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1 Introduction

1.1 The guideline - background and rationale

Groundwater is a major source of water supply for drinking, irrigation and animal husbandry in many
countries, especially in arid and semi-arid regions. It is also a vital element of groundwater dependent
ecosystems such as wetlands. Regular and systematic monitoring of groundwater resources is
necessary for its effective management to support the water needs of the environment and its citizens.

According to a world-wide inventory of groundwater monitoring compiled by the International
Groundwater Resources Assessment Centre (IGRAC), in many countries systematic monitoring of
groundwater quantity or quality, even at a regional scale, is minimal or non-existent (Jousma and
Roelofsen, 2004). Lack of monitoring may result in undiscovered degradation of water resources
either due to over-abstraction or contamination, leading to the following scenarios:

e Declining groundwater levels and depletion of groundwater reserves;

< Reductions in stream/spring base flows or flows to sensitive ecosystems such as wetlands;

* Reduced access to groundwater water for drinking water supply and irrigation;

e Use restrictions due to deterioration of groundwater quality;

e Increased costs for pumping and treatment;

e Subsidence and foundation damage.

A number of factors that contribute to the lack of monitoring can be identified. Lack of financial
resources and lack of technical capacity to implement monitoring are perhaps the major factors. Other
factors that may contribute are a lack of clear institutional responsibilities and legal requirements for
monitoring. Even where monitoring programmes are operating, they may fail to provide adequate
information to support effective management because:

e The objectives are not properly defined;

e The programme is established with insufficient knowledge of the groundwater system;

e There is inadequate planning of sample collection, handling and storage;

e Data are poorly archived and not readily accessible in the type of formats that can be used to

support management and inform other stakeholders.

Several guidelines for the development of groundwater monitoring are available. However, most of
them have not adequately addressed the early stages of groundwater monitoring, which are often
characterised by poor hydrogeological information, limited financial resources and/or limited
institutional capacity. In order to improve this situation, IGRAC assembled an international working
group of groundwater professionals and gave it the task of developing a groundwater monitoring
guideline for countries with limited financial resources. The guideline presented in this document is
the result of concerted action by the working group. The guideline focuses on the first stage of
groundwater monitoring for general reference, a prerequisite for sound groundwater management. The
guideline is intended to be complementary to existing publications.

1.2 Stages in groundwater monitoring

In the development of groundwater monitoring, networks of different types, size and functions can be
distinguished. With respect to the size of groundwater monitoring networks, one can distinguish
between large “regional” (sub-national) networks and “local” networks. Regional monitoring
networks are usually designed to characterise and monitor regional groundwater systems of large
extent and importance while local networks focus on more detailed observation of the local
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groundwater situation, such as around well fields or point sources of pollution such as landfills or
industrial sites.

In the early stage of groundwater assessment, when information regarding the groundwater resources
is still very scarce, assessment and monitoring will usually be aimed at regional assessment of
groundwater resources and their potential for development. When financial resources are limited,
groundwater observation or sampling will usually be done at any suitable observation point available.
Hence the initial network often has an improvised set-up.

Improvements to the initial network for regional monitoring can be achieved by selecting suitable
observation points from the initial round of data collection and by adding new points in gaps of the
network where additional information is crucial. In this way large capital costs can still be avoided.
Such a large-size groundwater monitoring network, primarily aimed at monitoring the status and
trends of regional groundwater systems can be referred to as a ““general reference monitoring
network™.

In a later stage of groundwater development, a reference monitoring network may be further upgraded
to a “primary network”, which is a dedicated tool for overall observation of regional groundwater
bodies. At that stage the groundwater potential becomes sufficiently well known and when the
economic returns of monitoring become more obvious, more investments are justified to increase the
level of detail. Primary monitoring networks may be combined with local “secondary networks”
designed for specific needs or local detail. At that stage, the components of the monitoring
programme (selected parameter sets, the network of monitoring wells and the frequency of
observation) can be optimally adjusted to specific tasks, using detailed knowledge of the hydrologic
and geochemical processes as well as sophisticated statistical techniques.

1.3 Focus and scope of the guideline

This guideline focuses on development of a “general reference monitoring programme” for the early
stage of groundwater reconnaissance, groundwater development and groundwater management, as
indicated in Table 1.1. The objectives of the monitoring programme are to supply data for
characterisation of the regional groundwater systems, identification of trends in time and prediction of
the regional impacts of groundwater abstraction. Technical as well as institutional and budgetary
aspects will be discussed.
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Table 1.1:

Focus and scope of the guideline

Stages of groundwater
resources assessment and
development

Objectives of groundwater
monitoring programme

Scale of groundwater monitoring

Regional scale
groundwater monitoring

Local scale, specific
groundwater monitoring

Reconnaissance of the
groundwater system

Early stage of groundwater
exploration and development

Characterise the groundwater
system (quantity and quality)
Estimate potential for groundwater
development

Identify trends in time in
groundwater storage

Identify trends in time in
groundwater quality

Study and predict regional impacts
of groundwater abstraction

Existing observation
points

Improved regional
monitoring network,
referred to as “general
reference network”

Stage of intensive
groundwater exploitation and
management

Quantify impacts of groundwater
abstraction (quantity and quality)
Determine state of contamination
and remedial measures
Determine impact of groundwater
management measures

Optimised regional
monitoring network,
referred to as
“primary network”,
in combination with:

Local scale monitoring
may exist

Local scale monitoring
may exist

Specially designed
problem oriented local
or specific networks
“secondary networks”
e.g. for water supply
and ecology

] scope of the guideline. Focus points are described within this box.

Limitations

This guideline focuses on the characterisation and observation of regional scale groundwater systems,
rather than on local scale systems. The procedures described result in a monitoring programme for
general reference purposes. Regional scale monitoring programmes are incapable of providing the
level of detail necessary to evaluate local scale scenarios such as the effects on groundwater levels of
individual well fields, local contamination of a water supply, or the impacts of point sources of
pollution caused by landfills or industrial sites. Additional local and specific monitoring networks will
be needed to provide the information needed for management where such problems occur. Design of
such types of networks is beyond the scope of this guideline.
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1.4 General outline of the guideline

Figure 1.1 shows the general outline of the guideline, together with the chapters and annexes in which

the different aspects and explanations

Chapter 1

can be found.

General introduction
and
guideline structure

Chapter 2

General aspects of
groundwater monitoring
and design procedure

v

Chapter 3

Preliminary assessments

* General aquifer situation
« Conflict situations, trends

and key issues

« Sustainable monitoring

programme

v

v

analysis

Chapter 4

Groundwater system

Aquifer framework .
Groundwater flow systems .
Groundwater chemistry .

Analysis of institutional

setting

Roles, tasks, mandates
Capacity constraints
Financial constraints

Chapter 5

v

Design of groundwater
monitoring plan

« For groundwater quantity

Chapters 6,7, 8

* Required organisational set-

For groundwater quality

up and budgets

A

|

Chapter 9

Implementation
Planning procedure
Budget allocation
Network improvements
Assignment of tasks

Annexes
A: Hydrogeological settings
F: Examples of costs

A

!

Groundwater monitoring

« Groundwater quantity
« Groundwater quality

(incl. base flow, springs, etc.)

Annexes

B: Site selection
E: Documentation
G: Audits

:

Chapter 10

Data processing,
validation and
presentation

Figure 1.1: General outline of the guideline

Annexes

C: Groundwater quantity
measurements

D: Groundwater quality
sampling, preservation
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The design procedure of this guideline consists of two phases. The first phase (in light blue) assesses
the viability of the monitoring programme. This phase includes assessment of key technical issues and
availability of financial resources for implementation of the monitoring programme. If the monitoring
program is viable, the second phase (in dark blue) guides the user in further analysis and shows how a
groundwater monitoring programme can be designed in balance with the data requirements and
available financial and personnel resources. The guideline also addresses institutional aspects and
practical aspects of programme implementation, data storage, processing, validation and presentation.

The chapters of the guideline address the following subjects: (see Figure 1.1)

« Chapter 1 describes the purpose, focus, scope and limitations of the guideline, and provides some
information on IGRAC’s motives behind this initiative. The chapter also provides the general
outline of the guideline.

« Chapter 2 gives a general introduction to groundwater monitoring and shows a detailed scheme of
steps for analysing the situation at hand and designing a proper monitoring programme. The
chapter also recommends a modular set-up of the monitoring programme and shows how the
properties of a network can be used to adjust the programme to the available means.

« Chapter 3, Phase 1 of the actual design procedure, provides guidance in evaluating whether and
where systematic groundwater monitoring is desirable. If monitoring is desirable, the chapter
assists in gaining a preliminary understanding of the aquifer and groundwater conditions and in
defining what the focus and key issues of the monitoring programme(s) could be, considering the
given groundwater situation and the budgetary and organisational conditions.

e Chapters 4, 5, 6, 7 and 8 together form Phase 2 of the design procedure of the monitoring
programme. The chapters provide guidance in designing a groundwater monitoring programme
fitted to its particular situation.

- Chapter 4 describes the analysis of the groundwater system and the set-up of a conceptual model.

- Chapter 5 shows how the institutional setting can be analysed with respect to groundwater
monitoring.

- Chapters 6 and 7 discuss the approaches of designing a programme for groundwater quantity and
groundwater quality monitoring respectively.

- Chapter 8 focuses on preparation of the data necessary for selecting the most appropriate
monitoring programme.

e Chapter 9 describes the process of implementation of a groundwater monitoring programme for
general reference purposes. Design and implementation of a monitoring programme require good
planning, clear agreements, sufficient communication to ensure support from stakeholders, timely
procurement of budgets, manpower, etc.

< Chapter 10 discusses data management, covering data storage, processing, presentation and data
validation. Data management is especially important as a follow-up of systematic groundwater
monitoring. It improves access to the data, possibilities of data exchange, uniformity in storage and
processing, and integrity of the data.

The annexes of the guideline:
The annexes provide additional background and practical information with respect to the design and

optimisation of the monitoring programme, cost calculation and operational aspects of site selection,
measurements, sampling and preservation of samples.
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1.5 International cooperation

The effort of developing the guidelines was funded through a generous grant to IGRAC from the
Dutch inter-ministerial bureau 'Partners for Water'. A team of international professionals was
assembled which enabled the incorporation of expertise from different disciplines and experience
from a number of geographic areas (Table 1.2). The working group was active from September 2004

until July 2006.

Table 1.2:  Working group members
Name Affiliation Country
Premadasa Attanayake Bechtel Corporation USA
John Chilton British Geological Survey (BGS) United Kingdom

Gerrit Jousma

Armin Margane

Carlos Martinez Navarrete
Maria Teresa Melo

Pedro Nieto L6pez Guerrero
Maurizio Polemio

Frans Roelofsen
S.K.Sharma

Mike Streetly

Ali Subah

Ahmed Al Yaqoubi

International Groundwater Resources Assessment Centre (IGRAC)
Federal Institute for Geosciences and Natural Resources (BGR)
Instituto Geolégico y Minero de Espafia (IGME)

University of Aveiro

Instituto Geoldgico y Minero de Espafia (IGME)

CNR-IRPI (National Research Council)

International Groundwater Resources Assessment Centre (IGRAC)
Geological Research Institute, Dehradun

ESI, Environmental Simulations International

Ministry of Water and Irrigation

Palestinian Water Authority (PWA)

Netherlands
Germany
Spain

Portugal

Spain

Italy
Netherlands
India

United Kingdom
Jordan
Palestine/Gaza
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2  Groundwater monitoring —
general aspects and design procedure

This chapter:

The purpose of this chapter is to provide a general introduction to groundwater monitoring and to

propose a procedure for design and evaluation of a general reference groundwater monitoring

programme.

e The subject of groundwater monitoring is described in the broader context of water management
and international developments;

e The proposed design procedure comprises practical evaluation and design steps, each of them
linked to a chapter (or chapters) with detailed description;

« Recommendations are given on how to set up a transparent multi-purpose monitoring programme
that guarantees flexibility and efficiency;

It is shown how the basic characteristics of a monitoring programme can be used as options to
effectively tailor the monitoring programme to the needs and the available means.

2.1 Groundwater monitoring — concepts and general aspects

Groundwater assessment and monitoring

Groundwater assessment is the evaluation of the physical, chemical and biological status of
groundwater in relation to natural conditions and human interference. The assessment and monitoring
process comprises a series of linked steps, as shown in Figure 2.1.

| Water management |

|Inf0rmation utiliwtion|

[ Monitoring strategy | | Reporting |
| Network design | | Dataanalysis |
| sample collection | | Datahandling |
Sa A
|_Laboratory analysis |

Figure 2.1: The water quality assessment cycle (after Timmerman, 2000)

Groundwater monitoring can be defined as the scientifically-designed, continuing measurement and
observation of the groundwater situation. It should also include evaluation and reporting procedures.
Within a monitoring programme, data on groundwater are to be collected as far as possible at set
locations and regular time intervals. Although the legal basis, institutional framework and funding
situation will impose their own objectives and constraints, still the underlying scientific or technical
objective is to describe the groundwater situation in space and time.

The requirement for continuity and stability in the monitoring programme emphasizes:
« the need for long-term planning and commitment of staff and budgets;
e the need to understand the hydrogeological and hydrological setting
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e the need to ensure uninterrupted access to sampling points.

