
©Encyclopedia of Life Support Systems (EOLSS) 

CONTENTS 
 

 
GROUNDWATER 
 

 

 
Groundwater   - Volume 1 
No. of Pages: 428 
ISBN: 978-1-84826-027-6 (eBook) 
ISBN: 978-1-84826-477-9 (Print Volume) 
 
Groundwater   - Volume 2 
No. of Pages: 584 
ISBN: 978-1-84826-028-3 (eBook) 
ISBN: 978-1-84826-478-6 (Print Volume) 
 
Groundwater   - Volume 3 
No. of Pages: 414 
ISBN: 978-1-84826-029-0 (eBook) 
ISBN: 978-1-84826-479-3 (Print Volume) 
 
 
For more information of e-book and Print 
Volume(s) order, please click here 
 
Or  contact : eolssunesco@gmail.com

https://www.eolss.net/ebooklib/bookinfo/groundwater.aspx


GROUNDWATER 

CONTENTS 
 

VOLUME I 
 

Groundwater          1  
Pedro Emilio Martinez Alfaro, Department of Geodynamics, Complutense University. Madrid 28040, 
Spain 

1. Basic concepts on groundwater 
2. Evolution of the hydrological cycle concept 
3. Hydrogeology as science 
4. Underground reservoirs 
5. Natural chemistry of groundwater and contamination 
6. Groundwater characterization and management 
7. Hydrogeological process simulation 
 
 
Origin, Distribution, Formation, and Effects       27 
Jozsef Toth, University of Alberta, Edmonton, Canada 
 
1. Introduction 

1.1. Definition, Sources, and Aspects of Groundwater 
1.2. The Sciences Dealing with Groundwater 

2. The Hydrologic Cycle 
2.1. Concept and Characteristics 
2.2. Component Processes and Systems Structure 
2.3. The Water Balance, or Water Budget 

3. The Storage and Flow of Groundwater 
3.1. Basic Hydraulic Properties and Terminology 
3.2. Darcy’s Law and the Hydraulic Head 
3.3. Groundwater Terminology 
3.4. Fluid-Driving Force Types and Regional Flow Patterns 

4. Groundwater as a Geological Agent 
4.1. Introduction 
4.2. Basic Causes of Groundwater’s Geological Agency 

4.2.1. Interaction between Groundwater and its Environment: In Situ Effects 
4.2.2. Flow: A Systematic Transport and Distribution Mechanism 
4.2.3. Ubiquity and Simultaneity 

4.3. The Main Processes 
4.3.1. Chemical Processes 
4.3.2. Physical Processes 
4.3.3. Kinetic or Transport Processes 

4.4. Effects and Manifestations 
4.4.1. Hydraulics and Hydrology 
4.4.2. Chemistry and Mineralogy 
4.4.3. Vegetation 
4.4.4. Soil and Rock Mechanics 
4.4.5. Geomorphology 
4.4.6. Transport and Accumulation 

 
 
Groundwater in Igneous, Metamorphic and Sedimentary Rocks     67 
Jozsef Toth, University of Alberta, Edmonton, Canada 
 
1. Rocks as Receptacles for Water 

1.1. Porosity in Natural Rocks 

©Encyclopedia of Life Support Systems (EOLSS) i



GROUNDWATER 

1.1.1. Classification of Porosity 
1.1.2. Factors Controlling Porosity in Natural Rocks 
1.1.3. Agencies Producing and/or Modifying Porosity in Natural Rocks 

1.2. The Rock Framework as Regional Flow Medium: Hydraulic Continuity 
2. Groundwater in Different Rock Types 

2.1. Groundwater in Igneous and Metamorphic Rocks 
2.1.1. Genesis, Types, and Basic Properties of Igneous and Metamorphic Rocks 
2.1.2. Storage, Yield, and Transmission 
2.1.3. Chemical Quality 

2.2. Groundwater in Sedimentary Rocks 
2.2.1. Classification of Sedimentary Rocks 
2.2.2. Clastic Sediments (Unconsolidated Material) 
2.2.3. Consolidated (Indurated, Lithified) Sedimentary Rocks 

 
 
Groundwater and Surface Water Interactions       96 
Samuele Cavazza, University of Pisa, Italy 
Stefano Pagliara, University of Pisa, Italy 
 
1. General Approach 
2. Groundwater and Surface Water Interactions 
3. Rain and the Feeding of Groundwater 
4. Interactions between Rivers and Groundwater 
5. Exchanges between Surface Water Accumulations and Groundwater 
6. Interactions between Glaciers, Snowy Mantle, and Groundwater 
7. Artificial Aquifer Recharge 
8. Interactions between Seawater and Groundwater 
9. Localized Points of Exchange between Groundwater and Surface Water 
10. The Contributions of Deep Groundwater 
11. Tracing Surface Water and Groundwater 
 
 
Catchment Water Balance, Climate and Groundwater      111 
Derek Eamus, University of Technology, Sydney, Australia 
 
1. Introduction 
2. Catchment water balance 
3. Discharge of water by vegetation 

3.1. Radiation balance and evaporation 
3.2. Sources of water used by vegetation 
3.3. Patterns of water use 

4. Groundwater dependent ecosystems 
4.1. Obligate and opportunistic groundwater use 
4.2. Groundwater attributes of importance to ecosystems 
4.3. Threats to groundwater and groundwater dependent ecosystems 

5. Climate and a catchment water balance – a case study 
6. Conclusions 
 
 
Groundwater Recharge          126 
Marios A. Sophocleous, University of Kansas, Lawrence, USA 
 
1. Introduction and Terminology 
2. Groundwater Flow Systems 
3. Flow System Extensions 
4. Sources and Mechanisms of Recharge 
5. Conceptual Models of Recharge 
6. Methodologies for Recharge Estimation 

©Encyclopedia of Life Support Systems (EOLSS) ii



GROUNDWATER 

6.1. Physical Methods for Recharge Estimation 
6.1.1. Indirect Physical Methods 
6.1.2. Direct Physical Methods 

6.2. Tracers for Recharge Estimation 
6.3. Accuracy of Recharge Estimation 

7. Factors Influencing Recharge, Predictive Relationships, and Recharge Regionalization 
7.1. Factors Influencing Recharge 
7.2. Predictive Relations and Recharge Regionalization 

8. Difficulties and Challenges in Recharge Estimation 
 
 
Typical Hydrogeological Scenarios        164 
Eduardo J. Usunoff, Instituto de Hidrologia de Llanuras, Argentina 
 
1. Introduction 
2. Unconsolidated sediments 

2.1. Fluvial deposits 
2.2. Tectonic valley-filling deposits 
2.3. Eolian deposits 
2.4. Coastal plain deposits 
2.5. Glacial deposits 

3. Hard rocks 
3.1. Igneous (plutonic) and metamorphic rocks 
3.2. Igneous (volcanic) rocks 

4. Consolidated sediments 
5. Karst 
6. Regions of climatic extremes 

6.1. Arid regions 
6.2. Perennialy frozen ground regions 

 
 
