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ABSTRACT: Groundwater quality degradation owing to intensive aquifer exploitation is recorded in
many countries. Recognition of the impact of intensive abstraction of aquifers is nearly almost based
on hydraulic phenomena. However, subtle changes in the groundwater chemical composition caused
by pumping may often be observed before becoming evident from groundwater level decline.
Therefore, groundwater quality monitoring and vulnerability assessment should be implemented and
targeted on the specific groundwater quality problem caused by intensive aquifer exploitation. Most
often, groundwater quality is affected by saltwater intrusion into coastal aquifers, by the downward
and upward influx of poor water quality from superposed and underlying aquifers into exploited
aquifers or by the discharge of polluted surface water into phreatic aquifers. Presented case studies
show the social, ecological and economic consequences of the uncontrolled intensive use of ground-
water resources. The holistic concept reflecting a close connection between surface water and ground-
water is emphasised in the policy and management of groundwater resource development, protection
and quality conservation.
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1 INTRODUCTION

Groundwater, a renewable and finite natural
resource, vital for human life, for social and eco-
nomic development and moreover a valuable
component of the ecosystem, is vulnerable to
natural and human impacts. Earlier, little atten-
tion was paid to the protection of groundwater
quality, mainly because people were unaware of
the threats to this hidden resource. The idea that
the geological environment protects groundwa-
ter and that it is therefore not vulnerable to
human activities prevailed for a very long time.
This had serious and long-term consequences on
many countries’ groundwater quality.

Since the 1960s, there has been a growing
interest in the need to protect groundwater qual-
ity and conceptual approach to groundwater pro-
tection has become an important element in
national water planning, policy and manage-
ment.

The holistic concept for water resource policy
and management, as emphasised at the
International Conference of Water and the
Environment in Dublin (1992), significantly
influenced the approach to development and
protection of groundwater resources. This con-
cept reflects the social, economic and ecological
value of groundwater, the close connection
between groundwater and surface water and the
integrity of aquatic and terrestrial ecosystems.
Moreover, it pays the same attention to both the
quantitative and qualitative aspects of ground-
water and it is based on a participatory approach
involving scientists, planners, managers, policy
and decision-makers, stakeholders and the gen-
eral public. However, the holistic concept for
water resource policy, planning and manage-
ment has not been applied in many countries so
far. There is an intrinsic and not always spelled
out psychological problem related to the
exploitation of groundwater. Since groundwater
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cannot generally be seen (as is the case of sur-
face water) people do not feel much responsibil-
ity for this resource and its quality. Therefore, it
is necessary to build institutional and technical
capacities to promote an effective water
resource management based on sustainable
development and the protection of groundwater
resources in general and groundwater quality
conservation in particular (Fig. 1).

Figure 1. Institutional and technical capacities of ground-
water protection policy and management.

Institutional capacity building includes: 1)
the set-up of governmental institutions for per-
forming the required administrative operation
and for the co-ordination and implementation of
a comprehensive water policy; 2) the establish-
ment of a legal framework and regulatory
statutes; transboundary aquifer development
and protection call for the appointment of inter-
national principles and rules concerning shared
groundwater; 3) the creation of governmental
control mechanisms based on relevant legisla-
tion and water quality standards, on the polluter
pays principle and on the implementation of
repressive and stimulating financial instru-
ments; 4) the recruiting of qualified, experi-
enced, trained and motivated human resources;
and 5) public awareness of and participation in
water planning and policy based on intelligible
information and public education programmes.
In many countries, there is still a big gap in com-
munication between policy and decision-makers
and the general public.

Technical capacity includes mainly: 1) com-
prehensive groundwater system analysis based
on the assumption that the groundwater system
can be effectively protected when its properties
are well understood and known; 2) identification
and inventory of potential and existing human
impacts on the groundwater system and evalua-
tion of their nature and extent; 3) establishment
and operation of groundwater monitoring sys-
tems to provide data for assessing the current

state and forecasting trends in the groundwater
system due to natural processes and human
impacts in time and space; and 4) research con-
cerning development, improvement and/or inno-
vation of groundwater protection and quality
conservation methods.

Groundwater policy and management are
effective only if the above institutional and tech-
nical capacities are applied in a coherent man-
ner. However, a certain degree of ignorance and
uncertainty in terms of behaviour, properties and
vulnerability of the groundwater system always
has to be considered. The risk that human
impact on the groundwater system cannot be
predicted accurately always has to be consid-
ered.

2 CHEMICAL EVOLUTION AND
COMPOSITION OF NATURAL
GROUNDWATER

Groundwater contains a broad range of inorgan-
ic dissolved solids in various concentrations and
a small amount of organic matter. Groundwater
composition control:

• The properties of the soil and rock environ-
ment in which groundwater moves.

• Contact time and contact surface of
groundwater with geological materials
along the flow paths.

• The rate of geochemical (dissolution, pre-
cipitation, hydrolysis, adsorption, ion
exchange, oxidation, reduction), physical
(dispersion, advection, filtration, tempera-
ture), microbiological (microbial metabo-
lism and decomposition, cell synthesis)
processes passing in the soil-rock-ground-
water system.

• The presence of dissolved gases, particular-
ly carbon dioxide.

• The chemical composition of rain and
snow, which infiltrate into the groundwater
system.

There are differences in the lateral (recharge-
discharge areas) and the vertical (shallow oxida-
tion-deep reduction zones) scale of the ground-
water system in the evolution of groundwater
composition.

Generally, groundwater in recharge and shal-
low aquifers has a lower content of dissolved
solids than groundwater in discharge areas and
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deeper aquifers. Increasing the content of total
dissolved solids and anion evolution sequence
HCO3

– → SO4
2– → Cl–, expressing the change

of oxidising conditions (shallow zone) into
reducing (deep zone) are usually well visible in
the groundwater system’s vertical profile
(Chebotarev 1955):

Travel along flow path 

HCO3
– → HCO3

– + SO4
2– → SO4

2– + HCO3
–

→ SO4
2– + Cl– → Cl– + SO4

2– → Cl–

Increasing age →

Based on Chebotarev’s evolution sequence,
Domenico (1972) specified three main zones in
large and deep sedimentary basins, which corre-
late in a general way with depth. Mineral avail-
ability and molecular diffusion control the grad-
ual changes in anion composition in groundwa-
ter in the above mentioned zones.

Active groundwater flushing, low tempera-
ture and short time contact of groundwater with
rock materials are typical for the upper shallow
and recharge zones. Groundwater is low in total
dissolved solids and HCO3

– is the major anion.
In deeper intermediate zones, temperature,

pressure and time and space contact between
groundwater and rocks gradually increase and
groundwater flow velocity decreases. The con-
centration of dissolved solids increases down-
ward and the major anion is sulphate. 

However, in deep groundwater systems,
where groundwater flushing is very small, chlo-
ride gradually becomes the dominant anion and
groundwater is high in total dissolved solids.

There are also significant differences in the
age of groundwater in the upper and lower
zones. According to Freeze & Cherry (1979), in
some sedimentary basins, groundwater in the
upper zone may be years or tens of years old,
whereas in deep basins, an age of hundreds or
thousands of years is common. Saline, chloride
rich water in the deep zone is usually very old,
the ages may vary from thousands to millions of
years. Such deep aquifers usually contain non-
renewable fossil water.

The HCO3
– content in groundwater is mostly

derived from soil zone CO2 and from the disso-
lution of calcite and dolomite, both present in
rocks in large quantities. The origin of sulphate
in groundwater depends on the presence of sol-
uble sulphate bearing minerals (gypsum

CaSO4 . 2H2O and anhydrite CaSO4). The high
content of chloride in deep zones strongly
depends on the time and space contact between
groundwater and rocks rich in highly soluble
chloride minerals of sedimentary origin, partic-
ularly halite NaCl and sylvite KCl.

A cation evolution sequence in the ground-
water system similar to Chebotarev’s sequence
used for anions is difficult to identify because
there is a large variation in the content of main
cations. The presence of major cations (Ca2+,
Mg2+, Na+ + K+) strongly depends on the solu-
bility of minerals in groundwater and on the
type, extent and velocity of the cation exchange
processes. Moreover, Matthess (1982) defined
the following geochemical zonation based on
the characteristic cation:

Ca2+ → Ca2+ + Mg2+ → Na+

Biological processes accelerate the extent and
rate of geochemical processes and are particular-
ly intensive near the ground in the soil-root-
uppermost part of the unsaturated zone, where
dissolved oxygen is usually available and serves
for the respiration of organisms and the break-
down of organic matter. The biochemical process-
es affect a great capability of the soil to produce a
large amount of inorganic and organic acids.