The monitoring programme forms a key component of the assessment process, and is represented by
all of the boxes except the uppermost three. The cycle also applies to groundwater quantity
monitoring if the boxes “Sample collection” and *“Laboratory analysis” are replaced by a single box:
“Groundwater measurements”. The consecutive activities in the monitoring part of this cycle should
be specified and designed according to the information needs and requirements of adjacent steps in
the cycle.

Defining the area to be monitored

As a general principle, the area to be monitored should be defined on hydrological or hydrogeological
criteria rather than political ones. Even if political or administrative boundaries determine institutional
responsibility for monitoring, the interpretation and assessment should be made on the basis of
physical units. That this is the basis for management is increasingly recognized by legislation such as
the EU Water Framework Directive. The river basin, groundwater flow system or aquifer should
always be the scale for which monitoring programmes are designed. This provides the basis for an
integrated hydrological approach, in which surface water and groundwater and their interactions, and
their potential links to estuarine and coastal environments are all considered together. An
understanding of the hydrological and hydrogeological pathways and interactions at basin and sub-
basin scales is therefore needed for establishing a monitoring programme. Use of the basin scale also
allows the full scope of human, social and economic activities and their relationships to be assessed.

Using the river basin scale enables the assessment process to focus on management and the associated
information needs. Thus, if by observing water quality at the outlet of the basin or flow system it is
clear that the overall quality is getting worse, it is necessary to know what is causing this deterioration
and where the cause is located within the basin. A more detailed scale of monitoring and assessment
will be needed to identify in which sub-basin the problems are located, and whether the hydrological
pathways are via surface water or groundwater (see Chapter 7).

Defining information needs

An early step in the preliminary stages of planning and implementation of a monitoring programme is
to define the information needed as a basis for managing the quantity and quality of groundwater.
This means deciding who (from a broad range of potential stakeholders) wishes or requires to be
informed about groundwater, what types of information they need and for what purposes. It also
requires consideration of the issue of what format they might require the information to be provided in
to meet their various purposes, and how accurate and quickly the different stakeholders require the
information. Information needs must be specified in sufficient detail so that design criteria for the
monitoring and assessment system can be derived.

Table 2.1: Essential questions concerning information needs

Information needs - questions Illustrative examples of answers

Who wants to be informed? Governments, environmental regulators, water users,
health authorities, the public, international agencies
(EU, EEA, UNEP)

What types of information? Groundwater level and quality status and trends,
ancillary data for interpretation, DPSIR framework

For what purpose? Reconnaissance, regulation, compliance,
effectiveness of measures, public information

How accurate? Time and spatial scale of observations, data
aggregation, analytical results

How fast? Weekly/monthly control, periodic reports

In what format? Reports, maps, internet
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These questions should be asked and answered as well as they can be early in the design of a new
monitoring programme or, as may more likely be the case, when evaluating an existing programme
with a view to improving it, recognising that information needs are unlikely to remain completely
unchanged with time.

Defining monitoring objectives

In order to be effective, the groundwater monitoring programme needs to be adjusted to the data needs
of data-users. Users may be governmental institutions, universities or private companies with tasks in
the groundwater sector or related areas. The data are needed to investigate the actual groundwater
situation, to plan groundwater development and to observe the effects of management measures. For
design, implementation or evaluation of a monitoring programme, it will be necessary to have a good
overview of relevant users, their goals and related data needs.

The data needs may be very diverse. Therefore it will be necessary to specify the objectives to be met
by the monitoring programme. These “groundwater monitoring objectives” should be clearly
specified in a written report by the groundwater experts in consultation with the groundwater
managers and the users for which the monitoring programme is intended. Table 2.2 gives some
examples of groundwater monitoring objectives:

Table 2.2:  Examples of groundwater monitoring objectives

Related to groundwater status and development:

« Provide groundwater data for (sustainable) development of the groundwater resources;

» Provide data for determining the best locations for groundwater abstraction;

» Provide periodical information on the actual status of groundwater for management or for publication;

Related to protection of groundwater systems and the environment:

« Provide data for protection of groundwater systems from over-exploitation;

« Provide data for protection of nature conservation areas from unacceptably declining groundwater tables;
» Provide data for control of saline water intrusion or up-coning in aquifers;

« Provide data for control of land subsidence caused by groundwater abstraction;

« Provide data for protection of aquifers from contamination by diffuse sources of pollution.

Apart from technical aspects related to the above objectives, also operational aspects or management
practice may have influence on the monitoring programme and the presentation of data. For instance,
the time cycle of river basin plans may require a simultaneous cycle of monitoring and reporting.
Another example comprises the data requirements related to operational and surveillance monitoring
under the (European) Water Framework Directive (EU, 2000). Such management requirements may
influence the frequency and time of observation, as well as the frequency and form of presentation of
the data (specific maps, graphs, statistical parameters, etc.).

Finally, the selected monitoring objectives and specific data needs will have to be reworked
(translated) into the properties of the monitoring programme (set-up and density of the network,
selection of parameter sets and frequency of observation).

Data source types involved

Different sources of data can be used to support the above management objectives.

Table 2.3 shows the different types of sources of groundwater data used to meet the management
objectives shown in Table 2.2. The relative importance of the data sources for the different
management objectives is given by (x) for desirable data and (xx) for necessary data.
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Table 2.3:  Example of data needs from different data sources for specified objectives

Groundwater Groundwater Springs Surface water
observation pumping wells observation
wells points
[} (5] (5] ;
» 2 2| = 2 2| = o > | = ] =
) [+ =] [<3} o =] [<3} o =] [} o -
L .. > < ] > = T > = T > 4= e
Monitoring objectives 2 8 2|2 8 2|2 8 =2|= g =2
o =] =] o
Groundwater development
1 GW system characterisation XX na. X X X
2 GW potential for development XX na.  Xxx XX XX XX XX XX X
(quantity and quality)
3 Best locations for well fields XX XX XX X x)
Control and protection
4 Trends of over-exploitation XX na. X XX XX XX
5 Nature conservation XX na. XX X XX XX
6 Saline water intrusion X na  xx* | x XX Xx* X X )
7 Land subsidence X  na. XX
8 Contamination of aquifers na. Xx XX XX XX
x = desirable data; XX = necessary data; xx* = mainly Chloride; n.a. = not applicable.

Translation of these data needs into the focus and properties of the monitoring programme is
discussed in chapters 6 and 7.

Making use of existing data

The strategy for designing a monitoring and assessment programme should take adequate account of
existing information. At an early stage inventories should bring together information that is available
but often distributed between different agencies and institutions or their various departments.
Inventories should cover the major aspects that are relevant to identification and analysis of issues.
These include for example: water uses and water needs, groundwater levels, groundwater quality, land
uses and non-point pollution sources from land use, such as fertilisers and pesticides. Water quality
surveys are intended to give a first insight into the functioning of the aquatic ecosystem and the
occurrence of pollution and its impacts on groundwater systems. The availability of existing
groundwater level and quality records should also be taken into account when designing the
monitoring network and selecting sites as maintaining long-term series is likely to be an important
monitoring objective.

Prioritizing monitoring efforts

No monitoring programme can provide the data needed for all actual or potential issues related to
groundwater management and protection. Low budgets will very often be a major limiting factor for
groundwater monitoring. Also lack of institutional embedding, mandates, manpower, experience, etc.
may stand in the way of very ambitious monitoring programmes. Differentiation of monitoring
programmes and setting priorities will then be needed to achieve a sound balance between the value
of data collected and the labour and costs involved in collecting them.

One way of setting priorities is by making use of risk assessment. Concerning groundwater quality,
the long-established and widely adopted approach of defining and mapping the vulnerability of
aquifers to pollution can be used to prioritize monitoring activities. Based on the physical and
chemical properties of the soil and the geological materials above the water table, the potential for
pollutants to be retarded and attenuated is evaluated and mapped. Where such maps exist, they can be

10
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used to help focus monitoring to areas where groundwater has important uses and where it is most
vulnerable.

Differentiation of the monitoring programme is also possible by reducing ambitions. This can be done
in many different ways, for instance by monitoring pilot areas, selecting indicative points or by using
a lower frequency of observation. A lower ambition level will often lead to a reduced level of
information, but that level may still be acceptable for the users.

Gradual approach.

Design of a monitoring programme is a complex exercise that requires knowledge and experience.
Even with sufficient knowledge and experience available, designing a monitoring programme will be
an iterative process in which the final result will usually be reached after considering and weighing
different options. If experience with groundwater monitoring is limited, it may be wise to develop the
monitoring programme by starting with some practical unit. A gradual approach will provide insight
in the labour and costs involved in the final design and realization of the monitoring programme.

Presentation of results

Investments in the monitoring programme will only be guaranteed if the data from the monitoring
network meet the objectives and needs of the users. So, the data gathered and the information
presented should be considered a major factor in convincing that continued support is necessary. Non-
deliverance of the required information may be a reason for decreasing interest and investment, in the
worst case leading to the complete elimination of the monitoring programme.

11
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2.2 Proposed design procedure

The design of a groundwater monitoring programme involves a number of steps, as shown in the
coloured components of Figure 2.2 These steps are intended to make sure that the programme
provides optimal data to the users: institutions and persons involved in groundwater assessment,
development, management and protection or other groundwater-data dependent activities.

Preliminary assessment of
groundwater situation,
conflicts and trends,
sustainable monitoring

| | |

Groundwater system
analysis_and development
of concential model

| |
Y

Inventory of data needs and
Step 4 specification of monitoring
objectives

Step 1

Analysis of institutional
setting

A 4

Design of monitoring
programme components
for identified objectives

(network properties, parameter sets,
frequency of observation)

!

Specification of monitoring
programme options

Step 5

Step 6 —]

A

Specification of

required budgets,

Step 7 expected performance and

required institutional capacity
for each option

Financial and organisational
constraints

Feasible?

Step 8

A

Implementation of selected
monitoring programme

Figure 2.2: Scheme for design of a groundwater monitoring programme
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The light coloured block represents Phase 1 of the monitoring design procedure, covering preliminary
assessments (Chapter 3). The dark coloured steps correspond with Phase 2 of the design procedure,
consisting of detailed investigations outlined in Chapters 4 through 8.

The proposed procedure for designing a groundwater monitoring programme (see Figure 2.2)
involves the following steps:

e Step 1: Preliminary assessment of the groundwater situation, the problems and trends
as well as the size of a sustainable groundwater monitoring programme
This step is to assist in evaluating whether or not systematic groundwater monitoring is desirable
in an area and what the objectives and scope of the monitoring programme(s) should be,
considering the given budgetary and organisational conditions. The activities described are aimed
at providing the components for a “quick scan” of the groundwater situation, the actual problems
and a list of key issues for monitoring.

e Step2: Analysis of the groundwater system and development of a conceptual model
This step involves analysis of the groundwater system (aquifer and flow systems) and
development of a conceptual model on the basis of available hydrogeological and hydrological
information. The conceptual model, in turn, forms the technical framework for the groundwater
monitoring network design. Groundwater quality is also analysed in relation to the groundwater
flow systems defined.

e Step 3: Analysis of the institutional setting
This step concerns an inventory of the institutions involved in groundwater exploitation,
management and protection as well as analysis of their roles, mandates, tasks and related budgets
and manpower. Evaluating these conditions should lead to a better idea of the scope and
limitations related to extending or improving groundwater monitoring.

e Step 4: Inventory of data needs and specification of monitoring objectives
The inventory of data needs includes listing the users of groundwater data and assessing their data
needs. Monitoring objectives may include provision of data for assessment, development, use,
management and protection of groundwater resources.

e Step5: Design of groundwater monitoring programme components for identified objectives
This step concerns analysis of the monitoring objectives and translation into components of the
monitoring programme. Each monitoring objective leads to a monitoring component with its own
specific requirements (area to be covered, preferential network set-up, parameters needed,
frequency of sampling, etc.). By bringing the components together in a scheme, the various
functions and needs of the monitoring programme will become clear. Because of the complexity
of situations, a modular structure of the monitoring programme is recommended.

e Step6: Specification of monitoring programme options
Feasibility of a monitoring programme depends among other things on the budgets and
institutional capacity available. It is good practice to consider a limited number of possible
monitoring programme options, for instance with increasing level of complexity. Options may
differ with respect to the scope of the programme, the area covered or the properties involved
(e.g. network density, frequency of observation, etc.). Specification of the options to be
considered should be done in consultation with representatives of the institution responsible for
groundwater management and monitoring. The details of the programmes considered should be
clearly specified in maps and/or tables.

13
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e Step7: Specification of required budget, expected performance and necessary institutional
capacity for each option considered

To prepare for the selection process, further analysis requires for each monitoring programme
option considered:
a) Calculation of investments and annual costs involved in the monitoring programme;
b) Description of the information level expected (areas covered, objectives covered, estimated
accuracy, etc. Also, strong points and limitations should be indicated;
c) Analysis of institutional capacity needed and of possible limitations.

e Step8: Evaluation of feasibility and selection of best monitoring programme option
This step includes evaluation of the feasibility of the monitoring programme options considered
on the basis of the information resulting from step 7 and selection of the best monitoring
programme option for implementation. New options may have to be specified (step 6) and
analysed (step 7) if none of the programme options considered turns out to be feasible or
sufficiently attractive.

