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Foreword 

The understanding of the dynamic nature of our global fresh water resource is a 
challenge that the United Nations Environment Programme (UNEP) and the World 
Hea]th Organization (WI-ID), in cooperaton with UNESCO and WMO, address 
through the water quality component of the Global Environment Monitoring System 
(GEMS/WATER). The dynamic nature of these resources reflects the continuous 
interplay between the natural processes of geochemistry, hydrology, sedimentology 
and those activities associated with the human occupation of river basins. 

The Water Quality of World River Basins selectively summarizes data contributed 
by countries participating in the GEMS/WATER Programme over the period 
1976-90. The book also includes information gathered from many other sources. It 
summarizes the results of analysis and interpretation for 82 major river basins 
around the world. Some of these river basins are located in highly populated and 
industrialized areas where human impacts can be clearly seen. Other watersheds 
represent more pristine areas that are currently not under extensive human stress. 

This publication contributes to the scientific investigation of global water 
resources. As global population increases and our demands on fresh water supplies 
grow, economic and development activities continue to increase the stress on natural 
ecosystems. Using examples drawn from the GEMS/WATER data bank, this volume 
demonstrates how natural processes interact with anthropogenic factors to create the 
observed water quality conditions. 

It is said that knowledge empowers the individual. One of the essential purposes 
of the UNE P/GEMS Environment Library series is to disseminate knowledge of 
environmental conditions to people around the world who are directly or indirectly 
affected by changes occurring in this global resource. It is my hope that this 
publication will contribute to our knowledge of the trends and conditions of water 
resources in diverse regions of our world. 

Elizabeth Dowdeswell 
Executive Director 
United Nations Environment Programme 



Introduction 

The GEMS/WATER Programme 
The Global Environment Monitoring 
System (GEMS) grew out of the 1972 
Stockholm Conference on the 
Environment. At that world conference, 
governments requested the establishment 
of a global monitoring programme that 
could determine the status and trend of 
key environmental issues. The 
GEMS/WATER Programme was initiated 
in 1976 by UNEP and the World Health 
Organization, with the assistance of 
UNESCO and WMO. The Programme 
had the twin objectives of improving 
water quality monitoring and assessment 
capabilities in participating countries, and 
determining the status and trends of 
regional and global water quality. 

In Phase I of GEMS/WATER, 
1976-90, the global network was 
established with the Global Data Centie 
located at the Canada Centre for Inland 
Waters, Canada. This publication 
summarizes data collected during 
Phase 1 of the Programme and marks the 
completion of the first phase of 
GEMS/WATER. 

In Phase 2, the GEMS/WATER 
Programme has realigned its data 
network in order to focus on new global 
priorities such as land-based souices of 
pollution, toxic chemicals and the need for 
improved communication and decision 
skills for water quality management. The 
GEMS/WATER Programme works with 
other United Nations agencies and with 
donor countries to build new capacity in 
selected national agencies by offering 
programmes of analytical quality 
assurance, information systems and 
software, and more effective Ways to carry 
out monitoring and assessment. 

The GEMS/WATER Programme has 
published numerous books and reports 
on water quality issues at a global scale 
(ref. 24), water quality monitoring (ref. 25), 
and an Operational Guide for agencies 
participating in the programme (ref. 26). 

About this pub!ication 
As with any global summary, data 
quantity and quality are variable, 
especially as the GEMS/WATER 
Programme relies on national water 
quality agencies to submit data to the 
GEMS/WATER Global Data Centre. 
Data submitted to the Global Data 
Centre are reviewed both manually and 
by automated data quality standards. 
Although data on major ions, nutrients 
and microbiological information are 
relatively complete, the reader will note 
that there is little information on toxic 
chemicals. This reflects the cost and 
difficulty of collecting and analysing 
these contaminants, especially in 
developing countries. To fill out the 
global picture, information is also drawn 
from other scietftific sources. 

The data are presented by watershed 
(drainage basin). The 82 watersheds 
represent major world rivers, or smaller 
rivers that have regional significance. Water 
quality data are strongly site-dependent, 
and results mu5t therefore be carefully 
assessed, especially when a watershed is 
characterized from a limited number of 
sampling points in time or space. 

This publication also attempts to 
provide a basis for the scientific 
understanding of observed water quality 
conditions. The text represents, 
therefore, a compromise between 
scientific rigow and extreme 
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Introducflon 

simplification. The publication is 
organized around major themes that 
have significance for managing the 
quality of the Earth's surface waters. 
However, for a publication of rest-ricted 
length, it is not possible to provide a 
complete regional and global summary 
of all water quality conditions. We have 
therefore chosen to provide selective 
overviews which take into account all 
the GEMS/WATER parameters, but use 
illustrations drawn from various parts of 
the world. Complete data for all 82 
watersheds are provided in Tables at the 
end of the publication. 

Throughout the analysis and 
production of this publication, the 
information processing system RAISON 
was intensively used. This system, 
developed by Environment Canada and 
used widely within the GEMS/WATER 
Programme, is a versatile and user-
friendly computer software for 
integrating, analysing and displaying 
environmental and socio-economic 
information in a geographical context. 

About statistical diagrams 
Statistical plots for various parameters in 
this publication are given as box plots. 
These represent the 10th, 25th, 50th, 75th 
and 90th percentiles of the parameter 
distribution. They are generally 
presented for each of the continents and 
compared to the global distribution. The 
data used in these comparisons are 
derived from the GEMS database. These 
figures should be used with caution 
since the existing database is fairly 
sparse in regions such as Africa and 
parts of South America. 
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Water quality 

Water quality is closely linked to water use 
and to the state of economic development. 

In industrialized countries, faecal 
contamination of surface water caused 
serious health problems (typhoid and 
cholera) in large cities in the mid-I 800s. At 
the turn of the century, cities in Europe and 
North America began building sewer 
networks to route domestic wastes further 
downstream of water intakes. 
Development of sewage networks and 
waste treatment facilities in urban areas 
has expanded enormously in the past two 
decades. However, the rapid growth of 
urban population, especially in Latin 
America and Asia, has outpaced the ability 
of governments to expand sewage and 
water infrastructure. While water-borne 
diseases have been virtually eliminated in 
the developed world, outbreaks of cholera 
and other gastro-enteric diseases still occur  

with alarming frequency in developing 
countries. 

