency exists to attach much importance to the natural quality

of water. Although considerable deviations for individual rivers do

occur, which will be of decisive significance for establishing local

water quality standards, the natural water quality of an average

river will be in general of value for river water quality management.

For this purpose concentration levels of several parameters for

naturally polluted rivers are summarized in table 3.

Table 3. Quality specification for the natural state of rivers.

Parameter

Phosphate (ortho) (P04)

Copper

Manganese

Zinc

Iron

Fluoride

Nitrate (NÔ j)

BODS

Chloride*)

Total Hardness (CaC03)

Concentration

Range (mg/1)

0,005 - 0,1

0,001 - 0,05

0,002 - 0,08

0,005 - 0,1

0,005 - 1,0

0,05 - 0,8

0,00 5 - 8

0,5 - 5

1 - 35

10 - 100

Concentration for an

average river (mg/1)

0,02

0,01

0,01

0,025

0,1

0,25

0,5

1,5

17

25

*) Brackish Waters excluded
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THE P.P.I. AS AN INDICATOR FOR SANITATION PROGRAMMING

From Figure 7 it is evident that even in the case of rivers

with P.P.I. values as low as 0,01 the presence of coliform and

pathogenic bacteria will be prohibitive for the direct use of river

water as drinking water. Any community water supply using river water

should at least apply chlorination or slow sand filtration. As the

content of faecal organisms increases very rapidly with increasing

P.P.I, values a disinfection of municipal effluents should be strived

after starting at P.P.I, levels of 10 - 100. This is specially im-

portant both in view of water supply, and of recreational purposes.

As plant nutrients like Phosphate and Nitrate depend even at low

P.P.I, ranges on P.P.I, it is recommendable to start eutrofication

abatement already at P.P.I, values of 0.1, as far as Phosphate removal

from municipal waste water can reduce the total Phosporous input

considerably and for those cases that river water stagnates. At

higher P.P.I, values of 10 - 100 the river water will become very

eutrophic and reduction of the potential phosphorous input (e.g. by

a tertiairy treatment at sewage treatment plants) is absolutely

necessary for rivers with stagnating parts. Rivers with a P.P.I, of

10 - 100 will potentially be threatened by anaerobic conditions. Ex-

haustion of dissolved oxygen in a river is absolutely unacceptable

and must be prevented by biological sewage treatment plants. As the

content of various heavy metals and probably also the content of toxic

organic micropollutants will be considerable above the natural level

at P.P.I, values of 10 and more, water works should not only apply

coagulation, softening and sand filtration processes, but also ozoniat-

ion and activated carbon filtration to minimize the risk of chronic

toxic effects. As concerns waste water discharge, a stringent control

of the discharge of individual pollutants like pesticides, mercury

compounds etc. must be executed.

At P.P.I, levels of rivers above 100 a very rigorous sanitation

program must be realized by an extensive and effective organization

for river water quality management and examination. Even then it

will be difficult to establish a healthy river water quality that can

20



support a well-balanced ecosystem. At these high P.P.I.-values

community water supply will be confronted with new problems like

concentrations of parameters as Fluoride, Nitrate and Chloride that

exceed the standards for drinking water. Unless the discharge of

these pollutants is reduced these heavily polluted rivers might

become excluded as sources for community water supply. In this

situation mixing with possibly available good quality water from

other sources is one possibility and application of desalination

techniques is another to arrive at drinking water quality.

The Hudson near New York, N.Y., U.S.A. (Photo by J.M.G. van Damme)
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The oriqin of the Rhino in Switzerland (Photo from VEWIN)



CASE-STUDY OF THE RHINE

As the river Rhine has already a long history of pollution, it Is

interesting to check the P.P.I.-concept on its case. A prognosis oX1

the increase of the P.P.I, for the river Rhine at Lobith (Dutch-German

border) over the period 1850 - 2000 is given in Figure S. This

prognosis is based on the situation in 1970 with a total population in

the drainage area of 41 million, a G.N.P./Cap. of U.S. $ 2100 and a

P.P.I, of 39. Using data of Statlstlsche Jahrbuch fur die Bundes-

republik Deutschland (1972), Annulaire statistique de la France (1967),

Statistisches Jahrbuch der Schweiz (1972) and of KAHN AND WIENER (1967)

the following growth rates have been derived: population growth 1%/year

for 1850-1970 and 0.8%/year for 1970-2000; growth of the G.N.P./Cap.

1.8%/year for 1850-1950 and 3.8%/year for 1950-2000.

0 0 -

60-

40-

2 0 -

1 0 -

6 -

2 -

. - '
, -l

• " . . .

hi

^ -
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._

<<

1650 1860 1870 laao 1B90 1900 1910 1920 1930 1940 19SO 196O 1970 1980 1990 2000
YEARS

FIG.8 POTENTIAL POLLUTION INDEX FOR THE RIVER RHINE AT LOBITH CPERIOOE 1850-2000)



The Rhine at. the Dutch-German border (Photo from VEWIN)



Considering water quality data from MOLT (1961) and the Inter-

national Commission for the Protection of the river Rhine against

Pollution some trends are calculated and presented in Figure 9.