Groundwater in Mountain Regions        195 
Jaime Garfias, Autonomous University of the State of Mexico, Toluca, Mexico 
 
1. Introduction 
2. Conceptual Model for Groundwater Flow in Mountains 

2.1. Conceptual Model for Groundwater Flow and Heat Transport 
2.2. The Conceptual Model at Yucca Mountain, Nevada 

3. Heat Transport in Mountainous Regions 
4. Groundwater and Surface Water Interactions in Mountainous Regions 
5. Groundwater Resources of the Mountainous Regions of British Columbia in Canada 

5.1. Groundwater Resources 
5.2. Groundwater Use 
5.3. Environmental Considerations 

6. Conclusions 
 
 
Groundwater in Karst Regions         218 
Gultekin Günay, Hocettepe University, Turkey  
Petar Milanović, Consultant, Belgrade, Yugoslavia 
 
1. Karst Geology and Hydrogeology 
2. Karstification Process 

2.1. Depth of Karstification 
2.2. Karst Porosity 

3. Development of Joints, Faults, and Openings in Limestones 
3.1. Joints Due to Elevation 
3.2. Joints Due to Compression 

©Encyclopedia of Life Support Systems (EOLSS) iii



GROUNDWATER 

3.3. Conjugate Joints Associated with Folding 
3.4. Tension Joints (Gashes) in Folds 
3.5. Faults: Open and Closed 
3.6. Openings Due to Chemical Changes 

4. Carbonate Rocks 
5. Karst Springs 

5.1. Ponors (Swallow Holes) 
5.2. Estavelles 
5.3. Submarine Springs 

6. Basic Theories on Karst Groundwater Circulation 
7. Karst Aquifers 

7.1. Evolution of Karst Aquifers 
7.2. Fluctuation of the Water Table 
7.3. Average Velocity of Water Flow in Karst 
7.4. Hydraulic Characteristics of Karst Aquifers 

8. Methods of Karst Hydrogeological Research 
8.1.  Natural Tracers 
8.2. Artificial Tracers 

9. Coastal Aquifers in Karst Regions 
9.1. Discharge of Coastal Aquifers 
9.2. Relationship Between Fresh and Saline Water 

10. Proposed Criteria for Groundwater Protection Zoning in Karst Regions 
10.1. Actual Zoning Concept Applied in Non-Karstic Areas 
10.2. Basic Hydrogeological Parameters for Zoning Criteria in Karst 
10.3. Criteria for Zoning 
10.4. Restrictions in Protection Zones 
10.5. Particularities of Zoning Procedures in Karst 
10.6. Water Quality Monitoring 
10.7. Protection Planning 

 
 
Groundwater in Arid and SemiArid Regions       284 
John W. Lloyd, School of Earth Sciences, University of Birmingham, Edgbaston, Birmingham, UK 
 
1. Introduction 
2. Groundwater Recharge 
3. Hydrogeological Domains 

3.1. Hard Rocks Domain 
3.2. Alluvial Valleys and Intermontane Basins Domain 
3.3. Alluvial Plains Domain 
3.4. Regional Sedimentary Basins Domain 

4. Groundwater resources understanding 
4.1. Hard Rocks 
4.2. Alluvial Valleys and Intermontane Basins 
4.3. Alluvial Plains 
4.4. Regional Sedimentary Basins 

5. Current and future groundwater supplies 
5.1. Groundwater Use and Future Demands 

5.1.1. Hard Rocks 
5.1.2. Alluvial Valleys and Intermontane Basins 
5.1.3. Alluvial Plains 
5.1.4. Regional Sedimentary Basins 
5.1.5. Conclusions 

 
 
Hydrogeology of Large Plains         308 
Eduardo J. Usunoff, Instituto de Hidrologia de Llanuras, Argentina 
 

©Encyclopedia of Life Support Systems (EOLSS) iv



GROUNDWATER 

1. Introduction 
2. Hydrological Features of Large Plains 

2.1. Surface Drainage Network 
2.2. The Drainage Basin and Water Divides 
2.3. The Water Budget 
2.4. The Central Role of the Unsaturated Zone 
2.5. Deep Infiltration or Recharge to Aquifers 
2.6. Human-Linked Impacts on Water Resources 
2.7. Summary of the Distinct Characteristics of Large Plains 

3. The Southern Hemisphere’s Largest Plain: The Argentine Pampas 
3.1. Generalities 
3.2. Ecological Regionalization 
3.3. Rainfall: Spatial Distribution and Interception 
3.4. The Role of Topographical Depressions 
3.5. Groundwater Recharge: The Unsaturated Zone 
3.6. Water Quality and Quantity: Management Issues 

 
 
Thermal Springs          326 
Constanzo Panichi, International Institute of Geothermal Research, Pisa, Italy  
Giorgia La Ruffa, International Institute of Geothermal Research, Pisa, Italy 
 
1. Introduction 
2. Conceptual Models of Water Circulation 
3. A Special Spring: The Geyser 
4. Origin of Thermal Waters 
5. Chemical Composition of Thermal Waters 

5.1. Dissolution versus Deposition Processes 
5.2. Chemical Features of Spring Waters in High-Temperature Environments 
5.3. The Source of Chemical Species in Thermal Solutions 

6. Estimation of Reservoir Temperature 
7. Recognition of Mixed Waters 
8. Age Dating of Hydrothermal Waters 
9. Historical Aspects of Utilization of Thermal Springs 
 
 
Index           351 
 
 
About EOLSS          359 
 

VOLUME II 
 

Groundwater Flow in Porous Media        1 
A. Alcolea, Dept. of Geotechnical Engineering & Geosciences; School of Civil Engineering, 
Technical University of Catalonia (UPC), Spain 
A. Medina, Dept. Applied Mathematics III, School of Civil Engineering. Technical University of 
Catalonia (UPC), Spain 
 
1. Introduction 
2. The porous medium. Water reservoirs 
3. Basic principles of groundwater flow in porous media 

3.1. Dynamics of fluids in porous media 
3.2. Darcy’s law. Permeability 
3.3. Darcy’s law limitations 
3.4. Total and effective porosity 
3.5. Water velocity 

©Encyclopedia of Life Support Systems (EOLSS) v



GROUNDWATER 

3.6. Recharge 
3.7. Storativity 

4. Flow equation 
4.1. Continuity equation 
4.2. Transient equation 

5. Example 
6. Recent advances 
 
 
Groundwater Flow Through Fractured Rocks       22 
Carol Braester, Department of Civil Engineering, Technion, Haifa, 32000, Israel 
 
1. Introduction 
2. Barenblatt’s et al. mathematical model 
3. Warren and Root solution to Barenblatt’s equations 
4. Determination of the Parameters of Homogeneous Behavior 
5. Inhomogeneous Fractured Formations of Double Porosity 
6. Radial Flow through Inhomogeneous Formations 
7. Conclusions 
 
 
Basic Chemical Principles of Groundwater       43 
L. Candela, Department of Geotechnical Enginnering and Geo-Sciences. Technological University 
Of Catalonia. Spain 
Iguacio Morell, Department of Experimental Sciences. University Jaume I. Castellón. Spain. 
 