2.3 Modular set-up of the groundwater monitoring programme

Measurement points, especially observation wells, can have different functions within the monitoring
programme. Some points may have a single function (e.g. only water levels), while other points have
multiple functions (e.g. water levels and water quality monitoring). Differentiation in the monitoring
programme in conformity with the specified functions can be very cost-effective, especially in
groundwater quality monitoring programmes. For instance a limited number of selected “indicative”
points may be used for annual monitoring of trends while a larger number of points may be used for
five-yearly reports on the spatial water quality distribution.

In order to enable flexible planning and control of a groundwater monitoring programme with respect
to the role of the various observation points, the programme has to be transparent. When the priorities
in groundwater management evolve, the focus of the monitoring programme will also change.
Changes in the monitoring programme may lead to withdrawal of certain observation points that have
lost their function, which saves costs. Also the sampling programme may change in time, depending
on the evolution of information and priorities. From experience with complex monitoring
programmes, it appears to be advantageous if the different functions of observation points are clearly
linked to the various objectives and data requirements defined by groundwater management.

Figure 2.3 shows how the monitoring programme can be composed of different monitoring
components, each linked to one of the groundwater management objectives and the data sets required.

14



°
Ig@ International Groundwater Resources Assessment Centre GP 2008-1

Groundwater quantity Groundwater quality
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data set 1 data set 2 data set 3 data set N
Design of monitoring Y Y Y Y
programme components Comp. 1 | | Comp. 2 | | Comp. 3 | Comp. N
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v

Composing a total monitoring Groundwater monitoring
programme programme

Figure 2.3: Modular set-up of a monitoring programme

The different components of the groundwater monitoring programme follow from the data needs
related to groundwater development, management and protection in the region of interest.

Several objectives may have to be served at the same time. For instance: a) determine the potential for
groundwater development of the region, b) investigate whether the groundwater quality in vulnerable
zones of that region shows the impacts of land use c) monitor the position of the fresh water/saline
water interface in the coastal zone of that region. Such objectives and data needs make different
demands on the monitoring programme, both in space and time.

For establishing a multifunctional groundwater monitoring programme it will be necessary to prepare
maps showing the spatial distribution of groundwater monitoring objectives deduced from the needs
for groundwater reconnaissance, development, use or protection. This may include mapping basic
information such as land use to look for potential threats to groundwater quality. The various
monitoring objectives will generally show spatial overlaps where monitoring points are needed with
multiple roles. The maps will help to select the most suitable observation points for particular
purposes. Selected and newly installed wells may serve different purposes at the same time.

2.4 Basic options of monitoring programmes

In addition to the monitoring objectives and the hydrogeological setting, the dynamic behaviour of the
variables to be measured (groundwater levels, groundwater quality) is an essential factor in the design
of monitoring programmes. The basic properties of the monitoring programme can be adjusted to the
spatial and temporal ranges of these variables, provided that their expected means and fluctuation can
be roughly estimated. Even if the behaviour of these variables is not yet known, reasonable estimates
can often be made on the basis of a) local information and b) experience with hydrologic and
chemical processes in other areas. In the following paragraphs some examples of different monitoring
network set-ups are discussed.

15
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Use of regional networks versus local networks

The choice of a monitoring network depends very much on the variability of the data to be observed.
If the spatial variability of a measured parameter or variable is high (significant correlation between
the records of observation points only exists over short distances) monitoring points will only yield
locally representative values. Examples of such locally representative variables are: soil moisture
values in the unsaturated zone, groundwater table values in Karstic aquifers or nitrate concentrations in
villages of rural areas. If, on the contrary, the spatial variability of data is low monitoring points can
be representative for a larger area of the observed data. An example is groundwater levels in a
confined aquifer.

Dense local networks. As a general rule producing a reliable spatial image of locally representative
parameters requires closely spaced monitoring points. Collection of such locally representative data
from a widely-spaced network can only be considered as random samples from a large population,
which may not produce a representative picture. So, even statistically a widely spaced network may
not produce the desired results. If locally representative phenomena with a high degree of variability
need to be studied, for instance in support of groundwater policy, a specially designed local network
with sufficient density is the best option.

If the investigations are intended to cover a larger region then selected pilot areas with such specially
designed local networks will probably provide sufficient information. That solution will be much
more practical and cost effective than a regional network with a high density.

Widely spaced regional networks should be reserved for monitoring variables or parameters
representative for relatively large areas (e.g. water levels in confined or semi-confined aquifers). The
wide spaced network will provide a more or less continued spatial impression of the variable or
parameter studied. Another way of using a widely spaced regional network is for determining a
parameter that is statistically representative for the area (e.g. a parameter representative for the degree
of groundwater contamination from non-point sources). In such case the data need to be collected
through a sample survey from locations having comparable hydrogeological conditions. The locations
sampled may be isolated from one another but their number needs to be sufficient for the statistical
analysis. This method is frequently used in studies of groundwater quality, for instance for
determining the degree of groundwater pollution in areas with different types of land use and soils.

Use of distributed networks versus indicative monitoring points

Distributed monitoring networks. Distributed monitoring networks are the usual form of groundwater
monitoring networks. The required distribution of monitoring points in a regional network is a
function of the parameters to be monitored (defined by the monitoring objectives) and the conditions
that are responsible for the spatial image of these parameters. Relevant conditions may be altitude,
hydrogeological setting, surface water drainage, land use type, soil characteristics, etc. It is important
that conditions relevant for spatial variation of the parameter studied be represented in the set-up of
the monitoring network.

Networks for groundwater level monitoring may be attuned to dominant hydrogeological conditions
in the area, for instance by assigning a different network density to zones with unconfined and
confined aquifers. Regional differences in groundwater quality may be the result of a more complex
set of conditions, such as land use type, hydrological conditions (zones of recharge and discharge) and
soil properties. Since detailed data on these conditions are not always available, only the available
information can be used as a basis for network design.

Indicative monitoring points. For the purpose of this guideline the term “indicative” monitoring point

has been introduced. An indicative monitoring point should be representative for the response of a
part of the regional groundwater system or the system as a whole to the stresses upon it. Examples of
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such regional phenomena are the drawdown of the water table caused by distributed groundwater
wells or contamination of the groundwater system by non-point sources of pollution.

An indicative point should be a “thermometer” of the groundwater system under stress. Its record
should be indicative for the overall behaviour of the system, so that groundwater managers receive
characteristic information on the actual status of the system and are alerted to possible trends. This
information will make it easier to start planning further development or interference if the system is in
danger. For further development of large groundwater systems, indicative monitoring points will not
be sufficient. For that purpose a more solid distributed network will usually be needed.

At an early level of network development, indicative observation wells are very valuable. As networks
grow the density usually increases towards a more distributed network.

Use of 2-dimensional set-up versus 3-dimensional set-up

In many cases the groundwater conditions are essentially 3-dimensional and in developing a
groundwater monitoring programme this dimensionality needs to be adequately considered. In some
cases, however, a predominantly 2-dimensional setting does exist, for example in rather straight
sections of coastal areas, in extended river valleys, near geological faults, etc. It is essential that the
hydrogeological profile and the groundwater levels show a minimum to zero variation in one
direction. The groundwater levels can then be monitored in a direction perpendicular to the first one,
e.g. in coastal zones perpendicular to the coast. The monitoring network can exist of some rows of
monitoring points in the direction perpendicular to the main axis. The distance between these rows
depends on the minor variation in the direction of the main axis. This network of rows of monitoring
points is much less expensive than a full 3-dimensional monitoring network, while it may guarantee
the same accuracy.

17
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3 Groundwater problem identification and preliminary
assessments

This chapter:

This chapter describes the first phase of the design procedure. The purpose of the chapter is to assist
in evaluating whether or not systematic groundwater monitoring is desirable in a certain target area
and, if that is the case, in defining what the objectives and scope of the monitoring programme(s)
might be, considering the given groundwater situation and the budgetary and organisational
conditions. The chapter describes:

« Preliminary assessment of the presence or absence of aquifer systems in the target area and the
possible need for groundwater monitoring. Division of the area into aquifer and non-aquifer
Z0ones;

< Preliminary assessment of the groundwater situation, the (potential) conflict situations and the
observed trends per groundwater zone. The potential conflict situations and observed trends lead
to key issues for the groundwater monitoring programme. Priorities may be given with the help of
scores.

« Preliminary assessment of the scope of the monitoring programme that can be sustained with
given budgets and institutional capacity. Also the design activity should be in balance with the
scale of the sustainable programme.

It may be stressed that the tables and scores presented in this chapter are examples that may be used,
altered or disregarded depending on the needs.

3.1 Purpose and approach

The purpose of this chapter is to assist in evaluating whether and where systematic groundwater
monitoring is desirable and, if that is the case, in defining what the objectives and scope of the
monitoring programme(s) might be, considering the given groundwater situation and the budgetary
and organisational conditions.

An inventory of the data needs for development, management and control of groundwater resources
may lead to a large range of monitoring objectives that ideally should be met by the monitoring
programme. However, under limitations of financial resources and institutional capacity, monitoring
will have to be in balance with the capacity and budgets available. This means that priorities will have
to be set with respect to the goals that can be pursued in the actual stage of monitoring. In a similar
way there should be a balance between the investment in design of the monitoring programme
(personnel and material costs) and the scope of the monitoring programme expected. This chapter
addresses:
e A quick scan of the problem situation and preliminary definition of the key issues for the
monitoring programme (sections 3.2 through 3.5);
* A preliminary assessment of the size of a sustainable monitoring network that can be sustained
with budgets and capacity available (section 3.6).

A quick scan of the groundwater situation and specification of key issues

Phase 1 of the guideline includes a quick scan of the groundwater situation in the target area, its users
and dependent functions. An evaluation of conflict situations should result in a listing of key issues to
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be addressed by the monitoring programme. The outcome of this first phase will assist in planning and
prioritising further investigations and ascertain that budgets are spent on investigating the right items
in a more effective way. It can be used to direct further investigations and will alert managers to
possible bottlenecks.

If the groundwater situation and its problems are already known very well and if the assignment to
design and/or evaluate a monitoring programme is already very clearly defined, this part may be
skipped. However, if the groundwater situation and related problems are not yet clear, this chapter
may assist in analysing the situation (both technical and institutional aspects), create a better
awareness of the problem complexity and help in defining the right focus and feasible scope of
monitoring activities. If the desired scope of a monitoring programme exceeds by far the budget and
manpower available, managers need to be warned regarding the impossibility to fulfil their demands.

Defining a sustainable scale of monitoring

One of the initial checks to be performed is to define to what extent a monitoring programme resulting
from the monitoring design project can be developed and sustained within the available budgetary and
institutional capacity. The costs of establishing and maintaining a monitoring network and sustaining
a monitoring programme should not be underestimated. Tables showing the different types of costs
have been included in chapter 8 and annex F. For a quick scan of the scale of monitoring programme
that can be sustained it is necessary to have a fair idea of the budget and capacity available, and the
unit costs involved in different parts of a monitoring programme (Section 3.6).

Remarks

It should be stressed that the tables and scores presented in this chapter are suggested examples that
may be used, altered or disregarded, depending on the needs. The results may be used as the basis for
an “inception report” that describes the terms of reference for the design phase of the groundwater
monitoring programme needed.

3.2 Preliminary characterisation of the area

General characteristics of the target area

General characteristics of the area that are essential for further evaluation have been listed in Table

3.1. These include:

* Location and size of the area and its boundaries with other areas or the sea;

e Climate of the area, possibly divided into different zones;

< Hydrographical characteristics. The area considered may be part of one catchment or have overlap
with several ones.

e Topography: division into mountainous, hilly or plain zones. These topographical characteristics
are often related to the geology of the area.

The position of the area near to or away from the sea is important for potential problems of
salinisation and land subsidence. Besides being an essential factor in the geological evolution of the
area, its nature and inhabitants, climate is a determining factor in recharge of groundwater bodies and
in losses through evapotranspiration. Catchment boundaries are important for groundwater systems
when considering the balance between recharge and discharge and the potential for development of
the groundwater systems. Prominent catchment divides, such as mountain ridges, may fully isolate or
divide groundwater bodies. Also in shallow aquifer systems groundwater divides often correspond
with the catchment divides. However, in deep aquifer systems there may be no clear relation between
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the catchment boundary and the groundwater divide and the boundary conditions need to be
considered carefully.

Surface elevation is a major factor in creating and sustaining natural groundwater flow systems and
dependent vegetation, if the geology allows for it (chapter 4). Even relatively small differences may
have a significant influence on the dependency of vegetation. For instance, vegetation in river beds or
on a valley floor may depend greatly on groundwater, while vegetation on topographical heights with
a deep groundwater table depends on rainfall only. This has consequences for the role of a
groundwater monitoring programme as well.

Table 3.1:  General description of the area considered

General characteristic Answer Type of answer
Size and location:

e Sjze of area (km?)

e  Completely inland Yes/no

*  Area with coastal zones Yes/no

e  Length of coastal zone (km)
Climate:

e Humid % of total area
e  Semi-arid % of total area
e Arid % of total area

River basin characteristics:

e  Target area part of one large river basin Yes/no

e  Target area overlapping several unconnected river basins Yes/no
Topography:

*  Mountainous areas (steep slopes, only narrow valleys) % of total area
e Hilly/undulating areas (wide valleys, smooth crests) % of total area
e Plain to slightly sloping areas (including large valleys) % of total area

In conclusion, maps of surface elevation and surface water systems constitute indispensable
information for assessment of the groundwater flow system(s) and for design of the groundwater
monitoring programme as well. A map of climate zones is needed for calculation of recharge and
losses through evapotranspiration.

