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Summary

Groundwater development is designed to satisfy a certain demand for water or to assess
the groundwater resources of a watershed. Therefore it comprises the following highly
interrelated phases:

= Surveying;

= Construction of abstraction systems;

= Design, construction, operation and optimization of monitoring networks, and
= Mathematical modeling.

This Topic Level contribution describes these phases focusing special attention on the
different kinds of aquifers (inter-granular, karst and fissured).

1. Introduction

Groundwater development is designed to satisfy a certain demand of water or to assess
the groundwater resources of a watershed. Therefore it comprises the following highly
interrelated phases:

= Surveying;

= Construction of abstraction systems;

= Design, construction, operation and optimization of monitoring networks, and

= Mathematical modeling.
Surveying is the initial stage of any groundwater exploitation system and primarily
deals with the identification of the perspective zones. Broad use is made at this stage of
geological, geomorphological, geophysical and special hydrological methods.
Exploration boreholes are drilled and pumping and permeability tests are developed in
order to obtain numeric indices of groundwater potential. Chemical analysis of water
and, sometimes, of rocks and sediments is also performed in order to clarify the process
governing water composition and quality.
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Construction of abstraction systems where aquifer potential and water quality allows
exploitation is usually the second stage. Wells, trenches and springs are then adequately
built or adapted. Wells are built with the diameter, depth, casing and filters derived from
the results of the surveying phase. Wells and trenches are tested again to define
efficiency. In some cases protection perimeters could be required, and computations are
performed for their proper design. A maintenance program for the abstraction system is
identified at this stage.

Design, construction, operation and optimization of monitoring networks is the
final stage of a groundwater development program but it does not necessarily or
exclusively have to follow the preceding phase. In effect, when regional studies are
performed or when controls of groundwater regime and quality are required,
groundwater monitoring networks are designed, constructed and operated to prevent
pollution, groundwater level depletion, undesirable side effects of groundwater
exploitation or to control the effectiveness of mitigation or rehabilitation measures.

Mathematical modeling is required to manage groundwater resources. Therefore the
construction of a mathematical model is commonly a phase of groundwater
development linked with the design, operation and optimization of the monitoring
network. This stage is not always necessary, although it can be used in other stages, in
order to save time and money, such as in surveying, or in the reorientation of surveying,
in well data processing, in geochemical hydrodynamics assessments, etc.

2. Surveying
2.1. Factors Controlling Groundwater Occurrence

Groundwater occurrence depends upon the interrelation of several groups of factors.
They control how groundwaters are formed, move, gain their chemical composition, and
vary in amount and availability. These factors are of different nature and involve
geodynamics,  morphodynamics, climate, hydrodynamics, geochemistry and
thermodynamics.

2.2. Productivity Indices

The above-mentioned geodynamic, morphodynamic, hydrodynamic, geochemical and
thermodynamic factors provides the basis for identifying the productivity of aquifers in
any region of the world. These are the most important but not unique sources of
information. They should be complemented with historical, social and economic data
before any prospecting should be developed.

Selection of adequate indices is always linked with the type of aquifer, the goals of the
development and the financial availability.

As far as it concerns to the type of aquifer, it is necessary, first of all, to know about the
geologic structure of the territory and the morphological expression of the potential
productive rocks in the landscape. After it, the conditions for groundwater occurrence
could be primarily inferred.
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Indices are collected following particular techniques of documentation and inspection in
the field and in libraries and archives. Inhabitants of the territory under consideration
are always an important source of qualitative information as well as local place names
which can be excellent indices of geologic, geomorphologic and hydrologic features.

Therefore, the key elements that could be considered as direct or indirect indices of
groundwater productivity are:

= Geologic

= Geomorphologic
= Climatic

= Hydrologic

= Historic

There are also indices for groundwater quality, like:

= Socio-economic level of development
= Main economic activities
= Medical history of the community

2.2.1 Geologic Indices

Several geologic indices are useful for a diagnosis of productivity. They should be taken
into account during development planning. The most important are:

= Lithology
= Tectonic structure
= Stratigraphy

2.2.2 Geomorphologic Indices

The type of landscape is of fundamental importance in assessment of the costs of
groundwater exploration and development.