1. Introduction 
2. Properties and structure of water 
3. Expression of concentration units 
4. Groundwater chemical composition 
5. Principles and processes controlling water composition 

5.1. Chemical equilibrium. The law of mass action 
5.2. Acid-base equilibria 
5.3. Redox processes 
5.4. Ion exchange and adsorption 

6. Sampling and analysis of groundwater samples 
6.1. Groundwater and vadose zone sampling 
6.2. Analysis of groundwater samples 

7. Presentation of water quality data 
7.1. Graphical methods 
7.2. Statistical methods 
7.3. Hydrochemical models 

 
 
Advection, Dispersion, Sorption, Degradation, Attenuation     55 
Dirk Schulze-Makuch, University of Texas at El Paso, USA 
 
1. Introduction 
2. Advection 

2.1. Concept of Macroscopic Groundwater Velocity 
2.2. Advective Transport 

3. Dispersion and Diffusion 
3.1. Mechanical Dispersion 
3.2. Molecular Diffusion 
3.3. Hydrodynamic Dispersion 
3.4. The Peclet Number 
3.5. Experimental Determination of Dispersion Parameters 
3.6. Dispersion in a Non-Ideal Geological Medium 

©Encyclopedia of Life Support Systems (EOLSS) vi



GROUNDWATER 

3.7. Advection and Diffusion in Fractured Geological Media 
4. Sorption 

4.1. The Retardation Effect of Sorption 
4.2. Experimental Determination of Sorption 

5. Degradation and Attenuation 
5.1. Basics of Degradation and Natural Attenuation 
5.2. Biochemical Pathways for Degradation of Organic Compounds 

 
 
Environmental Isotopes in Groundwater Studies       69 
Pradeep K. Aggarwal, International Atomic Energy Agency, Vienna, Austria  
Klaus Froehlich, Victor-Wittner Gasse, Vienna, Austria 
Kshitij M.. Kulkarni, International Atomic Energy Agency, Vienna, Austria 
 
1. Introduction 
2. Environmental Isotopes 

2.1. Stable Isotopes 
2.2. Radioactive Isotopes 

2.2.1. Tritium 
2.2.2. Radiocarbon (14C) 

3. Applications in Groundwater Studies 
3.1. Groundwater Recharge 

3.1.1. Recharge from Precipitation 
3.1.2. Recharge from Surface Water 
3.1.3. Palaeorecharge 

3.2. Groundwater Transit Time 
3.3. Interconnections between Aquifers 
3.4. Groundwater Salinization 
3.5. Groundwater Pollution 

4. General Remarks on Environmental Isotopes 
 
 
Subsurface Hydrobiology         93 
Suresh D. Pillai, Texas A & M University , USA  
Dirk Schulze-Makuch, University of Texas at El Paso, USA 
 
1. Introduction 
2. Subsurface Environment 

2.1. Microbiology 
2.2. Sediment–Microbial Interactions 

3. Flow Systems 
3.1. Local Groundwater Flow Systems 
3.2. Intermediate Groundwater Flow Systems 
3.3. Regional Groundwater Flow Systems 

4. Groundwater Contamination 
4.1. Routes of Contamination 
4.2. Factors Influencing Microbial Transport into the Subsurface 
4.3. Microbial Pathogens in Groundwater 

5. Technological Hurdles in Studying Subsurface Hydrobiology 
 
 
Review of Mathematical Models of Flow and Contaminant Transport In Saturated Porous  
Media            108 
Jacob Bear, Professor Emeritus, Department of Civil Engineering, Technion–Israel Institute of 
Technology, Haifa 32000, Israel 
 
1. Introduction 

1.1. Model Definition 

©Encyclopedia of Life Support Systems (EOLSS) vii



GROUNDWATER 

1.2. Conceptual Model 
1.3. Mathematical Model 
1.4. General Macroscopic Balance Equation 
1.5. Boundary Surface 
1.6. Phases and Components 

2. Modeling Flow in a Three-Dimensional Domain 
2.1. Conceptual Model 
2.2. Mass Balance Equation 
2.3. Initial and Boundary Conditions 

3. Modeling Two-Dimensional Flow in Aquifer Domains 
3.1. Aquifers and Essentially Horizontal Flow 
3.2. Averaging over the Vertical 
3.3. Averaged Aquifer Flow Equations 

3.3.1. Conceptual Model 
3.3.2. Flow equations 
3.3.3. Initial and Boundary Conditions 

4. Transport of a Single Contaminant 
4.1. Fluxes 

4.1.1. Advective Flux 
4.1.2. Diffusive Flux 
4.1.3. Hydrodynamic Dispersion 
4.1.4. Dispersive Flux 
4.1.5. Total Flux 

4.2. Mass Balance Equation for a Contaminant 
4.2.1. The General Equation 
4.2.2. Pumping and Injection 
4.2.3. Decay and other Degradation Phenomena 
4.2.4. Adsorption 
4.2.5. Mass Balance of a Component with Two-site Adsorption 
4.2.6. Retardation 
4.2.7. Mass Balance for a Volatile Component 

4.3. Initial and Boundary Conditions 
5. Modeling Flow and Solute Transport with Variable density 

5.1. Constitutive Relations 
5.2. Motion Equation 
5.3. Mass Balance Equation for the Fluid 
5.4. Fluxes and Mass Balance of Dissolved Matter 
5.5. Initial and Boundary Conditions 

 
 
Transport Phenomena and Vulnerability of the Unsaturated Zone     166 
James T. McCord, Hydrosphere Resource Consultants, Socorro, New Mexico, USA  
John Selker, Oregon State University, Corvallis, Oregon, USA 
 
1. Introduction 

1.1. Technical Foundations of Unsaturated Zone Hydrology Science 
1.2. Relationship to Saturated Media 
1.3. Contemporary Concerns with the Unsaturated Zone 

2. Transport Processes 
2.1. Soils and Geologic Porous Media 

2.1.1. Describing Soils 
2.1.2. Classifying Soils 
2.1.3. Clays 

2.2. Liquid Transport 
2.2.1. Soil Moisture Characteristics 
2.2.2. Darcy’s Law and Unsaturated Hydraulic Conductivity 

2.3. Gas Transport 
2.4. Heat Transport 

©Encyclopedia of Life Support Systems (EOLSS) viii



GROUNDWATER 

2.4.1. Modes of Heat Transfer 
2.4.2. Conduction of Heat in Soil 

2.5. Solute Transport 
2.5.1. Advection 
2.5.2. Diffusion 
2.5.3. Mechanical Dispersion 
2.5.4. Total Mass Flux 
2.5.5. Dominant Solute Transport Processes 

