Groundwater Characterization,
Management and Monitoring

WITrress

WIT Press publishes leading books in Science and Technology.
Visit our website for the current list of titles.
WWW.Witpress.com

WlTeLibrary

Home of the Transactions of the Wessex Institute, the WIT electronic-library
provides the international scientific community with immediate and permanent
access to individual papers presented at WIT conferences. Visit the WIT eLibrary
athttp://library.witpress.com






Groundwater Characterization,
Management and Monitoring

M.C. Cunha
University of Coimbra, Portugal

&

L.M. Nunes
University of Algarve, Portugal

WlTPRESS Southampton, Boston = "



M.C. Cunha
University of Coimbra, Portugal

L.M. Nunes
University of Algarve, Portugal

Published by

WIT Press

Ashurst Lodge, Ashurst, Southampton, SO40 7AA, UK
Tel: 44 (0) 238 029 3223; Fax: 44 (0) 238 029 2853
E-Mail: witpress@witpress.com
http://www.witpress.com

For USA, Canada and Mexico

WIT Press

25 Bridge Street, Billerica, MA 01821, USA
Tel: 978 667 5841; Fax: 978 667 7582
E-Mail: infousa@witpress.com
http://www.witpress.com

British Library Cataloguing-in-Publication Data

A Catalogue record for this book is available
from the British Library

ISBN: 978-1-84564-134-4
Library of Congress Catalog Card Number: 2010925118

The texts of the papers in this volume were set
individually by the authors or under their supervision.

No responsibility is assumed by the Publisher, the Editors and Authors for any injury
and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products, instructions or
ideas contained in the material herein. The Publisher does not necessarily endorse
the ideas held, or views expressed by the Editors or Authors of the material contained
in its publications.

© WIT Press 2011

Printed in Great Britain by Martins the Printers

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means, electronic, mechanical,

photocopying, recording, or otherwise, without the prior written permission of the
Publisher.



Preface

This book provides a systematic framework for groundwater development. It is
conceived to be not only a textbook for students of groundwater and water resources
management, but also to be a reference for engineers, hydrogeologists and water
resources and water managers in general.

It is presented, using the current thinking in groundwater management, including
the theoretical and technical backgrounds that will help to find efficient decisions.

Intending that aquifers have to be classed as vulnerable water sources and only
carefully designed interventions will allow the appropriate use and protection of its
resources, the book presents decision model building and resolution, and particular
aspects of the use of decision models for groundwater management and their
application to solve real world groundwater management problems.

As decision can only be taken if based on information, the book presents the review
of groundwater monitoring network design methods with a problem-oriented
approach. The analysis starts by stating the general problems that need solution,
followed by a presentation of the methods available to solve them. Problem types
include monitoring for general groundwater quantity/quality status (compliance)
and trend analysis, early detection of contamination related to specific sources, and
evaluation of remediation procedures — cleanup status.

As many of the methods used in decision models and monitoring methods require a
thorough understanding on groundwater flow and on the transport and fate of solutes
in groundwater, the main equation are first introduced.

This book, using a comprehensive approach, aims at contributing for a better

engineering and management practices in the groundwater field.

Maria da Concei¢do Cunha
Luis Miguel Nunes






Contents

1 Introduction

2 Groundwater flow and mass transport

2.1
2.2
23
24

2.5

2.6

Introduction ......... .o i
Water in the subsoil......... ... i
Derivation of the groundwater flow equation ......................
Boundary conditions. .......... .. ...
2.4.1 Analytical solutions .............ccooiiiiiiiiiiiein ...
2.4.1.1 Confined aquifer —steady state . ...................
2.4.1.2 Unconfined aquifer —steady state . .................
2413 Flowtowells . ...
2.4.1.4 Saltwater—freshwater interface.....................
Advection—dispersion equation for dissolved conservative
SOIULES . ..ot
2.5.1 Theoretical limiting values for tortuosity...................
Advection—dispersion equation for dissolved nonconservative
SOIULES . ..ttt e
2.6.1  SOTPHON. .ttt
2.6.2  Sorption of cations . ...........cvuiiiiiiiiii i
2.6.2.1 Calculation of a theoretical value for the
distribution coefficient for cations .................
2.6.3 Sorption of organic molecules............................
2.6.4 Calculation of some retardation factors....................
2.6.5 Effect of retardation — permanent emission.................
2.6.6  Effect of retardation — slug injection.......................
2.6.7 Radioactivedecay...........ooiiiiiiii i
2.6.8 Biodegradation.............. ...
2.6.8.1 First-order removal by biodegradation model. ... .. ..

