




















































the deterioration of groundwater
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better use for urban wastewater is probably
to recharge the aquifer from which it came.
During the recharge process, the water is
considerably purified. If it is required for
irrigation, it can then be abstracted either
from irrigation wells or from streams whose
flow has been increased by the recharge.

Letting sewage water stand in shallow
surface ponds and filter down through the
soil and the aquifer below can be an effective
means of treatment. The more slowly this is
done, and the more that the surface ponds
are rested between treatments, the more
complete will be the treatment. Allowing the
ponds to dry out regularly encourages the
breakdown of nitrates in the sewage, with
the release of harmless nitrogen gas. With
careful control nitrogen concentrations in
the recharge water can be reduced to
below 5 mg/litre. At the same time, most
bacteria and protozoa are eliminated, and
levels of organic compounds and
phosphates are greatly reduced. Although
the technique is expensive in terms of land
area used because the surface ponds
should be allowed to dry out for periods
that are twice as long as the period for which

they are used, infiltration treatment has the
added advantage of providing a cheap
underground storage system from which
water can be pumped for non-potable uses.

Solid waste disposal
Large volumes of solid wastes are
produced and disposed of in all major
cities. In China alone, the domestic refuse
from 370 cities exceeds 60 million tonnes a
year. Disposing of these wastes can give
rise to serious groundwater pollution. The
worst risks occur where uncontrolled
tipping, as opposed to controlled sanitary
landfill, is practised, and where hazardous
industrial wastes, including drums of
liquid effluents, are disposed of at
inappropriate sites which are selected on
the basis of their proximity to where the
waste is generated rather than their
suitability as landfill sites.

Often no record is kept of the nature and
quantity of wastes disposed of at a given
site and abandoned sites represent a
potential hazard to groundwater for
decades. To make matters worse, disposal is
often on low ground where the water table
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is high and direct contamination of shallow
groundwater likely. In a study made of six
solid waste tips in Jaipur, India, it was
found that water quality was clearly
correlated with distance from the tips. Wells
even 450 metres away had high levels of
chloride, sulphate, bicarbonate and
ammonia, even though the tips had been in
use for only 12 years. In a study of selected
landfill sites in the Bandung area of

Indonesia, all sites were found to generate a
leachate containing high quantities of
chloride, sodium, calcium, bicarbonate,
boron and various organic compounds. At
one site pollution from the landfill was
detected in a well 120 metres away.

A further complication in developing
countries is that urban expansion may
eventually lead to the erection of marginal
housing on areas previously used for solid

Groundwater pollution from industrial solvents
Before their damaging effects on the ozone layer were
fully appreciated, chlorinated solvents were widely
used as degreasers in the metal, paper, electronics and
leather industries. These solvents are also insidious
pollutants of groundwater because they have low
solubility in water, and are denser and less viscous
than water. This means that once they enter an aquifer
they penetrate to great depths extremely quickly. They
are also very resistant to biodegradation. In Europe
there are many places, especially beneath cities and
long-standing industrial sites, where chlorinated
solvents are still present at concentrations many times
the EC drinking water guideline value (less than 10
Hg/ litre) even 20 years after they entered the aquifer.

Research after a spill at a leather processing factory in
Cambridgeshire showed that the pollutant had
travelled down to a depth of some 50 metres and
laterally by about 1 kilometre. How much of the
chemical—perchloroethylene—was originally spilled is
not known but sampling later suggested that 10-100
tonnes of the material could be in the aquifer.

'Pump and treat' is the name given to the most
common means of restoring aquifers polluted in this
way. The process involves pumping contaminated
groundwater from close to the pollution source, treating
the water and then returning it to the aquifer upstream
from the site of pollution. This effectively contains the

spread of pollution although restoration of the aquifer to
a state even approaching its original pristine condition
can take many years and cost millions of dollars.
Complete restoration is often impossible.

Typical distribution of chlorinated solvent in a fractured
porous aquifer after a major spill.

solvent enssotvos
Into the
Hfoundwqter
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waste disposal. These settlements are rarely
supplied with piped mains water and rely
instead on privately-constructed shallow
wells. These supplies are unmonitored and
pose a serious threat to human health.