The formation of the groundwater chemical
composition is a result of very complex geo-
chemical and biological processes occurring in
the soil-groundwater-rock system, whose
description is not the objective of this article.
However, these processes have to be carefully
studied when groundwater quality changes and
deterioration caused by intensive aquifer
exploitation is observed.

3 NATURAL AND HUMAN IMPACT ON
GROUNDWATER QUALITY

Groundwater quality (natural background)
could be well known, when the extent of human
impacts on groundwater is studied and assessed.

3.1 Natural groundwater quality

Groundwater quality in natural conditions is
generally good with respect to its potability and
use in agriculture and industry. However, in
deep aquifers, aquifers adjacent to surface water
bodies, or in low permeable rocks with a slow
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movement of groundwater and a long contact
time, groundwater quality is often not suitable
for the water supply or other particular uses.
High concentrations of some constituents in nat-
ural groundwater could be hazardous for human
health or not technically acceptable for use
(incrustation or corrosion of wells and pipes).

3.1.1 The impact of major constituents on
groundwater quality

The amount of total dissolved solids is a gener-
al indicator of groundwater suitability for drink-
ing purposes and agriculture and industrial use.
Water that contains more than 1 g/L of dissolved
solids does not fulfil drinking water standards
and could be corrosive to steel casing materials
used in water well construction. When dissolved
solids are high, water is also useless for irriga-
tion and industrial purposes.

Among the major constituents, the origin of
high contents of sodium, chloride and sulphate
should be evaluated, because they degrade
groundwater quality and make it unfit for drink-
ing or other uses.

The highest concentration of sodium is found
in groundwater in the vicinity of salt-bearing
sediments and evaporates and sodium rich
hydrolysates (argillites). According to Matthess
(1982), the sodium content in groundwater in
the Salado and Ruster formation (New Mexico,
USA) reached 121 g/L. In the well located in the
vicinity of sodium rich argillites, the content of
Na+ in groundwater was 857 mg/L. However,
usual sodium concentrations in groundwater are
much lower (less than 20 mg/L).

Sources of high concentrations of chloride in
groundwater (up to thousands of mg/L) are chlo-
ride-bearing sedimentary rocks, particularly
evaporate deposits of marine and terrestrial ori-
gin and seawater intrusion affected coastal
aquifers. Chloride waters are usually also high
in sodium. However, chloride concentrations in
natural groundwater are usually much lower.
Groundwater contains mostly less than
100 mg/L Cl, which is the drinking water stan-
dard in many countries.

Sulphate in higher concentrations in natural
groundwater is derived mainly from evaporates
(gypsum, anhydride, potash salt deposits) and
from metallic sulphide minerals. Drinking water
standards limit permissible concentrations of
sulphate in many countries to 250 mg/L.

Drinking of high sulphate groundwater affects
the gastrointestinal tract. Matthess (1982) stated
that low or even zero sulphate concentrations
are typical for groundwater in which microbio-
logical reduction has been taking place.

3.1.2 The impact of minor constituents on
groundwater quality

Natural groundwater quality is also frequently
affected by the excessive content of minor con-
stituents, particularly by iron, manganese, fluo-
rine and iodine.

Iron content is common in groundwater.
Drinking water standards in many countries tol-
erate an iron content within 0.3 mg/L. The
amount of oxygen and pH control the form of
iron in groundwater. Ferrous ions in great con-
centrations (1 to 10 mg/L and more) are present
in reduced conditions only. In the presence of
oxygen, ferrous ions (Fe2+) are unstable and
change to ferric ions (Fe3+) and precipitate as
ferric oxide and/or oxyhydroxides. The sudden
change from ferrous to ferric ions occurs fre-
quently during groundwater pumping.
Groundwater aeration affects groundwater
colour and leads to the incrustation of the well
casing (particularly well screens) and water pipe
distribution systems (especially in domestic
water supplies). Special attention should be paid
to methods of groundwater sampling, because
ferric oxyhydroxides precipitate in the presence
of air. Iron-bearing groundwaters also support
the growth of iron bacteria. They may be intro-
duced into production wells during drilling
processes, through drilling fluids and their con-
tent frequently increases during pumping. Iron
bacteria have a significant affect on well
hydraulics.

Manganese concentration in groundwater is
usually lower than iron. Chemical and biologi-
cal processes leading to manganese precipitation
are generally the same as in case of iron.
However, manganese incrustations of a well
construction and its surrounding natural rock
materials are harder to remove than those from
iron. Monitoring electrochemical corrosion and
microbial presence and activity (particularly sul-
phate reducing bacteria) is desirable.

Fluoride content is usually lower than 1 mg/L
in natural groundwater. Drinking water stan-
dards in many countries set a maximum limit of
permissible fluoride concentrations of 1.5 mg/L.
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Sources of fluoride in groundwater are fluoride-
bearing minerals in igneous and metamorphic
rocks, resistant sedimentary rocks, micas and
volcanic ash. Fluoride in excessive concentra-
tions (above 4 mg/L) in drinking water is dan-
gerous, because it causes mottling of tooth
enamel (children) and skeletal effects (adults).

Iodine is very necessary for human health.
Higher concentrations of iodine in groundwater
are recorded particularly in coastal aquifers and in
the sediments of marine origin. However, ground-
water use as a source of drinking water in many
high mountain regions shows an iodine deficien-
cy (less than 1 µg/L), which causes goitre.

3.1.3 The impact of trace elements on
groundwater quality

Trace elements occur in natural groundwater in
a very low concentration. However, several
trace constituents in a high content are observed
in acid groundwater in the vicinity of ore-bear-
ing deposits. Copper, zinc, cadmium, mercury,
lead, arsenic and aluminium should be men-
tioned, among others. The occurrence of arsenic
in drinking groundwater is well-known as a seri-
ous social-health problem in several countries in
Asia and in several parts of South and North
America. Arsenic release into groundwater due
to oxidation of arsenic-rich sulphide ores (par-
ticularly the dissolution of arsenic arsenopyrite)
could also be derived from volcanic rocks and
geothermal systems (Fetter 1993). High concen-
trations of arsenic (5 mg/L) had been reported
from shallow vulnerable aquifers developed in
the alluvial deposits of the Ganges-
Brahmaputra-Meghna river system in West
Bengal in India and Bangladesh. Groundwater is
used in these regions as a source of drinking
water for tens of million people. Long-term use
of drinking water with arsenic concentrations
highly exceeding WHO recommended limits
10 µg/L can lead to serious health problems
(cancer, skin disorders).

A boron content of more than 1 mg/L in
groundwater used for irrigation (often in arid
and semi-arid areas in the vicinity of evaporate)
is harmful for plant growth.

3.2 Human impact on groundwater quality

Groundwater quality deterioration and pollution
as a consequence of human impact on the

groundwater system is a serious worldwide
social, economic and environmental problem.
Groundwater pollution is understood to be a
process whereby, due to human impacts, water
gradually or suddenly changes its natural physi-
cal, chemical or biological composition and
ceases to meet the criteria and standards set for
drinking water, irrigation and other purposes. If
it contains hazardous or toxic compounds, it
becomes dangerous for people and water and
terrestrial ecosystems.

Groundwater quality degradation or pollution
owing to intensive use of aquifers is recorded.
Most often, groundwater quality is affected by
saltwater intrusion caused by excessive
exploitation of coastal aquifers. The intrusion of
poor quality water from shallow polluted
aquifers to deeper aquifers or the upward influx
of highly mineralised water from deep aquifers,
both caused by the disturbance of the hydraulic
gradient between groundwater bodies, and other
examples of groundwater quality degradation by
excessive pumping of groundwater, are
described by Koussis et al. (this volume). There
is no direct relation between intensive ground-
water abstraction and pollution accidents.
However, the lateral movement of pollutants
along the flow path towards the depression cone
of pumping wells is often observed. 

Various criteria are used to classify ground-
water pollution. The commonly used classifica-
tion system based on the extent and source of
pollution is used in the following description of
pollution sources.

3.2.1 Point pollution sources

The most frequent point pollution sources with
an impact on groundwater quality are industrial
sites, mining areas and uncontrolled waste dis-
posal sites. According to EEA (1995), the poten-
tial pollution of groundwater by point sources
does not cover more than 1% of the European
territory. However, point pollution sources
mostly occur close to municipal areas or rural
settlements and have serious impacts on the
quality of public or domestic groundwater sup-
plies. Oil products, heavy metals and various
organic compounds are the most prominent pol-
lutants of the groundwater system. 