Although Phosphate concentrations are somewhat below the average

level, concentrations of other parameters and especially of Chloride

are considerably above the average trend. Table 4 gives a survey of

future concentrations that must be expected in case adequate sanitat-

ion measures are not realized.

PHOSPHATE
1956-1972

NITRATE
1875

1854-1972

CHLORIDE
1875-1972

BOO, s
1954-1972

sAooo

1975

1950

1875

* $>> ' 10 2 ! 10 * s100 10 2 i TO
mg/l o-POj — — mg/1 NO3—• - mg/l Cl

AVERAGE TREND RHINE TREND

1000 1 ^ ' 10 * s1OoV ' ' ' i
mg/IBQD.5—P- mg/l Fe

FIG. 9 RELATION PPI.AND FIVE PARAMETERS FOR THE RHINE

(YEARLY AVERAGE VALUES)
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The Rhine-delta, harbours and chemical indusLry near Rotterdam,

The Netherlands- (Photo from Bart Hofmeenter)



Table 4. Prognosis for five parameter concentrations in 1980 and

2000 in case sanitation measures are omitted in the drain-

age area of the river Rhine (values for average discharge

of 2200 m 3/s).

Parameter

Ortho-Phosphate (mg/1)

Ni t ra te (mg/1)

Chloride (mg/1)

B0D5 (mg 0 2 / l )

Iron (mg/1)

Concentration

1875

0.05

1.5

12

2 . 0

0.15

1970

0.70

13

160

9 . 0

2 . 0

1980

1.0

20

250

13

3 . 5

?.000

3 .0

45

500

40

20

These values emphasize once again the need to establish in an

early stage of pollution the construction of treatment plants and

the necessary legislation and enforcement for pollution abatement-

In this context it is useful to confront the general sanitation

profile with history and plans for the river Rhine as shown in Fig.10.

GENERAL

RPI.

RANGE

<0.1

0.1-10

10-fOO

>100

WASTE WATER TREATMENT

PROCESSES

NON

P-REMOVAL

RECOMMENDED

SEDIMENTATION

BIOLOGICAL OXIDATION

DISCHARGE RESTRICTIONS

P-REMOVAL-TERTTREATM

EFFLUENT DISINFECTION

ADVANCED TREATMENT

ADVANCED DISCR RESTR.

REALISATION

AT RHINE-PPI.

5 0

(75)

(150)

TREATMENT FOR WATER SUPPLY

PROCESSES

CHLORINATION

SLOWS AND Fl LTRAT10 N

BREAKPOINTCHUORINATION

COAGULATION-SOFTENING

RAPID SAND FILTRATION

MIXING BIJ STORAGE
RESERVOIRS

OZONIZATION
ACTIVATED CARBON AflS.

(DESALINATION)

REALISATION

AT RHINE-PPI

2.0

15

5 0

(75)

(150)

YEAR
FOR
THE

RHINE

1S75

1945

1975

13 85

2000

FIG. 10 GENERAL SANITATION PROFILE AND THE CASE OF THE RHINE
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FINAL CONSIDERATIONS

As has been elaborated in this paper the P.P.I, concept offers

a general matrix for water quality data of different origin, differ-

ent kind and different time. From this matrix general trends can be

derived to deduce river water quality in the past and to extrapolate

quality trends to the future. Furthermore the P.P.I, concept can be

extended to a scientific yardstick in the process of decision making

concerning sanitation programming. The more data on water quality

are available the more precise this yardstick will be. For this

purpose a detailed study has to be undertaken on the relation of

P.P.I, with the presence of micropollutants, with specified sanitat-

ion programs and with biological parameters like quantity and qual-

ity of algae and fishes. Last but not least P.P.I, can be used for

the communication of information on water quality. The Water Quality

Index of BROWN, MCCLELLAND AND DEININGER (1972) of the National

Sanitation Foundation, Ann Arbor, Michigan that has been developed

for this purpose might be supplemented by an "Actual Pollution Index".

An Actual Pollution Index can be derived from P.P.I.-concentration

relations (see Figure 9) by calculating for each parameter the P.P.I,

value that corresponds with the actual concentration. The Actual

Pollution Index can be defined as the average of the sum of these

"appearant" P.P.I, values for the different parameters. Like the

Water Quality Index the Actual Pollution Index (A.P.I.) represents

the actual river water quality. The difference between P.P.I, value

and A.P.I, value of a river can be considered as a measure for the

effect of sanitation programs. The lowest attainable value for

A.P.I, will be the already mentioned Natural Potential Pollution

Index (P.P.I. ).

It is sincerely hoped that the P.P.I, concept will stimulate

people's imagination concerning the extend of future water quality

problems and that it will contribute in this way to people's

willingness to support the many activities that are needed now for

the restoration and preservation of a healthy water quality in the

rivers on earth.
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Mississippi River- near tJew Orleans, T,a, U*S*A. (Courtesy of National

Ocean Survey - NOAA)
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The: frozen Potomac River at Washington D.C., U.TJ-A. (Courtescy of

National Ocean Survey - NOAA)
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Finally a river delivers its pollution to the sea (Photo by <J-H*G,

van D^mrne)