Pollution from industry
Nearly all industries produce liquid
effluent. In the developed countries, strict
legislation has ensured that much of this
effluent is now properly treated before it is
allowed to be discharged to a water course.
This is not yet the case in many developing
countries, where industries are commonly
sited on the unsewered outskirts of towns
and cities. The worst polluters are usually
not the largest industries (which can
normally afford some form of effluent
treatment) but small industries producing
paper and textiles, processing leather,
metals and other materials, and repairing
vehicles. These industries generate
effluents containing spent acids, oils, fuels
and solvents, many of which are
discharged directly into the ground or
nearby water courses, particularly canals.
Small service industries—such as metal
workshops, dry cleaners, photo processors
and printers—also use considerable
quantities of potentially toxic
contaminants, and their disposal practices
are often poorly controlled.

Chlorinated solvents are particularly
insidious pollutants because of their
persistency, toxicity and the way they
travel in aquifers (see box opposite). A
survey of 15 Japanese cities has shown that
30 percent of all groundwater supplies
were contaminated by chlorinated solvents
and in 3 percent of the samples taken
concentrations exceeded WHO drinking
water guidelines (30^g/ litre). In some cases
solvents were found in groundwater as far

as 10 km from the site of the spill. A
common cause of solvent pollution is
leaking storage tanks and at one site
groundwater beneath such tanks has been
found to contain 40 000 fig/litre of the
chlorinated solvent trichloroethene. Solvent
contamination has in fact been found in
almost all surveys of urban groundwater.
Unfortunately, cleaning up a polluted
aquifer—usually by removing
contaminated soil and continuous pumping
of the aquifer—is extremely difficult, very
costly and takes a great deal of time. In
1982, some 50 m3 of a chlorinated solvent
leaked from a tank on the island of Puerto
Rico. Five years later concentrations of the
chemical in the aquifer below had been
somewhat reduced but the cost of
supplying alternative water sources had
already exceeded US$10 million.

Industrial effluents also often contain
high levels of metals such as iron, zinc,
chromium and cadmium. Many are highly
toxic, even carcinogenic, and even low
concentrations in groundwater pose a
serious threat to health. A study of metal
contamination in Ludhiana, in the Indian
Punjab, revealed high concentrations of
heavy metals several kilometres from an
industrial site where foundries and
factories associated with electroplating and
bicycle manufacture were discharging
effluents directly into unlined channels
and shallow soakaways. High
concentrations of chromium and cyanide
were found in shallow groundwater and
copper and lead were also present.

Solvents and heavy metals are only two of
the products of industrial activity. There are
many others. A survey of industrial activity
in Sao Paulo State in Brazil has attempted to
categorize the groundwater pollution
potential of 22 industries (see list right).

Groundwater
pollution potential
of industry types

Group 3:
high risk
metal processing
mechanical
engineering
petrol and gas
refineries
plastic products
organic chemicals
Pharmaceuticals
leather tanning

pesticide
manufacture
electric and
electronic
manufacture

Group 2:
medium risk
iron and steel
non-ferrous metals
rubber products
inorganic
chemicals
pulp and paper
soap and
detergents
textile mills
fertilizers
sugar and alcohol
electric power
production

Group 1:
low risk
non-metallic
minerals
woodwork
food and ,
beverages
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A study in Sri
Lanka has shown
that more than
60 percent of the
applied nitrogen
is lost.,.
producing
groundwater
concentrations of
20-50 mgN/litre.

The graph below shows
that fertilizer
consumption in a
number of Asian
countries has now
overtaken European
and American levels.
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Mining and petroleum development
Mining and petroleum extraction pose
special risks to groundwater. Quarrying
and open-cast mining, for example,
remove the protective layer above an
aquifer, leaving it more vulnerable to
pollution. Deep mines or oil fields may
produce fluids that are disposed of at the
surface and may therefore contaminate
shallow aquifers. And contaminants from
spoil heaps may leach into groundwater.