3.3 Preliminary characterisation of the aquifers

Hydrogeological characteristics of the area

The geology of an area determines the “hydrogeological framework” of aquifers, aquitards and
aquicludes, which houses the groundwater bodies. The hydraulic characteristics of the framework
determine whether significant volumes of groundwater can be stored or just thin and isolated
groundwater bodies occur. The chemical composition of the formations is a determining factor in the
groundwater quality. Storage and quality of the groundwater determine the perspectives of
groundwater development and indirectly the need for a monitoring network.

Based on worldwide conditions two situations can be distinguished:

e Situation A: A hydrogeological map of the area is available;
e Situation B: Only geological information is available.
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Situation A: A hydrogeological map of the area is available.

If a hydrogeological map of the area is available that map can be used for a further division of the
area, for instance into “aquifer environment” and “non-aquifer environment” according to the
UNESCO classification (Table 3.2).

Table 3.2:  Aquifer zones and non-aquifer zones in the area

Hydrogeology Answer Type of answer

Aquifer environment = Regional porous aquifers % of total area
*  Regional fissured aquifers % of total area

Non-aquifer environment | «  Regions with only local aquifers % of total area
* Regions without significant aquifer rocks % of total area

Based on the hydrogeological map, the areas having aquifers and remaining areas should be indicated.
The size of the areas is a first indication regarding the possibilities of groundwater development.

Situation B: Only geological information is available

If a hydrogeological map of the area is not yet available the aquifer and non-aquifer areas will have to
be determined on the basis of geological maps. The following classification Table 3.3 may then be
used.

Table 3.3:  Geology of the area

Geology Answer Type of answer
e Unconsolidated deposits % of total area
e Consolidated sedimentary basins % of total area
e Volcanic terrains % of total area
e Basement complex and major intrusives % of total area

Based on the geological map the areas with potential aquifers and the remaining areas may be shown
on a draft hydrogeological map. The size of the potential aquifer areas is a first indication regarding
possibilities of groundwater development.

Warning: If the target area or a large part of it consists of “‘non-aquifer environment’ and if only
local patches of shallow aquifer occur, for instance in weathered zones of Basement terrains, then
substantial and systematic groundwater monitoring will not be required. Further investigations for
design of a monitoring programme may then be stopped.

Division of the target area into zones

If the groundwater situation in the target area is complex, e.g. comprising different aquifer and non-
aquifer zones, divided over several (sub-)catchments and exhibiting differences in land use, it may be
useful to divide the area into practical zones (for instance a total between 5 and 20). A sub-division
according to (sub)-catchments is especially relevant if the groundwater systems may have a direct
interaction with the surface water system, e.g. when the groundwater table is relatively close to the
land surface in plains or alluvial fills. If the groundwater table is deep and out of direct reach of
surface water, sub-division according to sub-catchments will often not be necessary.

For further analysis of the status of the groundwater system(s), its (their) potential for development

and the need for a monitoring programme, a combined map may be constructed. The map should

show:

< different topographic zones (e.g. divided into mountains, hilly area, plains)

< different catchments and sub-catchments, based on topography and drainage pattern (rivers,
streams, lakes, sea)
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« the aquifer and non-aquifer zones of the area, based on (hydro)geologic information.

For shallow aquifers a division into zones may be based on the topography and (sub)-catchment
boundaries. Further sub-division may be made on the basis of land-use for instance.
For deep aquifers a division may be based on major groundwater systems for instance.

Characteristics of aquifer system per zone

Preliminary estimates of the aquifer system’s characteristics collected in Table 3.4 may provide the

following information:

e Extent and saturated thickness and estimated porosity may help in determining in which areas or
zones groundwater bodies are significant in terms of total volume stored.

e The type of confinement shows where the groundwater body in the upper aquifer is totally
unprotected or relatively well protected from pollution sources at the surface.

e The depth to water is important to decide whether the groundwater body is generally interacting
with the surface water or disconnected from it.

Table 3.4:  Characteristics of aquifer system per zone

Zone Aquifer system characteristics — preliminary estimates
Type: Confinement | Lateral extent Total Depth to Total stored
upper layer (km?) thickness water volume

(m) (m) (million m®)
Zone 1
Zone 2
Zone 3
Zone N

Type of answers

Type: Single layer (SL) Multi layer (ML)

Confinement (upper layer) : Unconfined (U) (Semi)-Confined (C) % U/%C)
Lateral extent (km?)

Estimated total thickness: <20m 20-50 m >50 m
Estimated depth to water: <5m 5-50m >50m

Total stored volume (million m®)

3.4 Preliminary assessment of the groundwater situation

Groundwater situation — preliminary estimates

Table 3.5 may be used to provide a preliminary overview of the recharge and storage of groundwater

per zone as well as the percentage already abstracted.

e The estimated direct and indirect recharge provides a very rough upper limit of the annual volume
of groundwater available for natural discharge and abstraction.

e The percentage of recharge being used for abstraction should give a rough indication of which
zones are under stress of abstraction and which zones are relatively free from stress.

e The relation between abstracted annual volume and the average stored volume of groundwater
shows whether the buffer capacity is sufficient for dry periods.

e Inarid and semi-arid zones the stored volumes in large and thick aquifer systems are sometimes
used for water supply, thus slowly depleting the aquifer system (e.g. in the Libyan region).

On the basis of such preliminary estimates, groundwater outflow and natural discharge will be

unknown or very uncertain quantities. Consequently the annual volumes remaining for further

development will require more detailed investigation.
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Table 3.5:  Groundwater quantity situation - preliminary estimates
Zone Estimated recharge groundwater body
Estimated direct Estimated Total estimated Total stored Groundwater Total abstraction
recharge from indirect! recharge recharge volume quality for water divided by
rainfall from rivers/canals (million (from Table 3.4) supply total recharge
(million m*/year) | (million m®/year) m?/year) (million m%) (%)
1
2
3
N
Type of answers:
Groundwater quality for water supply Suited Restricted use Not suited
Total abstraction divided by total recharge (in %) < 25% 25 - 50 % 50 — 75 % >75 %

(either calculated percent. or classified as follows:)

Note®: In some situations, indirect recharge may also come from irrigated land and in large urban areas from leaking water
mains, leaking sewers and from disposal of storm drainage. The presence of these possible recharge sources should be noted
for more detailed investigation (chapter 4).

Conflict situations with respect to groundwater quantity

The general reference monitoring network will have to reliably depict the groundwater situation on a
regional scale (Chapter 1). That function covers the natural situation as well as the regional impacts of
groundwater use and surface water management.

Potential conflict situations with respect to groundwater quantity.

Table 3.6 may be used to indicate what types of groundwater abstraction, groundwater dependent
functions and processes may occur in the zones considered. Conflicts may occur when different user
groups compete for the groundwater available in a zone, or when functions or processes that depend
on the groundwater level suffer from strong abstraction, for instance. The table may be completed
with the scores given in the legend, or any other type of scores considered more suitable. The
proposed scores are simple qualitative ratings, ranging from “none” to “very important”. In the case of
wells this might be expressed in estimated numbers as well. The table and scores may be changed
according to the needs and information available.

Table 3.6:  Potential conflict situations - groundwater quantity
Surface Groundwater supply Groundwater dependent functions Groundwater dependent
water processes
Zone Surface Public Irrigation Urban Groundwater | Groundwater | Salinisation/ Land
water water supply from water supply | fed springs dependent saline subsidence
measures from tube groundwater from open and Eco-system intrusion
influencing wells wells wells streams
groundwater
1
2
3
N
Legend: importance numbers strength
- no none no
+ little few weak
++ medium some medium
+++ much many strong
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The results of Table 3.6 will be analysed in Section 3.6.

Observed trends in groundwater quantity

Table 3.7 may be used to trace which negative impacts in the area are already known. This can be
done on the basis of information available from the area or by inquiring from well owners, water
managers, officials, etc., who are aware of the situation in the area.

The following categories of trends have been distinguished:

e Observed increase of surface water management measures affecting groundwater;
e Observed increase of water supply from groundwater;

e Observed increase of problems with groundwater dependent functions;

e Observed increase of groundwater dependent processes.

Urban water supply from open wells (minor use) may be classified as a vulnerable function, because
the wells have to be deepened or abandoned when the groundwater level drops too much. If at the
same time some of the open wells provide water for irrigation schemes, which may take considerable
quantities of water, that activity should be classified in the column “Irrigation from groundwater
wells”. An observed increase of problems with groundwater dependent functions occurs when
groundwater levels are falling. Groundwater dependent processes such as salinisation and land
subsidence usually increase when groundwater levels decline.

Table 3.7:  Observed trends — groundwater quantity
Observed Observed increase of Observed increase of problems for Observed increase of
increase of groundwater abstraction groundwater dependent functions groundwater dependent
measures processes
Zone Surface Public Irrigation Urban Groundwater | Groundwater | Salinisation/ Land
water water supply from water supply | fed springs dependent saline subsidence
affecting from tube groundwater from open and Eco-systems intrusion
groundwater wells wells wells streams
1
2
3
N
Legend: importance numbers strength
- no none no
+ little few weak
++ medium some medium
+++ much many strong

Conflict situations with respect to groundwater quality

Potential conflict situations with respect to groundwater quality

Table 3.8 may be used to indicate which threats to groundwater quality and which groundwater
dependent functions occur in a zone. Natural contaminants and saline groundwater may pollute large
parts of aquifers when they are drawn in by groundwater abstraction. Also diffuse pollution from
agriculture or large urban areas may endanger groundwater quality in the aquifers. Where large urban
areas are also heavily industrialised, it is worth noting this in the preliminary assessment for more
detailed investigation later. Although considered individually as point sources, uncontrolled multiple
discharges of untreated effluents from large numbers of small industries can become a source of
diffuse pollution to shallow aquifers in urban areas. Groundwater dependent functions or processes
may suffer from increased pollution.
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The table may be completed with the scores given in the legend or other suitable scores. The proposed
scores are simple qualitative ratings, ranging from “none” to “very important” or equivalent

indications. The table and scores may be changed according to the needs and information available.

Table 3.8:  Potential conflict situations - groundwater quality
Threats to groundwater guality Groundwater dependent functions
Zone Natural Salinisation Intensive Urbanisation | Water supply | Water supply Springs or Ecosystems
contaminants agriculture from tube from open streams
(F, As) wells wells

1

2

3

N
Legend: importance strength numbers
- no no none
+ little weak few
++ medium medium some
+++ much strong many

Observed trends in groundwater quality

Table 3.9 may be used to indicate whether deterioration of groundwater quality is already a fact in

particular zones of the area. This can be done on the basis of information available from the area or by
inquiring from well owners, water managers, officials, and other persons who are aware of the

situation in the area.

The following categories of trends have been distinguished:
e Observed increase of groundwater pollution caused by diffuse sources of pollution;

(Local sources of pollution have not been considered as the regional scale groundwater reference
monitoring network is not suited to monitor them).
* Observed increase of pollutants in groundwater abstracted for water supply;
e Observed increase of groundwater quality problems for groundwater dependent functions (springs
streams or ecosystems;

Table 3.9:  Observed trends — groundwater quality
Observed increase of groundwater pollution Observed increase of groundwater quality problems
caused by diffuse sources for groundwater dependent functions
Zone Natural Salinisation Intensive Urbanisation Water Water Springs or Ecosystems
contaminant agriculture supply supply from streams
(F, As) from tube open wells
wells

1

2

3

N
Legend: strength
- no
+ weak
++ medium
+++ strong

A preliminary evaluation of the conflict situations is given in section 3.5.
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3.5 Preliminary evaluation of results and specification of key issues

Preliminary fact finding in this chapter leads to a number of tables. The tables provide an overview of
the groundwater situation, its users and the possible impacts of use on other users and the groundwater
dependent functions in the target area, as far as information is available. Evaluation of the answers
provided in the tables should give a fair impression of major and minor problems and should lead to a
ranking of key issues to be considered for coverage by the monitoring programme. The size and scope
of the monitoring programme can only be determined after a more thorough investigation of the
preliminary estimates in this chapter (see chapters 4 through 8). The following description should
assist in evaluating the facts from the tables completed.

Preliminary evaluation of aquifer conditions

For evaluation of the potential of groundwater aquifers in the area, Table 3.2 or Table 3.3 will provide

an impression of the proportions of aquifer and non-aquifer-environments.

e Inareas of non-aquifer environment (e.g. basement areas), groundwater bodies may be limited to
local zones or be non-existent. The need for a substantial and systematic monitoring programme
is unlikely. If there is a local need groundwater monitoring for control of depletion or water
quality degradation may done in (some) single wells.

* For areas with aquifer environment the preliminary assessment of the groundwater situation and
key issues should be given a follow-up of more detailed investigations.