The relation landscape-lithology-geologic structure defines the occurrence, extension
and productivity of aquifers.

2.2.3 Climatic Indices

Precipitation is the main source for groundwater replenishment. Climatic factors are of
outstanding importance in assessment of whether a continuous source of groundwater
recharge is available in a reasonable time span. In turn this defines whether or not
groundwater could be exploited within the natural cycle of groundwater replenishment,
avoiding resource depletion.

Groundwater prospecting and development vary according to the climatic peculiarities

of each territory. In terms of precipitation, the most important source for groundwater
replenishment, the following types should be considered:
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e Extremes:

0 Arid or semi-arid

o Polar, subpolar and tundra
e Tropical:

o0 Permanent humid

o Seasonally humid
e Temperate

2.2.4. Hydrodynamic Indices

Several hydrogeologic processes and factors describing overall mass transport have
already been mentioned. The way that they are expressed in the landscape suggests the
potential groundwater productivity of a region. Three of them can be specially
mentioned:

= Springs
= Permanent rivers and lakes
= Water-filled caves in karst regions

Other indices of reliable importance are:

= Lineaments of phreatophytes in metamorphic or igneous rocks, commonly
linked with water bearing fractures;

= Interior wetlands, mainly linked with high groundwater levels;

= Existence of dug wells.

Indirect hydrodynamic and hydraulic information can be gathered from topographic
maps or aerial photographs. Cemeteries indicate that high groundwater levels do not
reach ground surface or at least are deeper than two meters. Rural footpaths use to
follow the dry zones along watershed divides and, in turn, can help in the determination
of productive zones. The frequency and duration of floods in surface streams,
particularly those occurring during the dry season, are an index of the self-regulation
capability of the aquifer.

2.2.5. Geochemical Indices

When properly related to spring or well vyield, geochemical indices are also
hydrodynamic-indices in the sense that they offer valuable information regarding the
processes governing the acquisition of the physical, chemical and bacteriological
composition of waters. In this way, they define water quality and, hence, the possible
use of water and, eventually, the treatment it has to receive to fulfill the requirements
for sustainable exploitation. Therefore, knowledge of the processes governing water
quality composition is very relevant.

This process is strongly influenced by several factors acting from the recharge zone to
the discharge zone along the flow paths. No matter whether the discharge zone is
natural, like a spring, or man-made, like a well, the importance is the same. Among the
factors controlling water quality, the following are especially important:
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= The physical, chemical and bacteriological composition of atmospheric
precipitation and, in particular of the recharge fraction.

= The losses by evaporation and evapotranspiration that take place in shallow
aquifers or that are produced on infiltration waters during its transit through the
unsaturated zone.

= The acidity and degree of unsaturation of recharge waters and of groundwaters,
with respect to the basic minerals of the aquifer rocks.

= The availability of soluble rocks and their solubility.

= The solution rate of these rocks and the water-rock contact time.

= The extent and intensity where pure hydrological processes like dilution by fresh
recharge waters or mixing of ground and surface waters exert their action.

= The man-made processes affecting the natural composition of waters.

The most important geochemical indices are the following:

= Temperature, pH and Specific Electric Conductivity
= Dissolved solids

= Dominant chemical character

= Dissolved Oxygen and REDOX potential

= |sotopic composition

= Age of waters

Temperature is a good index of movement conditions of groundwater. It depends on
the initial temperature of precipitation, on the temperature in the different circulation
scenarios and on the chemical reactions that take place in the aquifer and that can add or
reduce heat. It is important to note that in temperate climates, unconfined aquifers show
remarkable fluctuations of temperature within the year, while in confined or semi
confined aquifers, those variations are of negligible importance. In many cases,
temperature measurements in springs could help in the identification of when diffuse or
concentrated flow conditions prevail within the aquifer or after a remarkable
hydrological event.

pH could contribute to define the relative concentration of solutions with respect to the
prevailing minerals, the presence of mixed waters and, in conjunction with other indices
contribute to define the concentration of gases like CO,, O, H,S, NH3 and the presence
of algae or bacteria.