Several serious cases of groundwater
pollution are on record from these causes.
In Zibo city in north-east China, petroleum
wastes from a major petrochemical works
have seeped into the ground and polluted
groundwater over an area of more than
10 km2. Both Australia and Canada have
devoted considerable effort to trying to
reduce leaching from spoil heaps, since the
material that is leached away is often very
acid and contains high concentrations of
sulphate and toxic metals. In Thailand, a
number of drinking wells have become
contaminated with arsenic following leaching
from the spoil from small-scale mining.

• ' ' ' , ; ' • •;.'

.'/f-.'.'ii.
Europs (112.6)

Asia (62.9)

America (45",B)

Rising water levels in abandoned mines
produce what is called acid mine
drainage—the mobilization of oxidized
metal ores which produce water rich in
sulphate, iron, manganese and other
metals. This can cause serious
groundwater contamination.

Pollution from agriculture
Fertilizers and pesticides
Agriculture is responsible for the serious
pollution of many of the world's aquifers.
The main problem arises from the
intensive use of nitrogen-rich fertilizers
and of pesticides, a problem that has
spread from the industrialized countries
to developing ones, particularly those in
Asia where the use of new, high-yielding
crop varieties depends on the intensive
application of fertilizer. In India, for
example, fertilizer use has quadrupled
over the past 20 years or so. In some
Asian countries, fertilizer use has now
overtaken that of Europe and the United
States (see graph).

The high levels of nitrate and, in some
areas, pesticides in groundwater have
been identified as originating from
intensive agriculture in a number of
places. Pollution of groundwater is
generally worse where the soil is very
permeable, allowing agricultural
chemicals to be quickly washed down to
underlying aquifers. However, not all
nitrate in groundwater is due to
agriculture—much of it, as we have seen,
also comes from untreated sewage.
Monitoring techniques cannot differentiate
between agricultural and sewage nitrate.

The leaching of nitrate from fields not
only leads to pollution but is also a
serious source of waste—nitrate that
percolates down into aquifers has done
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nothing to stimulate plant growth. A
study in Sri Lanka has shown that more
than 60 percent of the applied nitrogen is
lost in this way, producing groundwater
concentrations of 20-50 mgN/litre.
Elsewhere in Sri Lanka, a survey of the
Jaffna Peninsula found that 79 percent of
wells had concentrations of more than
11.3 mgN/litre and 48 percent greater
than 22.6 mgN/litre. Other components
of fertilizers, including potassium and
chloride, also find their way from fields
to aquifers.

More than 300 pesticides are currently in
use. By definition they are designed to be
toxic and, sometimes, persistent. Permitted
concentrations in drinking water range
from 0.1 to 100 parts per billion, and there
is little doubt that pesticides do find their
way into groundwater. However, the
extent of pollution is not accurately
known, even in Europe and the United
States. Most observed concentrations have
been in the range 0.1 to 100 ̂ g/litre. One
reason they are not higher is that the
average half-life of a pesticide in the soil—
normally less than 100 days—is relatively
short compared to the rate at which they
are leached through the soil and carried
down to underlying aquifers.

One encouraging aspect for the future is
that high levels of artificial fertilizer and
pesticide application are not now seen as
the principle means of developing
sustainable agriculture. Instead the UN
Food and Agriculture Organization is
encouraging the use of Integrated Plant
Nutrition (IPN) and Integrated Pest
Management (IPM)—techniques that aim
to promote plant growth through a variety
of different techniques which are often
cheaper and more effective than the
application of chemicals alone.

Salinity
Soil salinization and waterlogging have
already been described on pages 20-21.
They are caused not by pollution but by
poor land management and the inadequate
drainage of irrigated areas. The solution to
these problems involves measures such as
the lining of irrigation canals, introducing
sprinklers or drip irrigation techniques,
improving the flow of irrigation water and,
in extreme cases, physically lowering the
water table to 2-3 metres below the surface
by pumping.

However, irrigation can also lead to the
salinization of groundwater if excess
irrigation water leaches out salts present in
the soil and the unsaturated zone -
particularly where rainfall is low and the
salts have accumulated over thousands of
years. This is a less common problem than
soil salinization and its effects are not
generally as serious. Careful control of the
volumes of irrigation water used and the
sites chosen for irrigation can reduce
groundwater salinization.