The impact of point pollution sources on
groundwater quality mostly has a site-specific
extent only. However, when pollution is not
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timely identified and the pollution plume
reaches the groundwater table and moves
through the saturated zone, groundwater pollu-
tion could be detected at a considerable dis-
tance (several hundred metres or even kilome-
tres) from the pollution source. The pollution
of public groundwater supplies due to the
impact of point pollution sources located far
from water supply wells is well known in sev-
eral countries. In many cases, water supply sys-
tems have to be abandoned because groundwa-
ter pollution is irreversible.

a) The impact of industrial effluents on
groundwater quality

Sources of industrial pollution are uncontrolled
leaks from poorly designated and improperly
located ponds, lagoons, pits, basins or ditches,
which serve for disposal liquid or solid industri-
al wastes, many of them hazardous. Production
of industrial wastes is enormous. The OECD
(1993) estimates that the worldwide annual
amount of industrial wastes is 2,100 million tons
and about 338 million tons are hazardous wastes
with a content of metallic compounds, halo-
genated solvents, cyanides, phenols and other
toxic pollutants. 

Metal plating techniques mostly produce acid
wastes with hexavalent chromium, cadmium,
lead, zinc and other metals, cyanides, phenols,
oils, benzene, thiosulphate, etc. The tannery
industry’s wastes are rich in dissolved chloride,
sulphide and chromium; the textile industry’s
wastes contain heavy metals, dyes and
organochloride compounds; petrochemical and
fat processing industries produce various kinds
of oil wastes. The pulp and paper industry waste
contains organic matter, chlorinated organic
substances and toxins. Chemical and pharma-
ceutical industries generate a wide range of haz-
ardous organic and inorganic wastes that are
extremely dangerous for groundwater quality.

Petroleum products (gasoline, petroleum,
kerosene, diesel fuel, oil, lubricants and emul-
sions) belong among the broadest point pollu-
tion sources of groundwater. Petroleum
spillages are reported particularly during the
operation and handling (oil refineries, oil pro-
cessing plants, filling stations), storage and
transport of oil. The taste and odour of ground-
water polluted by petroleum products make
water unfit for drinking purposes before the
product concentration becomes a health risk

(aromatic and oliphatic hydrocarbons in a con-
centration lower than 10 µg/L and in drinking
water treated with chlorine already in a concen-
tration of 1 µg/L).

Migration and transformation processes of
petroleum products in the unsaturated and satu-
rated zone depend on the nature of the rock-
groundwater system and physical and chemical
properties and the quantity of the petroleum
product discharged. Oil hydrocarbons in a
gaseous or liquid stage are generally well
detectable by remote sensing and other monitor-
ing systems still in the unsaturated zone.

Gravity, viscosity, density, solubility, sorp-
tion ability, microbial processes and emulsifica-
tion control the degree and rate of vertical pene-
tration and lateral spreading of oil hydrocarbons
in the groundwater system. Viscosity and densi-
ty affect the degree and rate of oil product pene-
tration and migrations in the subsurface. Light
nonaqueous phase liquids (LNAPL), whose vis-
cosity is higher and density lower than water
(gasoline, kerosene, diesel-fuel, light oils), flow
on the immiscible phase on the groundwater
table when they reach the saturated zone. Dense
nonaqueous phase liquids (DNAPL), with vis-
cosity lower and density higher than water
(asphalt, heavy oils, lubricants), penetrate the
deeper parts of the aquifer and accumulate at its
bottom. Lateral migration of LNAPL is con-
trolled by the groundwater flow gradient.
DNAPL movement follows the slope of the
underlying impermeable strata of the aquifer.
Selective sorption occurs during the percolation
of petroleum products in the groundwater sys-
tem (non-polar compounds, for example, fall in
the sequence olefin → aromatics → cyclanes →
alkanes). The study of sorption processes helps
to predict the duration and intensity of oil hydro-
carbon pollution and the time necessary for the
remediation of polluted groundwater.
Evaporation of petroleum products is another
important indicator of the underground extent of
groundwater pollution. Petroleum products in a
gaseous phase spread in the unsaturated zone by
diffusion and are well detectable by monitoring
the soil. Microbial processes have a significant
influence on the rate of degradation of petrole-
um products. Biodegradation processes are
much more intensive in aerobic conditions,
however they also occur in an anaerobic envi-
ronment. Free oxygen, nutrients, carbon and
temperature conditions control the rate of micro-
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bial processes. Various micro-organisms accel-
erate the breakdown of oil hydrocarbons and are
used in the remediation of polluted groundwater.

b) The impact of mining on groundwater
quality

Uncontrolled leakages of wastewater from ore
washing and dressing facilities, coal preparation
and other post-extraction processing of mining
material, uncontrolled leakages from tailings,
piles, evaporation ponds and further disposal
sites of extracted mine materials and excessive
pumping of mine waters, produce a wide range
of impacts on groundwater quality.

Mine waters are mostly very acid (pH ≤ 4)
and contain various kinds of mobile soluble
anion complexes of heavy metals released by
the oxidation processes of metal sulphides, par-
ticularly present in ore bearing deposits. Iron
sulphide (pyrite) is frequently present in coal,
which in an air-water environment oxidises and
forms ferrous sulphate and sulphuric acid.
Aluminium, manganese, calcium, sodium,
which along with iron and sulphate are potential
pollutants of groundwater, are produced in high
concentrations by the secondary reaction of sul-
phuric acid. Brine discharge from salt potash
and iron mines contains a high content of dis-
solved salts. Groundwater saline pollution by oil
brines is usual in all oil fields.

Lowering of groundwater levels in mining
areas by water abstraction creates suitable con-
ditions for oxidation processes in unsaturated
zones, whose intensity controls temperature, pH
and Eh. Dissolved oxygen in percolation water
drifts down to the groundwater table and sup-
ports chemical interactions in the groundwater-
rock system.

Groundwater pumping in mines located in
coastal areas disturbs the equilibrium between
the freshwater-saline water interface, which
leads to uncontrolled saline intrusion and
aquifer salinization. 

c) The impact of radioactive wastes on
groundwater quality

Wastewater leakage from uranium mines, land
disposal of radioactive wastes and tailings from
milling are the most risky activities with
respect to the potential impact on groundwater
quality.

In situ leach mining technology of uranium
sedimentary deposits is based on the injection of

a leach solution (acid or alkaline) into the urani-
um formation and the removal of the enriched
solution by pumping production wells. During
the leach mining process, groundwater is pollut-
ed by chemicals present in the leaching solution
and by radionuclides and must be treated. A
serious impact occurs when polluted ground-
water flows outside of the mining field 
through the hydraulic barrier formed by the 
production wells. Such groundwater pollution
has been recorded in the Czech Republic, where,
in the past, uranium reached sediments were
mining by the acid leaching system. A large 
cretaceous aquifer used for several municipal
water supplies was polluted by uranium and sul-
phates. 

Uranium mining produces a large amount of
wastes with a content of uranium, thorium, radi-
um and radon gas. Released 226Ra poses a risk to
the aquatic system because of the long time of
half-life and high radiation. Reactor waste with
a high content of acid water rich in nitrates, alu-
minium and a wide range of radionuclides of
different half-life and type of radiation also
poses a significant potential threat to groundwa-
ter quality.

d) The impact of uncontrolled waste disposal
sites on groundwater quality

Uncontrolled waste disposal sites, often with an
unknown composition of disposed wastes,
improperly located (in permeable sediments
above shallow aquifers, in the proximity of sur-
face water bodies), poorly constructed (without
liners and other techniques to prevent uncon-
trolled leaks) and without operation of water,
gas and leakage monitoring systems, are signif-
icant potential pollution sources of groundwater.
The impact of landfills on groundwater quality
studied by Knoll (1969) demonstrated a signifi-
cant long-term increase in organic substances,
sulphate and chlorine in the aquifer below the
landfill after 40 years of refuse disposal.
Organochlorine compounds and other organic
solvents and residues, heavy metals, pigments,
oil hydrocarbons, phenols and other hazardous
substances could be present in an elevated con-
centration in leakages from abandoned or poor-
ly constructed waste disposal sites. Cases of
groundwater quality deterioration by uncon-
trolled pollutant migration under landfills are
well known in many parts of the world.
Groundwater abstraction sites located in the
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range of influence of disposal sites should be
protected against release pollutants spreading in
a groundwater flow field, by the hydraulic barri-
er located between the pollution source and the
water abstraction place.

3.2.2 Multipoint pollution of groundwater

Urban and rural areas are significant sources of
multipoint and heterogeneous pollution of
groundwater. Insufficient handling, treatment
and management of household wastes and
wastewater, industrial effluents, uncontrolled
waste disposal sites, rain and melt waters and
salt water intrusion in coastal areas are the main
sources of multipoint pollution of municipal
groundwater (Jackson et al. 1980, Matthess
1982, Vrba 1985, RIVM 1992). 

Dissolved organic compounds (chloride, sul-
phate, nutrients –nitrogen and phosphate), path-
ogenic micro-organisms’ (bacteria and viruses)
trace elements and various types of household
surfactants present in urban wastewater are the
most potential threats to groundwater quality.
However, uncontrolled leaks from urban indus-
trial and commercial facilities are also signifi-
cant potential sources of groundwater pollution
by heavy metals, organic chemicals, immiscible
organic fluids and phenols. 