2,682 Monodmodel................ i,



2.7 Analytical solutions for solute dispersion .........................

2.7.1
2.7.2

2.73
2.7.4
2.7.5
2.7.6
2.7.7
2.7.8

279

2.7.10

One-dimensional infinite dispersion.......................
One-dimensional semi-infinite dispersion..................
2.7.2.1 Constant concentration ................c..ocooon...
2.7.2.2 Variable flux.......... ..o
One-dimensional finite dispersion.........................
One-dimensional slug injection..................c.ooouen.
Two-dimensional dispersion ......................ooouu...
Two-dimensional slug injection...........................
Three-dimensional slug injection..........................
Slug injection into a two-dimensional flow

field—example ........ ..o i
Permanent injection into a two-dimensional flow
field—example ...........co i
Slug injection into a three-dimensional flow

field—example ...t

3 Groundwater simulation—optimization models

3.1 Introduction . .......... .o i it

3.1.1
3.1.2

MoOtivation. . ... ..ot
Basic ConCeptS ... .ovv
3.1.2.1 Conventional versus optimization procedures .......
3.1.2.2 Decision model features: decision variables,

constraints, objective function.....................
3.1.2.3 Decision model characterization for

groundwater SyStems . ... ..o,
3.1.2.4 Single-objective versus multiple-objective

decision problems. ...,
3.1.2.5 Single user versus multiple users ..................
3.1.2.6 Inclusion of risk/uncertainty in groundwater

analysisand design.............. ... ... ..

3.2 Building decisionmodels .......... ... ... i

3.2.1

322
323

Incorporation of groundwater simulation models

into decisionmodels............. ...
3.2.1.1 Simplifiedmodels.......................c. it
3.2.1.2 Transitionmodels................cooiiiiin. ..
3.2.1.3 Realisticmodels ..................cooiiiiia....
The costs and benefitsissue ..............cooveeeenne....
Decision-making contexts..............oveevreennrernn..
3.2.3.1 Introduction ...........ooiiiiiii i
3.2.3.2 Reliability and resilience concepts .................
3.2.3.3 Monte Carlo simulation...........................



33

34

Solving managementmodels . ................. ... ... ... 92

3.3.1 Classic optimization methods: linear, nonlinear,

integer, dynamic programming ........................... 93

3.3.1.1 Linear programming ...............c.ceeeuuuuuen... 94

3.3.1.2 Linear integer (or mixed integer) programming. . . . .. 95

3.3.1.3 Nonlinear programming .......................... 98

3.3.1.4 Dynamic programming . ......................... 102

3.3.1.5 Nonlinear integer (or mixed integer)

programming methods........................... 105

3.3.2 New heuristics methods: simulated annealing, genetic

algorithms, tabusearch ................................. 105

3.3.2.1 Simulated annealing............................. 105

3.3.2.2 Geneticalgorithms .............................. 106

3323 Tabusearch. ..., 109
3.3.3 Multiobjective decision problem solution methods. . ....... 110

3.3.3.1 Multicriteria decision-making methods............ 111

3.3.3.2 Multiobjective programming ..................... 113
3.3.4 Stochastic optimization methods......................... 115

3.34.1 Introduction ... 115

3.3.4.2 Chance constraints and deterministic

equivalents............. .. i 116

3.3.4.3 Robust optimization methods.................... 118
Groundwater decisionmodels ................ ... ... .......... 120
34.1 Flowmaximization...............coviiuiiiiaiieannnn.. 120
3.4.2 Global drawdown minimization for supplying a given