2.6. Coupled Processes 
2.7. Biogeochemical Processes 
2.8. Impacts of Geologic Heterogeneity on Processes 

3. Hydrological Processes 
3.1. Infiltration and Redistribution 
3.2. Rainfall–Runoff 
3.3. Groundwater Recharge 
3.4. Contaminant Transport 
3.5. Nutrient Cycling 

4. Into the Twenty-First Century 
 
 
Physical Properties of Solid and Fluid Matrices       209 
Jan W. Hopmans, University of California, Davis, California, USA 
Jacob H. Dane, Auburn University, Alabama, USA 
 
1. Introduction 
2. Solid Phase 

2.1. Soil Composition 
2.2. Soil Structure 
2.3. Volume and Mass Relationships 

3. Soil - Water Interactions 
4. Soil Mechanical Properties 
5. Transport Properties 

5.1. Solute Transport 
5.2. Thermal Transport 

6. Opportunities and Challenges 
 
 
Volumetric Water Content-Matric Potential Relationships      232 
Jacob H. Dane, Auburn University, Alabama, USA 
Jan W. Hopmans, University of California, Davis, California, USA 
 
1. Introduction 
2. Concept of Capillarity 
3. Matric Potential 
4. Relations between Potentials on a Mass, Volume, and Weight Basis 
5. Distribution of Potentials in the Liquid Phase for a Convex Gas - Liquid Interface 
6. Experimental Determinations 

6.1. Introduction 
6.2. Methods 

7. Parametric Models 
8. Property-Transfer Models 
9. Inverse Procedures 
10. Concluding Remarks 
 
 
Water and Solute Transport in the Vadose Zone       251 
Ronny Berndtsson, Lund University, Sweden  
Magnus Persson, Lund University, Sweden 

©Encyclopedia of Life Support Systems (EOLSS) ix



GROUNDWATER 

1. Introduction 
2. Obstacles to a Sustainable Future 

2.1. Need for Interdisciplinarity 
2.2. Analysis and Modeling Techniques 
2.3. Understanding Multidimensional Variability Patterns 
2.4. Arid and Semiarid Areas 
2.5. Pollutant Transport 
2.6. Scale Relationships 
2.7. Global Change 

3. Paths Towards a Sustainable Future 
3.1. Observational Facilities and Prediction Techniques 
3.2. Research and Education 
3.3. Managerial Aspects 

 
 
Biodegradation in the Vadose Zone        262 
Grazia Masciandaro, Research Unit of Soil Chemistry, Pisa, Italy 
 
1. Introduction 
2. Vadose Zone 

2.1. Definitions 
2.2. Environmental Interest 

3. Soil 
3.1. Inorganic Components of Soil 
3.2. Organic Matter in Soil 

3.2.1. Role of Organic Matter 
3.3. Humus 

3.3.1. Composition of Soil Humic Substances 
3.3.2. Biochemistry of Soil Humic Substances 

4. Organic Matter Transformations and Cycles of Principal Elements 
4.1. Carbon Cycle 
4.2. Nitrogen Cycle 
4.3. Phosphorus Cycle 
4.4. Sulfur Cycle 

5. Soil as Habitat for Microbial Life 
5.1. Location of Biota in Soil Fractions and within the Soil Profile 
5.2. Subsurface Microbial Ecology 
5.3. Organisms 

5.3.1. Actinomycetes and Fungi 
5.3.2. Protozoa 

5.4. Bacterial Metabolism 
5.5. Function of Subsurface Organisms 

5.5.1. Response to Environmental Changes 
5.5.2. Metabolic Status of Subsurface Microorganisms 

6. Enzyme Activity in Soil 
6.1. Enzyme Classification 

6.1.1. Hydrolases 
6.1.2. Oxidoreductases 
6.1.3. Factors Affecting Enzyme Activity 

7. Biological Processes 
7.1. Aerobic 
7.2. Anaerobic 

8. Biodegradation Processes 
8.1. Biodegradability 
8.2. Enzymatic Degradation 
8.3. Microbial Degradation 
8.4. Degradation Kinetics 

9. Impact of Agricultural Practices on Subsurface Habitat 

©Encyclopedia of Life Support Systems (EOLSS) x



GROUNDWATER 

9.1. Changes in the Subsurface Environment 
9.2. Wastes and Pollutants in Soil 

9.2.1. Humus-Pollutant Relationship 
9.2.2. Adsorption and Degradation of Pesticides 

9.3. Biodegradation and the Rizosphere 
10. Biodegradation of Organic Residues 

10.1. Comparative Overview of Processes in Aerobic and Anaerobic Environments 
10.2. Aerobic Environment: Groups and Functions of Biodegradation Enzymes 

10.2.1. Hydrolases 
10.2.2. Oxygen-Dependent Transformations 

10.3. Anaerobic Environment 
10.3.1. Cellulose and Lignin Degradation 
10.3.2. Aromatics 
10.3.3. Aliphatics 

11. Biodegradation and Bioremediation 
 
 
Processes Causing Attenuation in the Unsaturated and Saturated Zone    289 
Brunello Ceccanti, Institute of Soil Chemistry (ICT-CNR), Pisa, Italy 
Roberto Spandre, University of Pisa, Italy 
 
1. Introduction 
2. Principles of the Vadose Zone’s Functioning 

2.1. The Vadose Zone as a Natural Filter 
2.2. Soil Components 
2.3. Main Functions of the Soil 
2.4. Structural Aspects of a Soil–Water–Plant System 
2.5. Soil Water Characteristics 
2.6. Matric and Osmotic Potentials 

3. The Unsaturated Zone 
3.1. Physical Aspects 
3.2. Biological Aspects 

4. The Saturated Zone 
4.1. The Vulnerability of an Aquifer 

4.1.1. Soil Filter 
5. Attenuation Processes 

5.1. Natural Attenuation 
5.2. Assisted Attenuation 

5.2.1. Volatile Organic Compounds (VOCs) 
5.3. Soil Factors Operating at the Vadose Zone 

6. Soil Biotic Components Affecting Attenuation 
6.1. Rhizosphere 
6.2. Soil Macrofauna 

6.2.1. Earthworms and Soil Physical Properties 
6.2.2. Ants and Termites 
6.2.3. Faunal Indicators of Soil Quality 

6.3. Bacteria 
6.3.1. Subsurface Biobarriers 
6.3.2. Bacterial Sedimentation Through Porous Medium 

6.4. Humic Substances 
6.4.1. Humic–Enzyme Complexes 
6.4.2. Humification Process and Attenuation 

7. Microbia-Mediated Redox Processes 
7.1. General Electron Acceptors 

7.1.1. Iron and Manganese Redox Couples 
7.2. Redox Conditions and Metal Toxicity Attenuation 

7.2.1. Selenium 
7.2.2. Chromium 

©Encyclopedia of Life Support Systems (EOLSS) xi



GROUNDWATER 

7.2.3. Mercury 
7.2.4. Microbial Reduction of Other Metals 

8. Mobile Subsurface Colloids 
8.1. Definition 
8.2. Sources 
8.3. In situ Mobilization 
8.4. Colloidal Particle Precipitation 
8.5. Biocolloids 