In rural areas the most frequent sources of
groundwater pollution are unsewered sanitation
systems (latrines, cesspools or septic tanks),
which may cause degradation of groundwater
quality in domestic and public water supply
wells. Pathogenic micro-organisms, chloride,
nitrate, ammonia, household detergents and dis-
infectants are the main pollutants of groundwa-
ter in rural settlements and are the cause of
infections, illnesses and the mortality of the
rural population in many developing countries.

3.2.3 Non-point pollution sources

The only widely occurring groundwater pollu-
tant that is reported with respect to non-point or
diffuse pollution is nitrate originating from
organic and inorganic fertilisers applied to
arable land. However, the pollution of ground-
water by pesticides and groundwater quality
degradation as a consequence of irrigation
return flow are also recognised as a serious dif-
fuse pollution problem in a large number of
countries. 

a) The impact of fertilisers on groundwater
quality

The intensification of agricultural production
with the aim of assuring the food supply and
increasing per capita food consumption for
expanding, and in several regions of the world,
malnourished populations creates a serious
impact on the quality of water resources. In
Europe and the USA, groundwater quality is
much more affected by diffuse nitrate pollution
than in other continents. In several areas with
intensive farming activities, nitrate levels in
shallow aquifers are above 50 mg/L. According
to Stanners & Bourdeau (1995), the nitrate con-
tent reaches the European Union target value
(25 mg/L) in 87%, and the drinking water stan-
dard (50 mg/L) in 22% of shallow aquifers
under agricultural soil in Europe. In the USA,
particularly in the mid-continental Corn Belt,
where nearly 60% of the nitrogen fertilisers of
the whole United States are applied, high
aquifer nitrate pollution (150 mg/L NO3-N) can
be found in many regions (Hallberg 1989,
Spalding & Exner 1991). An NO3-N content of
40 to 60 mg/L is also reported in groundwater in
several irrigated valleys in California and other
irrigated areas of the USA (Keeney 1986).
However, high contents of nitrate in shallow
wells are mostly a consequence of poor well
construction and the location of wells in the
proximity of animal corrals and cattle feeding
areas. A high nitrate content is observed mainly
in shallow phreatic aquifers under well-drained
thin and/or sandy soils. 

Nitrate pollution of groundwater in rural
areas in developing countries is mostly affected
by point pollution sources. The quality of
groundwater in public and domestic wells is
affected by their poor construction, being locat-
ed close to pollution sources (septic tanks,
latrines, animal slurry dumps) or by excrements
surrounding some water supply wells used as a
watering place for animals. The high content of
nitrate and coliform bacteria in groundwater in
many rural wells can lead to serious health haz-
ards.

Potassium and phosphate compounds are
derived from fertilisers and liquid and solid ani-
mal wastes. Due to their lower solubility and
mobility, absorption in clay minerals and use in
the biological cycle, they accumulate in the soil
and in the upper part of the unsaturated zone and
their impact on groundwater quality is not usual.
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However, groundwater phosphate pollution con-
ditions may arise in agricultural regions with a
large livestock concentration and a high manure
production. The application of 300 kg/ha/yr and
more phosphate may affect groundwater quality. 

Metals, such as cadmium, copper, nickel,
molybdenum and chromium derived from cer-
tain inorganic fertilisers accumulate in the soil
and affect its fertility, but they are not recorded
in elevated concentrations in groundwater. 

Sustainable management of groundwater
quality in agricultural areas requires keeping
dynamic stability of the soil organic matter in
which the nitrogen pool is substantially larger
than nitrogen input through agricultural activi-
ties. The high priority task is the restriction of
the processes that lead to the mineralization of
organic nitrogen, as mineralised nitrogen (as
soluble nitrate) is washed out from the soil-root
zone into the groundwater system. The nitrogen
and carbon balance is essential for gaining
insight into the physical, chemical and biologi-
cal processes that take place in the soil-unsatu-
rated zone and which control the amount of
nitrogen leached into the saturated zone. The
perturbation of the organic carbon and nitrogen
balance in soil particularly occurs when the tra-
ditional crop rotation is replaced by monocul-
tures. The content of N-NO3 is usually higher in
the unsaturated zone than in the aquifer. Short-
term cyclic changes in the nitrate content in
groundwater depend mainly on seasonal climat-
ic conditions during the year. The long-term
increasing trend of the nitrate content in ground-
water reflects the farming impact. Observation
in many agricultural regions proved nitrate ver-
tical zonality in the groundwater system.
Monitoring nitrate distribution in the vertical
profile of the unsaturated and saturated zone is
important when preventive measures of ground-
water protection and conditions of aquifer sus-
tainable exploitation have to be defined.

Due to the great areal extent of diffuse nitrate
pollution, applying subsurface clean-up tech-
niques is ineffective. Control measures depend
above all on the steps taken in the agricultural
sector (selecting suitable crops, designating a
sowing rotation system, selecting suitable kinds
of fertilisers and determining how much, when
and how they are applied, selecting suitable cul-
tivation techniques, especially tillage). In the
sphere of groundwater management, control
measures can be focused on symptomatic

actions only, not eliminating the causes of
groundwater pollution.

There is no direct relation between intensive
groundwater exploitation and groundwater dif-
fuse pollution in agricultural regions. However,
protecting groundwater public supplies leads to
the consecutive reduction of human activities in
protection zones established around abstraction
wells. Crop and root crop farming should be
limited and controlled, particularly in recharge
and vulnerable areas of the groundwater supply
source. The objective evaluation of farmers’
interests and the allocation of benefits and costs
between the agricultural and water sectors are
the key factors in the strategy of effective utili-
sation of soil and water resources in the ground-
water protection zones. 

b) The impact of pesticides on groundwater
quality

For several decades, the aquatic system has been
exposed to the impact of various types of pesti-
cides widely used in agriculture throughout the
world. In Europe, according to the model calcu-
lation of RIVM-the Netherlands (Boesten & van
der Linden 1991), the pesticide standard of
drinking water is exceeded more than ten times
in 20% to 25% of the agricultural areas in EU
countries. In the USA, systematic monitoring of
pesticides in groundwater has been reported
since the beginning of the 1980s. Aldicarb,
atrazine, ethylene dibromide and other kinds of
pesticides have been found in many wells in
California, Florida, Hawaii and other states of
the USA.

Groundwater vulnerability to pesticides is
high in shallow phreatic aquifers below coarse
or light textured sandy soil with high moisture
and a low content of organic matter. Pesticides
are mainly organic compounds and can be divid-
ed into ionic and non-ionic groups (Vrba &
Romijn 1986). Ionic pesticides are mostly more
soluble than non-ionic ones and in solution may
be fixed in the soil or the unsaturated zone by
soil organisms and by absorption to organic mat-
ter or clay. A special future of microbial metab-
olism and biodegradation has to be kept in mind
in the process of broken-down pesticides. There
are differences in the persistence of various
groups of pesticides in the soil. In general, the
most resistant are toxic organochlorine insecti-
cides, which were used without any limitations
even in the 1950s. Priority should be given to
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rapidly degradable types of pesticides (preda-
tors, hormone stimulators, pheromones, etc.),
using the synergic effects of the pesticide mix-
ture and so reduce their potential adverse affect
on groundwater quality.

c) The impact of irrigation return flow on
groundwater quality

Groundwater quality deterioration of areal
extent as a consequence of irrigation return flow
is recognised in many countries, particularly in
semi-arid and arid zones. The increase in the
content of dissolved solids in groundwater
occurs in areas with over-irrigated soil without
relevant drainage, which leads to the groundwa-
ter level rising and to an increase in evapotran-
spiration. By repeated irrigation, leached salts
from the soil are transported to the underlying
aquifers and groundwater quality deteriorates.
Irrigation by water rich in nutrients is a source
of a high content of nitrate in groundwater
aquifers below sandy soils. In arid areas, desert
soils contain a high amount of natural salts,
which are leached by irrigated water and pene-
trate and degrade the groundwater quality of
shallow vulnerable aquifers. 

3.2.4 The impact of line pollution sources on
groundwater quality

Uncontrolled leaks of various pollutants during
road and railway transport and from municipal
and rural sewerage networks, oil and gas
pipelines and polluted surface streams are the
main potential line pollution sources of ground-
water.

Polluted runoff water from road surfaces (oil
hydrocarbons, various salts applied in several
countries in the winter season), soil and ground-
water acidification by transport emissions and
particularly spills of various substances due to
road accidents, can have an immediate effect on
groundwater quality in areas where roads are
crossing vulnerable areas of aquifers. In many
countries, the law bans the transport of oil and
other hazardous material on roads located in
water supply protection zones. Spills of liquid
chemicals transported by tankers and released
by train accidents have similar consequences on
groundwater quality.