If no zones with substantial aquifer environment have been found the evaluation may lead to a

decision not to carry out further investigation but to undertake final reporting at this point. If further

investigations are needed, division of the area into practical units, based on topography, catchment
boundaries and aquifer zones should be considered. Table 3.4 is meant to provide an overview of
extent, thickness, depth to water and stored groundwater volumes in the different aquifer zones.

Preliminary evaluation of the groundwater situation

A preliminary overview of the groundwater situation and its potential for use in different zones can be
given by completing Table 3.5. Although the table is based on relative rough estimates it should
already provide a basic idea of which zones may be promising for groundwater supply (sufficient
recharge and stored volumes) and which zones may be less productive. The present use rate
(abstraction divided by recharge) may also be estimated. In combination with the recharge estimates
the table should provide a preliminary idea of where zones are already intensively used and where
opportunities may be found for further development. Groundwater quality may be a limiting factor for
certain uses.

Finally it should be stressed that a monitoring programme can help in quantitative assessment of the
annual recharge and in determining the potential for further development with much more certainty.
Providing the data for assessment and management of water resources on a regional scale is one of the
objectives of the reference groundwater monitoring network.

Evaluation of potential conflicts and observed trends

Monitoring may be used as a tool to control the balance between matters of common interest (e.g.

avoid unacceptable depletion or contamination of water resources versus abstraction for public water

supply) or to control a balance between the interests of different groups (e.g. public water supply of

cities versus urban water supply or water supply for irrigation). The priorities given to these aspects

partly depend on political decisions.

e Table 3.6 and Table 3.8 show whether the different types of potential conflicts may occur in the
different zones of the target area, simply by listing the users, the groundwater dependent functions
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and groundwater dependent processes. The relative importance of the abstractions, functions and
processes is represented by the given scores.

e Table 3.7 and Table 3.9 show whether the potential conflict situations have already led to
observable negative trends. Not all trends may have been captured. For instance the impact of
different groundwater suppliers on each others production can only be found indirectly.

The conflict situations may be analysed for the whole area as well as for the separate zones. As far as

the groundwater monitoring network is concerned, the key issues may be inventoried for the area or

for groups of zones. The priorities of the monitoring programme may be further differentiated per
zone.

Evaluation of the groundwater quantity situation

The following types of conflict situations should be considered:

1. Conflict situations between groundwater abstraction and other groundwater dependent functions.

2. Conflict situations between groundwater abstraction and groundwater dependent processes.

3. Conflicts among different users. Different suppliers of groundwater may be in the way of each
other.

Evaluation of the groundwater quality situation

The following types of conflict situations may be considered:

4. Pollution of the groundwater body by natural contaminants with consequences for water supply
and groundwater dependent functions;

5. Threats of the groundwater quality by diffuse pollution from intensive agriculture or urbanisation
with consequences for water supply and groundwater dependent functions.

Rating of conflict situations — example for conflicts between groundwater abstraction for water supply
and groundwater dependent functions in the same zone.

A potential conflict situation is already there if one of the columns of users (groundwater abstraction)
as well as one of the columns of groundwater dependent functions are positive (Table 3.6). The risk of
conflicts is higher when more groundwater dependent functions are involved and when the given
score of the functions is higher as well. The risk of an emerging conflict situation is also higher when
more water suppliers are involved and when their score in the table is higher. Actual conflict
situations already exist if observed trends in one of the columns of groundwater dependent functions
(Table 3.7) are found positive. The situation is even more serious if that trend observation is already
strong.

Defining key issues

A list of key issues can be defined on the basis of the need for further development and the conflict

situations encountered in the target area and its zones.

e Table 3.5 and corresponding maps may be used for priorities regarding further assessment,
development and control of the groundwater resources.

e Table 3.6 to 3.9 provide a preliminary impression of the various users, functions and processes
that compete with each other in the groundwater field.

Rating the actual conflict situations will lead to prioritising the defined key issues of the list.
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3.6 Defining a sustainable scale of monitoring

In order to determine to what extent a monitoring programme can be sustained, the available budget
and the available staff capacity as well as the costs of network maintenance, data collection, analysis
and management are needed. The costs may be different for each country and should therefore be
verified locally. Chapter 8 and annex F provide detailed overviews of cost items. For rough estimates
in this chapter the costs can be totalised.

Annual budget and permanent staff capacity for the monitoring programme.

An annual budget and a permanent staff capacity will be needed to sustain the intended groundwater

monitoring programme. The following information is needed:

1. Estimate of the budget available for the regular monitoring activities in the target area. This
should be provided by the director/manager giving the assignment to design and establish the
programme.

2. The number of staff available for maintenance of the monitoring network and regular data
management, to be provided by the manager.

3. The costs of drilling, installation and development of replacement of existing observation wells
can be verified with drilling companies. The lifetime of wells may be estimated from local
enquiries among well owners.

4. The time and costs involved in data collection and sampling. These can be roughly calculated on
the basis of frequency of field surveys, average distance, km-prices, equipment and consumables
needed, etc.

5. The costs involved in preservation and laboratory analysis of groundwater quality samples.

6. The time and costs involved in data processing, data validation and storage, to be estimated on the
basis of office work experience.

The size of a sustainable monitoring network can be calculated by distributing the available budget

over “network maintenance (including replacement and adjustments)”, “data collection”, “laboratory

costs” and “office work” and by dividing these sub-budgets through the unit costs of the different
activities. After some redistribution of available means an average number of monitoring points will
be obtained. That number provides a fair indication of the sustainable monitoring programme.

If two or more institutions, each with its own tasks and expertise are involved in data collection, data
processing and evaluation, activities can be shared. In such case the capacity available for the
programme can be totalised, taking into account a certain overlap and extra time involved in
coordination and communication.

Separate budget for design and network improvement.

A separate budget will be needed for a one-time design and investment in network expansion,
assuming that the existing network is incomplete.

Time and costs involved in design. The time and costs involved in design depend on the size and
complexity of the monitoring programme to be developed, the experience of the designer and the time
consumed by proper communication (visits, meetings and preparation). The estimated size of a
sustainable monitoring programme, the complexity of the situation and the information already
available (sections 3.3, 3.4 and 3.5) are the basis for calculation of the investments needed in
monitoring network design and network improvement by installation of new wells.
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Costs of network expansion. If a one-time expansion of the network of available wells is needed an
additional budget for installation of new monitoring wells will be required. The investments may be
distributed over a number of years. The budgets needed for a one-time investment in design and
installation of network improvements will have to be furnished apart from the regular budget for
sustenance of the monitoring programme as defined earlier.

Results expected from this chapter:

The chapter results in an overview of relevant facts and estimates that form the basis for decisions
regarding the need, tentative scope and priorities of the desired groundwater monitoring programme.
The following items may be expected:

e Adraft map of aquifer and non-aquifer zones of the target area. The map may be sub-divided into
smaller units on the basis of aquifer types and (sub-)catchment boundaries for the purpose of a
more detailed evaluation.

e A preliminary overview of the recharge, storage and actual use of groundwater for the different
zones of the target area.

e A preliminary overview of actual or potential conflict situations on the basis of observed trends
and potential interference of groundwater users, groundwater dependent functions and processes
in the groundwater units of the target area;

e Aprioritised set of key issues for the regional groundwater monitoring programme;

« Afair estimate of the size of monitoring network that can be sustained given the budgetary and
institutional capacity available;

These should be collected together in an inception report which uses this background material to

briefly set out the scope and scale of the proposed groundwater monitoring programme.
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4 Groundwater system analysis

This chapter:

The chapter focuses on analysis of the groundwater system and development of a conceptual model on
the basis of available hydrogeological and hydrological information. The results of these activities
constitute the technical basis for design of the monitoring programme.

e The description of the conceptual model should include the hydrogeological framework of
aquifers, aquitards and aquicludes as well as the groundwater flow system within and between
these formations. In addition, the conceptual model should identify areas of recharge and
discharge from the groundwater system and should aim to identify the degree of interaction
between groundwater and surface water

e Groundwater level records, if available, may be analysed for signs of over-exploitation.

« The analysis also covers groundwater quality which may give insight into the origin of the water
and the chemical processes which might take place in the aquifers. Groundwater quality may also
show signs of groundwater contamination related to land use.

e The conceptual model forms the basic technical framework for design of the groundwater
monitoring network. In addition, first signs of deteriorating conditions are important for planning
the monitoring programme.

4.1 The conceptual model

The design of a groundwater monitoring programme requires basic knowledge with respect to the
hydrogeological framework and the groundwater flow systems within the relevant aquifers, aquitards
and aquicludes. The description of the understanding of the hydrogeological framework and the
hydrological and hydrochemical processes occurring is called the conceptual model. The level of
complexity of the conceptual model should be appropriate to both the objectives of the programme
and the available data. In the early phase of groundwater assessment, when basic data on these items
are usually scarce, it may only be possible to produce a rough concept of the real system. Later on, the
level of complexity that can be depicted will increase as more data become available. Besides playing
an important role in preliminary analysis of the groundwater system, the model is the basis for design
of a groundwater monitoring programme. Data collected for the conceptual model, either existing or
new, should be analysed for indications of potential impacts as well. So, development of a conceptual
model should be one of the first actions of the design procedure, even if this first attempt is very
simplified.

Creating a conceptual model of the groundwater system involves a review of relevant available data
on topography, hydrology, hydrogeology and hydrochemistry and, in many cases, a focused
programme of additional data collection. The model is based on interpretation of these data as well as
on visual impressions from the field. To a large extent it represents a statement by the professional
hydrogeologist on how the groundwater system being studied “works”.

There is no specific procedure that leads to a conceptual model for all types of situations and
conditions imaginable. Instead the user will have to combine relevant information and field
observations with knowledge, advice and common sense to define the appropriate conceptual model
for his particular case and for the time being. Numerical groundwater models, even relatively simple
ones, may help considerably in determining and understanding the pattern of groundwater flow.

The preparation of a conceptual model may vary from simple to relatively complex, depending on the
data available and the purpose the model will have to serve. If meant for monitoring, its preparation
should be in balance with the scale of the monitoring programme and with the data available. For a
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large-scale groundwater reference monitoring network the level of detail does not need to be very
great. Description of the conceptual model does not necessarily require a lot of writing. A good
illustration is often equivalent to many words (e.g. see example figures below). Furthermore it should
be realized that a conceptual model is a statement of the understanding of how the groundwater
system ‘works’ at the time of interpretation. That level of understanding usually increases with time
as more details become available. Consequently the conceptual model and the monitoring programme
will usually become more mature with time.

The following sections describe in a concise way the main components of the conceptual model and a
procedure that may lead to an appropriate outcome.

4.2 Inventory of data

The data inventory phase often includes the following steps:

1. Collection and review of published documents about the topography, hydrology, hydrogeology,
and related information of the area investigated;

2. Collection and review of site specific data. This may concern data about the aquifer systems(s) in
question (lithological and geophysical borehole logs, pumping test reports, etc.), data on the
groundwater system (groundwater levels and groundwater quality), groundwater related data of
the surface water systems (base flow and spring flow) and, if necessary, data on precipitation and
evaporation.

3. Collection of new information about the groundwater system. This could vary from a rapid
reconnaissance survey using GPS and field test equipment to a more detailed field investigation
with exploration drilling and pumping tests.

Studying published material on analogous systems (e.g. web search for papers) may be useful,

especially when too little information is available on the groundwater system at hand.

4.3 Specification of the hydrogeological framework

Geological formations form the basic structure of the hydrogeological framework. Groundwater flows
through this structure from infiltration zones to discharge zones. The hydrogeological framework
usually consists of zones with a relatively high permeability (aquifers), zones with limited
permeability (aquitards) and zones with virtually no permeability (aquicludes). As groundwater tends
to take the way of lowest resistance, the bulk of groundwater flow is through the aquifers. Also the
majority of observation wells for groundwater level and quality monitoring will predominantly be
installed with their screens in the zones of highest permeability (the aquifers). The establishment of
the hydrogeological framework is, therefore, essential information for the design of a groundwater
monitoring programme.

31



°
llg@ International Groundwater Resources Assessment Centre GP 2008-1

Recharge area for
confined aquifer

Water table Confined l 1
aquifer well aquifer well - =

Hydraulic head in
confined aquifer

Flowing
artesian
well

-

2§ e —
;- S Watertable - - . -0

"—Watertab-ieaguif.er: 3

ot Confining bed |

~"[Confined aquifer . - 35

Figure 4.1: Schematic cross-section of a conceptual model

Large-scale hydrogeological maps and cross sections already exist of some countries. These maps and
cross sections show the hydrogeological framework, the type of permeability (porous, fractured,
fissured) and often groundwater levels and groundwater flow directions as well.

However in many countries hydrogeological maps do not exist as yet. In such cases the basic
hydrogeological framework will have to be deduced from geological maps and cross sections of the
target area. However, the information from geological maps and cross sections is seldom ready for
direct representation of the conceptual model. It will then be necessary to create a tailored set of
hydrogeological maps and cross sections. The following situations may occur:

« Regional geological maps do not exist or, because of their large scale, do not provide a sufficient
level of detailed information. Additional data from borehole logs and groundwater samples will
then have to be collected and interpreted. Also geophysical reports and information on the genesis
of geological formations may help in creating the conceptual model.