8.5.1. Colloid Transport at Gas–Water Interface Unsaturated Porous Media 
9. Organic Contaminants 

9.1. Mobility of Organic Pollutants in the Subsurface 
9.1.1. Volatilization from Soil to the Atmosphere 
9.1.2. Surface-Applied Chemicals 

9.2. Movement of Chemical Vapor Through Soil 
9.3. Pesticides 
9.4. Chlorinated Solvents 

9.4.1. Biological Degradation of Chlorinated Solvents 
9.5. Non-Aqueous Phase Liquids (NAPLs) 

10. Organic Nutrients 
10.1. Nitrogen 
10.2. Phosphorous 
10.3. Dissolved Organic Carbon (DOC) 

11. Reactivation of Pollutants Stabilized at the Vadose 
11.1. Agriculture and Nutrients 
11.2. Engineering Practices 

12. Conclusions 
 
 
Groundwater Vulnerability in Different Climatic Zones      316 
Ricardo Hirata, Institute of Geosciences, University of São Paulo, Brazil  
Reginaldo A. Bertolo, ERM Consultants, Brazil 
 
1. Introduction 
2. Concept of Groundwater Pollution Vulnerability 
3. Aquifer Pollution Vulnerability in a Groundwater Protection Program 
4. Groundwater Pollution Vulnerability in Different Climatic Conditions 

4.1. Hydraulic Access to the Aquifer Saturated Zone 
4.2. Contaminant Attenuation Processes 

5. Methods for Groundwater Vulnerability Cartography 
6. The Future of Groundwater Pollution Vulnerability Methods 
 
 
Organic Compounds in the Vadose Zone        336 
Brunello Ceccanti, Italian National Research Council (ICT-CNR), Pisa, Italy 
Grazia Masciandaro, Italian National Research Council (ICT-CNR), Pisa, Italy 
 
1. Introduction 
2. Sources of Organic Pollutants 

2.1. Rainwater and Stormwater Infiltration 
2.2. Land Disposal of Organic Wastes 
2.3. Abandoned Wells 
2.4. Holding Ponds and Lagoons 
2.5. Agricultural Activities 
2.6. Underground Storage Tanks 
2.7. Accidents and Illegal Dumping 
2.8. Septic Systems 

3. Major Categories of Organic Pollutants 
3.1. Pesticides 

©Encyclopedia of Life Support Systems (EOLSS) xii



GROUNDWATER 

3.1.1. The Most Frequently Detected Herbicides 
3.2. Nitro Aromatic Munitions 
3.3. Polychlorinated n-Alkanes (PCAs) 

3.3.1. Chlorinated Solvents 
3.4. Polycyclic Aromatic Hydrocarbons 

4. Transport of Organic Pollutants in the Subsurface 
4.1. Mobility of Immiscible Organic Compounds 
4.2. Testing Groundwater Quality Through Volatile Organic Compounds 

4.2.1. Tracers for Age-Dating of Groundwater 
4.2.2. Tracers of Pollutant Attenuation at Vadose 

5. Measures for Minimization of Pollutants 
5.1. Indirect Measures 

5.1.1. Buffer Zones 
5.1.2. Sanitary Waste Management 

5.2. Direct Measures 
5.2.1. Dry Detention Basins 
5.2.2. Rainwater Infiltration in Soil 

6. Natural Organic Compounds in Soil 
6.1. Source of Terrestrial Detritus 
6.2. Composition and Role 
6.3. Plant Cell Structure 
6.4. Peats 
6.5. Humus 

7. Interactions between Natural Organic Compounds and Xenobiotics 
7.1. Plant Residues as a Source of Organic Carbon 
7.2. Co-metabolic Processes Leading to the Accumulation of Intermediate Products 

8. Soil Composting 
8.1. Ecotoxicological Approach to Evaluate the Effects of Organic Pollutants 

9. Conclusions 
 
 
Groundwater Development         357 
Leslie F. Molerio-Leon, Group of Terrestrial Waters, Institute of Geophysics, Cuba 
 
1. Introduction 
2. Surveying 

2.1. Factors Controlling Groundwater Occurrence 
2.2. Productivity Indices 

2.2.1. Geologic Indices 
2.2.2. Geomorphologic Indices 
2.2.3. Climatic Indices 
2.2.4. Hydrodynamic Indices 
2.2.5. Geochemical Indices 

2.3. Geologic and Geomorphologic Exploration 
2.3.1. Types of Aquifers 

2.3.1.1. Karst aquifers 
2.3.1.2. Hard rock aquifers 
2.3.1.3. Inter-granular aquifers 

2.3.2. Landscapes 
2.3.2.1. Mountains 
2.3.2.2. Plains and Flatlands 
2.3.2.3. Small islands 
2.3.2.4. Coastal zones, deltaic areas and wetlands 

2.3.3. Hydrodynamic types of aquifers 
2.4. Geophysical Methods 
2.5. Tracer Hydrology 
2.6. Geochemical Exploration 
2.7. Pumping Tests 

©Encyclopedia of Life Support Systems (EOLSS) xiii



GROUNDWATER 

2.8. Speleological Exploration 
3. Water demand assessment 

3.1. Water offer 
3.2. Water demand 

4. Water quality 
5. Wells and Trenches 

5.1. Wells 
5.1.1. Penetration depth 
5.1.2. Drilling method 
5.1.3. Casing or tubing 
5.1.4. Well diameter 
5.1.5. Well screen and filter pack 
5.1.6. Well development 
5.1.7. Yield capacity and well efficiency 
5.1.8. Protection perimeters 
5.1.9. Maintenance 
5.1.10. Planning well drilling 

5.2. Trenches and infiltration galleries 
6. Design, operation and optimisation of groundwater monitoring networks 

6.1. Geomathematical techniques 
6.2. Methodology for the design of Hydrogeological Monitoring Networks 
6.3. Optimization of Hydrogeological Monitoring Networks 

7. Mathematical modeling 
7.1. Prediction models 
7.2. Identification models 
7.3. Management models 
7.4. Stages in mathematical modeling 
7.5. Mathematical formulation 

7.5.1. Flow models 
7.5.2. Transport models 

8. Special scenarios and forthcoming groundwater development 
 
 
Survey Methods          407 
Leslie F. Molerio-Leon, Group of Terrestrial Waters, Institute of Geophysics, Cuba 
 
