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Groundwater is a resource, providing water supplies for drinking, industry, and
agriculture, as well as sustaining many surface waters and wetlands, and their ecology.
Indeed, the various types of water are closely connected in the hydrologic cycle, which
describes the movement of waters above, on, and below the earth’s surface. Protecting
the quantity of groundwater and its correct contemporary exploitation require a detailed
knowledge of aquifers as detailed in Section 3.
Contamination problems are increasing, primarily because of the large and growing
number of toxic compounds used in industry and agriculture. Once an aquifer is
contaminated it may be unusable for years. Restoration requires great efforts; polluted
groundwater is very difficult and expensive to clean up. The best thing to do is to adopt
pollution prevention by contamination control measures and—at regional scale—
vulnerability and risk mapping.
1. The Importance of Groundwater
The importance of groundwater as a source of fresh water is worthy of note—in Europe
and the United States, more than 50% of the water supply is obtained from groundwater.
This percentage increases dramatically in rural environments—more than 99% of rural
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US citizens use groundwater. Even in Canada—land of lakes, rivers, and glaciers—
groundwater is the sole source of water for about a quarter of Canadians, and two-thirds
of them live in rural areas.
In recent years, a number of events affecting groundwater quality and quantity have
contributed to bring to public attention the importance and vulnerability of the resource.
In 1993, for example, the US Environmental Protection Agency (USEPA) identified
more than 200 chemical compounds in groundwater—some of these extremely
hazardous for human health.
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Groundwater protection is a priority environmental concern in many countries. The
correct way forward is to prevent contamination by protecting groundwaters and to
avoid unacceptable drawdowns of the water table by planning groundwater
exploitations.
2. Basic Concepts in Hydrogeology

Water underground is known as subsurface water; it fills void spaces in the rocks in
different quantities and with different characteristics. The term “groundwater” indicates
the part of subsurface water that completely saturates these spaces.
In unconsolidated deposits (e.g., clay, sand, gravel) consisting of particles of rocks or
minerals ranging in size from fractions of millimeters to several meters, the void spaces
between particles are called pores. In consolidated rocks—which consist of mineral
particles of different sizes that have been welded by natural reactions into a solid mass
(e.g., granite or limestone)—the void spaces may be caused by fractures caused by
decompression, cooling, deformations in the rock, and so on; or dissolution phenomena,
as in limestone (see Groundwater Studies in Consolidated Rocks), bedding planes, and
so on.
Finally, in some rocks (tuff, sandstone), spaces include both pores and fractures
(semiconsolidated rocks). A rock with internal void spaces, regardless of their origin, is
defined as porous, or otherwise compact.
Almost all subsurface waters originate from infiltration from precipitation or surface
water (rivers, lakes, and so on). Some groundwater found in sedimentary rocks may,
however, be the same water that was present when the sediments accumulated (connate
water). In the midwestern United States, for example, groundwater with high chloride
content is in part water from the sea that covered the area millions of years ago. In other
situations groundwater is given off during volcanic eruptions or during the cooling of
magma (juvenile water). Connate or juvenile waters are clearly poorer in quantity than
water of external origin.
In the hydrosphere the volume of subsurface water is considerable (Table 1).

Types of water
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Oceans
Ice caps and glaciers
Subsurface water
Water on land surface
Atmosphere (water vapor)
Note: these data are approximations.

1 350 000
26 000
7150
225
13

Table 1. Distribution of the various types of water in the hydrosphere.
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These various kinds of water are closely connected in the hydrological cycle (Figure 1),
which describes the constant movement of waters above, on, and below the earth’s
surface.