The Specific Electric Conductivity (SPC) is the best indicator of salt concentration in
waters. SPC depends directly on the load and mobility of ions and of their
concentrations. Measurements of SPC and yield are successfully employed to define the
chemical yield or the expected concentrations in several stations along the same flow
line.

Total Dissolved Solids (TDS) are directly related to SPC. For several prevalent
chemical types empirical relations between them could be established. It is important to
note that the solutes present in groundwaters are a direct consequence of the
composition of precipitation waters, the mineralogical compositions of the aquifer
rocks, and of the chemical variations derived from hydrologic or geologic processes like
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evaporation, weathering or pollution. Indirect indices of water mineralization are, for
example, travertine or tufa deposits at the discharge of springs. In fluvial beds, the
presence of these deposits almost suggests the presence of waters of different chemical
composition and re-precipitation by mixing waters. Weathering crusts of duricrust or
caliche type indicate natural recharge deficits associated with evaporation of transit
waters.

The Prevalent Chemical Character (PCC) indicates the relative abundance of the
different anions and cations present in water, and allows categorization according to
their type and origin. There are several classifications for this purpose but they will not
be mentioned here. The most important remark is that the ions that are usually more
abundant in any kind of groundwater are the following:

Bicarbonate HCO3 -
Sulphate SO4 + -
Chloride Cl-
Calcium Ca++
Magnesium Mg++
Sodium Na+
Potasium K+

Concentrations of these major constituents are usually expressed in milligrams per liter
(mg/l) or milliequivalents per liter (mEg/l). Commonly, the type of water is defined
after the higher concentrations of cations and anions, in such a way that the usual

b A 11

denominations are “calcium bicarbonate waters”, “sodium chloride waters”, and so on.

The relations among these ions offer many indications of the groundwater regime, the
geological composition of the terrain along which circulation takes place, sources and
losses, pollution sources and the transit time of waters.

Therefore the composition of travertine or tufa deposits is a field index to characterize
the PCC of the discharging groundwaters. The teeth health and the complexion of the
inhabitants of a certain place is also an index of the relative importance of calcium and
fluorine in drinking water. Renal diseases are also indications of a high concentration of
iron in waters; keratosis always indicates high levels of arsenic; corroded pipelines
indicates aggresiveness of waters, and so on.

Dissolved oxygen (OD) in groundwaters is an important index of contamination.
Potentially, the presence of residual sewers reduces the normal value of non-polluted
waters that is usually of the order of the 8.25 mg/l of OD. REDOX potential can help to
establish the degree of oxidation of the waters when the OD is below the detection limit.

The isotopic composition and the relative age of waters are very important indices.
Their determination, however, requires specific and expensive analysis mainly because,
to be reliable, they require at least an annual set of data on chemical and isotopic
composition of groundwater and amount and isotopic composition of precipitation.
There are no doubts about their value, however, in identification of an important group
of hydrological processes. Examples of these are the time and spatial distribution of
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evaporation and natural recharge, the transit or turnover time of waters, the renovation
rate of groundwaters and the process of horizontal and vertical mixing of the different
aquifer horizons. Isotopic composition is also important in determining the sources of
contaminants and the safe yield of aquifers.

The environmental isotopes commonly used in hydrogeology are of two kinds: stable
and radioactive. The first comprise deuterium (°H), the isotopes of carbon (**C, *C) and
of oxygen (**0, 1’0, *°0). The second, i.e. radioactive, group includes tritium (®H) and
carbon-14 (**C) which generate B particles during the process of radioactive
disintegration with half-lives, respectively, of 12.26, 5 and 30 years.

2.3. Geologic and Geomorphologic Exploration
2.3.1. Types of Aquifers
The different action, in space and time, of the processes and factors described above
control the development of groundwater in the Earth’s crust. This differentiated action
allows the distinction among different types of aquifers according to:
= The geologic structure.
= The geomorphologic features.
=  The hydraulic properties.
Thus an aquifer is a flow system where the main fluid is water.
From the geological point of view it can be defined as a tectonic unit absorbing, storing

and transmitting and discharging water. Therefore, according to geology, the following
types of aquifers could be distinguished:

Karst
Fissured
Inter-granular or detritic
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