1. Introduction 
2. Surveying Guidelines 

2.1. Geology 
2.1.1. Lithology 
2.1.2. Tectonic structure 
2.1.3. Stratigraphy and rock age 

2.2. Geomorphology 
2.3. Climate 

2.3.1. Extreme climates 
2.3.2. Tropical climates 
2.3.3. Temperate climates 

2.4. Hydrodynamics 
2.5. Geochemistry 

3. Geologic And Geomorphologic Exploration 
3.1. Types of aquifers 

3.1.1. Karst aquifers 
3.1.2. Hard rocks aquifers 
3.1.3. Intergranular aquifers 

3.2. Landscapes 
3.2.1. Mountains 
3.2.2. Plains and Flatlands 

3.3. Hydrodynamic types of aquifers 

©Encyclopedia of Life Support Systems (EOLSS) xiv



GROUNDWATER 

4. Geophysical Methods 
5. Tracer Hydrology 

5.1. Types of tracers 
5.1.1. Suspended solids 
5.1.2. Soluble chemicals 
5.1.3. Dyes 
5.1.4. Environmental isotopes 

6. Geochemical Exploration 
7. Pumping Tests 

7.1. Planning 
7.2. Well hydraulics 

7.2.1. Steady state equations 
7.2.2. Unsteady, transient, conditions 
7.2.3. Recovery tests 

7.3. Leaky aquifers 
7.3.1. Time-drawdown under unsteady conditions 
7.3.2. Steady state drawdown 
7.3.3. Hantush solution 
7.3.4. Delayed yield solutions 
7.3.5. Double porosity models 
7.3.6. Solutions for turbulent, non-linear flows 

 
 
Groundwater Monitoring Networks        441 
Michael Robert Rosen, US Geological Survey, Nevada, USA 
 
1. Introduction 
2. Types of Groundwater Monitoring Networks 

2.1. Diffuse-source Water Quality Networks 
2.2. Point-Source (Contaminated Site) Water Quality Networks 
2.3. Groundwater Resource (Groundwater Level) Networks 

3. Scale of Monitoring Networks 
3.1. Local-Scale Networks 
3.2. Regional-Scale Networks 
3.3. National-Scale Networks 

4. Planning and Design of Networks 
4.1. Minimum Requirements for Well Construction 
4.2. Density of Wells in a Network 
4.3. Sampling Frequency of Networks 

5. Sustainability of Groundwater Monitoring Networks 
 
 
Coastal Aquifer Development         463 
Kenji Jinno, Kyushu University, Fukuoka, Japan 
 
1. Land Subsidence 
2. Seawater Intrusion 

2.1. Nature of the Problem 
2.2. Geochemical Analysis of Saline Water in an Aquifer 

3. Quantitative Evaluation of Saltwater Behavior 
3.1. Experimental Observation of Saltwater Movement 
3.2. Ghyben-Herzberg’s Law 
3.3. Mathematical Tools for Predicting Seawater Intrusion 

4. Groundwater Development in Coastal Aquifers 
4.1. Subsurface Dams and an Extraction Well with Radial Collecting Pipes to Increase the Use of 

Coastal Groundwater 
4.2. A Desalination Plant for Salt-Contaminated Groundwater 

5. Utilization of Saline Water in Coastal Aquifers 

©Encyclopedia of Life Support Systems (EOLSS) xv



GROUNDWATER 

5.1. Desalination of Saline Water Taken From Coastal Aquifers 
5.2. Fish Breeding 

6. Conclusions 
 
 
GroundWater Development in Hard Rocks       487 
Shrikant Daji Limaye, Ground Water Institute, Pune, India 
 
1. Introduction 
2. Occurrence of Groundwater 
3. Groundwater Development 
4. Types of Well 
5. Drinking Water Supply 
6. Exploration 
7. Recharge Augmentation 
8. Sustainability and Pumpage Control 
 
 
Index           503 
 
 
About EOLSS          515 
 

VOLUME III 
 

Groundwater Use as Potable Water Supply       1 
Samuele Cavazza, University of Pisa, Italy 
Stefano Pagliara, University of Pisa, Italy 
 
1. Water for Drinkable Use 

1.1. Water Supply Withdrawal and Conveyance over the Centuries 
1.2. Quality Requirements for Drinking Water 
1.3. Planning and Management of Groundwater Allocated for Human Use 

2. Quality and Vulnerability of Groundwater Intended for Drinking 
2.1. Quality of Drinking Water 
2.2. Pollution Processes and Drinking Water 
2.3. Threats to Groundwater Intended for Drinking 

3. Withdrawal of Groundwater for Drinking 
3.1. Withdrawal Works 
3.2. Withdrawal from Springs 
3.3. Withdrawal from Wells 
3.4. Withdrawal from Infiltration Galleries 

 
 
Groundwater Contamination, Protection and Remediation     16 
Fidel Ribera Urenda, Centro Internacional de Hidrología Subterránea Foundation. FCIHS, Spain 
 
1. The concept of groundwater quality. 
2. Contamination of subterranean waters. 
3. Contamination classification systems. 
4. Principal groundwater contaminant types and processes. 

4.1. Inorganic pollution agents 
4.2. Natural Degradation of Groundwater Quality 
4.3. Anthropogenic contamination with inorganic compounds, caused by mining or industrial 

processes 
4.4. Contamination by organic compounds 
4.5. Contamination Related to the Food Industry 

©Encyclopedia of Life Support Systems (EOLSS) xvi



GROUNDWATER 

4.6. Bacteriological Groundwater Contamination 
4.7. Contamination related to synthetic organic compounds, with high persistence in normal aquifer 

conditions 
4.8. Contamination by surfactants 
4.9. Hydrocarbon contamination 
4.10. Contamination by synthetic organic solvents 
4.11. Contamination by pesticides 

5. The Role of the unsaturated zone in the behaviour of polluting agents. 
6. Groundwater prevention and protection  
7. Aquifer protection technologies 
8. The Concept of Vulnerability of Aquifers. 

8.1. The concepts of natural and specific vulnerability in aquifers 
8.2. Evaluation methods of groundwater vulnerability 

9. The Protection of Groundwater Wells. 
10. The development of protection perimeters around wells. 
11. Protection of Recharge and Unsaturated Zone of Aquifers. 
12. Establishment of Systems of Prevention and Control of Groundwater Quality. 
13. Aquifer Decontamination Technologies. 

13.1. Main Decontamination Devices. 
13.2. Decontamination project related with hydraulic-hydrological processes 
13.3. Description of the Principal Technologies of Decontamination 
13.4. Decontamination of Fractured Aquifers 
13.5. Containment Devices 

 
 
Artificial Groundwater Recharge        53 
Roberto Spandre, University of Pisa, Italy 
 
1. Introduction 

1.1. Augmentation of Water Resources by Conventional Methods 
1.2. Augmentation of Water Resources by Non-Conventional Methods 

1.2.1. Desalination 
1.2.2. Wastewater Regeneration (WWR) 
1.2.3. Climate Modification 
1.2.4. Reduction of Evaporation 

2. Artificial Groundwater Recharge (AGR) 
3. Influence of Recharge Factors 

3.1. Geological Factors 
3.2. Hydrogeologic Factors 
3.3. Physical–Chemical Factors 

3.3.1. Physical Characteristics 
3.3.2. Chemical Characteristics 
3.3.3. Groundwater Recharge Precautions 

4. Methods of Artificial Recharge 
4.1. Choice of Recharge Method 
4.2. Treatment of Water for Recharge 
4.3. Indirect Artificial Recharge (IAR) 