Uncontrolled leaks of waste and ballast water
from defective municipal and rural sewerage
networks are risky for shallow phreatic aquifers

frequently used as the drinking water supply
source. Seepage losses of wastewater from
channels discharging household liquid wastes
from rural and urban settlements in less devel-
oped countries have similar impacts on ground-
water quality. Microbial pathogens and synthet-
ic surfactants are the most frequent pollutants of
groundwater.

Accidental spills and uncontrolled leaks of
petroleum products and liquid gas from buried
pipelines are recorded in many countries and are
a source of groundwater pollution by oil hydro-
carbons, propane, butane and other petrochemi-
cals. 

3.2.5 The impact of atmospheric pollution
sources on groundwater quality 

Acid atmospheric emissions (sulphur dioxide:
SO2 and nitrogen oxides: NOX) are transported
hundreds of kilometres across countries and
their chemically converted products (sulphuric
and nitric acids) are potential sources of region-
al transboundary acidification of the soil and
water bodies. Their influence on groundwater
quality (lowering pH values, increasing the con-
tent of aluminium sulphates and heavy metals)
has been recognised in several industrial regions
in Europe (Holmberg 1987, EEA 1995).

4 GROUNDWATER QUALITY
MONITORING

Groundwater quality monitoring plays an
important role in the policy of groundwater pro-
tection and quality conservation and effectively
supports sustainable groundwater quality man-
agement. It provides a valuable base for assess-
ing the current state of and forecasting trends in
groundwater quality and helps to clarify and
analyse the extent of natural processes and
human impacts on the groundwater system in
time and space. Credible and accurate ground-
water quality data should be available and read-
ily accessible through data management systems
to planners, regulators, decision- and policy-
makers and managers. The data should also help
to increase active public participation in the
process of groundwater quality protection.

Groundwater quality monitoring pro-
grammes operate at international and national
levels (background monitoring) and on regional
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and local levels (specific monitoring). The
objectives of each of the above programmes
govern the design of monitoring networks, the
construction of monitoring wells, the frequency
and methods of measurement and sampling and
the number of variables to be measured and
analysed. Regional and local monitoring net-
works should observe changes in groundwater
quality owing to intensive exploitation.

Existing monitoring strategies tend to focus
attention primarily on identifying and control-
ling the consequences of groundwater quality
deterioration and not on the preventive protec-
tion of groundwater quality. An early warning
monitoring strategy is therefore needed, which
detects groundwater quality problems before
massive groundwater quality degradation
occurs. This strategy supports sustainable
groundwater quality management and protec-
tion policies and helps to identify human
impacts when they are still controllable.

Early warning monitoring, an integral part of
groundwater quality monitoring programmes, is
broad in nature, has different objectives,
requires a progressive and gradual approach and
covers both short-term and long-term policies.
The early warning groundwater quality monitor-
ing strategy supports:

• Evaluation of the chemical composition
and evolution of natural groundwater.

• Identification of new groundwater pollu-
tion risks.

• Problem solution at a controllable and man-
ageable stage.

• Decision-making, considering potential
risks, conflicts and competitive factors
between social and health implications,
sustainable economic development and a
groundwater quality protection activity.

Early warning groundwater quality monitor-
ing also plays an important role in identifying
changes in groundwater quality caused by inten-
sive aquifer abstraction. Monitoring should be
focused, among others, on the early detection of
saltwater intrusion into coastal aquifers, the
intrusion of poor quality surface water into adja-
cent aquifers, the penetration of contaminants
into the groundwater system from point and
non-point pollution sources and from irrigation
return flow, the lateral movement of a pollution
plume to the abstraction wells, the upward pen-
etration of highly mineralised water from under-
lying aquifers into exploited superposed

aquifers and on changes in the groundwater
quality of public supplies.

Different approaches must be applied for
early warning groundwater monitoring accord-
ing to the specific characteristic of the ground-
water system studied. Various monitoring meth-
ods that facilitate the early detection of changes
in groundwater quality have to be implemented,
mainly: remote sensing methods, soil gas sur-
veys and deep profiling of the unsaturated zone
and saturated aquifers through specially located
and designed monitoring wells. 

Groundwater quality early warning monitor-
ing systems will alert managers about ground-
water quality deterioration at an early stage, thus
allowing them a sustainable operation and pro-
tection of the aquifer system. Early warning
monitoring systems of public water supplies
include production wells or springs and moni-
toring wells located in protection zones that usu-
ally cover vulnerable and recharge areas of the
water supply source. 

Early warning groundwater quality monitor-
ing is not only technically demanding, but also a
financially expensive process in terms of capi-
tal, installation, operation and maintenance
costs. However, the implementation of a early
warning groundwater monitoring strategy is
many times less expensive than the costs related
to aquifer remediation and investments needed
to overcome social and ecological damages of
groundwater pollution. 

5 GROUNDWATER VULNERABILITY
ASSESSMENT

Assessment of groundwater vulnerability based
on relevant monitoring data is an important step
in the evaluation of the impact of intensive
aquifer exploitation on groundwater quality.

The concept of groundwater vulnerability is
based on the assumption that: 1) all groundwater
is vulnerable to various degrees to natural and
human impacts; and 2) the physical environment
provides some level of protection of the ground-
water system. Vulnerability of groundwater is a
relative, non-measurable, dimensionless proper-
ty. The accuracy of vulnerability assessment
depends particularly on the amount, quality and
representativity of available data. 

There are various definitions of groundwater
vulnerability. However, many authors have con-
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sidered vulnerability as an intrinsic property of a
groundwater system that depends on the sensi-
tivity (ability) of that system to cope with both
natural and human impacts. Intrinsic (or natural)
vulnerability depends solely on geological and
hydrogeological attributes. The specific vulner-
ability of the groundwater system is mostly
assessed in terms of the risk of the system
becoming exposed to contaminant loading.

Groundwater intrinsic vulnerability attributes
of primary importance are recharge (usually
expressed as annual net recharge), soil (particu-
larly texture, structure, thickness, and the con-
tent of organic matter and clay minerals), unsat-
urated zone (thickness, lithology, and vertical
permeability), and saturated zone (permeability,
hydraulic conductivity, and transmissivity).

The main parameter in the assessment of spe-
cific groundwater vulnerability is the attenua-
tion capacity of the soil, unsaturated zone and
saturated aquifer with respect to the properties
of a particular contaminant or a group of con-
taminants.

When assessing groundwater vulnerability,
different weights and rating may be assigned to
the attributes, according to their importance for
the vulnerability assessment. Weighting and rat-
ing methods developed by various authors usu-
ally give a high rating to the soil and unsaturat-
ed zone.

Vulnerability assessment mostly concerns the
uppermost aquifers (first aquifer under the
ground). Assessment of deeper aquifers is less
frequent. Groundwater vulnerability is usually
expressed and depicted on vulnerability maps.
Vrba & Zaporozec (1994) give an overview of
the methods of groundwater vulnerability
assessment and mapping.

The assessment of specific vulnerability to
pollution is particularly important in cases of
shallow, phreatic and intensively exploited
aquifers. The assessment of the vulnerability of
deeper semi-confined or confined intensively
exploited aquifers should concern changes in
groundwater quality. Various isotopes (2H, 3H,
14C, 18O) and their multiple application should
be used to assess changes in the age, origin and
flow paths of the groundwater system, as
important attributes of groundwater vulnerabili-
ty. Groundwater level decline, base flow change
and variations in the age and origin of ground-
water will be important indicators of ground-
water vulnerability to intensive exploitation.

Aquifers with a limited thickness and areal
extent and low storage capacity are the most
vulnerable to excessive pumping. In arid and
semi-arid areas, the response of aquifers to
intensive groundwater abstraction, which is a
structural characteristic, could be much more
significant than aquifer sensitivity to variable
recharge. Such sensitivity, if combined with the
risk of drought that affects the groundwater sys-
tem and its resistance to drought, could be
assessed, classified and mapped. It is a useful
concept for planning water supply projects,
since it indicates the reliability of the resource
(Khouri 1993).

6 THE IMPACT OF THE INTENSIVE USE
OF AQUIFERS ON GROUNDWATER
QUALITY

To recognise and assess the response of aquifers
to intensive exploitation, available background
data about groundwater quality must be evaluat-
ed before aquifer abstraction is initiated. Such
data should be compared against future changes
in groundwater composition caused by pumping
and interpreted in a compatible manner with
groundwater level depletion or other aquifer
hydraulic responses. However, such groundwa-
ter quality data are not always available or are
scarce, because a relevant groundwater monitor-
ing system was not established.