Irrigation with
groundwater. The high
capital and operating
costs of such intensive
irrigation must be
matched by heavy
agrochemical inputs to
ensure high
productivity and good
economic returns.
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Although
groundwater is
one of the
world's key
natural
resources, on
which more than
1500 million
people depend
for drinking
water, it is still
undervalued,
inefficiently
exploited and
inadequately
protected.

Unprotected spring
sources are still widely
used for drinking
water supplies and are
highly vulnerable to
s w rface con tarn inatio n.
They are responsible
for the spread of many
water-borne diseases,
particularly among
children.

Although groundwater is one of the
world's key natural resources, on which
more than 1500 million people depend for
drinking water, it is still undervalued,
inefficiently exploited and inadequately
protected. In many parts of the world,
groundwater use is poorly controlled; in
others, groundwater is heavily polluted. It

may well be that much of this pollution has
yet to be detected, given the slow flow rates
of groundwater and the volume of storage
involved. What we know of pollution levels
in aquifers may be only the tip of an
underground iceberg. There is, in any case,
no doubt that this important resource
urgently needs to be better protected.

Protecting groundwater resources

There are two basic means of protecting
groundwater resources:

• controlling groundwater abstraction,
particularly in areas subject to
irreversible side-effects such as saltwater
intrusion and land subsidence; and

• controlling groundwater pollution with a
combination of techniques that include
evaluating aquifer pollution
vulnerability, assessing potential

contaminant loads and implementing
land-use plans specifically designed to
protect groundwater resources.

Controlling abstraction
The control of groundwater abstraction is
the first priority since, in many urban
areas, large numbers of boreholes have
been drilled in shallow aquifers without
regard to the overall yield, the rights of
other users or their effect on salt water
intrusion and land subsidence.

Controlling abstraction requires a
number of legal and administrative steps.
National governments need first to declare
groundwater a 'natural resource available for
public use in a controlled fashion'. This
establishes the legal precedent for control. A
government agency can then be appointed to
develop and implement a series of detailed
regulations and codes covering groundwater
abstraction. This agency will issue permits
for the development of groundwater
resources such as well digging, spring
capture and borehole drilling. The permit
normally specifies the depth, diameter and
allowed intake of the installation.

The next stage is to issue licences to
abstract groundwater, where this is
appropriate. This is not always the case
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Source protection zones
Boreholes and springs may need individual protection
in addition to the protection provided for the aquifer.
This can be provided by a 'source protection zone'
around the borehole within which potentially polluting
activities are restricted.

In Western Europe, these source protection zones can
be complex and relatively large, and may encompass all
the recharge capture area for the source. To eliminate all
risks of contamination, all potentially polluting
activities would have to be prohibited or controlled
within the protection zone. In practice, the capture zone
is divided into two or three sub-zones and the most
severe restrictions are applied only close to the source.

An inner protection zone has been widely
recommended to protect against the effects of human
activity. The principal concern is the prevention of
pathogenic contamination and is based on accepted
biological (principally bacteriological) decay criteria.
The extent of the zone is often defined by the
horizontal saturated zone groundwater flow travel
time, and travel times of 50 to 100 days have been
adopted by several European countries. The inner zone
includes the operational area immediately around the
wellhead, where activities are restricted to those
related to water abstraction itself. The dimension and
shape of this area are necessarily somewhat arbitrary
as they depend in part on the geological and soil

formations present. A radius of 30-50 metres appears
reasonable from experience in the United Kingdom.

Few cases of pathogenic contamination have occurred
where the horizontal distance between the borehole or
spring and the proven source of pollution was equivalent
to more than the distance travelled by groundwater in 20
days, despite the fact that pathogens are capable of
surviving in the sub-surface for up to 400 days.

In some African countries, similar but less complicated
protection zone guidelines have been adopted. Rural
water supplies in particular are rarely treated, so
protection of these sources is especially important. Rural
community water supply wells or boreholes often have
a sloping concrete apron around the source to prevent
spilled water leaking back into the wellhead. Animals
are prohibited from the area immediately around the
source and instead water is discharged into animal-
watering troughs some distance from the well.