< Further schematisation or simplification may be desirable. For instance, if aquifers are separated
by discontinuous and thin low-permeability layers, they may be mapped together as a single
aquifer system, often under combined names. In a similar way less permeable layers may be
combined as a single aquitard, for instance if intermediate sand layers are relatively unimportant.

e Geological maps and cross sections may also contain information that is not necessary for the
design of a regional groundwater monitoring programme. Unnecessary details should be left out,
thus simplifying the overall concept.

The maps representing the conceptual model should be both balanced and realistic at a regional scale.

Preparing them requires quite some experience.

Special attention should be given to the area where deep aquifer systems are exposed at the surface.
These aquifers may come to the surface outside the target area or catchment, even in a neighbouring
country. If that is the case, a considerable part of the recharge to the aquifer may come from outside
the catchment. In practice this often leads to lack of data, which imposes limits on recharge and water
balance calculations. Defining the potential for groundwater development of these aquifers will then
depend more on the records of deep groundwater levels, which, in turn, may have implications for the
groundwater monitoring programme.

32



°
zlg@ International Groundwater Resources Assessment Centre GP 2008-1

If hydrogeological maps and cross sections do not yet exist, it is recommended that the conceptual

model of the hydrogeological framework be visualised by means of the following items:

< A contour map (or maps), showing the extent and thickness of major aquifer systems as well as
the lineament of fault zones;

e A minimum of two cross-sections perpendicular to each other, crossing the key parts of the
aquifer systems and showing the sequence of aquifers and aquitards as well as the hydrological
base;

e Atable (or tables) listing the sequence of aquifers and aquitards from top to bottom, the type of
rocks and calculated or estimated values of their hydraulic parameters (e.g. average and range).
These values can also be shown on the maps.

4.4 Analysis of groundwater flow

Groundwater flow systems

Groundwater flow systems are defined as the spatial units or cells in which groundwater
flows from the zone of recharge to the zone of discharge or withdrawal (
Figure 4.2).

Groundwater flow systems are especially important for studies of the origin of the groundwater and
interaction with its environment. A groundwater system may consist of several groundwater flow sub-
systems, small and shallow ones embedded in large and deep ones. Shallow flow systems are usually
drained by small streams, whereas the larger ones discharge into the major rivers or into the sea.
These flow systems are separated from one another by “soft” groundwater divides or impervious
layers.

Groundwater flow is gravity driven, causing groundwater to flow from areas of relatively high
groundwater level under recharge zones towards the lower discharge zones. Path lines in a
groundwater flow system connect the zone of recharge with the zone of discharge. The course of these
lines is influenced by the hydraulic properties of the sub-soil, which makes aquifers the preferential
flow path. This mutual relation between groundwater flow systems and the hydrogeological
framework is scale dependent. Several small groundwater flow systems may be found in shallow
aquifers. In a similar way, large and deep groundwater systems may penetrate several aquifers and
aquitards.
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Figure 4.2: Schematic cross-section showing groundwater flow systems

Studies of groundwater flow systems and their path lines provide essential information for analysis of

the evolution of groundwater quality, the possible impact of contaminants, and the effects of
environmental measures. Residence times in large groundwater systems may be up to tens of
thousands of years. Groundwater quality is then usually the result of a chemical interaction of

groundwater with the aquifer matrix over a very long period. This long relation of the water to the
chemistry of its environment can be used to distinguish different groundwater quality types (Ref).
Small and shallow groundwater flow systems have relatively short flow lines and travel times. The

quality of their water may show all types of recent influences.

Shallow versus deep flow systems

Unconfined aquifers with shallow groundwater table. In unconfined aquifers with a shallow

groundwater system there may be a direct interaction between surface waters and the groundwater
body. Where rivers, springs or lakes drain the groundwater system, the level of the surface water body
roughly corresponds with that of the water table (Figure 4.3a). Only the hydraulic resistance of a river
or lake bed (entrance resistance) may cause a small difference in these levels that is usually negligible
at a regional scale. Where surface water feeds the groundwater system a similar situation may occur
(Figure 4.3b). However, in recharge situations one should be aware that an unsaturated zone may be
present underneath the surface water bed, disconnecting the surface water level from the groundwater

table (Figure 4.3c). In the aquifers with shallow water tables, groundwater divides will often

correspond roughly with surface water divides.

The above relation between surface water and groundwater levels can be used to draw the contours of
the groundwater table map. In addition observation points of surface water levels can be used to

supplement the network of groundwater observation wells.
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Figure 4.3: Examples of groundwater — surface water interaction

Impermeable strata

Unconfined aquifers with deep groundwater system(s). In areas with unconfined aquifers and a thick
unsaturated zone (e.g. a water table deeper than 20 m) drainage channels may only discharge surface

34



°
Ig@ International Groundwater Resources Assessment Centre GP 2008-1

water and have no relation with the groundwater body. The groundwater system will then be drained
by the bigger rivers. In the area between the rivers only wells and boreholes of sufficient depth can be
used to monitor the groundwater levels. The groundwater level measurements at these observation
points constitute the basic data for studies of the groundwater flow.

Confined aquifers. In confined aquifers, groundwater levels measured in observation wells represent
the hydraulic head at the depth of the screen. Monitoring wells or boreholes constitute the only way of
recording the hydraulic heads in these aquifers. Deep confined aquifers may come to the surface
outside the target area or catchment, even in other countries. If that is the case, groundwater system
analysis may become more difficult and monitoring wells in the border regions will become
important.

Quantification of groundwater flow and storage

Groundwater balance calculations. Groundwater balance calculations can be applied to quantify the
different components of groundwater recharge and discharge as well as the accompanying changes
(increase or decrease) in groundwater storage in a selected period. The groundwater balance may
provide increased insight into the magnitude of different components and show where data are weak.
The water balance should also help to identify whether the current situation in the aquifer is
sustainable and to estimate the potential of the groundwater system for further development.
Calculating a water balance is an important step and it should be possible in most cases to make a
reasonable estimate of the key components. If this is not possible, then it suggests that the level of
confidence in the conceptual model is likely to be low. Typical components of a water balance are
given below (Table 4.1).

Table 4.1: Groundwater balance with inflow and outflow components
Inflows Outflows

Direct recharge from rainfall Discharge to rivers

Recharge from surface water bodies Evapotranspiration

Urban leakage (mains, sewers) Abstraction

Infiltration from irrigated land

Lateral groundwater inflows Lateral groundwater outflows
Decreasing storage Increasing storage

(falling groundwater heads) (rising groundwater heads)

Increasing storage (rising groundwater heads) occurs when the total inflows exceed the total outflows
in the period considered. Decreasing storage occurs in the opposite case.

Note that many of these components are hard to measure directly and might need to be estimated

(i.e. using per capita water consumption or generic pipe/sewer leakage rates).

Use of numerical groundwater flow models. Numerical groundwater flow models, even simple ones,
may contribute considerably to the understanding of groundwater flow and groundwater quality
development in the area considered. The models can be extremely useful in determining the directions
and rate of groundwater flow. Sensitivity analysis using the model will show where the data are
lacking or understanding is poorly constrained.

Groundwater models require a minimum of basic data on topography, aquifer framework and
groundwater levels or depth to groundwater. If aquifers are not yet very well understood even a rough
conceptual model, for instance including simplified aquifer systems, can be used to determine major
flow directions. It is then important to describe the simplifications applied and the uncertainties that
may be involved. If sufficient hardware, software, experience and budgets are available, an
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appropriate level of groundwater modelling in support of groundwater monitoring design is
recommended.

4.5 Assessment of groundwater quality

A review of available hydrochemical data will provide important insight into the status of
groundwater quality in the aquifer, the chemical processes and changes occurring and their possible
causes. Chemical changes may be due to recharge from rainfall, leakage from surface water, inflows
from other aquifers, (considerable) evaporation, saline intrusion or contamination. Changes in
groundwater quality along groundwater flow lines are also caused by chemical interaction between
groundwater, soil and aquifer material.

Interpretation of the groundwater quality data will help in determining the origin and age of the water,
thus supporting groundwater flow analysis, in identifying potential threats (saline intrusion or
upconing, groundwater contamination, etc.) and in studying the perspectives and limitations of further
groundwater development. This section only provides a concise list of actions needed for the
assessment of the status of groundwater quality, a better understanding of the background
mechanisms and processes, and preliminary identification of possible threats. Detailed methods for
interpreting hydrochemical processes are described in many guides and handbooks (e.g. Davis &
DeWiest 1996; Hem 1992; EPA 1989; Freeze & Cherry 1979) and will not be repeated here.

Aquifers with shallow groundwater flow systems

Most shallow groundwater flow systems have short flow lines and travel times. This makes them
vulnerable to rapid changes in groundwater quality, both in space and time, caused by local
differences in land use. Experience has shown that groundwater quality may vary significantly
between nearby wells. In contrast, samples taken from springs or streams draining the groundwater
body will tend to show average values representative of a part of the system or the system as a whole.
Where numerous similar, shallow aquifer systems extend over a large area, for instance coastal plains
with repetitive drainage or irrigation systems, there may be many similar shallow systems at short
distances, differing little from one another. To be (cost) effective, data collection in such a region
should be conducted on the basis of a well prepared plan that considers similarities and differences
between these systems. That plan for data collection may include a limited number of pilot areas
(units), selected on the basis of the aquifer situation and differences in land use. Simple land use
divisions could be: urban, agriculture with and without irrigation, pastures, forests and natural
vegetation. The data collection plan may form the starting point for a future monitoring programme.
For a general reconnaissance of the water quality, including water types, origin of the water and first
indications of contamination, the following parameters should be analysed: Ca, Mg, Na, K, NH,, Fe°,
Mn®, SiO,, HCOs, SO, Cl, NO3, PO, (major ions). Analysis should also include direct measurements
in the field of pH, EC, Temperature. For determining actual contamination, additional analysis of
specific compounds is needed. Selection of the parameters should be based on information regarding
the hydrogeological setting (e.g. F in Basement or Volcanic areas and As in major alluvial deltas or
mining areas) or land use (e.g. B, Zn or organic components in urban areas).

Aquifers with medium deep and deep groundwater flow systems

As discussed earlier (Section 4.4), collecting groundwater samples from aquifers with deep
groundwater systems is only possible from deep wells and large, base flow dominated rivers (and
occasionally springs) draining them. As the groundwater systems are usually large and deep with long
flow paths and large travel times (hundreds to thousands of years) human influences on the water
quality of the systems are generally limited to the upper zones. Trends in groundwater quality along
flow paths will be important for demonstrating the natural processes occurring in these aquifers.

For a good regional picture, a regular distribution of wells would be ideal. However, availability of
wells may differ widely in these deep aquifers.
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For a general reconnaissance of the water quality, including water types, origin of the water and
indications of contamination, the following parameters should be analysed: Ca, Mg, Na, K, NH,, Fe’,
Mn°®, SiO,, HCO3, SO, Cl, NO3, PO, (major ions). The proposed analysis also includes direct
measurements in the field of pH, EC and Temperature. For determining actual contamination,
additional analysis of specific compounds is needed. Selection of the parameters should be based on
information regarding the hydrogeological setting (e.g. F in Basement or Volcanic areas and As in
thick deltaic sequences).

Coastal aquifers with saline groundwater

Coastal aquifers usually have brackish and saline water at greater depth. The fresh/saline interface
comes close to the surface near the coast and dips to greater depths away from the shore. The
“interface” consists of a brackish, transitional zone with a thickness that may vary from some meters
to tens of meters, depending on the dynamics of the groundwater flow system. Under natural
conditions the fresh/saline interface may be at rest. However, groundwater withdrawal from the upper
fresh water body may cause the interface to move inland and upwards, endangering the water wells
and the environment. Therefore, groundwater wells close to the coast (e.g. within a range of 20 km)
should be checked for the quality of their water, especially the chloride content. If records of deep
screens are already available they may show chloride levels rising with time, which is a fair indication
of saline intrusion. Unfortunately, reliable information about the depths of wells and their screen
section(s) is often difficult to obtain.

If additional data are required, EC-values are good indicators of the salinity of the water in the range

from brackish to saline water. As EC-values can be measured in the field they are excellent for a
quick and cheap scan of the situation with respect to saline water intrusion.
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Results expected from this chapter:

The results of the chapter should be maps, cross sections and tables describing the conceptual

hydrogeological model defined on the basis of existing information and field surveys. The information

required includes:

e A contour map (or maps), showing the extent and thickness of major aquifer systems as well as
the alignment of fault zones in the area of interest;

e A minimum of two cross-sections perpendicular to each other, crossing the key parts of the
aquifer systems, showing the sequence of aquifers and aquitards as well as the hydrological base;

e A table (or tables) listing the sequence of aquifers and aquitards from top to bottom, the type of
rocks and the average value and range of their hydraulic parameters. These values can also be
shown on the maps;

e A map showing groundwater levels and contours in the area of interest;

« Map(s) and/or cross sections showing the expected size and depth of major groundwater flow
systems as well as rough indications of the recharge and discharge zones. Water divides between
the flow systems and estimated flow directions should be indicated on the maps.

If groundwater quality is to be part of the monitoring programme design, the following maps should

also be prepared:

« For deep groundwater systems, maps of the most relevant quality parameters or water types
characterising the groundwater system(s) and showing trends in quality along flow lines;

< For shallow groundwater systems, maps showing selected pilot areas with the locations of
sampled wells, in addition to tables or graphs showing the water quality in each pilot area.