Figure 1. The hydrological cycle

In the cycle, solar radiation is the source of constant energy—water evaporates from
vegetation, from exposed moist surfaces (including the land surface), and from the
ocean. This mixture—and transpiration by plants—forms clouds that return the water to
the land surface or ocean in the form of precipitation. On the land surface the presence
of porous rocks allows a fraction of these waters to penetrate underground—infiltration
rates vary depending on the rock present, the land use and the humidity it contains, the
intensity and duration of precipitation, and so on—while the rest activates an overland
runoff that feeds the rivers, finally ending in the sea. Water from infiltration moves as
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groundwater flow through the rocks until it discharges as a spring or as seepage into a
lake, river, or ocean. Thus evaporation perpetuates the cycle.
It is a consolidated opinion that the total quantity of water employed in the hydrological
cycle has remained practically constant, at least in recent geological times; the limited
addition of new water (juvenile waters) is in fact balanced by subduction of water in the
ocean sediments.
The land surface redistributes the waters from precipitation in two circuits—one
superficial and the other underground. One of the principal differences between these is
the low velocity of water in the latter—in sandy soil, for example, the waters in
saturated zones move with horizontal velocity of a few decimeters per day. The
consequences are:
the slow filtration encourages self-cleaning processes;
as the rocks slowly return the water absorbed, they fulfill an important function
of storing and thus guaranteeing the discharge from streams even in dry spells;
and
the prolonged contact between water and rock allows the water to acquire a
physical and chemical setting, sometimes of a very particular nature (mineral
water).
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•
•

•

Water that has infiltrated the rock (subsurface water) occurs in two different zones. In
the first, immediately below the land surface, the pores contain both air and water: this
is the unsaturated zone or zone of aeration. This zone is almost always above another
where all the interconnected pores are completely saturated with water (saturated zone).
The upper surface of the zone of saturation is called the water table.
Recharge of the saturated zone occurs by percolation of water from the land surface
through the unsaturated zone; here three zones can be distinguished with a degree of
saturation that increases with depth:
•

•
•

the soil zone—near the land surface—that discharges water into the
atmosphere by evaporation and transpiration; it is 1–2 m in thickness and
supports plant growth;
the intermediate zone; and
the capillary zone extends immediately above the zone of saturation to the limit
of the capillary rise of water—water rises against the force of gravity in smalldiameter pores as a result of the attraction between water and rocks.

Not all the water present in the rock can be utilized. The forces of molecular
attraction—adhesion and cohesion—join the water particles in the unsaturated zone and
part of the water in the saturated zone to the surface of the pores. These forces are
present in thicknesses of around a micron; elsewhere the force of gravity prevails. The
amount of water is much greater in rocks with small interstices—it increases for small
grains, with a variety of size of grains, and also in relation to the extent of the fracture
networks. In rocks with very small pores (e.g., clay, silt, fine sand) the water present is
generally not available for human use. Thus, only part of the water in saturated zones—
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defined as groundwater—constitutes the groundwater flow, feeds springs, and this is the
only quantity of subsurface water that man can exploit (e.g., through wells).
It is less that a rock contains water than that the rock is permeable (i.e., it can transmit a
liquid). Permeability is expressed numerically by hydraulic conductivity, which can be
measured in the laboratory or in situ—by pumping or tracer tests, and so on. As regards
permeability, rocks can be divided into:
•
•

and yields significant quantities of water.
Αquitard. A saturated bed of rock that yields negligible quantities of water for
wells, drains, and springs, but through which water leakage is possible.
Αquiclude. A saturated bed of rock in which the yields of water and leakage
are negligible.

U
SA NE
M SC
PL O
E –
C EO
H
AP LS
TE S
R
S

•

Αquifer. Rock that enables groundwater flow—including a saturated zone—

An aquifer serves as a transmission conduit and transports water from recharge areas to
surface bodies of water, springs, wells, and other water-collecting devices; it also serves
as a storage reservoir and provides reserve water for use during periods when
withdrawals exceed recharge.
The presence or otherwise of aquitards or aquicludes creates different aquifers (Figure
2).

Figure 2. Schematic cross-section illustrating the difference between a confined and an
unconfined aquifer
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In an unconfined aquifer the upper surface of the zone of saturation (water table) is in
contact with the air contained in the pores in the rock—and is thus at atmospheric
pressure—and the water table is at the same depth as the water level in unused wells.
An artesian aquifer is one in which groundwater is confined under pressure by overlying
aquitards or aquicludes, and water levels in wells rise above the top of the aquifer—in
some cases the water may rise above ground surface (flowing wells).
The imaginary surface to which water rises in wells is called the piezometric surface,
and its oscillations correspond to changes in the pressure of the water. Furthermore, an
artesian aquifer can be classed as leaky or nonleaky if it is confined by aquitards or
aquicludes.
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In the first case groundwater flow is possible from and to the aquifer; in the presence of
an aquiclude such flow is negligible. Finally, an artesian aquifer may become an
unconfined aquifer if the piezometric surface declines below the top of the aquifer.
The law governing the movement of subterranean waters is, in most cases, that defined
by Henry Darcy (1856):
Q=KAi