Since World War 11 and the dawn of the 
chemical age', water quality has been 
heavily affected worldwide by industrial 
and agricultural chemicals. Eutrophication 
of surface waters from human and 
agricultural wastes, and nitrification of 
groundwater from agricultural practices, 
has affected large parts of the world. 
Acidification of surface waters by air 
pollution is a recent phenomenon and 
threatens aquatic life in many areas. In 
developed countries, these genera] types of 
pollution have occurred sequentially with 
the result that most developed countries 
have successfully dealt with major surface 
water pollution. In contrast, newly 
industrialized countries such as China, 
India, Thailand, Brazil and Mexico, are 
now facing all these issues simultaneously. 

Figure 1 
Conceptual 

evolution of major 
water quality issues. 

Water quality 
variables considered in 
surveys. 
(ref. 4, reproduced by 
permission). 
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Natural factors regulating 
water quality 

If there was no human influence, water 
quality would be determined by the 
weathering of bedrock minerals, by 
atmospheric processes of 
evapotranspiration and the deposition of 
dust and salt by wind, by the natural 
leaching of organic matter and nutrients 
from soils, and by hydrological factors that 
lead to runoff. 

Surface runoff is extremely variable. It is 
influenced by latitude, local differences in 
elevation (orography) and location on 
continents. In equatorial and monsoon 
regions, runoff exceeds 200C' mm/year or 
63 litres km 2  s* In regions where runoff is 
less than 25 mm/year, rivers are not 
perennial unless fed by wetter basins 
further upstream. 

Figure 2 Global 
distribution of annual 
surface runoff 
(ref. L reproduced by 
permission). 
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Hydrology 
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Figure 3 Selected 
hydrographs for 
average monthly 
discharges at river 
mouths (ref. 2). 

mean 
monthlV 
discharges 
at river 
mouths 
(m3 1) 

Discharge is the first factor that controls 
water chemistry, mainly through dilution. 
Discharge is also closely related to the 
transport of suspended sediment in rivers. 
Without Continuous discharge 
measurement, fluxes (transport) of 
sediment and chemicals in rivers cannot be 
calculated. A plot of discharge through 
time is called a hydrograph (Figure 3). The 
shape of the hydrograph is linked to river 
size, river regime and the effects of lakes 
or groundwater. 

Long-term monthly discharges 
characterize the regime of a river. Some 
examples are given in Figure 3:  

• tropical with maximum linked to 
rainfall pattern (Senegal); 

• mountain snow melt and rainfall 
(Tigris); 

• late monsoon rainfall (Chao Phrya); 
• oceanic type linked to 

evapotranspiration pattern (Loire); 
• equatorial with two maxima linked to 

rainfall pattern (Ogooué); 
• complex regime from glacier melt to 

oceanic type (Rhine); 
• lowland snow melt (Lena); and 
• early monsoon type (Godavari). 



Thermal characteristics 
of river waters 

The rate of chemical and biological 
processes in surface waters, especially 
oxygen level, photosynthesis and algal 
production, are strongly influenced by 
temperature. Temperature is also an 
important variable for aquatic biota, 
particularly for fish. The thermal 
characteristics of lakes and reservoirs are a 
major factor in planning for effluent 
management and for withdrawal of water 
for industrial cooling purposes. 

Temperature variation in surface water 
depends on local climate and on upstream  

influences such as snow and glacier 
melting, and occurrence of lakes. Siberian 
rivers, such as the Lena at its mouth, are 
frozen during eight months of the year 
while at the equator water temperature is 
nearly constant, 30 OC at sea level 
(Surabaya) and 23 °C at higher altitude 
(Thika). Seasonal variations are maximum 
at mid-latitudes where they can exceed 
25 'C. Thermal pollution, which occurs for 
example in the Meuse, rarely exceeds a few 
degrees and is usually masked by larger 
seasonal trends. 

Figure 4 Temperature 
oarrn twos to selected 
rivers depicting 
latitudinal effects for 
selected years. 
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Suspended solids 
and water quality 

Figure 5 Global 
pattern of sediment 
yield, with river 
outputs of sediment to 
the oceans. Figures are 
in million ton nes 
(ref. 6, reproduced by 
permission). 

Total Suspended Solids (TSS) is comprised 
of organic and mineral particles that are 
transported in the water column. TSS is 
closely linked to land erosion and to 
erosion of river channels. T55 can be 
extremely variable, ranging from less than 
5 mg per litre to extremes of 30 000 nig per 
litre in some rivers. TSS is not only an 
important measure of erosion in river 
basins, it is also closely linked to the 
transport through river systems of 
nutrients (especially phosphorus), metals 
and a wide range of industrial and 
agricultural chemicals. 

In most rivers TSS is primarily composed 
of small mineral particles. TSS is often 
referred to as 'turbidity' and is frequently 
poorly measured. Higher TSS ( more than 
1000 mg per litre) may greatly affect water 
use by limiting light penetration and can 
limit reservoir life through sedimentation  

of suspended matter. Th5-levels and 
fluctuations influence aquatic life, from 
phytoplankton to fish. TSS, especially 
when the individual particles are small 
(less than 63 pm), cany many substances that 
are harmful or toxic. As a result, suspended 
particles are often the primary carrier of 
these pollutants to lakes and to coastal zones 
of oceans where they settle. in rivers, lakes 
and coastal zones these fine particles are a 
food source for filter feeders which are part 
of the food chain, leading to biomaguification 
of chemical pollutants in fish and, 
ultimately, in man. In deep lakes, however, 
deposition of fine particles effectively 
removes pollutants from the overlying 
water by burying them in the bottom 
sediments of the lake (see Figures 45 and 
46). In river basins where erosion is a serious 
problem suspended solids can blanket the 
river bed, thereby destroying fish habitat. 