HOW . 121
3.4.3 Cost minimization for supplying a given flow ............. 123
3.4.4 Net benefit maximization from using groundwater for

irrigation purposes with seasonally varying demands . . . ... 125
3.4.5 Minimization of global drawdown and minimization

of weighted transportation distances to supply a set of

demand centers ...t 129
3.4.6 Well locations for minimizing the global drawdown

of pumping a givenflow ............... ... ... 135
3.4.7 Well location for minimizing the operation costs

of pumpingagivenflow ............... ... ... ... 136
3.4.8 Minimization of costs of installing and operating

the wells needed to satisfy a givendemand................ 136
3.4.9 Minimization of costs of installing and operating the

wells needed to satisfy a given demand in coastal

AQUITRTS . . oo 141
3.4.10 Minimization of costs of installing and operating

the wells needed to satisfy the demand of a set

Of CeNters . ..o 141
3.4.11 Cost minimization for aquifer dewatering................. 142



3.4.12

3.4.13

3.4.14

3.4.15

3.4.16

3.4.17

Minimization of costs of installing and operating the

wells over N periods needed to satisfy a given demand. . . .. 143
Optimal joint use of surface water and groundwater

N coastal TEZIONS. ...t v vttt 145
Identification of the most effective policy for

sustainable land use for agriculture purposes.............. 147
Identification of the most cost-effective policy for

in situ bioremediation of contaminated aquifers ........... 149

Identification of the most cost-effective policy for a
pump-and-treat remediation scheme of contaminated

AQUITETS . .o 150
Identification of the most cost-effective policy for

containing a groundwater contaminant volume under

aquifer parameter uncertainty ..................0.. ..., 152

4 Groundwater monitoring for environmental risk-related assessment 163

4.1

4.2

Introduction ....... ... i 163
4.1.1 Organization of the chapter.............................. 163
4.1.2 Justification of groundwater monitoring methods . ......... 163
4.1.3 Risk assessment basics for groundwater monitoring
desSign ..o 172
4.1.3.1 Quantitative risk assessment (QRA) model ........ 180
4132 NASmodel. ... 186
4.1.3.3 Example of risk dose-response assessment:
benzene in groundwater ............... ... ... ... 191
4.1.4 Contamination sources: point and area sources ............ 194
4.1.5 Contamination sources: diffuse sources................... 196
Optimizing general state evaluation and trend analysis
MoNitoring NEtWorks. ...ttt 198
4.2.1 Introduction of the problem ............................. 199
4.2.2  Available methodologies ......................oii.L. 199
4.2.2.1 Design-based methods........................... 201
4.2.2.2 Model-based methods ........................... 201
4.2.3 Examples of applications and results ..................... 209

4.2.3.1 Application of Delaunay triangulation spatial
analysis to the optimization of a groundwater
monitoring network: benzene leaking from an

underground tank ........... ... L oL 209
4.2.3.2 Application of a space-filling method to the
optimization of an existing monitoring network . ... 215

4.2.3.3 Application of variance-reduction method to
the optimization of an existing monitoring
network . . ... .o 223



43

4.4

Index

Optimizing early contamination detection monitoring networks. . . . .
4.3.1 Introduction of the problem .............................
4.3.2 Available methodologies ...................... ...l
4.3.2.1 Risk-basedmethods.................. ... ... ...
4.3.2.2 Simulation-based methods .......................
4.3.3 Example applications and results.........................
4.3.3.1 Design of monitoring networks or detection
of a benzene leak from underground tanks:
simulation-based solutions (analytical
modeling)...........oooiiiiiiii
4.3.3.2 Design of monitoring networks or detection
of a benzene leak from underground tanks:
simulation-based solutions (numerical
modeling)...........o i
4.3.3.3 Design of monitoring networks or detection of
a benzene leak from underground tanks:
Risk-based solutions . .................coii.n.
Optimizing contamination detection and
cleanup follow-up monitoring networks. .........................
4.4.1 Introduction oftheproblem .............................
4.4.2 Available methodologies ...................cooiviii.n..
4.4.2.1 Statistical plume analysis ........................
4.4.2.2 Spatial moment analysis .........................