Recognition of the impact of intensive
abstraction of aquifers is nearly always based on
hydraulic phenomena. However, subtle changes
in the groundwater chemical composition
caused by pumping may often be observed
before becoming evident from groundwater
level decline. Therefore, groundwater quality
monitoring should be implemented and targeted
on the specific groundwater quality problem
caused by intensive aquifer exploitation, land
use changes, pollution impact or well failure.
Specific chemical variables relevant to human
impact should be identified and analysed. Well
construction, sampling methods and frequency
and the whole groundwater quality monitoring
programme must be adapted with respect to var-
ious scenarios of groundwater quality degrada-
tion. In the following text, the effects of the
intensive use of aquifers will be described and
their consequences on groundwater quality eval-
uated. 
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6.1 Seawater intrusion into coastal aquifers

Seawater intrusion into coastal aquifers is the
most frequent manifestation of groundwater
quality deterioration caused by the intensive
exploitation of groundwater resources.
However, the risk of groundwater saline intru-
sion in coastal zones also depends on location of
abstraction wells, technical aspects of well con-
struction (well screen location) and depths
and/or hydrogeological conditions (hydraulic
gradient, groundwater flow direction, aquifer
geometry and properties).

A significant proportion of the world’s pop-
ulation (nearly 70%) lives in heavily urbanised
coastal zones, where water resource require-
ments of drinking water supplies, industry,
agriculture and tourism are extremely high.
However, sustainable water resource manage-
ment is often lacking or underestimated.
Mismanagement of coastal aquifers leads to a
disturbance of the equilibrium between the
fresh, brackish and salt water interface and
consequently to the spreading of groundwater
salinization into inland regions far from the
coast.

6.1.1 Saltwater-freshwater interface

The saltwater-freshwater interface in coastal
unconfined aquifers under hydrostatic condi-
tions has been expressed by Ghyben (1888) and
Herzberg (1901) by the equation

df 
hs =                   hf (1)  

ds – df

where hs = distance below mean sea level at the
freshwater/saltwater interface; hf = distance
from the groundwater table to mean sea level; ds
= density of saltwater (1.025 g/cm3); df = densi-
ty of freshwater (1 g/cm3).

When the groundwater table is lowered 1 m,
then the relationship between hs and hf is

1
hs =                    hf = 40 hf (2)  

1.025 – 1

and the saltwater interface will move 40 m
upwards. Thus the freshwater-saltwater system
is very sensitive to groundwater withdrawal,
even if the lowering of the groundwater head is
small.

However, when the groundwater head goes
up and allows discharge to the sea and there are
conditions of steady-state groundwater flow into

the sea, Hubbert’s concept (1940), based on
groundwater flow net, should be applied.

A numerical technique for calculating the
transient position of the saltwater front in a con-
fined coastal aquifer considering dispersion was
presented by Pinder & Cooper (1970).

The salt-fresh water interface is not a sharp
contact, but mixing brackish water forms a tran-
sitional zone between both water bodies. The
thickness of the diffuse zone of brackish water
determines the exact position of the interface,
particularly when the diffusion zone, controlled
by the dispersion of the aquifer system, is exten-
sive. Tidal fluctuations, stream flow changes
and the volume of groundwater flow towards the
seashore affect the equilibrium of the fresh-salt
water interface in coastal zones. However, their
influence is much lower than the human impact
caused by groundwater intensive exploitation.

Seawater chemical composition significantly
affects groundwater quality when the state of
equilibrium between these two water bodies of
different densities is disturbed.

The salt content of seawater is approximately
35 g/kg and varies in coastal seawaters. The
average concentration of major dissolved solids
in seawater is shown in Table 1. Chloride, a
major component of seawater, is primarily an
indicator of seawater intrusion into the coastal
groundwater system (when there are no other
sources of saline contamination). The seawater
pH is determined by the system CaCO3-CO2-
H2O and is close to 8 (Matthess 1982). Revelle
(1941) proposed the chloride-bicarbonate ratio
as a good indicator to recognise seawater intru-
sion into coastal aquifers. A low calcium-mag-
nesium ratio may also help to identify saltwater
intrusion into coastal groundwater.

Table 1. Average composition of seawater in mg/kg, after
Culkin (1965) and Turekian (1969).

Ion Concentration (mg/kg) 

Cl 19,350 – 19,400 

Na 10,760 – 10,800 

SO4 2,712 

Mg 1,290 – 1,295 

Ca 410 – 413 

K 387 – 392 

Br 67 

B 4 – 4.45 

F 1 – 1.3 
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6.1.2 Some examples of saline intrusion into
coastal aquifers

Serious groundwater quality problems caused
by seawater intrusion are reported by many
regions throughout the world.

In China, particularly in the coastal zones of
Shandong, Hebei and Liaoning provinces, sea-
water intrusion causes significant aquifer quali-
ty deterioration. Thousands of hectares of fertile
farmland was damaged and many pumping
wells became useless.

In the cities of Longkow and Laizhou, in
Shandong province, the total saline water intru-
sion area reached 360 km2 and the groundwater
table drop reached 10 m.b.s.l. More than 2,000
wells were abandoned because excessive pene-
tration of saline water occurred or groundwater
table declined below the bottom of the wells
(Xueyu & Longcang 1992). In shallow aquifers
developed along the coastal zone of Laizhou
bay, the seawater intrusion increased up to
40 km2/yr during the 1980s. Groundwater salin-
ity grew from 0.45 g/L to 5.25 g/L in one decade
and the average chloride content reached
3–4 g/L (Jichun et al. 1992). Groundwater salin-
ization led to shortages of groundwater
resources used for drinking and irrigation pur-
poses and significantly affected province econo-
my, particularly agricultural production.

Excessive groundwater pumping has also
caused aquifer salinization in the littoral area of
the North plain of Hebei province. The ground-
water chemical composition changed from the
HCO3-Ca type to the Cl-Na type in one decade
(Dehong & Zhengzhou 1992).

Numerous places of lateral seawater intrusion
into coastal aquifers are also reported in
Vietnam. At Ho Chi Minh city, for example, the
withdrawal of groundwater was 80,000 m3/d at
the beginning of the 1960s and saline intrusion
was not identified. However, when the pumping
rate reached 160,000 m3/d and the water table
was lowered to 4–11 m (end of the 1960s), sea-
water intrusion extended over 75% of the city
area.

Seawater intrusion is also reported in several
countries in Central and South America.

Aquifer overexploitation has resulted in
saline intrusion for distances up to 25 km from
the coast in Northern Mexico (Foster 1991).
Many production wells polluted by saline water
were abandoned and agricultural production was
significantly affected.

Excessive exploitation of shallow aquifers
developed in fluvial deposits in the northern part
of the coast plateau of Falcón state (Venezuela)
has led to groundwater tables falling up to
22.5 m.b.s.l. Related lateral penetration of saline
water has resulted in the sharp increase of TDS
(3,500 mg/L), chloride (1,500 mg/L) and
Cl/HCO3 ratio from 1 to 15 (Alvarado 1991).

Lateral seawater intrusion caused by exces-
sive pumping of the coastal Puelche aquifer in
the Mar del Plata municipal area (Argentina) is
reflected in the high salinity (20 g/L) of ground-
water. The saltwater coastline extended 75 m/yr
into the continent as a result of mismanagement
of the groundwater supply system and 15 water
supply wells have had to be abandoned (Auge
1991).

Groundwater quality deterioration as a result
of intrusion of saltwater is also a serious prob-
lem in many European regions, especially along
the Mediterranean, Baltic and Black Sea coasts.

Seawater intrusion into coastal karstic
aquifers has been recorded in the Apulia penin-
sula in Southern Italy (Grassi & Tadolini 1991).
More than 80,000 wells were drilled in an
anisotropic carbonate formation with markedly
different rates of permeability, variable yield
(5–50 L/s) and drawdown (1–130 m). Due to
excessive groundwater pumping, saline intru-
sion has extended from the coastal belt to the
whole territory of the southern part of the penin-
sula and groundwater salinity reached
10–15 g/L.

Guimerá & Candela (1991) described
increases of up to 40% of seawater presence in
the coastal detrital Maresme aquifer located
north of Barcelona (Spain) from 1989 to 1999.
Electrical conductivity reached more than
40,000 µS/cm in this small, highly vulnerable
aquifer. The extension and intensity of seawater
intrusion is related to industrial and municipal
uncontrolled groundwater abstraction.

The consequences of the excessive exploita-
tion of the Baix Llobregat aquifers (Spain)
have been studied by means of environmental
isotope techniques (Iríbar et al. 1991). These
small and highly permeable alluvial and delta
aquifers are exploited for urban water supply
and irrigation (since the late 19th century) and
industry (since 1920). Environmental isotope
studies combined with chloride data have doc-
umented that seawater intrusion occurred as a
result of excessive pumping affecting the
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groundwater quality of 30% of the area of delta
aquifers.

