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The Principle of Materials Balance which fo-
llows from this analysis holds that the weight of 
the resources that enter the production process is 
approximately equal to the weight of the residuals 
of production, WRP  plus the weight of the resi-
duals of consumption, WRC. (Ayers, Kneese and 
d’Arge, 2015).

1) Wres = WRP + WRC

 
Where 

Wres = the weight of resources and materials that 
enter the production processes
WRR = the weight of the residuals of production.
WRC = the weight of the residuals of consumption.

Two important conclusions follow. First, the 
weight (quantities) of the residuals discharged to 
the environment can only be reduced by a) reducing 
the weight of the resources and materials that 
are put through the consumptive and productive 
transformations or b) capture the residuals from 
the productive and consumptive transformations 
and recycle them through the system as resources. 
A second important conclusion is that the more 
stringent the restriction on discharging to one 
sink (say, water) the worse the ambient quality of 
the other sinks (say, air and land). The important 
point is that these sinks are interrelated, and it is 
not possible to regulate the ambient quality of all 
sinks simply by promulgating standards.
 
An additional principle, contributed by the 
discipline of economics, is that in most instances 
it is inefficient to control pollution completely. 
This can be seen by referring to Figure 2 where the 
optimal amount of pollution abatement is found 
at the point where the marginal costs of control 
and the marginal benefits of control are equal. 
This means the optimal point of control is just 
before the marginal costs of control exceed the 
marginal benefits derived from that control. This 
position maximizes the net benefits of pollution 
control. There are several instances in which this 
conclusion does not hold. The first is the case 
where the pollutant to be cleaned up is so toxic or 
harmful as to cause damages that border on being 

Well-crafted policies and regulations for the 
management of water quality will embody these 
two principles in straightforward ways. Such poli-
cies will contain explicit acknowledgement of 
the interrelatedness of waste sinks-air, land and 
water. They will avoid simple expedients that are 
not effective such as setting ambient standards 
for a single sink without further providing for 
implementations. Effective policies will also 
avoid, where appropriate, simplistic objectives 
such as zero discharge requirements that may be 
unnecessarily expensive.

Health.

Different uses require water of different qualities. 
Thus, for example, some industrial uses such as 
the manufacture of computer chips require water 
of the highest possible quality whereas water 

infinitely large. Another instance is where the 
costs of cleaning up the pollutant are themselves 
very large, perhaps bordering on being infinitely 
large (Baumol and Oates, 1993).
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of the Canadian Shield where thousands of lakes 
and soils poor in basic cations are located that can 
normally neutralized the acid rain in less sensitive 
areas (Schindler et al., 1981).

4. The salinization of rivers.

The salinization of rivers refers to the process 
of increasing the content of dissolved salts of 
different types and origins transported by its water. 
This increase in dissolved salts in the river flow 
worsens their quality and puts at risk this water 
different uses, such as irrigation and purification, 
but it also conditions river ecosystems. Human 
activities can cause uncontrolled discharge of 
salts, changing the quality of the natural water of a 
river. Mining activities are the ones that contribute 
the most salts to rivers and other waterbodies. 
The long-term consequences of this salinization 
in river waters are still unknown, but it is clear 
that freshwater flora and fauna suffer enormously 
when the water that circulates multiplies the 
salinity value by more than 10 times.

The rapid warming of the Arctic causes it to enter 
a new climatic state. As the total area of ice and 
snow cover shrinks, the amount of solar energy that 
is reflected back into space also decreases, causing 
the planet to get even hotter. Simultaneously, this 
causes more fresh water to incorporate into the 
oceans, therefore its level rises bringing intrusions 
of salt water in the river mouths. This is already 
being observed in many parts of the earth, causing 
great damage to agriculture and aquatic flora and 
fauna.

Studies of lakes in North America show that 
lakes are being salinized by the salt used to melt 
winter ice and snow. In México, high salinities of 
the Santa María-Río Verde hydrographic system 
are reported. It is estimated that Colombia has 
14 million hectares degraded by salinization. 
Currently there is a protocol to identify and evaluate 
soil degradation by salinization. In Venezuela, due 
to the damming of the Caño Mánamo, this area 
could be seriously compromised in its productive 
potential due to the salinization of the swamps. 