A circular protection zone 50-100 metres in radius
can be introduced to reduce the risk of pathogenic
contamination. Within this zone pit latrines, septic
tanks and other potential sources of sub-surface
contamination are not allowed. The extent of this zone
may need to be increased where recharge and flow to
the well is along fissures, because travel times are so
much faster. Karstic limestones and poorly vveathered
basement are especially vulnerable in this respect.

and it is often neither profitable nor
practical to insist on licences for small
users, especially those using spring water.
Regulatory agencies can charge for
construction permits and for abstraction
licences. Charges can be based both on the
volume of water abstracted and the use
that is made of it. While abstraction
licences are a useful means of generating
income to finance the regulatory function,
issuing construction permits in the first

place is a better means of controlling
groundwater development.

Regulations of this kind can be
unpopular, particularly in relation to a
resource that has historically been regarded
as a common good freely available to
anyone who wants it. Regulatory agencies
therefore need sound public relations
campaigns to inform the public of what
they are doing, and why. They should also
provide free advice to drilling contractors.
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Aquifer vulnerability and pollution load
The risk of groundwater pollution is determined by the
vulnerability of the aquifer to pollution and the loading of
potential pollutants to which it may be subjected. Vulnerability
depends partly on the extent to which pollutants are attenuated
between the land surface and the water table, and partly on the
rate with which water and its accompanying pollutants travel
through the aquifer. Since pollutants travel much faster in the
aquifer than in the soil and unsaturated layer above it, the nature
of the material within the aquifer is of great importance in
assessing vulnerability. The most vulnerable aquifers are
composed of highly fractured rock such as limestone and have
shallow water tables. Pollutants reach the water in such aquifers
in a just a few days with little or no attenuation. The least
vulnerable aquifers are those where pollutants take many years
or decades to travel down to the saturated zone, as is the case
with many semi-confined aquifers.

vulnerability of land to groundwater pollution

porous j,
uneonsolidc • : :.

porous
consolidate • i

non-poro- •
consolidot- :

low vulnerability
1 .\; •."•'•;| variable vulnerability high vulnerability

The risk of groundwater |
contamination depends
on two factors: the
contaminant load and
the vulnerability of the ^
aquifer to pollution. r

Controlling groundwater pollution
The first requirement in the control of
groundwater pollution is to assess the
vulnerability to pollution of the nation's
aquifers. The basic principles of
vulnerability are well understood (see box
on left) and a map of aquifer vulnerability
will indicate the zones most in need of
protection. The risk of contamination, of
course, depends on the nature of the threat.
Some industries are much more likely than
others to lead to groundwater
contamination (see list on page 27).

It is important to distinguish between
point sources of pollution, such as landfills
and specific industrial discharges, and the
diffuse sources of pollution produced by
the application of fertilizer and pesticides
in agriculture and, to a lesser extent, from
atmospheric deposition.

Efforts should be made to reduce pollution
from point sources by improving waste
disposal practices, paying particular
attention to practices in areas where aquifers
are highly vulnerable. In sensitive areas,
land-use planning regulations should be
introduced to restrict the kinds of industrial
activity to be practised or developed.

Where there is widespread diffuse pollution
from agriculture, restrictions may have to
be made on the quantities of fertilizers and
pesticides that can be applied, or on the
crops that can be grown. Where salinity and
waterlogging are being caused by irrigation, it
may be possible to persuade farmers to switch
to dryland crops, such as figs and grapes.

Finally, when plans have been made and
put into place for the control of both
abstraction and pollution, a monitoring
and assessment programme will be needed
to provide feedback on the success of these
plans and to provide early warning of
possible future threats.
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Assessing groundwater resources

The need to protect groundwater resources
is pointing up the need for more reliable
data on both the quality and the quantity of
water in aquifers, and on how they are
changing. Such data can only be provided
by well constructed monitoring systems.
Groundwater monitoring is largely a
national responsibility but, because
groundwater does not respect national
boundaries, assessment of the results needs
to be carried out at national, regional and
international levels.