Sediment yield, expressed as tonnes 
krn 2  year', is calculated by dividing the 
total annual TSS load (tonnes) by the surface 
area of the watershed (km 2). Sediment 
yield is a key indicator of land erosion. 
Estimates of the average global annual 
sediment load to the world oceans varies 
from 15 to 30 billion tonnes (ref. 5, 6 and 7). 

The large sediment loads to oceans in 
south-east Asia are two-thirds of the world's 
total sediment transport to oceans. This 
a rises from the combination of active 
tedonics, heavy rainfall, substantial local 
relief with steep slopes, and erodible soils 
including the bess belt of northern China. 
The Huang He (Yellow) produces 1080 
million tonnes of sediment annually; 480 for 
the Chang Jiang (Yangtze), 460 for the 
Ganges, and 710 for the Brahmaputra. 
Reservoir construction (Indus, and a future 
dam on the Chang Jiang) may affect these 
numbers in the future. In comparison, low 
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relief, low precipitation and permafrost 
greatly reduce turbidity and sediment loads 
in Siberian rivers (about 15 million tonnes 
for each of the Oh, Yenissei and Lena, ref. 7). 

Time series of instantaneous TSS loads 
(kg 1)  provide useful information about 
the physical behaviour of rivers. Because 
total suspended solids concentration is 
partly a function of discharge, TSS load 
increases as discharge increases. In many  

rivers, the amount of sediment (solids) in 
transport (the load) can vary over three or 
more orders of magnitude during the year. 

Typical of most rivers, TSS peak loads 
in the Rhine River (Figure 8) occur only 
during short periods (days), and often are 
not identified when rivers are sampled on 
a hi-monthly or monthly basis. This can 
lead to major errors in calculating 
sediment transport. 

Figure 6 Total 
Suspended Solids 
(TSS) loads for Asian 
rivers. Basin numhrs 
are identfled in Tatle 
3 on page 34 
(data from ref. 7). 

Figure 7 TSS 
mstan taneous load for 
Huang He station 
005002, China, 
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Oxygen balance in rivers 

Figure 9 Statistical 
distribution of BOD 
per continent. 

Oxygen is critical for aquatic life. For fish, 
saimonid species need oxygen 
concentrations greater than 5 sng per litre 
cyprinids (carp family) need more than 
2 mg per litre. Oxygen is a key factor in the 
biogeochemical processes that modify and 
reduce pollutant loads in rivers. 

Dissolved oxygen in natural running 
waters should be close to 100 percent 
saturation, that is, between 9 and II mg per  

litre, depending on temperature. Oxygen 
depletion is usually caused by bacterial 
degradation of organic matter. The potential 
for oxygen consumption is measured as 
BOD (Biochemical Oxygen Demand over a 
five-day period) and/or by the oxidization 
of chemical bonds (Chemical Oxygen 
Demand—COD). Oxygenation of water 
occurs naturally through turbulence of river 
waters and by vertical mixing in lakes. 

Global BOD5  levels measured at 
GEMS/WATER stations average 2 mg per 
litre which indicates a limited degree of 
organic pollution. Much higher observed 
values are usually associated with 
discharge of municipal wastewater, and 
wastes from agru-food and some types of 
industrial effluents, In contrast with most 
North American stations, South American 
stations have the lowest BOD levels. An 
urban water body from Djakarta City has a 
high degree of organic pollution and can be 
virtually devoid of oxygen. The relationship 
between BOD and COD for this canal is 
typical of the poor water quality found in 
rivers running through many fast-growing 
megacities in Latin America and Asia 
(Figure 10). The Espierre River that flows 
from France to Belgium (Figure 11) is 
actually an urban and industrial sewer. 

The Xi hang (Pearl River) shows natural 
variability of BOD5  ranging from 0.3 to 
1.2 mg per litre for 12 years of records. Such 
low levels are rarely found in the 
GEMS/WATER database. The Xi Jiang also 
demonstrates how higher values of BOO 5  
are associated with low flow of a river 
when effluents are least diluted. 

Figure 10 BOD vs COD regression in the 
Banjir Canal, Djakarta, Indonesia, 
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Figure ii Relati&nsship 
bttwee,i &)D and 
COD in the Epierre 
Rn.er, Belgium 
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Figure 15 Statistical 
distribution of total 
coliforms reported for 
stations located on 
some Indian rivers. 
Solid dots are 
maximum and 
minimum recorded 
values, 
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Microbial pollution 

Figure 14 Statistical 
distribution of faecal 
coliforms for stations 
located on some 
European rivers. 
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Freshwater bodies polluted by faecal 
discharges from man, pets, farm animals 
and wild animals may transpod a variety 
of pathogens such as bacteria (Shigella, 
Salmonella, Cholera Vibrio, Escherichia), 
viruses and protozoans. According to the 
WHO, waterborne diseases account for 
5 million deaths annually, worldwide 
(ref. 30). 

Detection of all potential waterborne 
pathogens is difficult; therefore most water 
quality surveys use various indicators of 
faecal contaminations such as total 
coliforms and faecal coliforms. Bacterial 
counts, expressed in number per 100 ml, 
may vary over several orders of magnitude  

at a given station. They are the most 
variable of water quality measurements. 

In rivers that are relatively free of faecal 
discharges, or at stations located far 
downstream of sewer outfalls, total faecal 
counts are less than 100/100 ml as in the 
Gläma for example (Figure 14). Most of the 
GEMS stations in Europe reflect a marked 
contamination with counts between 1000 
and 10000/100 ml with occasional peaks 
exceeding 100 000/100 ml. In rivers that 
receive untreated sewage, coliform counts 
can well exceed 100000 counts/100 ml. The 
lower values in India (Figure 15) relative to 
European rivers probably reflect 
methodological and reporting differences. 
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Salts and salinization 
of surface waters 

Salts are composed of a combination of 
chemical ions such as sodium (Na), 
potassium (K), calcium (Ca), magnesium 
(Mg), chloride (Cli, sulphate (504 ) and 
bicarbonate (HC031. Ions that are positively 
charged are called cations and those that are 
negatively charged are called anions. The 
cations (Ca, Mg, Na, K') and anions 
(Cl-, 904  -r  HCO3i are collectively known as 
major ions. Concentrations of these major 
ions are basic descriptors of water quality on 
which many criteria for water use are based 
(such as drinking water, agriculture and 
industrial use). 