On the Peruvian coast there are drainage and 
salinity problems due to saline intrusion from 
the sea into aquifers and rivers; most are related 
to geomorphological features. In Bolivia, the 
salinization process of river and soil waters, mainly 
in the Desaguadero basin, is due to human activity 
associated with mining. Likewise, in the southern 
sector of Lake Poopó, salt crusts and diversity loss 
of wild bird species and fish population loss are 
observed. The salinity problem in Chile affects 
irrigation and crops in the Lluta and Azapa valleys 
in the north and many other regions of the country. 
Argentina also reports numerous agricultural 
regions affected by salinity. In Brazil, the analysis 
of groundwater samples above and below a 
dam has shown that both have a high degree of 
salinity for irrigation purposes, therefore it is only 
recommended the use for halophyte crops.

In summary, in all the countries of the Americas 
serious problems of salinity of soils and water 
are reported due to agricultural practices and pol-
lution of domestic and industrial origin. A single 
measurement of electrical conductivity would 
reveal the degree of complexity of this situation. 
Finally, it is expected that in a few decades, all 
river mouths will be strongly affected by the rise 
in sea levels due to global warming of the planet.

5. Mining and other industrial wastes.

The most relevant impacts of open pit mining 
are damage to the earth’s surface, air pollution, 
contamination of surface water, damage to 
underground aquifers, impacts on flora and 
fauna, conflicts between communities and 
mining companies, land misuse and visual 
changes (Figure 4). After completing the 
exploitation, huge craters remain in the area, 
affecting negatively the surrounding landscape 
and resources. Underground mining is dedicated 
to the exploitation of resources below the surface 
of the earth. One of the advantages of this is the 
reduction of contamination in the nearby areas 
of the mine; the disadvantages of underground 
mining compared to open pit mining is the 
prolonged exposure of workers to toxic gases and 
tunnel collapses.
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impacts as with the increased costs occasioned by 
the need for cleaning and control programs. For 
example, the loss of native salmonoid species in 
the Great Lakes of Canada and the U.S. has been 
accompanied by significant economic losses.

The Great Lakes example is important and well 
known. The aquatic community of the Lakes has 
been irreversibly harmed and there have been 
significant economic impacts to the Great Lakes 
region. Evidence from Canada shows that:

	 “…the first of many problem invaders 
was the sea lamprey Petromyzon marinus, which 
is native to the Atlantic Ocean. It was observed in 
Lake Ontario as early as 1835, but Niagara Falls 
prevented it from entering other Great Lakes until 
it entered via the newly completed Welland Canal 
sometime in the 19th century”.

It wasn´t until the 1940s that lamprey populations 
increased drastically and affected the food web 
in the entire Great Lakes systems and strongly 
influenced the fishing industry when fishery 
numbers were “reduced to 2% of pre-lamprey 
values”. (IANAS, 2019).

It is important to note that even after the 
establishment of lamprey control programs it has 
not been possible to eliminate them entirely from 
the Great Lakes.

Another example from the Great Lakes are the 
Zebra mussels and Quagga mussels (Dreissena 
polymorpha and D. bugensis). These organisms 
were introduced in 1980s in ballast waters pumped 
from the bilges of transoceanic ships. The ballast 
waters carried, larvae, juveniles and adult mussels. 
These organisms create significant damage by 
clogging intake structures in power stations and 
water treatment plants and by complicating the 
operation of locks and other aides to navigation 
in waterways.  Zebra mussels have also arrived 
in other lakes in Canada and the USA. These 
mussels filter water more intensively than native 
species and excrete nutrients to the bottom of 
lakes causing multiplication of benthic algae 
such as Cladophora which form mats resulting 

in taste and odor problems (Hecky et al, 2004). 
All of these invasive species have harmed the 
aquatic community in the Great Lakes in which 
water quality is now irreversibly different from its 
original, pristine state.

2. Sedimentation and Deforestation.

Surface waters are the receiving bodies for 
contaminants resulting from the transport of 
materials occurring in their respective watersheds. 
Sedimentation is the result of changes and 
destruction of landscapes that intensify erosion. 
The sediments from erosion are transported from 
the watershed to the receiving waters where they 
can damage and/or diminish breeding areas. 
Excessive sediments that enter surface waters 
can also lead to diminished water quality and 
render the receiving waters unsuitable for human 
consumption and other uses such as irrigation. 
Sedimentation also affects the life span of 
reservoirs which act as settling basins. Rates of 
sedimentation in the western Hemisphere have 
increased almost everywhere in the last decades. 
Much of this is due to the conversion of relatively 
undisturbed lands, some of which were forested, 
to agricultural and grazing uses. Overgrazing 
and careless agricultural practices can lead to 
increases in run-off that, in turn, leads to increases 
in the rates and quantities of sediment transport 
into surface waters and coastal sea areas.