National monitoring
Improved monitoring systems need to be set
up in many countries to provide information
on the rates of depletion of aquifers and the
deterioration of groundwater quality.
Monitoring can also provide managers with
feedback on the effects of their policies. It is
important that water quality monitoring

includes assessment of levels of synthetic
organic compounds that are widely used in
industry and agriculture. In areas where large
populations are still not connected to mains
sewerage systems, it is also important to
monitor microbiological pollution indicators.

However, monitoring groundwater
quality and quantity provides no early
warning of pollution. By the time
pollutants show up in groundwater, the
major damage may already have been
done. Monitoring networks should
therefore be developed to include
monitoring of pollution loads, particularly in
vulnerable recharge areas. The key elements
of such an early warning monitoring
strategy are shown in the table below.

Groundwater quality monitoring has at
least four objectives, which need to be
carefully distinguished in the design of
monitoring systems:

Key elements in an
early warning
monitoring strategy.
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Four types of
groundwater quality
monitoring: evaluation
monitoring, drinking
water surveillance
monitoring, and
offensive and defensive
detection monitoring.

Dependence on
groundwater for
drinking water in
the European
Community (1976)

Denmark, 98%

Italy, 93%

German Federal
Republic, 71%

Belgium, 71%

Luxembourg, 70%

Netherlands, 64%

France, 50%

United
Kingdom, 31%

Ireland, 15%

groundwater
flow g t

I c ;• boreholes used
; for monitoring

O

evaluation monitoring (plan view)

offensive detection monitoring

• definition of the extent of
groundwater pollution (evaluation
monitoring);

• quality control of groundwater used as
drinking water (drinking water supply
surveillance);

• early discovery of groundwater
pollution from a given activity
(offensive detection monitoring); and

• provision of advance warning of the
arrival of polluted water at important
sources of supply (defensive detection
monitoring).

Information from national monitoring
programmes of this type does not, of
course, provide an overall picture of the
condition of individual aquifers, some of
which extend across at least one national
boundary. There is therefore a need to
synthesize national assessments on a
regional or international basis.

water quality monitored at
abstraction borehole

drinking water supply surveillance

defensive detection monitoring

Regional and international action
A number of important regional
assessments of groundwater resources
have already been made.

Tn 1982, the Directorate-General for the
Environment, Consumer Protection and
Nuclear Safety of the European
Community produced a major assessment
of ground water resources within its (then)
nine member states. Tt consisted of a
general survey (Groundwater Resources of
the European Community: synthetical report)
and individual reports for each member state.
These reports dealt with four major themes:
• the aquifer inventory—location and type;
• groundwater hydrology—flows within

these aquifers;
• groundwater abstraction; and
• groundwater availability by area.
The study concluded that the Community

had enough groundwater to meet most of
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its needs but that in most countries
abstraction rates were already high—
Belgium was abstracting some 70 percent
of its available groundwater resources,
Denmark 40 percent, France 25-50 percent,
Italy 50 percent, Luxembourg 37 percent,
the Netherlands 62 percent and the United
Kingdom at least 25 percent. Only Ireland,
which was abstracting only 3 percent of its
groundwater resources, had major
untapped resources.

This assessment was concerned mainly
with groundwater quantity. Since it was
published, attention has turned in Europe
(and the United States) to quality, and not
only have groundwater quality monitoring
programmes been greatly expanded but
many groundwater protection schemes
have been put into place.

Two other regional assessments (on
which this publication is largely based)
have been prepared for the Latin
American-Caribbean and the Asia-Pacific
Regions. The first of these is part of a

regional groundwater pollution control
programme being developed by the Pan
American Center for Sanitary Engineering
and Environmental Sciences (CEPIS) which
has its headquarters in Lima, Peru. It
consists of seven reports covering the
general situation, the extent of
groundwater pollution, risk assessment,
monitoring, protection and the impact of
wastewater reuse. The studies were carried
out by members of the staff of CEPIS and
the British Geological Survey with
financial support from the World Health
Organization, the Pan American Health
Organization and the UK Overseas
Development Administration.

The most recent GEMS/Water
assessment is for the Asia-Pacific Region,
which has been carried out by the British
Geological Survey. The report assesses the
impact of urbanization, industry and
agriculture on groundwater quality, and
makes a number of recommendations on
groundwater protection and monitoring.
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