Total Dissolved Solids (TDS) is a 
measure of the total amount of major ions 
(plus silica-5i02) in water. 1DS are 
naturally highly variable in surface waters 
and there is no global reference value that 
can be used to assess a contamination level. 
In coastal areas, river chemistry can reflect 
marine salt deposited in rain water. Lake 
chemistry depends primarily on the 
hydrological balance of the lake. Lakes with 
outlets tend to reflect the chemistry of their 
tributaries, while lakes without outlets have 
waters that may be saline (TOS more than 
3 g per litre to a maximum of 300 g per litre) 
due to evaporation (Dead Sea, Lake Assal in 
Djibouti, Kara Bogaz in Turkmenistan). 
Lake studies are presented on page 28. 

Calcium, magnesium 
and potassium 
Calcium, the most common cation found in 
surface waters, is mainly a function of 
geology especially when carbonate or 
gypsum deposits are present. 

Concentrations of magnesium are not 
strongly influenced by anthropogenic 
activities and therefore magnesium is not 
used as an indicator of pollution stress.  

toloJ 
Ossolved 	 lakes without oullets 
solids In 
surface 	 lakes with outlets 
waters 
(mg t) 	 major rivers 

streams 

rain 

1 	10 	100 	10(1) 	10 000 10) 000 	3 0(1) 000 

In comparison with other continents Figure 16 Range of 
(Figure 18), European rivers have the TDS in surface waters 
highest concentration levels of Ca. These (note log scale). 
continental differences are not caused by 
anthropogenic impacts but by geological 
influences. At the global scale, natural 
Ca" levels range from 0.06 to 210 mg per Figr4re 17 Global 
litre in streams (<100 km 2) and from 2 to variation of average 
50 mg per litre in major rivers (>100 000 calcium concentration 

see ref. 4. at major river mouths. 
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Water quality at world river basIns 

mines) on the Rhine, Weser and Elbe rivers, 
where concentrations may exceed the 
12 mg per litre WHO guideline for 
drinking water. 

Sodium and chloride 

statistic?I 	225 	
73 	7 	25 	16 	13 	6 	6 

distnbution of  
calcium by 	150 

125 
continent 100  
(mg Ii  Co) 	.75 
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25 
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Figure 18 Statistical 
distribution of calcium 
by continent based 
upon averages at ma/or 
river mouths. 

Potassium-bearing minerals, mostly 
feldspar and mica, are abundant but poorly 
soluble. Natural potassiu ni concentrations 
in rivers are very low (less than 5 mg per 
litre). Even though potassium is affected by 
fertilizer use, it never reaches levels of 
concern for water quality. The highest K 
concentrations in selected European 
watersheds are found downstream from 
major mining districts (potash and salt 

In most waters sodium and chloride are 
tightly linked. They both originate from 
natural weathering of rock and from 
atmospheric transport of oceanic inputs 
and from a wide variety of anthropogenic 
sources. The WHO drinking water 
guideline for Cl -  is 200 mg per litre. 

The anthropogenic sources of sodium 
and chloride are so pervasive that 
concentrations of sodium and chloride have 
risen by a factor of 10 to 20 in many rivers. 

Since 1889 there has been a five-fold 
increase in Cl -  concentrations at the water 
intake (lvry) for the City of Paris (Figure 20). 

potcnsin dissolved 	 < a 	<is = <20 = 25 	25 

rfloar 10kM d4p0ectj 

0,9 

Figure 19 Average 
potassium 
concentration at major 
river mouths in Europe 
Numbers in brackets 
identify watershed (see 
Table 5). 
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The background concentration is estimated 
to be about 5 mg per litre and originates 
from marine aerosols. The increases in C1 
concentrations result from anthropogenic 
activities occurring upstream from this 
station. Present Cl -  concentrations are well 
below the WHO standard for drinking 
water (200 mg per litre). 

The Rhine River suffers from two major 
salt sources—the Alsace potash mines and 

V 
, 7n, 

- 150 I T 1 	Nllleboxprot 
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IH 
45 

2 	 p KI 
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I  

the Lorraine salt mines, both located in 
France. The brine from these sites is 
discharged to the Rhine downstream of 
Basel and to the Mosel River, respectively. 
The Alsace source (15 000 tonnes 
NaC1/day) represents 30 percent of the C1 
flux measured at Lobith at the German/ 
Netherlands border. Other contributions 
are mostly urban and industrial from the 
Ruhr area. Since the opening of potash 

>(010 

Cairo (010 
Shobak(01cU4) 

Figure 20 (top left) 
Ltnig-term trend in 
chloride for the Seine 
River(ref. 73, 
reproduced ky 
permission). 

Figure 21 (top rig/it) 
Lon-terrn trend in 
chloride at the 
Gernan/Ncfherlands 
ln;rder, Lohith (ref. 14, 
reproduced by 
permission). 
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UC Figure 22 Longitudinal 
profile of chloride in the 
Nile River basin, 
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Water quality of world river basins 

mines, 100 years ago, C1 levels and fluxes 
have increased by a factor of 15 to 20. The 
WHO standard for drinking water has been 
exceeded, as well as the guideline for 
greenhouse watering, a very important 
activity in the Netherlands. 

In the Nile basin, chloride 
concentrations are lowest in Lake Victoria 
tributaries. Most of the Cl-  originates from 
atmospheric fallout and hydrothermal 
activity. Cl-  concentration increases at 
Khartoum from evaporation in the Sudd 
swamps of southern Sudan. As the Nile 
proceeds northwards across the desert, 
evaporation continues to dominate, raising 
the Cl-  concentration to 15 mg per litre. 
Nile water remains in Lake Nasser for 
approximately two years; as the flow 
continues to the delta region, municipal 
and industrial wastes, along with irrtgation 
practices, raise the concentration 

significantly. The estimated five-fold 
decrease in water discharge to the 
Mediterranean Sea (ref. 16) since 
construction of the High Aswan Dam has 
led to a lack of dilution capacity that was 
formerly present in the Nile. 