6.1.3 The sustainable management of coastal
groundwater resources

Several methods should be applied to control
seawater intrusion and to manage coastal
groundwater resource quality in a sustainable
manner. The most effective and economically
reasonable method of groundwater quality
improvement is the reduction of the groundwa-
ter pumping rate, based on the calculation of the
maximum permissible drawdown of the ground-
water table, which still excludes seawater intru-
sion. Other methods, such as the construction of
underground barriers, the artificial recharge of
aquifers through infiltration wells, channels or
galleries, hydraulic barriers caused by pumping
from wells located parallel to the coastline, or
the relocation of pumping wells, are less effec-
tive and financially more demanding techniques
in the improvement of groundwater quality.

Implementing all the above-mentioned meth-
ods of groundwater quality restoration is a cost-
ly, long-term and technically demanding process
and often water supply wells have to be aban-
doned temporarily or permanently.

The design of the early warning groundwater
monitoring system, located between the coast
and groundwater supply wells, supports the
detection of saline intrusion into coastal aquifers
when problem solution is still at a controllable
and manageable stage. The design of monitoring
wells has to make it possible to obtain water
samples within particular depth intervals in an
aquifer. The best method of identifying the
fresh-salt water interface is electrical logging
carried out in monitoring wells.

6.2 The impact of the surface water-
groundwater interface on groundwater
quality

Many shallow alluvial aquifers are hydraulical-
ly and hydrologically connected with surface
water bodies. Hydraulic gradients between sur-
face water and groundwater control the possibil-
ity of bank infiltration of surface water to the
adjacent aquifers and vice versa. In natural con-
ditions, surface water flow comes from a mix-
ture of surface runoff and groundwater inflow.
Stream flow response to specific precipitation

events reflects short- and long-term seasonal
fluctuations and changes in the hydraulic head
of surface water and groundwater bodies.
During long dry periods, surface flow depends
almost exclusively on groundwater. Under such
so-called base flow conditions, the water quality
in the stream reflects the quality of the underly-
ing aquifers. 

Uncontrolled abstraction of shallow aquifers
in the vicinity of the surface water body disturbs
the natural surface water-groundwater interface
and creates conditions, when the depression
zone reaches the stream and surface water is
induced into the aquifer. The transformation of
gaining stream to losing stream provoked by the
change in the hydraulic gradient may have seri-
ous environmental, social and economic conse-
quences, particularly when surface water is pol-
luted. However, the penetration of polluted sur-
face water into underlying aquifers may occur
far from the pollution source, where the river is
a losing stream and the conditions of surface
water infiltration are set in. A similar hydraulic
situation occurs when, in gaining stream,
groundwater is polluted far from the place of
discharge into the surface water body. Surface
waters chemically and biologically purify when
they penetrate into fluvial deposits. However,
due to the low attenuation capacity of fluvial
materials (mostly gravels and sands) and the
short resident time of groundwater, high perme-
able alluvial deposits are usually unable to retain
or remove some specific pollutants and exploit-
ed aquifers become long-term polluted.

Surface water pollution through the discharge
of a phreatic glacial aquifer contaminated by
hexavalent chromium, cadmium and copper in
Long Island, New York (USA) was described by
Ku (1980). The source of pollution is metal plat-
ing waste disposed in waste basins which pene-
trated through the unsaturated zone into the sat-
urated aquifer. From there, the pollution plume
(1,310 m long, 300 m wide and 21 m thick)
moved a distance of 1,300 m along the flow path
towards the local creek where a part seeps into
the stream and the remainder flows down gradi-
ent beneath the stream. The calculated ground-
water velocity was approximately 168 m/yr. A
detailed hydrogeological and hydrochemical
investigation, sampling of vertical aquifer pro-
file and the implementation of a two-dimension-
al groundwater mass transport model indicated
that, with complete cessation of all pollutant
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discharges, it would take 7 to 11 years for the
plume, whose upper surface is less than 3 m
below the water table, to move out of the pollut-
ed area and discharge in a surface stream or
migrate under the creek. According to the
model, chromium acts as a conservative ion.
Analysed core samples of aquifer material indi-
cated an average concentration of chromium of
7.5 mg/kg and of cadmium of 1.1 mg/kg. The
adsorption occurred on hydrous iron oxide coat-
ings of the aquifer sandy material.

6.3 The downward and upward influx of poor
quality groundwater from superposed and
underlying aquifers into an exploited
aquifer

The impact of the downward or upward influx
of groundwater from shallow and deep aquifers
on the exploited aquifer owing to the distur-
bance of the hydraulic gradient is reflected in
the change in quality of pumping groundwater.
For shallow groundwater is typical pollution.
Higher mineralization and an elevated tempera-
ture are typical for deep groundwater.

Shallow aquifers are mostly phreatic, vulner-
able to human impact and therefore groundwater
quality is often degraded. The most typical pol-
lutants are nitrate in agricultural areas and oil
hydrocarbons, chlorinated hydrocarbons and
other organic chemicals and heavy metals in
industrial and municipal areas. Pollutant trans-
port in the groundwater system is a complicated
process, which particularly depends on rock
media properties (granular, fractured, karstic).
In granular media, dispersion of contaminant
salts, affected by aquifer heterogeneity and
anisotropy, hydraulic conductivity and the dis-
tance of pollutant migration, mainly control the
solute transport. Spatial distribution, types and
aperture of the fissures control solute transport
in fractured media. However, fissured rocks
should also have primary porosity (sandstones).
Solute transport in these double porosity rocks
should be carefully studied, because water in fis-
sures is not usually in equilibrium with water in
the pores of the rock matrix. In addition, the
degree of diffusion varies. Matrix diffusion is
much more important in fissured porous rocks,
while in opened large fissures pollutant trans-
port occurred without diffusion. Secondary min-
eral coatings on the fissures surface and on the
adjacent porous matrix also significantly affect

the solute transport process. Oxides or carbon-
ates, which coat the fractures, may modify the
fracture diffusion process because they create a
zone of different reactive properties, porosities
and diffusion compared with the adjacent
porous matrix. As a result of big differences
between fracture and matrix water velocities,
the chemical equilibrium of groundwater in
fractured rock media is usually not attained.

Pollutants of groundwater have a different
density, viscosity and solubility and therefore
immiscible displacement processes and multi-
phase flow prevail in solute transport in the
groundwater system. Mobility and transport rates
of pollutants and their attenuation in the ground-
water system are also affected by various physi-
cal (dispersion, filtration and rate of gas move-
ment), chemical (dissolution, hydrolysis, precipi-
tation, adsorption, ion exchange, oxidation,
reduction) and microbial (metabolism, cell syn-
thesis, respiration) processes. The intensity of
such processes depends very much on the prop-
erties of a particular contaminant (especially on
its reactivity) and on the groundwater composi-
tion. A comprehensive investigation is therefore
needed to clarify and assess hydrogeological and
hydrochemical conditions and define sustainable
management of groundwater quality of the
exploited aquifer affected by downward influx of
poor quality water from shallow aquifer.

Groundwater from deeper aquifers is not usu-
ally polluted. However, it is mostly more miner-
alised and of a higher temperature. Their chem-
ical equilibrium is disturbed when mixture of
deep water with water from an exploited aquifer
occurs. According to the low of mass action,
water tends to achieve a new equilibrium.
However, changes in hydraulic and physical
(temperature, pressure) conditions occurring in
the exploited aquifer make it impossible to
attain a new chemical equilibrium.

The solubility of minerals depends on the
space and time contact of groundwater as it
moves along its flow paths in the aquifer system.
The physical, chemical and biological processes
described above affect groundwater composi-
tion and quality. The chemical type of water and
rate of mineralization reflect the rock medium
composition in which groundwater moves. The
volume of deep groundwater discharged into the
exploited aquifer affects the formation of the
chemical composition of abstracted groundwa-
ter. There are all kinds of possible scenarios
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when groundwater from an exploited aquifer
mixes with groundwater from an underlying
aquifer: groundwater quality improves, deterio-
rates or will have a similar quality.

The task of exploited aquifer groundwater
management is to minimise the impact of poor
quality water from superposed and underlying
aquifers on the exploited aquifer.

The following case studies describe the rela-
tion between exploited aquifers and groundwa-
ter quality in superposed and underlying
aquifers. 