From coastal aquifers with saline groundwater the following information is needed:

e A cross section (or cross sections) in a direction perpendicular to the coast showing the
hydrogeological setting as well as the depth to the brackish water and the brackish/saline
interface;

« A map showing contours of the depth to the brackish water and the brackish/saline interface. If
depth information is not available, a map showing the spatial distribution of EC.
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5 Analysis of institutional setting

This chapter:

This chapter discusses the legal and institutional aspects that may determine success or failure of
large-scale groundwater monitoring programmes for national and/or regional groundwater resources
management. Successful implementation and sustenance of a monitoring programme depends to a
great deal on sufficient legal and institutional embedding of the programme. This concerns support of
the monitoring programme by laws, policies or regulations, clearness of institutional responsibilities
and mandates as well as the need for sufficient capacity, knowledge and budgets. The better the
support of the monitoring programme, the higher the chances of successful implementation. The
following items are discussed and put in an international context:

* Relevant legal, institutional and administrative aspects concerning groundwater monitoring
programmes;

e Water sector policy and legislation. The importance of defining the need for groundwater
resources management and monitoring in national policies and laws or regulations of the water
sector is emphasized;

* Responsibilities and mandates of sector institutions in relation to rights and obligations of
stakeholder groups;

* Required technical capability of water institutions having the responsibility and mandates for
groundwater monitoring;

* Information exchange and publication of monitoring results, a prerequisite for successful
cooperation between institutions and support by stakeholders.

5.1 Institutional embedding of groundwater monitoring

Commonly aspects which regulate the use of all water resources are documented in a country’s water
law. Complementary, individual aims concerning what a government wants to achieve in the water
sector may be written down in a water policy. Such legally binding documents should also cover
aspects of groundwater monitoring because monitoring can only be effective if the responsible
institutions have a legal mandate to conduct monitoring and at the same time must be able to
implement resource management decisions which may arise from the results of groundwater
monitoring.

Monitoring objectives may be different (groundwater quality, water level, monitoring of a defined
area/aquifer, monitoring over a specific time period, monitoring of a specific parameter), so that the
installation and operation of several individual groundwater monitoring networks may be required. It
may also be necessary to orient monitoring networks along surface water or groundwater catchment
boundaries rather than administrative boundaries so that they may cover different administrative
constituencies (with their own institutional responsibilities for monitoring) or even cover several
countries (monitoring of transboundary aquifers). Furthermore, monitoring networks may be operated
either by the governmental or the private sector. With such different parallel monitoring networks
functioning, it must be ensured that the individual monitoring objectives are still coherent and that
management options can still be implemented.

In order to gain the highest benefit from monitoring information it is recommended to establish
suitable structures for information exchange between the different responsible institutions, water user
organizations, corporations and NGOs. It may be required to formalize this information exchange by a
respective regulation or decree. Data may be collected by a number of different organisations.
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Therefore, their systems need to be compatible in terms of standards, quality assurance, electronic
access and data transfer.

The main aim of groundwater monitoring is to acquire data which help to adjust the management of
(ground)water resources. In this respect it is important to disseminate the results of monitoring
together with the conclusions drawn for (ground)water resources management among all stakeholders
and the affected population in order to achieve agreement on necessary counter-measures. This may
be for instance helpful if monitoring of groundwater quality reveals degradation risks or if
groundwater level monitoring shows decline of water levels which pose a high risk for many
stakeholders. The government or corporations may be obliged to publish monitoring data. It must be
agreed between all involved stakeholders how and at what frequency data are to be published.

Often monitoring involves decisions concerning groundwater resources management of national
interest. Therefore the highest demand for comprehensive groundwater monitoring information is
most commonly generated at national level. The best option is to collect and analyze all monitoring
data at a high-ranking governmental institution which is also responsible for such management
decisions and has the backing to implement them. The overlapping of competences should be
avoided.

5.2 Water sector policy and legislation

The water law of a country should encompass, among others, the following elements (modified after
International Law Association, 2004):

e Obijectives

« Administrative roles, responsibilities and control functions

« Definition of water rights (e.g. private or state ownership)

e The regulation of abstraction and injection rights (e.g. sewage water) and water uses

e The principles how water resources are managed (e.g. establishment of water management
plans: Article 13 of the EC Water Framework Directive)

e Water protection issues like surface water and groundwater protection zones, effect on land
uses (e.g. constructions that may affect the quality or quantity of water, and use of hazardous
substances in the environment, etc.)

e Pricing of water and regulation of the water market

« Penalties, liabilities and responsibilities as well as duties of water users

Good governance was identified by the World Summit on Sustainable Development as one of the key
factors for achieving sustainability. According to the UN Development Programme water governance
refers to: ... “the range of political, social, economic and administrative systems that are in place to
regulate the development and management of water resources and provision of water services at
different levels of society.” The action plan developed at the G-8 summit in Evian in 2003 stated that
the development of “appropriate legal, regulatory, institutional and technical frameworks” is essential
to promote good water governance. Sustainable development can only be achieved if the rights of use
along with the obligations of the users are negotiated and agreed among all stakeholders.

It is quite common that some issues which may affect the quality and quantity of water resources are
regulated in other laws, such as environmental laws, land use planning laws, agricultural laws, etc. It
must be ensured that those laws do not weaken the water law or its regulations in respect of the
protection of water resources in terms of quality and quantity.

There may also be the need to adapt national or state law or regulations to international laws if those

become superior, such as is the case in the European Community (e.g. Drinking Water Directive,
Nitrate Directive, Water Framework Directive or the proposed directive on the protection of
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groundwater against pollution). Also national laws may need to be modified if international or multi-
lateral treaties are signed which regulate the management of water resources (e.g. in the framework of
river basin management plans or transhoundary aquifer development plans).

Groundwater monitoring may be required to be conducted by law for specific tasks, such as for
instance baseline monitoring (e.g. according to the European Water Framework Directive), for
groundwater protection zones (e.g. according to the German Federal States water laws), for
contaminated sites and effectiveness of remediation (e.g. according to the Federal German Soil
Protection Law), etc.

If laws do not provide sufficient detail for some water related issues, the establishment of water
policies may be helpful, as was done in Jordan (WORLDBANK, 1999; MWI, 2003).
The Jordanian policy encompasses the following elements:

e Water Sector Policy

e Groundwater Management Policy

e Water Utility Policy

e lIrrigation Water Policy

e Wastewater Management Policy

Concerning groundwater monitoring, it is helpful if some aspects are included in the legal framework,
such as:

e The need for monitoring (why is monitoring required)

e Information objectives (what is to be achieved by monitoring)

< Roles and administrative responsibilities,

e Access rights (to monitoring locations),

e Costs (who has to pay for monitoring),

e Publication processes (of monitoring data; in which way are monitoring results published and

who has a right to access the data),
» Consequences for groundwater resources management, etc.

In summary, groundwater monitoring will be most effective if the legal basis exists to implement
measures which alleviate negative effects on the availability and quality of water resources and which
have become obvious by monitoring. An appropriate legal, regulatory, institutional and technical
framework should exist in order to provide good water governance. This legal framework must clearly
define the responsibilities and control functions, the water resources management instruments and the
responsibilities and duties of all water users.

5.3 Responsibilities and mandates of water sector institutions
and stakeholder groups

Before a monitoring network is being set up it is helpful to analyze the responsibilities and tasks of all
institutions, water user organizations, water utility companies, and NGOs involved in the water sector
of an area (who does what and who has the legal mandate). This is a necessary action to obtain a good
overview of the stakeholders in the water sector, their rights, responsibilities and data needs. It is also
needed to identify problems related to responsibilities, mandates and priorities of institutions in
charge of groundwater resources management and monitoring. Lack of proper mandates and
assignments or duplication of mandates or tasks may severely hamper effective groundwater
monitoring and exchange of data regarding groundwater resources. Improvements in these conditions
may be needed to make the monitoring programme(s) work.
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The division of responsibilities regarding groundwater management and monitoring is often very
complex:

Responsibilities for surface water/groundwater and water quality/quantity management aspects are
often divided among several different institutions (sometimes of different ministries) at different
levels (national, state, district, municipality). Moreover, water companies, water user organizations
and other NGOs may have their own monitoring networks.

Responsibility for baseline groundwater monitoring may lie at national, state, district or municipality
level. However, in case of monitoring of water quality of drinking water sources (tap water, bottled
water/drinks, milk) responsibility usually is with those companies providing them. Often water utility
companies also have monitoring wells in the up-gradient catchment area of abstraction wells in order
to be able to avert provision of polluted water resources and are obliged to submit their monitoring
data to institutions which have the duty to supervise them.

Concerning monitoring of waste disposal sites, effluents and leakages from sewer lines and sewage
treatment plants, mines, tailing dams, refineries, storage and processing facilities for chemical and
hazardous substances, the responsibility may be either at national/state level (and be paid for by the
operator) or may lie with the operator itself who then has the duty to furnish the data.

Monitoring of spills is commonly ordered (and conducted) by a governmental institution and must be
paid for by the polluter (if the polluter-pays-principle is in place). In cases where contamination is
widespread and cannot be attributed to a single source, such as agriculture, industry, urbanization,
traffic or contaminated surface water sources, monitoring will have to be conducted and paid for by
the government.

Monitoring of saltwater intrusion may be part of government’s responsibility or, if it can be attributed
to the over-abstraction by single users, be in the liability of these users.

There are many different models for the distribution of responsibilities regarding groundwater
monitoring and it is, therefore, difficult to give general recommendations for them. The following
may be considered:

The overall responsibility for managing and protecting groundwater resources which are of national
interest should be with a high-ranked national or regional governmental institution. If groundwater
management at these levels is to be effective also the monitoring programmes supporting these
activities need to be the responsibility of that governmental institution. Certain tasks may be
delegated, such as data collection, laboratory analysis and network maintenance. However, the
responsibility for the national or regional monitoring programmes, supervision of the delegated tasks
and the provision of budgets should be with the governmental institution in charge of groundwater
resources management.

The best way to guarantee sustainable utilization of the water resources is to provide this institution
with sufficient authority. To create a good basis for necessary cooperation the institution should be
positioned at the same level as institutions responsible for management of relevant groundwater
related sectors, such as land use and environment.

With respect to data exchange there should be a clear concept as to how the individual data needs and
monitoring objectives of the various stakeholders of the water sector are going to be fulfilled. There
should be a legal right to obtain the necessary monitoring information from different sources to meet
these objectives (see also section 5.5).
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Concerning the spatial set-up of groundwater monitoring networks it is preferable if the establishment
of these networks is based on the boundaries of groundwater bodies or major surface water
catchments rather than on administrative units.

5.4 Required technical capability of water institutions

Groundwater monitoring requires from an institution which aims to establish a monitoring network
and wants to conduct monitoring and evaluation of monitoring data that it is qualified for this task and
is able to conduct it over a long enough time period. This concerns personnel skills, the infrastructure
and logistics as well as the funding.

Monitoring involves different technical skills which must be available or have to be developed. The
assessment process and establishment of monitoring locations demands advanced hydrogeological
understanding of the groundwater system which should be available among experienced
hydrogeologists, whereas the design of suitable monitoring structures calls for knowledge concerning
drilling and construction techniques. The fieldwork task of data collection is usually performed by
technicians who have received special training in the use of the equipment. On the other hand the
maintenance of the equipment and the rehabilitation of monitoring wells require more technical
engineering skills. If large amounts of data are to be processed, an IT-expert may be necessary for
installation and operation of the database. The processing of the data itself should be performed by
hydrogeologists with special training in data processing and statistics. The publication of monitoring
results may need an IT-expert for web-publishing if publication by these means is intended.

In respect of the infrastructure and logistics the institution has to offer the necessary means. This
concerns the availability of suitable transportation facilities, e.g. for field inspections and
maintenance, suitable office space and the availability of suitable means for data storage, transfer,
processing and publication. Regarding the funding, it must be provided that the institution receives
sufficient funds for the monitoring tasks over a long enough time period.

5.5 Information exchange and publication of monitoring results

From the beginning of monitoring schemes, it should be discussed what the monitoring results may be
used for, who may need the data and what for, as well as how the monitoring results are going to be
published. Such information exchange and publication may even be required by law. Therefore it is
important that all possibly involved institutions, water providers and stakeholders are informed about
the monitoring objectives and how they may obtain data and evaluation results. If monitoring data are
needed from other institutions a formal procedure has to be established. In this context it is favourable
if data are in the same formats or even the same database structure is being used so that those data can
easily be integrated. Also the frequency of data exchange must be negotiated and agreed.

Concerning the publication of data, a suitable format should be agreed upon. When data are a public
good, they need to be made available to the public regularly so that an immediate, quarterly or annual
publication by internet may be necessary. In any case it will further the understanding and awareness
if results are transparent to the public. It is recommended to publish annual monitoring evaluation
reports. In this context it must be established who is allowed to or must publish his monitoring data
and/or results, in which format, for which reporting periods and by what means (by internet or as
printed version, downloadable, call centre for response to customer requests, etc.).