Chloride in the Krishna River, India, 
originates from atmospheric fallout and 
domestic sources, concentrated by 
evapetranspiration. In upstream stations to 
the west, Cl - levels are relatively high, 
most probably resulting from marine 
aerosols driven inland by westerly winds. 

In and and semi-arid areas of the world 
(see Hgure 24) evapotranspiration leads to 
an increase in the salt content (salinization) 
of surface waters and to an increase in 
sodium and calcium concentrations. The 
ratio of sodium to calcium is a key 
descriptor in water for irrigation. 

Water quality is often affected by 

Figure 23 Longitudinal 
profile of chloride in the 
Krishna River basin. 
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salts and saiFniZation of surface waters 

arid and semi-arid regions 
of the world 0 
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Figure 24 (above) 
Arid and semi-arid 
regions of the world 
(ref. 3, reproduced by 
permission). 

- 	 !,rq l9U2) 

7.o(5)  

sulphate 
(mg r 1  so;) 

-ceployoo) 

	

<15 	 <120 

	

- <30 	 <240 

Lull <60 - 

(6) 

7 • 

628(1) 	'-.._. 

Figure 25 Average 
sulphate content at 
major river mouths in 
North and Central 
America. Numbers in 
brackets identify 
watershed 
(see Table 1). 
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Figure 26 Distribution 
of sulphate in North 
and Central America at 
major river mouths. 

Figure 27 Lou g-.term 
trend of sulphate at the 
mouths of the Oh and 
Volga riveis in Russia 
(ref. 15, reproduced by 
peiinission). 

salinization, particularly in surface waters, 
because of evaporation and the deposition 
of salts. Some rivers flow through and 
regions when their source lies in wetter 
parts of upper basins (Colorado. Rio Grande, 
Orange, Nile, Indus, Murray). About 50 
percent of and land is located in 'endorheic' 
regions whence there is no flow to the 
oceans. In these regions, rivers flow into lakes 
such as the Caspian, Aral, Chad. Great Salt, 

Wafer qualify of world river basins 

Eyre and Titicaca, which have no outlets. 
Dissolved salt content is regulated by 

the weathering of a few key minerals 
(halite and gypsum, carbonates and 
silicates, in decreasing order of solubility); 
therefore, Total Dissolved Solids (TDS) and 
ionic contents are linked to rock types. 
Soluble minerals are not found in 
metamorphic rock shields nor in volcanic 
rocks where silicates are more weathered. 
Hence waters tend to be low in TUS. TDS 
can, however, increase where 
hydrothermal groundwater inputs occur. 
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Sulphate 
The sulphate ion (SO 4 ) is highly variable 
in surface waters where it is linked to 
sulphur-bearing minerals ( Figure 25). 
Sulphate has greatly increased in some 
rivers (such as the St Lawrence and the 
Mississippi) over the past 100 years, largely 
as a result of increased industrial and 
agricultural activities (ref. 10, 11 and 15). 
When sulphur-bearing minerals are more 
abundant as in the Great Plains shales, SO4--
levels may exceed the 400 mg per litre 
WHO guideline for drinking water. 

Development in the Ob River basin of 
Siberia has not affected sulphate 
concentrations (10 mg per litre) over the 
period for which records are available. The 
upper Ob basin is no longer pristine but 
SO4  concentration changes at the mouth 
are not significant enough to detect any 
sulphate pollution. 

In comparison, even though natural 
background levels of SO in the Volga 
river are among the highest found for large 
rivers, 504  has increased from 50 to 60 mg 
per litre since the 1950s. This is due to 
large-scale human activities, including 
mining and oil exploration. 
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Nutrients in surface waters 
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Figure 22 Phosphate 
conceit trat ion for 
major river basins in 
Europe. 
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Figure29 Statistical 
distribution of 
phosphate for major 
river baius in Europe 
(rivers with one sample 
value represent a 
yearly average at the 
river mouth). 

Phosphorus and nitrogen 
The primary nutrients, phosphorus (P) and 
nitrogen (N), are major constituents of 
agricultural fertilizer, animal wastes and 
municipal sewage. Runoff from 
agricultural lands and the discharge of 
municipal waste to rivers and lakes causes 
nutrient enrichment and leads to 
eutrophication of surface waters. 
Experience in phosphorus control 
strategies in North America and Europe 
has shown that, in some cases, lakes 
adversely affected by excessive levels of 
nutrients can be successfully reversed. 
Nitrate pollution in groundwater is 
becoming a major problem in many parts 
of the world. 

Phosphorus and nitrogen, primarily in 
the oxidized forms of phosphate (PO4-3 ) 
and nitrate (NO 3 ), can be used as 
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Figure 30 (above) 
Nitrate concentration 
for major global 
watersheds 

Figure 31 (right) 
Statistical distribution 
of nitrate in South 
American watersheds. 
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indicators both of population and 
agricultural impact on the environment. 
Higher concentrations of phosphate 
observed in some of the rivers of western 
Europe are indicative of municipal waste 
loading that has not received adequate 
treatment to remove phosphorus. 

Nitrate and phosphate patterns in rivers 
are very site-specific and close'y linked to 
hydrological variations. When NO 
originates from fertilizers, as in Western 
Europe, higher levels are found in the 
winter when bare soils are leached by rain 
and melting snow. When NO3 ' or PO4  
originate from point sources, such as from 
urban sewage having only primary and 
secondary treatments, a marked dilution 
with discharge is observed. Noç and PO4-3  

are also taken up by algae and aquatic 
weeds in reservoirs, lakes and rivers, which 
adds to the variance of these nutrients. 

Beginning in the 1960s, efforts were 
made to collect and treat sewage in the 
Rhine basin, Controls on P0 4 3  and NH4* 

have been successful but NO 3  
concentrations continue to increase slowly, 
principally due to the use of nitrogen-based 
fertilizers in the basin. This increase occurs 
in many other Western European rivers 
such as the Thames and Seine (ref. 18). 
Even if fertilizer inputs were drastically 
reduced, high NO3-  concentrations would 

Figure 32 (below) 
Statistical distribution 
of nitrate for major 
global watersheds. 
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continue for 10 to 20 years before a 
decrease would be observed. It is expected 
that in many rivers, the WHO standard for 
drinking water (50 mg NO3-  per litre) will 
be reached in the future. 