4.3.1. Basins 
4.3.2. Channels 
4.3.3. Ditches 
4.3.4. Holes 
4.3.5. Floods 

4.4. Direct Artificial Recharge (DAR) 
4.4.1. Water Recharge Wells 

5. Mixed Systems of Water Recharge 
6. Evaluation of Aquifer Recharge Area by Piezometric Map Analysis 
7. Advantages and Disadvantages of Artificial Groundwater Recharge 

7.1. Advantages 

©Encyclopedia of Life Support Systems (EOLSS) xvii



GROUNDWATER 

7.2. Disadvantages 
 
 
Groundwater Recharge and Discharge        73 
Seth E. Rose, Georgia State University, Atlanta, USA 
 
1. Introduction: Overview of Groundwater Recharge and Discharge 

1.1. Recharge, Discharge, and the Hydrological Cycle 
1.2. Recharge and Discharge in Unconfined and Confined Aquifers 

1.2.1. Unconfined (Surficial) Aquifers 
1.2.2. Confined Aquifers 

1.3. Effects of Climate on Recharge 
1.3.1. Paleorecharge 
1.3.2. Summary of Principal Factors Affecting Recharge 

2. Artificial Recharge 
2.1. Overview 

2.1.1. Summary of Methods 
2.2. Geological and Hydrological Considerations 

3. Physical Methods for Quantifying Recharge Rates 
3.1. Water-Balance Methods 
3.2. Physical and Geophysical Methods of Measuring Recharge 

4. Chemical and Isotopic Methods for Quantifying Recharge Rates and Identifying Recharge Areas 
4.1. Chloride-Mass Balance Method 
4.2. Stable Isotopes 
4.3. Radioactive Isotopes 

4.3.1. Tritium and Chloride-36 
4.3.2. Tritium-Helium Method 
4.3.3. Carbon-14 

5. Calculating Recharge and Discharge Rates Using Analytical Expressions, Groundwater Flow 
Models, and Flow Nets 

6. Natural Discharge 
6.1. Discharge to Springs 

6.1.1. Types of Springs 
6.2. Groundwater Discharge to Lakes or Playas 
6.3. Discharge to Streams 

7. Groundwater Discharge to Wells and Galleries 
7.1. Wells 
7.2. Galleries 
7.3. Groundwater Overdraft 

8. Future Concerns and Directions 
 
 
Groundwater Management: An Overview of Hydro-geology, Economic Values and Principles of 
Management           101 
Phoebe Koundouri, Department of Economics, School of Business, University of Reading, UK and 
CSERGE Economics, Department of Economics, University College London, UK 
Ben Groom, CSERGE Economics, Department of Economics, University College London, UK. 
 
1. Introduction 
2. Groundwater: Hydro-Geology 

2.1. Unconfined and Confined Aquifers 
2.2. Conjoined Surface and Groundwater 
2.3. Composition and Physical Characteristics 

3. The Value of Groundwater 
4. Groundwater scarcity: demand and supply side factors 
5. Principles of Groundwater Management 

5.1. Economic Efficiency (and Inefficiency) 
5.1.1. Efficient Groundwater Management 

©Encyclopedia of Life Support Systems (EOLSS) xviii



GROUNDWATER 

5.1.2. Efficiency with Water Transfers and Backstop Technologies 
5.1.3. Inefficiencies in Groundwater Use 

5.2. Sustainability 
5.3. Equity 

6. Groundwater Property Rights 
7. Groundwater Management approaches 

7.1. Centralized Command and Control 
7.2. Market Based Instruments 

7.2.1. Taxes and User Fees 
7.2.2. Tradable Water Rights and Water Markets 

7.3. Institutional and Participatory Approaches 
7.3.1. River Basin Authorities (RBA) 
7.3.2. Water User Associations (WUA) 
7.3.3. Groundwater Management Areas (GWMA) 

8. Introducing the Chapters in the Subject Area of Groundwater Management 
 
 
Sustainable Groundwater Use and Overexploitation      135 
Manuel Ramon Llamas, Complutense University, Madrid, Spain 
 
1. Introduction 
2. Scope and Aims 
3. What Does Sustainability Mean? 
4. The Complex and Varied Concept of Overexploitation 

4.1. Overview 
4.2. Benefits of Groundwater Use 

4.2.1. Water Supply 
4.2.2. Irrigation 
4.2.3. Hydrologic Benefits 

4.3. Costs of Groundwater Use 
4.3.1. Groundwater Level Depletion 
4.3.2. Degradation of Groundwater Quality 
4.3.3. Susceptibility to Subsidence and/or Collapse of the Land Surface 
4.3.4. Interference with Surface Water Bodies and Streams 
4.3.5. Ecological Impacts on Groundwater-Dependent Ecosystems 

5. Issues Relating to Groundwater Mining 
6. The Importance of Institutional Robustness to Groundwater Management 
7. Policy Implications 
8. Looking Forward to a New Renewable Water Resources Policy 

8.1. Improving Existing Data 
8.2. Information and Education Programs 
8.3. Stakeholder Participation in Decision-Making Processes 

9. Final Remarks 
 
 
Groundwater and Economics: Gisser-Sanchez's Effect Reconsidered    159 
Phoebe Koundouri, Department of Economics, School of Business, University of Reading, UK and 
CSERGE Economics, Department of Economics, University College London, UK 
 
1. Introduction 
2. Gisser-Sanchez's Model, Caveats and Robustness 

2.1. Gisser-Sanchez Effect 
2.2. Testing the Robustness of GSE 

3. Long-run Robustness of GSE 
3.1. Allowing Variable Economic Relations and Endogenous Rates of Change 
3.2. The Issue of Discounting 
3.3. Total Economic Value of an Aquifer 

4. GSE with Dynamically Interacting Agents 

©Encyclopedia of Life Support Systems (EOLSS) xix



GROUNDWATER 

4.1. Water Conflicts as Games 
4.2. The Robustness of GSE under a Private Property Rights Regime 

5. GSE in Models of Conjunctive Use of Surface and Groundwater 
5.1. Tributary Aquifers with “River Effects” 
5.2. Incorporating Stochastic Surface Water Supplies 

6. Conclusion 
 
 
Groundwater Legislation Principles        188 
Antonio Embid, Faculty of Law, University of Zaragoza, Spain. 
 
1. Introduction 
2. Regulatory framework. 
3. The ownership of groundwaters. 
4. Organisation of users. 
5. Management of groundwaters. 

5.1. Generalisation of a permit system 
5.2. Hydrological planning 
5.3. Price for water use 
5.4. The technique of aquifer over-exploitation 
5.5. The territorial scope of groundwater management 
5.6. Perimeters of protection 
5.7. Artificial recharge of aquifers 

6. Environmental considerations. Environmental impact assessment legislation. 
6.1. Outflows into groundwaters 
6.2. Environmental impact assessment of certain measures that directly or indirectly affect 

groundwaters 
7. Groundwaters and the European Union. International groundwaters. 
 