Travi & Faye (1991) studied hydrological
and hydrochemical conditions of the downward
influx of groundwater with high fluoride con-
centrations from Eocene aquifers in Western
Senegal. The authors linked the origin of fluo-
ride with the phosphatic root zone with a high
content of fluoride, magnesium and sodium.
Measurements of piezometric levels, combined
with geochemical and isotope studies and F-dif-
fusion modelling, demonstrated that fluoride
mineralization and contamination of exploited
Palaeocene aquifers occur by percolation from
the upper level Eocene aquifers through the
phosphatic roof zone. However, the upward
influx of groundwater with an elevated content
of boron from a deep Maastrichtian aquifer into
superposed Palaeocene aquifers has also been
confirmed by geochemical and isotopic studies.
Research revealed that groundwater in
Palaeocene aquifers is always in the saturated
and over saturated stage with respect to calcite
and dolomite, and Ca2+ and Mg2+ activities are
not modified. The calculation of the chemical
equilibrium based on the extreme value of ionic
strength showed fluoride contents ranging
between 3–4 mg/L. The fluoride mineralization
will be lower in the unconfined part of the
aquifer because of the influence of dilution by
precipitation water in the rainy season. 

The upward influx of poor quality groundwa-
ter into the shallow aquifer owing to large
groundwater decline in the south-eastern part of
the Hebei plain in China was described by
Xiulan et al. (1992). The drawdown of the
groundwater level by intensive pumping reached
20–30 m and extended to an area of 10,000 km2.
Groundwater quality dramatically decreases,
because the deep aquifer contains water with a
high concentration of fluorine. The groundwater
with a fluorine content over 2 mg/L (up to 
8 mg/L) covers 17,000 km2. Another problem is

high alkalinity of deep water used for irrigation.
Alkaline water affected both crop growth and
soil structure and the decrease in the crop yield is
reported over a large agricultural area. 

6.4 Groundwater quality degradation by
lateral movement of the pollution plume 

The lateral movement of various kinds of pollu-
tants owing to intensive aquifer exploitation
with successive impact on groundwater quality
is registered in many countries. Therefore, the
general protection of groundwater resources and
comprehensive protection of water supply sys-
tems should be an integral part of water protec-
tion policy.

The general protection of groundwater
resources calls for: 1) intensification, listing and
control of the existing and potential pollution
sources; 2) establishment and operation of a
groundwater quality monitoring system; 3)
determination and implementation of protective
measures assisted by a relevant legislation; and
4) determination of the aquifer safe yield to sus-
tain groundwater quality and to control pollu-
tants spreading in the aquifer.

Comprehensive protection of groundwater
supply systems should be based on the delin-
eation of protection zones (I and II degree) and
the establishment of a specific management plan
of groundwater resource quality and land use
activities in the protection zones. Determining
the maximum rate of the withdrawal of water
supply wells, controlling groundwater levels, the
extent of the depression cone and calculating the
delay time, are important attributes of ground-
water protection and quality conservation.

However, groundwater quality protection
against pollution migration due to intensive
aquifer exploitation is always a very complex
task. Complex investigation, mapping, monitor-
ing and modelling of climatic, geological and
hydrogeological conditions and the study of pol-
lution transport and transformation processes in
the groundwater system, with respect to pollu-
tion origin and properties are needed to identify
the groundwater pollution risk and to specify the
threats to which the groundwater system is
exposed.

The following examples of pollution of the
groundwater supply system of two big European
cities by lateral movement of chlorinated hydro-
carbons and oil hydrocarbons are given. 
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Beretta et al. (1992) described the excessive
exploitation of aquifers in the Milan urban area in
Italy, where a decrease in the groundwater level of
about 15 m has been recorded in the last 40 years.
The regional extent of the lowering groundwater
table affected infiltration from surface streams
into the shallow aquifer and leakage from this
aquifer into the hydraulically connected underly-
ing aquifer. The depression cone of a number of
water supply wells reached about 100 km2. Many
point pollution sources are present in the highly
industrialised Milan area. The movement of halo-
genated hydrocarbons, identified as the main pol-
lutants, towards the depression cone in the town
centre has been registered. About 30% of existing
wells are polluted and their exploitation must be
stopped. An improvement in groundwater quality
in the Milan urban area indicates the need for a
sustainable water resource management. The
reduction of groundwater pumping from the two
principal aquifers, the redistribution of abstrac-
tion wells and the exploitation of a partially con-
fined deeper aquifer, at present not much used,
have been proposed.

The lateral movement of hydrocarbons and
the pollution of the groundwater supply system
of Bratislava, the capital city of Slovakia, are
described by Elek (1980). The refinery has
been located in the upstream part of the
Danube island at a distance of 3 km from
Bratislava waterworks (the upstream part of the
same island), designated with a capacity of
1.2 m3/s. The thickness of quaternary deposits
on the Danube island area varies between
11–50 m. The average hydraulic conductivity
of the shallow phreatic aquifer is 5.4 × 10–3 m/s.
The groundwater table is 5 to 7 m below the
ground. The first signs of groundwater pollu-
tion by oil hydrocarbons were observed at a
distance of 2 km from the refinery after 10
years of operation. After 15 years of refinery
operation, the dissolved and emulsified petrole-
um derivatives have polluted groundwater over
20 km3. The thickness of the oil layer below
the pollution source attained several metres.
The content of oil hydrocarbons in water sup-
ply wells reached 0.45 mg/L. After field inves-
tigation, monitoring and implementation of
mathematical simulation models describing
pollutant transport and transformation process-
es in the polluted aquifer, the hydraulic barrier
perpendicular to the direction of groundwater
flow has been chosen, with the scope to protect

the water supply system and at the same time
to remediate polluted groundwater. The
hydraulic barrier formed by 22 wells located in
two rows is about 1 km long, A total rate of
pumping was between 500–700 L/s. The calcu-
lated groundwater drawdown by pumping cre-
ated a coherent hydraulic barrier as a result of
interaction between the individual drawdown
cones. The total depression cone of pumping
wells extended over a 1.5 km2 area in the
direction of natural groundwater flow. During
the first two years of remediation pumping,
approximately 30,000 m3 of petroleum were
removed from the surface of the groundwater
table, the annual rate later stabilised at
10,000 m3. In connection with two physically
and chemically different fluids (water and oil)
and groundwater level fluctuation, the relevant
construction of remediation wells of the
hydraulic barrier has been designated. 

6.5 The impact of intensive aquifer
exploitation on groundwater quality in
arid and semi-arid regions

Special attention should be paid to groundwater
quality deterioration in arid and semi-arid
regions. Groundwater quality in such regions is
very sensitive and vulnerable to both natural and
human impacts. However, it is usually difficult
to differentiate the magnitude of the above-men-
tioned impacts.

The amount and mode of natural recharge
from precipitation and from wadi flow, indirect
recharge through irrigation return flow and
decline in groundwater table related to aquifer
intensive exploitation, control groundwater
quality in desert and semi-desert regions.
Natural recharge in these regions is generally
low, since the potential evaporation significant-
ly exceeds the rates of precipitation. According
to Khouri (1989), many aquifers are independ-
ent of present arid climatic conditions (precipi-
tation < 100 mm/yr), because recent recharge is
negligible. Aquifers were recharged during the
humid episodes of the Quaternary period.

In natural conditions, the vulnerability of
groundwater in arid regions is usually low,
because the amount of percolating water is small
and downward migration of potential contami-
nants in the unsaturated zone is slow. Their
long-term residence time in the soil-unsaturated
zone supports contaminant attenuation before
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they attain the groundwater table. However, the
soil’s function as a natural protective filter on
the retardation and attenuation of contaminants
is not significant in arid zones, since the soil
layer is usually poorly developed.

Curiously, the decline in groundwater levels
due to pumping also has a positive influence on
groundwater quality. The larger distance from
the ground to the groundwater table prolongs
contaminant movement downwards and creates
conditions for contaminant attenuation in the
unsaturated zone. In arid climatic conditions, the
uncontrolled surface spill of some organic
chemicals might be released to the atmosphere
due to their volatility and their potential impact
on groundwater quality is reduced.

Groundwater quality deterioration has
become a serious problem in arid lands under
irrigated agriculture. The return flow of irrigat-
ed water in arid climatic conditions forms a sig-
nificant indirect recharge (Llamas et al. 1992)
and contributes to the growing salinity of the
soil and degradates the groundwater quality of
underlying shallow aquifers.

7 CONCLUSIONS

Aquifer intensive exploitation affects ground-
water quality on various levels. Integrated poli-
cy and management of groundwater resource
sustainable development is therefore a very
urgent task in the process of groundwater quali-
ty protection. The objective of the policy of
groundwater quality protection should be: 1)
based on relevant legislation; 2) integrated with
the remaining components of the hydrogeologi-
cal cycle; 3) coordinated with land use activities
and industrial development; 4) based on the
value of groundwater resources, their availabili-
ty, vulnerability and water supply requirements;
5) linked to social policy; and 6) attentive to cul-
tural and historical traditions of the society. The
assessment of competitive factors and their hier-
archical screening is needed in the policy and
management of groundwater resource quality,
with the aim of finding a balance between sus-
tainable groundwater development, environ-
mentally sound groundwater protection, eco-
nomic development and potential social and
health implications.
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