Phosphate concentrations and seasonal 
ranges observed are very sensitive to 
domestic wastes and to intensive 
agriculture when phosphorus-based 
fertilizers are used. About hail of the  

phosphate in urban sewage originates from 
phosphate-containing detergents and about 
half comes from human and animal wastes. 
The Murray River profile (Figure 35) 
illustrates this variability where upstream 
stations are nearly pristine and 
downstream locations are affected by 
polluting activities. 

In most South American rivers, nitrate 
levels are reported to be very low, less than 
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Figure 33 (top, left) 
Mean annual 
concentration of 
nitrogen speck's for the 
Rhine (ref. 31 
reproduced by 
permission). 

Figure 34 (top, right) 
Mean annual 
concentration of 
phosphorus species for 
the Rhine (ref. 3)). 
DiP is Dissolved 
Inorganic Phosphorus. 
(reproduced by 
permission). 

Figure 35 Longitudinal 
profile of phosphate in 
the Murray basin. 



Water qualify of world river basins 

FigurE' 36 Silica 
variations of annual 
averages at river 
mouths in Oceania. 
Numbers in hracket 
identify watershed (see 
Table 6). 
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0.88mg NO per litre. Similar levels are 
found in northern Canadian rivers, some 
Siberian rivers and most African rivers. In 
such rivers, nitrate is always a minor 
component of the ionic balance. Low NO 
concentration levels such as these are more 
than 50 times lower than the WHO standard 
for drinking water (50 mg NO per litre) 

Silica 
Silica isa key nutrient in diatom production, 
a very common algal group, and is taken up 
during the early growing season. SiC), 
concentrations can limit diatom production 
if concentrations become depleted in surface 
waters. This is particularly the case for lakes 
and reservoirs. 

In rivers, dissolved silica concentrations 
depend primarily on the native rock types  

within a river basin. In the Oceania region, 
a maximum concentration occurs in basins 
with volcanic rocks such as the Waikato in 
New Zealand. Climate is also a factor with 
maximum concentrations found in warm 
areas such as the Hinders and Burdekin 
basins in north-eastern Australia. Si02  
concentrations are lower for downstream 
lakes and reservoirs in Australia such as 
those located in the Murray-Darling basin 
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Acidification of surface waters 
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Natural pH variations 
Aridity is measured as pH which is a key 
parameter in water quality. pH is closely 
linked to biological productivity in aquatic 
systems and is a limiting factor for certain 
water uses. The pH scale is logarithmic, with 
a pH of 7.0 being neutral. Each whole unit on 
the scale represents a multiplication factor of 
10. Thus, water with a pH of 5.0 is 100 times 
more acidic than water with a pH of 7.0. 

In the absence of strong acid anions such 
as SO4  and NO3-, rain water is naturally 
acidic (pH = 5.7). This acidity is caused by 
the dissolution of atmospheric CO, After 
weathering reactions, natural pH levels in 
rivers are generally close to neutrality. 

Most average armual pH values are 
between 6.5 and 8.3. Values of pH do not 
generally display strong variability at 
individual stations. In the GEMS/WATER 
data hank, the global median pH value is 7.7. 

When weathering is limited and TDS are 
low, the major dissolved load is often 
dominated by dissolved organic acids 
resulting from soil leaching. Under these 
conditions pH values lower than 4.0 have 
been measured. Conditions such as this can 
be found downstream from peat hogs and 
other wetlands in many parts of the world. 
In Central Amazonia, and particularly 
within the Rio Negro basin, the so-called  

'Black Waters' have a natural pH below 5.0. 
Other south American rivers are more 
neutral. African values used here come 
mostly from the Nile basin and are not 
representative of the whole continent. 

In eutrophic rivers or downstream from 
lakes and reservoirs where chlorophyll 
maximums may exceed 100 mg nr3, pH 
increases as a result of bicarbonate 
assimilation processes by aquatic plants. 
Values exceeding 8.5 are quite common in 
such waters. Under unusual conditions, pH 
values can increase and decrease by one pH 
unit in a single day and values can exceed 

Figrire37 Global 
statistical distribution 
of pH. 

statIstical 	12579 	469 	4251 	3414 	2 173 	1 461 	811 
distribufloo 	9.0 
of pH by 
cnhinent 	5 

75 

70 

6,5 

60 

lie  
col 

25 



Water quality of world river basins 

Figure 38 Global 
variation of average 
bicarbonate 
concentration at major 
river mouths. 
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Figure 39 Bicarbonate 
statistical distribution 
by continent at major 
river mouths. 

9.0 at midday. The Loire River (France) is an 
example of this kind of phenomenon where 
maxima of 200 mg m of chlorophyll have 
been recorded. In rivers such as the Rhine 
which are polluted by organic wastes, algal 
production is counter-balanced by bacterial 
degradation and the CO2  concentration may 
keep the pH close to normal values (ref. 19). 

Within the usual range of pH values of 
rivers, from 6.4 to 8,3 (Figure 37), the 
bicarbonate ion (HCO3 ) is the most 
common carbonate species found in natural 
waters. Concentrations of the bicarbonate 
ion are strongly related to Ca 
concentrations which reflect the weathering 
of limestones (CaCO 3) and dolomites 
(CaCO3,MgCO3). When these rocks are 
present the risk of acidification is low. 

The distribution of bicarbonate 
(Figure 39) follows the same pattern as that 
of the Ca ion (Figure 18). In streams 
(surface areas of less than 100 km 2), HCO 
concentrations naturally range from 0 to 
350 mg per litre, while in major rivers 
(surface areas more than 100 000 km2), the 
concentration ranges from 10 to 170 mg per 
litre (ref. 4). 
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acidification of surface waters 

Figure 40 Global risk 
of surface water 
acidification (ref. 20, 
reproduced by 
permission). 