Reports from the 21 countries of the Americas cite 
problems of sedimentation affecting water quality. 
Most is caused by increasing deforestation rates. 
For example, in Nicaragua land use changes that 
follow rampant increases in deforestation in the 
last decades have contributed to sedimentation of 
surface waters and coastal areas with wetlands. 
The country lost almost 50% of existing forest 
coverage between 1983 and 2015 which has 
meant a loss of 1.4 million hectares of national 
territory. One result is the drastic destabilization 
of the hydrological systems.  In Brazil there 
has been a great loss of forest coverage due 
to advance of the agriculture frontier and 
development of agroindustry. The impacts are 
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adequate monitoring should not overshadow the 
closely related need for increased numbers of 
improved water and wastewater treatment plants. 
Such plants should be adaptable so as to deal also 
with emerging problems of water quality. Special 
attention should be directed to peri urban and rural 
areas.

4. Importance and problems of adequate 
sanitation for urban and rural areas.

Needs for sanitation facilities and wastewater 
treatment have always had second priority 
compared with needs for safe drinking water. 
Nevertheless, it is now clear that adequate sanitation 
plays a key roll in securing better water quality. 
Worldwide increases in population, urbanization, 
industrialization, and expansions of agricultural 
uses of land emphasize the urgency of providing 

more comprehensive treatment of wastewaters. 
Also, declines in water quality are accompanied by 
increases in the costs of construction and operation 
of wastewater treatment systems. Changes and 
increases in contaminants demand new attention 
to better the design and functioning of treatment 
plants. As mentioned above every crisis usually 
brings improvements for example the Vibrio 
cholerae outbreak in Latin America in 1991 
brought changes with the introduction of more 
wastewater treatment plants. Improvements were 
also made through the training of wastewater plant 
operators and better maintenance regimes. Also, 
there were new improved designs introduced for 
the treatment process. Despite these improvements 
many countries of the Americas lack full coverage 
of sanitation in urban areas and in many cases 
attendant pollution of receiving water bodies 
has been observed due to deficiency in treatment 
and maintenance. The provision and operation of 

Table 1: Drinking water and sanitation in Urban Areas Latin America and Caribbean - 2017, % population. 
(JMP, 2019)

sanitation facilities in peri-urban and rural areas 
remains a critical problem, even in countries 
where urban coverage is good (Table 1).

Latin American countries are not on track to fulfill 
the sustainable development goals for sanitation of 
wastewaters in urban and rural areas. In urban areas 
it is a fact that 20% of wastewaters do not receive 
any primary treatment.  The Central American 
countries have a level of urban basic sanitation 
ranging from 79 to 92% but the connections 

to sewage systems lie much lower between 28 
and 73%. South America has a basic sanitation 
ranging from 57% to >99% but connections to 
sewage systems lie between 62 to 98%. There 
are little data on treatment plants with secondary 
treatment, but coverage appears to range between 
15 and 47%. Chile is an exception with coverage 
of 81%. It is important to mention that data on 
sanitation coverage does not always reflect (JMP, 
2019) the extent to which water quality is being 
maintained.  The widespread presence of septic 
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individualistically competitive fashion the aquifer 
in question become prematurely exhausted 
- either physically or economically or both. 
This fact means that coordinated management 
of groundwater extractions from an aquifer 
will usually be a pre-condition to successful 
management strategies to protect quality because 
overdraft means that both the capacity to dilute 
wastes and the limited capacity to process them 
chemically and biologically are reduced. Beyond 
the issue of managing extractions, groundwater 
quality is difficult to manage because the sources 
of pollution are usually diffuse. There are often 
multiple extractors who operate independently 
of each other in the absence of management 
and, as has been shown, groundwater is much 
more expensive to clean-up once it has been 
contaminated than it is to prevent contamination 
in the first place.