Concerning the access rights, governmental institutions may be either obliged to provide monitoring

data free of charge to others or allowed to sell them. The latter may help them reducing costs but at
the same time hampers transparency.
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Results expected from this chapter:

The result of this chapter should be a critical assessment and evaluation of relevant aspects of the
legal and institutional setting of the situation in hand that are considered essential for success of large-
scale national and regional groundwater monitoring programmes.

Institutions being in charge of groundwater monitoring on a national or regional level need to have the
right position, mandates, capacity and means to enable them to fulfil that task properly. Weaknesses
in their position, absence of mandates and strong limitations of capacity or budgets may severely
hamper a groundwater monitoring programme and make it unworkable.

The following conditions are considered essential for successful monitoring:

e A legal, regulatory, institutional and technical framework exists, which allows for sustainable
management and protection of the water resources. The subject of groundwater monitoring is
already receiving proper attention in the regulations or policy documents regarding the water
sector.

e The responsibility for national or regional groundwater monitoring programmes is with the most
suitable high-ranking governmental institution. Although some tasks of groundwater monitoring
may be delegated, the final responsibility for the monitoring programme(s) should be with the
governmental institution(s) in charge of management of the national or regional groundwater
resources.

e The institution(s) having the responsibility and mandate for groundwater monitoring is (are)
receiving the necessary backing and means from the government to fulfil these tasks.

e The capacity of the institution(s) conducting groundwater monitoring is adequate to fulfil its
(their) tasks. Sufficient and suitable trained personnel, technical infrastructure, logistics and
funding have been made available.

e Monitoring is coordinated with all other institutions working in the field of water resources
management.

« Data exchange structures are established to optimize the benefit for all parties involved. The
results of and conclusions drawn from groundwater monitoring are made public at regular
intervals.

The above list may serve as a checklist for assessment and evaluation of the situation under
consideration. The more of the above conditions are met, the better the chances for a successful
monitoring programme. If some of the legal and institutional conditions are not (yet) fulfilled,
measures should be proposed and pursued to improve the situation.
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6 Design of a programme for groundwater quantity
monitoring

This chapter:

This chapter describes how a regional scale reference monitoring programme can be designed for

groundwater quantity monitoring, following the procedure proposed in Chapter 2.

« Internationally accepted monitoring objectives for regional groundwater systems are listed and
taken as a starting point for the design. The typical data needs related to these objectives are listed
and discussed.

e The design procedure includes division of the area of interest into smaller units with typical
hydrogeological characteristics and preparation of a basic map. Based on these characteristics
effective monitoring strategies are proposed that may also suit limited budgets.

e Selection of monitoring points and network improvements are discussed and illustrated for three
different options.

6.1 Monitoring objectives and data needs

In the early stage of groundwater assessment, groundwater data are usually needed for reconnaissance
of the status and behaviour of the groundwater system as well as for establishing its potential for
further development. Groundwater monitoring objectives in this stage are often formulated as follows:

1. Characterisation of the groundwater system(s);
2. ldentification of possible trends in relation to groundwater use;
3. Estimation of the potential for further groundwater development;

Institutions responsible for national or regional groundwater development and control are the first
ones needing the groundwater data. However, if groundwater exploitation is already a fact, also
companies exploiting the groundwater and affected parties (other users, agriculture and environmental
institutions, etc. ) may benefit from the data for purposes such as planning, licences or claims.
Therefore, it is wise to make an inventory of interested or affected parties and list their data needs.

Because of their importance for national or regional development, large regional (sub-national) scale
groundwater systems often have a higher priority than local-scale systems. Managing the large
groundwater systems requires large-scale monitoring networks that are not suited for observation of
local problems. Specific small-scale networks will then be needed to deal with these local problems.
However, the regional network(s) will have to provide reference values for the local situations. This
leads to a fourth objective, viz.:

4. Provision of historical and reference values for detailed investigations

The design of regional scale monitoring programme will be discussed in relation to the data needs to
meet these objectives.
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1. Characterisation of the groundwater system(s)

Groundwater flows by the force of gravity from recharge zones to discharge zones, where it is drained
by springs, rivers or the sea. This process creates groundwater flow systems within the aquifers. Large
aquifer systems may house several groundwater flow systems, each having its own recharge and
discharge zones. The boundaries of the systems may correspond with separating layers (aquitards or
aquicludes) or consist of groundwater divides within an aquifer. The position of groundwater divides
between the systems may shift by changes in groundwater abstraction. Groundwater divides of large
groundwater flow systems are usually quite stable, but their location may need to be observed if there
are clear reasons for a possible shift.

Characterisation of the groundwater system includes:

e Demarcation of the extent of groundwater flow systems, the zones of recharge and discharge as
well as groundwater flow directions;

e Estimation of the groundwater balance, including the volumes of the recharge and discharge;

< Analysis of the response of the groundwater system to natural and anthropogenic stresses.

The information needed for characterisation of the groundwater system(s) consists of:

« Maps showing the regional scale aquifer systems;

e Contour maps showing the regional pattern of groundwater levels, flow directions and flow
divides within the aquifer system boundaries for each major aquifer identified.

e Maps showing depth to groundwater for the selected aquifers;

e Graphs showing the yearly fluctuation of the groundwater levels in response to climate and
abstraction;

e Graphs showing the yearly variation in the discharge of the springs found in the area;

« Graphs showing the yearly variation of base flow of the streams leaving the area of the aquifers.

The above list shows what is ideally needed for characterisation of the groundwater system. In reality
the data will often not be available, so priorities will have to be put on their collection (chapter 6.5).
In the process of assessment of the groundwater resources and their potential for further development,
the data collected will be combined with records of precipitation, evaporation, abstraction, etc. A
detailed discussion of meteorological data was considered to be beyond the scope of the guideline.

2. Identification of possible trends in relation to groundwater use

Most known groundwater systems will be already in use for water supply or irrigation. For the future
of the groundwater system and its users it is important to know whether actual use is sustainable or
not and whether there are prospects for further development. In order to conclude whether the
groundwater system is able to meet the demands of the users in the long term without too many
negative effects, the response of the system needs to be observed.

The response of the system to abstraction shows in groundwater levels, discharge of springs and base
flow of streams draining the system. With increasing abstraction of groundwater the groundwater
levels will go down and the volumes discharged by springs and rivers will decrease. When these
variables reach a lower but stable level after some time, there is still a balance between recharge and
discharge components. Even then, groundwater levels may have become unacceptably low, causing
wells and springs to dry up and groundwater dependent vegetation to vanish.
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However when the measurements show a constant decrease over a long period (e.g. some years), there
may be no final equilibrium, or only at too low a level. During the period of decreasing levels
groundwater discharge, outflow and abstraction apparently exceed recharge and inflow causing a
decrease in storage. In turn that may cause considerable damage to well fields, groundwater
dependent agriculture and vegetation. The term “trend” has been used for decreasing (or increasing)
groundwater levels or discharges occurring during a substantial period of non-equilibrium. Trends
may be linear or non-linear, depending on the underlying processes.

The best indicators for trends in groundwater stored in the system “as a whole” are the natural
discharge of springs and streams originating from that system, provided that these exist. Discharge
records of these springs or streams will be representative for the groundwater situation in large parts
of the aquifer system. For a more differentiated spatial picture of the declining groundwater levels that
go with decreasing storage, a network of observation wells will be needed. Recording groundwater
levels will show the response in different parts of the area covered. So, records of monitoring wells
supplement the data from springs or streams and provide a more detailed image. As groundwater
observation wells are usually only representative for the area around the well, either a number of
representative measuring points or a distributed network of observation wells may be needed for
observation of the groundwater system(s) (see section 6.2). The density of the network determines the
level of detail as well as the costs involved.

In conclusion the stability of a groundwater system and its potential for further development can be
reliably observed with the help of discharge records from springs, base flow records from streams and
groundwater level records from selected observation wells. Both types of variables can be used as
indicators of the stability and potential of the groundwater system. The best overall observation is
achieved by combining both types of measurements.

3. Estimation of the potential for further groundwater development

Determining the potential for further groundwater development in an area requires information about
the recharge, discharge and storage of groundwater.

1. Rough first estimates. Rough first estimates of further groundwater development potential can be
based on the discharge and storage characteristics of groundwater in the area considered. The
discharge components include discharge to surface water, subsurface outflow of groundwater and
abstraction of groundwater. Estimates of exploitable groundwater need to take into account the
non-exploitable part of groundwater (e.g. large parts of sub-surface outflow) as well as minimum
rates needed for protection of environmental functions. Sufficient storage is necessary to bridge
dry periods. The smaller the storage capacity the smaller the flexibility.

Data needed include groundwater levels at representative points for monitoring groundwater
storage and sub-surface outflow (if relevant), as well as discharge records/estimates of base flow
and spring flow. Estimates of present groundwater abstraction rates are needed for a more
complete picture of the groundwater discharge.

2. Detailed assessments. Detailed assessments of exploitable groundwater, for instance
differentiating between zones or even sub-zones and between dry and wet periods, require more
detailed datasets as well. These include records of precipitation and evapotranspiration, spatially
detailed data on groundwater use, as well as distributed data on surface water levels and
frequently observed groundwater levels in many more points.

It may be clear that detailed assessments are usually not the first priority in the early stage of
groundwater assessment.
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4. Provision of historical and reference data sets for detailed resources investigation

The reference function of monitoring points should be considered when selecting monitoring wells for
the regional network. The monitoring points will be used to build historical data sets for regional
groundwater management and control. These records will also serve as reference data for more
detailed studies and for designing specific, often local, monitoring networks (Van Lanen, 1998).
Hence, the observation wells should be representative for their particular area and the overall
conditions of the groundwater system. They should not be under strong influence of stresses, such as
caused by water well fields. These conditions are important when the basic network will be upgraded
to a primary network. In the initial stage of the monitoring network it may not always be possible to
meet these conditions because of a lack of suitable observation wells. However, the reference function
should be kept in mind when selecting existing wells or future locations for the regional monitoring
network.

6.2 Design of groundwater monitoring to meet identified information needs

Mapping the area and dividing it into logical units

Before the actual start of the design procedure of the monitoring programme, basic maps of the area
showing relevant characteristics need to be prepared. The following items need to be prepared for
further planning:

1. Adivision of the area considered into catchments and sub-catchments up to a degree that the
smallest units are still regional scale units (suggestion: in total not more than 5-10 units,
preferable minimum size 50-100 km?):;

2. A division of the catchments into sub-zones on the basis of land surface elevation: mountainous,
sloping area, valleys, plains;

3. Specified conceptual model(s) for each of the catchments/sub-catchments, including extent,
thickness and depth of aquifer systems, (see also chapter 4 of the guideline);

4. A division of the aquifer systems into a) unconfined (water table) aquifers and b) confined or
semi-confined aquifers.

The resulting maps will show a rough picture of the area considered and its smaller units. This picture
of units may differ depending on the type of area. For instance if the area considered is a long strip of
coastal plain, only catchments may form the units (Figure 6.1). However in mountainous area the
result may be more complex, for instance a flood plain surrounded by mountainous valleys (

Figure 6.2).

Mountainous area
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Figure 6.1: Example of catchments in coastal plane
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Figure 6.2: Example of catchments in mountain walle
(catchment numbers not final)

The units distinguished will be used as the bamidurther planning of the monitoring network.

Design of a monitoring network for shallow groundwer systems

In shallow aquifers the size of groundwater flowteyns is an essential factor for the design of a
monitoring programme.

1.

If the shallow groundwater flow systems are mang.(geveral tens, hundreds or thousands,
corresponding with intensive surface water draijaden monitoring these systems would
require a lot of observation wells, a consideraffert and high budgets. In such case
“monitoring in pilot/example areas” should be calesed. This can be done by selecting a
number of these shallow systems on the basis oéseptative characteristics and by monitoring
the relevant components, for instance includingigdowvater quality aspects. Management of the
groundwater resources can then be based on measseamd experience with respect to the
example areas.

If large shallow or medium deep groundwater systaradound, e.g. stretching over tens of
kilometres, then the strategy of groundwater maimtpmay be different:

The least intensive option of monitoring such agpgifis by monitoring only spring flow and
base flow from the groundwater system, if thatdsgible (Figure 6.3). The discharge can
often be related to the groundwater stored abowelthinage base. In that way the data
provide insight into the variation in storage. Tdwerall effect of abstractions can be related
to the discharge records, which gives indicatidssua the sustainability of these abstractions.
However, this monitoring option does not providat&d information on groundwater levels.
It also provides no data on sub-surface inflowwflow of groundwater and is, therefore, not
a suitable option if these components are subatanti

A second option is to combine monitoring groundwédeels at selected representative
locations with monitoring spring flow and base fl@igure 6.4). Monitoring wells should
preferably be selected or installed in relativalyhitopographic zones, e.g. near water
divides, where they provide the best informatiorpossible trends in groundwater storage.
The records can be used in combination with the Baw records and records of
groundwater use as indicators of sustainable dpuatat. This option does not provide full
spatial details on groundwater levels, but doesigeoa better spatial indication of the
possible trends in storage and of the directiorgrofindwater flow. If sub-surface inflow and
outflow are considered important additional moriitgiocations may be selected where
substantial sub-surface inflow and outflow is expdc

A third option is to combine a relatively densewmtk of monitoring wells with monitoring
spring flow and base flow (Figure 6.5). This optfmovides full spatial information on
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