Acidification 
The natural acidity of rain water is increased 
by the presence of sulphur dioxide (SO2 ) 

and nitrogen oxides (Nox)  which are 
atmospheric pollutants originating mainly 
from fossil fuel combustion. These 
compounds are likely to be carried by winds 
over long distances from urban, mining, 
thermo-electric power plants and industrial 
emission sources. During rainfall the acidic 
pollutants are washed out as sulphuric and 
nitric acids over vast areas and may affect 
pristine areas located huiidreds or 
thousands of kilometres away from 
pollutant sources. Acidified waters are 
characterized by a major decrease in 
biological density and diversity. 

Regional areas at risk from acid rain 
have been estimated by combining both the 
source areas (use of sulphur-bearing coal,  

major cities, oil refineries, various 
industries) and the occurrence of sensitive 
soils found in wet and humid regions (arid 
and semi-arid sensitive soils are not shown 
in Figure 40). Most crystalline shields and 
non-carbonated sedimentary rocks can be 
considered as being sensitive to acid 
precipitation. The presence of geologically 
sensitive areas downwind of existing major 
emission sources leads to three problem 
areas where acidification is a major issue; 
southern Scandinavia, north-eastern 
United States/eastern Canada, and eastern 
China. Projected rapid increases in 
emissions are likely to create future 
problem areas in Nigeria, India, Venezuela, 
southern Brazil and southeast Asia. 
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Water quality in lakes 

Figure 41 Locations of 
selected lakes oft/re 
world (numbers refer 
to Table 7). 

Major world Lakes have essentially two 
types of origin one type is tectonic and 
includes the Caspian, Aral, Victoria, Baikal, 
Tanganyika and Malawi lakes. The second 
type is of glacial origin such as the 
Laurentian Great Lakes of North America, 
Ladoga, Vanern, Great Slave and Great 
Bear lakes. The first ranked 20 lakes in 
Table 7 represent 64 percent of the total 
lake area of the world (about 2.6 
million km2 ) and 91 percent of the total 
lake volume (about 179 000 km 3, of which 
46 percent is saline). The Laurentian Great 
Lakes of North America and Lake Baikal in 
Russia each contain approximately 20 
percent of the world's surface freshwater. 
Saline lakes (TDS more than 3 g per litre) 
have no outlets and are found in end orheic 
regions. Soft water lakes (TDS<300 mg per 
Litre) are generally of the Ca/HCO type 
which dominates in most rivers. A few 

lakes, mostly fed by direct rain inputs, may 
have very low solute content (Tahoe and 
the Crater Lakes in western United States). 
Saline lakes may have very peculiar ionic 
composition (NaVHCO3; Ca+*/SO.1 ; 
Mg/SO4 ; NaVCl) depending on 
crystallization of minerals during 
evaporation and on the chemical 
composition of their tributaries (ref. 8). 

Lake eutrophication 
Excessive nutrient concentrations, usually 
of phosphorus, lead to eutrophication of 
lakes. Eutrophication, especially in extreme 
cases, leads to algal blooms which are often 
followed by low oxygen levels when the 
algal material decays. High concentrations 
of algae cause taste and odour problems in 
drinking water, and some types of algae 
are tOxic to animals. 
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water quality In lakes 

In the 1960s, excessive nutrient 
enrichment, especially in the Lower Great 
Lakes (Erie, Ontario) of North America and 
their connectiisg channels (Detroit, Niagara 
and St Clair rivers and Lake St Clair), led to 
the world's largest and most successful 
phosphorus control management scheme. 
During the 1970s, phosphorus was 
eliminated in detergents on both the US 
and the Canadian sides of the lakes, and 
strict controls were placed on the 
phosphorus content of effluents from 
sewage treatment plants. Phosphorus 
loadings were calculated so that 
phosphorus management could focus on 
the relative importance of point (sewage 
treatment) and non-point (mainly 
agricultural) sources. 

Monitoring and assessment of all 
sources of phosphorus loads to Lake Erie 
over the past 20 years clearly show a 
decrease in loads to levels below the 
recommended standard established by the 
International Joint Commission (Figure 42). 

Corresponding to the regulations 
restricting phosphorus loads to Lake Erie, 
comprehensive surveillance and monitoring 
programmes studying the chemistry and 
biology of the lake were undertaken. 
Concentrations of total phosphorus in Lake 
Erie have significantly reduced since 1970 
(Figure 43). Prior to these controls Lake Erie 
was assessed as an eutrophic lake with 
frequent periods of anoxia in the bottom 
waters of the central basin. Serious concerns 
were expressed for the long-term health of 
the lake and for the economic viability of 
the fishery. Water quality management 
programmes have proven extremely 
effective in controlling and, in fact, 
reversing the trends in nutrient levels in the 
Great Lakes. Lake Erie has moved from 
eutrophic to mesotrophic status. Reductions 
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in the frequency and occurrence of algal 
blooms, an improvement in the clarity of 
the water, and an improvement in the 
stocks of fish are amongst the benefits 
derived from the programme. 

Figure 43 (bottom) Lake 
Erie total phosphorus 
cor-iceiitratiwjs (ref. 22, 
reproduced by 
permission). 

Figure 42 (top) Lake 
Erie total phosphorus 
borIs (ref. 22, 
reproduced by 
permissiou). 
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Figure 44 Sediment cores 
Historical pH 
variations inferred The success of pollution remediation 
from diatom programmes is easily evaluated by 
assemblage in lake comparing current with past levels of 
sediment (ref. 21. pollution. However, in many cases long- 
reproduced by term records of pollution are lacking or of permission). questionable validity. One method of 

obtaining an historical chronology of 
Figure 45 (below left) pollution is to examine sediment cores 
Vertical core profile for from receiving water bodies such as lakes, 
copper (Cu) in western river deltas and reservoirs. Fine-grained 
Lake Ontario, 1987 sediment (silt and clay) trapped in the 
(ref. 23,reproduced by bottom of lakes and reservoirs preserves 
permission). the historical nature and levels of many 

Figure 46 (below righ t) ty pes of pollutants. Sediment cures can 

Vertical core profile for also be used to reconstruct lake pH 
lead (Pb) in zi'es tern conditions from planktonic material 
Lake Ontario, 1985 deposited with the sediment. 
(ref. 23, reproduced by In the absence of long time-series of pH 
permission), measurements in lakes, it is difficult to 
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reconstruct the historical record of 
acidification. Yet the careful study of diatom 
assemblages in numerous lakes of various 
acidIties, together with lake sediment dating 
(for example, with the radioactive isotope 

10Pb) has led to a new method of historical 
pH reconstruction based on key 
alkaliphilous and acidophilous diatom 
species. This method is now currently used 
in countries such as the United Kingdom. In 
Lake Gardsjön. Sweden, an abrupt pH drop 
near 1960 marks the beginning of the 
acidification effect (Figure 44). 