 
Conjunctive Use of Surface Water and Groundwater      206 
Andres Sahuquillo, Polytechnical University of Valencia, Spain 
 
1. Introduction 
2. Types of Conjunctive Use 

2.1. Planned Overdraft 
2.2. Use of Subsurface Storage 

2.2.1. Artificial Recharge 
2.2.2. Alternate Use of Surface Water and Groundwater 
2.2.3. Artificial Recharge versus Alternate Conjunctive Use 
2.2.4. Aquifer–River Systems 
2.2.5. Transformation of Aquifer–River Relationships owing to Groundwater Extraction and 

Irrigation 
2.3. Use of Karstic Springs 

3. Integration of Groundwater in Hydrological Planning 
4. Information, Uncertainty, and Economic Aspects 
5. Methods of Analysis 
6. Conclusions 
 
 
Special Issues in Groundwater         225 
Luis Silveira, Department of Fluid Mechanics and Environmental Engineering, Faculty of Engineering, 
Montevideo, Uruguay 
 
1. Introduction 
2. Brief presentation of selected issues 

2.1. Climate change and hydrogeology 
2.2. Urban hydrogeology 

©Encyclopedia of Life Support Systems (EOLSS) xx



GROUNDWATER 

2.3. Geostatistics as a tool in groundwater studies 
2.4. Scaling properties of geological media and groundwater 
2.5. Ecological groundwater treatment techniques 

 
 
Climate Change and Hydrogeologic Processes       230 
Hugo A. Loaiciga, University of California, Santa Barbara, California, USA 
 
1. Introduction 

1.1. The Climate-Change Puzzle 
1.2. Climate Change and Hydrologic Scales 

2. The Status of Climate-change Predictions and Associated Hydrologic Consequences 
2.1. Climate-Change Scenarios and Simulation Models 
2.2. Climate-Scaling Factors and Hydrologic Simulation 
2.3. On Climate-Hydrologic Feedbacks and 2 x CO2 Uncertainty 

2.3.1. The Water-Vapor Feedback 
2.3.2. The Cloud Feedback 
2.3.3. Surface Albedo, Soil Moisture, and Vegetation Feedbacks 
2.3.4. Ocean-Atmosphere Interactions 

3. Climate Change and Regional Groundwater Systems 
3.1. Groundwater Recharge in the Hydrologic Cycle 
3.2. Groundwater Recharge Mechanisms 

4. Approaches and an Example of Climate-Change Forcing in a Regional Aquifer System 
4.1. Steps to Assess Climate-Change Forcing of Aquifer Systems 
4.2. The Edwards Aquifer System, Texas, USA 

 
 
Urban Hydrogeology          245 
Xavier Sanchez-Vila, Universitat Politècnica de Catalunya, Barcelona, Spain 
 
1. Introduction 
2. A Quick Glance at Urban Hydrogeology 

2.1. The Close Link between a City’s Historical Development and Urban Groundwater 
2.2. Urban Hydrogeology as an Emerging Field 

3. The Urban Hydrogeological Cycle: Quantification of Groundwater Resources 
3.1. The Groundwater Balance 
3.2. Quantification of Resources 
3.3. Evaluation of the Recharge Terms 
3.4. Evaluation of the Discharge Terms 

4. Quality of Groundwater 
5. Urban Subsurface Structures and their Particular Problems 

5.1. Urban Underground Structures 
5.2. Geotechnical Considerations 
5.3. Structural Considerations 

6. Data Integration for Case Studies 
7. Integrated Water Resources Management 
 
 
The Scaling Properties of Geological Media with Respect to Groundwater Flow and  
Transport           262 
Charles W. Rovey II, Southwest Missouri State University, Springfield, MO, USA 
 
1. Introduction 
2. Dispersivity 

2.1. Classical Approach 
2.2. The Stochastic Approach 

2.2.1. Geostatistical Models 
2.2.2. Layered Heterogeneity 

©Encyclopedia of Life Support Systems (EOLSS) xxi



GROUNDWATER 

2.2.3. Random Heterogeneity 
2.3. Field Results 

3. Hydraulic Conductivity 
3.1. General Explanation for Scale Dependency 
3.2. Measurement Bias 

3.2.1. Inappropriate Averaging 
3.2.2. Sample Selection and Disturbance 
3.2.3. Wellskins 
3.2.4. Borehole Storage Effects 

3.3. Homogeneous Media 
 
 
"In Situ" Groundwater Treatment        284 
Luis Silveira, Department of Fluid Mechanics and Environmental Engineering, Faculty of Engineering, 
Montevideo, Uruguay 
 
1. Introduction 
2. Origin, physicochemical factors and water regulations 

2.1. Iron 
2.2. Manganese 
2.3. Nitrogen 

3. Biological oxidation and reduction 
3.1. Iron and manganese bacteria 
3.2. Denitrifying bacteria 

4. Removal of iron and manganese from groundwater 
4.1. Conventional methods 
4.2. Biological filters 
4.3.  “In situ” chemical-biological techniques 

4.3.1. Re-infiltration 
4.3.2. Vyredox® method 

5. Removal of nitrate from groundwater 
5.1. Conventional methods 
5.2. Biological denitrification filters 
5.3.  “In situ” bio-denitrification techniques 

5.3.1. Constructed Wetlands 
5.3.2. Nitredox® method 
5.3.3. Other “in situ” bio-denitrification research projects 

6. Conclusions 
 
 
On Controlling the Chemical Contamination of Groundwater    309 
Gordon Chesters, University of Wisconsin-Madison, Madison/WI, 53706, USA 
 
1. Public Policy Issues 
2. Information Gathering 

2.1. Environmental Behavior Predicted from Chemical Properties 
2.2. Transformation of Chemicals 
2.3. Chemical Transport 
2.4. Innovative Management Practices 

2.4.1. Agricultural Management Practices 
2.4.2. Waste Containment Technology 

2.5. Contaminant Reduction and Conversion 
2.6. Characterization of Groundwater Flow Systems 
2.7. Toxicological Assessment of Groundwater Contaminants 
2.8. Groundwater Sampling, Monitoring, and Database 
2.9. Economic and Policy Alternatives 

3. Technology Transfer and Information Dissemination 
4. Education 

©Encyclopedia of Life Support Systems (EOLSS) xxii



GROUNDWATER 

5. Recommendations 
6. Case History of Wisconsin Groundwater Law 

6.1. Public Perceptions of Groundwater Policy and Regulation 
6.2. Need for Scientific Evaluation 
6.3. Development and Administration of the Aldicarb Rule in Wisconsin 
6.4. Development, Administration, and Enforcement of the Wisconsin Groundwater Law 
6.5. Memorandum of Understanding between State Agencies 
6.6. Mathematical Models 
6.7. Enforcement 

 
 
Index           337 
 
 
About EOLSS          345 

©Encyclopedia of Life Support Systems (EOLSS) xxiii