Groundwater as a resource can have distinct 
advantages over surface water. Its availability 
tends to be buffered through natural storage and 
hence its immediate availability is not as directly 
dependent on rainfall and runoff as surface water. 
This explains why the availability of groundwater 
in times of drought is particularly advantageous. 
The occurrence of groundwater in the western 
hemisphere is uneven; different countries are 
endowed with different quantities and different 
areas within each country are differently endowed. 
90% of the water supply of Costa Rica comes 
from groundwater while that source accounts 
for as much as 40% of the available supply in 
Argentina, México and the United States. A 
number of other countries, including Colombia 
and Perú have endowments in the 15-20% range 
and several have very small endowments such as 
Panama, with 3%. Other countries with very small 
endowments include a number of island nations in 
the Caribbean; for example, in Grenada only about 
5% of the population´s water needs are covered 
by groundwater.  Irrespective of the magnitude 
of its groundwater endowment, virtually every 
country in the Americas needs to do a better job 
of managing its groundwaters. Countries with 
large or medium endowments will likely be more 
focused on the protection of these endowments as 

they are needed to address current water demands 
and maybe a badly needed source of additional 
supply in the future.  Even countries with small 
endowments will need to attend to the protection of 
the groundwaters. Panamá, for example, currently 
relies virtually exclusively on surface water. The 
Panama Canal is a very large user of surface 
water and that use is important to the country 
economically. Simultaneously, competition 
from rapid urban growth and economic growth 
will probably require the country to utilize its 
groundwater in the future as the last source of 
internal supply. Thus, it is not too soon to manage 
the quality of groundwater in order to protect an 
important source of future supply.

The threats to groundwater quality are numerous. 
They include quality degradation from salinization 
and sea water intrusion, threats posed by chemicals 
in the natural environment which may leach or 
otherwise invade a groundwater body and threats 
posed by humans, particularly from industry, 
agriculture and inadequate sanitation. Many 
coastal aquifers in the Americas are threatened by 
sea water intrusion. Such intrusion is almost always 
driven by overextraction from the aquifer which 
in turn accentuates the pressure gradient between 
seawater and fresh water causing sea water to 
intrude. Once this has occurred it is difficult to 
clean-up and may be difficult to stop. Success has 
been had in some instances by injecting freshwater 
into the groundwater formations to restore and/or 
increase the hydraulic pressure to the point where 
intrusion stops, and saline waters maybe driven 
seaward, thus restoring to some extent some 
portion of the contaminated aquifer. In the future 
rising sea levels associated with climate change 
are anticipated to increase the extent and intensity 
of sea water intrusion in many coastal aquifers 
throughout the Americas.

Contaminants of groundwater include bacterial 
contaminants, organic contaminants and inorganic 
contaminants. The latter group includes substances 
that are naturally occurring with contamination 
caused both as a consequence of direct contact 
between the groundwater and the geological 
substrate and because of natural transport 
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It is now vitally important to turn more attention to 
water quality which is strongly also affecting the 
availability of water. The growing transformations 
in human activity undergoing the Americas, 
such as population growth, urbanization, 
industrializations and continuing shifts in land use 
and territorial development, have made the needs 
for innovation and better management of water 
quality even more urgent.

The conclusions of this abridged volume on water 
quality in the Americas can be stated as follows:

1. Only rarely will it be optimal to insist on no 
pollution at all or on cleaning up all pollution. 
This is because the costs and benefits of pollution 
control and clean-up should be balanced so that 
net benefits are maximized. 

2. Pollution policies should acknowledge that 
waste disposal sinks are interrelated and high 
standards for one sink imply lower standard(s) for 
the others. 

3. Measures of prevention are most important in 
developing policies and governance.

4. Eutrophication of surface waters is a widespread 
phenomenon throughout the Americas. It is 
becoming even more serious due to the artificial 
enrichment of plant nutrients in receiving waters. 
The results include the unwanted release of toxins, 
reductions in dissolved oxygen, and explosive 

growth of unwanted species that drastically 
interrupt aquatic biodiversity and the configuration 
of food webs in aquatic environments. 

5. Chemical Contamination of aquatic 
environments have grown sharply as agriculture 
and industry have grown throughout the Americas. 
The diversity of contaminating chemicals has also 
grown as new pesticides and fertilizers have been 
developed. The problem is further complicated 
by the constant appearance of new and emerging 
chemicals, such as antibiotics, hormones and 
more in the environment.  Toxic mine drainage 
often results in the release of metallic and other 
compounds that degrade the quality of both 
surface and ground waters. Natural contaminants 
arising from geological formations pose hazards 
for potable water supplies and need to be identified 
promptly.  Frequently, clean-up of chemical 
contaminants in the environment is more costly 
than preventing the contamination to begin with. 

6. Biological and other Non-Chemical 
Contaminants have special impacts both 
on aquatic ecosystems and water sources for 
consumption and other uses. 

Invasive species are becoming more prominent 
in many countries and need to be controlled due 
to their sometimes-drastic effects on the natural 
habitats of aquatic organisms. They can modify 
water quality and ecological systems of very large 
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