(1)

where Q is the discharge [l3 t–1], K is the hydraulic conductivity of the aquifer [ l t–1], A
the area traversed by flow [l2] and i (dimensionless) is the hydraulic gradient (or the
slope of the water table).
The true velocity (v) of groundwater can be obtained from this law:
v = K i/n

(2)

n (dimensionless) considers the spaces actually available at groundwater flow in that it
also considers the thickness of water bound to the surface of the pores.
When the water table intersects the land surface, a spring is formed. These are more
frequent in mountainous areas and their origin may be linked to a variety of different,
complex geological situations—they are often found on slopes where an aquifer is
limited, either at its base or laterally, by less permeable rock (Figure 3).
Groundwater tends to maintain a physical and chemical balance with aquifers.
The temperatures of subterranean waters is worthy of note. In fact, because of the
thermic inertia of the rocks, the seasonal fluctuations of the heat of the sun are
attenuated in the subsoil, and in shallow groundwater (at 10 m or more below the land
surface), the temperature is roughly the same as the average annual air temperature.
At greater depths the temperature of groundwater increases according to the geothermal
gradient (about 30 °C km–1).
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Figure 3. Types of spring

The chemical composition of groundwater depends equally on the nature of the
aquifers—above all on solubility—but is influenced by other factors, such as contact
time between water and rock, water temperature, the presence of gases, and so on.
In all groundwater the most important ions are:
Cations
Anions

Ca+ +
HCO3–

Mg+ +
SO4– –

Na+
Cl–

K+

Quantities are expressed in mg l–1 (milligrams per liter), ppm (parts per million), or meq
l–1(milli-equivalents per liter). Another commonly used parameter in the evaluation of
water quality is TDS (total dissolved solids in mg l–1), which is a measure of the total
amount of mineral dissolved in water.
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3. Hydrogeological Studies
The withdrawal of groundwaters for various uses—drinking, irrigation, and so on—can
be carried out directly at the source or below the surface by means of wells or other
water-collecting devices—tunnels, drains, and so on.
Correct use of groundwaters necessitates detailed knowledge of the aquifers to be
utilized, regarding:
•
•
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•
•
•
•
•

lithology and properties of the rocks (e.g., porosity, grain-size distribution);
presence or otherwise of aquitards or aquicludes, their position in relation to
the aquifer, and links with nearby aquifers;
permeability, storativity, and so on of the aquifer;
groundwater flow;
evaluation of natural recharge of the aquifers (see Groundwater Budget);
interactions with surface water, and where applicable, the sea; and
physical and chemical characteristics of the groundwater and its possible
contamination.

It is not always easy to obtain such information, especially since in some cases, costly in
situ investigations are required. Study methods are determined by the lithology of the
aquifer—consolidated or unconsolidated rocks—and the morphology of the area.
Thus, in a mountainous area where the rocks are outcropping, field observations are of
primary importance; while in plain areas measures in situ (e.g., measurements of
groundwater levels, chemical analysis) or drill log interpretations are necessary.
Apart from the geological environment, some studies are routine, such as geoelectrical
or geoseismic investigations to analyze the response of rock to artificial external
impulses—electrical current or seismic waves. Chemical analysis of the water is also
common.
Research techniques make use of artificial tracers—saline, colorant, radioactive—or
natural tracers—stable isotopes, such as deuterium and oxygen-18; or radioactive
isotopes, such as tritium and carbonium-14.
These are substances that enable the researcher to follow the movements of groundwater,
or to define its velocity, or evaluate the time since infiltration in the subsoil.
The use of remote sensing is of interest: from a normal aerial photo, color or
monochrome, using stereoscopic vision to provide a 3-D view of the land surface, to
airplane or satellite sensors to analyze radiation of different wavelengths emitted by the
earth’s surface.
The 9–11 micron band is used to highlight the superficial temperature of an area and
thus to point out fractures, or in the sea, the presence of continental springs.
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