Studies of the sediments of Lake Ontario 
have shown that heavy metals such as 
copper (Cu) and lead (Pb) are associated 
with fine grain particulate matter. These 
particles are transported by currents and 
settle to the bottom sediments of the laLe 
Sediment cores taken from these areas show 
enrichment of heavy metals in the top 10 
an. (Figures 45 and 46). It is significant, 
however, that phosphorus control 
measures, especially the use of activated 
sludge and coith-ol of industrial sources, 
have had a significant and beneficial impact 
by reducing the discharge of metals. Metals 
have an affinity for sludge and are therefore 
removed as part of the treatment process. 

This can he seen in the surface layers of the 
sediment where copper and lead levels are 
declining (Figures 45 and 46). 

UNEP has published a summary 
document on world lakes and reservoirs. 
The document highlights three major 
themes: the value of lakes and reservoirs, 
the deterioration of water resources and 
examples of prevention and restoration 
activities (ref. 29). 
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Biomonitoring 

Biomonitoring is the measurement of 
effects of pollutants on natural aquatic test 
organisms ranging from bacteria to fish. 
Effects include mortality, growth 
inhibition, cancers and tumours, genetic 
alteration and reproductive failure. Effects 
can also be measured in the field by 
measuring species diversity. Biomonitoring 
also includes the measurement of 
pollutants that are accumulated in tissue 
and other organs of biological organisms. 

Increasingly, water quality agencies are 
using a combination of standard chemistry 
and biomonitoring to improve 
understanding of levels and effects of 
pollutants. Figure 47 shows PCB 
concentrations measured in lake trout and 
in the shells of Lake Ontario herring gulls 
(note that the concentration scale is 
logarithmic). Elevated levels of PCBs in 
gull egg shells have the effect of thinning 

the shell and contributing to mortality. 
Studies of concentrations of PCBs in Lake 
Ontario show significantly decreasing 
trends in recent years. The presence of 
PCBs in fish has a cumulative impact 
(biomagnification) in the food chain, and 
leads to reproductive failure in top 
predators such as eagles and mink. 

Figure 47 PCB 
concentrations in lake 
trout and herring gull 
eggs from Lake 
Ontario, Canada 
(reproduced by 
permission of Fisheries 
and Oceans Canada). 
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Glossary 

Aeolian Loess: Deposit of wind driven fine particles 

Acidophilous; Preferring or thriving in a relatively acid environment 

Alkaliphilous: Preferring or thriving in a relatively alkaline environment 

Amorphous: Not composed of crystals in a physical structure 

Anions: Negatively charged element or compound 

Anthropogenic: Related to human activities 

BOD: Biochemical Oxygen Demand 

Cations: Positively charged element or compound 

CCIW: Canada Centre for Inland Waters, Burlington, Ontario, Canada 

COD: Chemical Oxygen Demand 

Diatom: Unicellular algae with silicified cell walls 

Endorheic: Interior drainage, flow does not go to the ocean 

Eutrophication: High degree of biological nutrition 

Evapotranspiration: Moisture loss to the atmosphere from plants by transpiration and 
evaporation 

GEMS: Global Environment Monitoring System 

Macrophytes: Rooted aquatic plants 

Mesotrophic: Medium degree of biological nutrition 

Orography: Relating to the relief features of mountains 

Phytoplankton: Microscopic and macroscopic floating or drifting plant life including 
algae 

RAISON: Computer software package used in GEMS/WATER 

TDS: Total Dissolved Solids (sum of major ions and dissolved silica) 

Thermocline: Transition zone of rapid temperature change 

TSS: Total Suspended Solids 

Turbidity: Cloudiness of a liquid caused by suspended matter 

Weathering: Physical and chemical breakdown of rocks due to natural processes 

WHO: World Health Organization 
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For more information 
INTERNET users who have graphics 
viewing capability (such as MOSAIC) and 
high speed transmission capabilities can 
access the contents of this publication via 
the Home Page of the Canada Centre for 
Inland Waters at http://wwwcciw.ca . 
Image information is located within the 
GFMS programme index. 

This publication is an abbreviation of a 
larger digital (electronic) annotated Atlas. 
Although the Digital Atlas also uses site-
specific examples to illustrate regional and 
global issues, the text is expanded by 
inclusion of more detailed scientific 
information, and the content is 
supplemented by many more maps and 
diagrams. The Annotated Digital Atlas of 
Global Water Quality is available on 1.44 Mb 
PC DOS diskettes for US$25 per set, 
payable to GEMS/Water', by bank draft or 
money order to cover the cost of diskettes, 
all taxes, shipping and handling (personal 
cheques are not accepted). The electronic 
version is shipped in compressed format. 
To use the diskettes the files must be 
installed on a hard disk. 

Send requests to: 

GEMS/WATER Collaborating Centre 
National Water Research Institute 
P. o. Box 5050 
Burlington, Ontario 
Canada 
L7R 4A6 

The complete statistical record, by station, 
for the entire GEMS/WATER database, for 
the period 1978-90 is available on a set of 
1.44 Mb diskettes. Data are in ASCII 
format. Although Phase I represents the 
period 1978-90, record length for 
individual GEMS/WATER stations can be 
quite variable. The diskettes are available 
from the GEMS/WATER Collaborating 
Centre (address above) for a shipping and 
handling fee of US$25 per set. For users of 
INTERNET, this and other data summaries 
can be freely accessed through the 
GEMS/WATER Gopher which can be 
located via the Home Page of the Canada 
Centre for Inland Waters, Canada, at 
http://www.cciw.ca . 
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