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Background
Detailed knowledge on the extent, hydraulic properties, and vulnerability of groundwater reservoirs is necessary to enable sustainable use of groundwater resources. Hydrogeophysical methods can allow, for example, large scale aquifer characterization, previously unobtainable through conventional hydrogeological techniques. In addition, time-lapse deployment of appropriate methods can give useful insight into complex subsurface processes, aiding hydrological model development and the assessment of groundwater restoration strategies. New regulatory water policies, for example the European Water Framework Directive, demonstrate the demand for new technology to assist in water resource management, with clear opportunities for hydrogeophysical method development and application. Geophysical methods have been widely used to support groundwater investigations for many years. Geophysical borehole logging, for example, is commonly used within hydrogeological studies to provide data to support the development of conceptual models of groundwater processes.  Much of these established methods, however, offer only qualitative information about hydrogeological parameters and processes and during the 1990s a re-emergence of geophysics in hydrology occurred as attempts were made to provide more quantitative information about subsurface hydrology.  The field hydrogeophysics emerged as a multi-disciplinary subject that focuses on the use of geophysical methods for characterizing subsurface features, determining hydrogeological properties and monitoring processes relevant to soil and groundwater processes.   Over the past decade hydrogeophysics emerged due to the availability of new (or developing) geophysical techniques and the potential value in addressing the hydrological challenges.
Aims

This short course aims to provide training in the use of geophysical methods for hydrological investigations.  The focus will be on geoelectrical and georadar methods, although other methods will be covered.  Students will learn about the relationships between hydrological and geophysical properties and how to design and carry out surveys using geophysical techniques. We will also outline various approaches for fusion of various hydrogeophysical data. Hands-on training in the use of inverse methods for analysis of hydrogeophysical data will be given.  A field excursion will take place in order to show operational hydrogeophysical surveys and provide some exposure to practical techniques.  Case studies will be presented to demonstrate the potential value of geophysics in hydrological investigations, from small plot scale to large scale studies. We will outline the limitations of current hydrogeophysical methods and identify specific opportunities in this field.
Course materials

Lecture notes and copies of key recent hydrogeophysics publications will be provided.  We will also make available several items of software for later use.  
Course outline 

Day 1

	1. Introduction

	Hour
	Subject
	Lecturer

	09:00 – 09:30
	Registration, course introduction.

We outline the aims of the course and summary of course schedule.  Students are invited to introduce themselves, their research and explain what they expect to get out of the course.
	All

	09:30 – 10:00
	Why hydrogeophysics?  We outline the challenges of conventional hydrogeological characterisation and develop the rationale for hydrogeophysical investigations.
	Binley


	2. Basics

	Hour
	Subject
	Lecturer

	10:00 – 10:30
	Fundamental physical properties. We review the basic properties that describe or control water and solute transport in subsurface hydrology.
	Ferré

	10:30 – 11:00
	Hydrogeophysical relationships. We present key relationships between hydrological and geophysical parameters that form the basis of hydrogeophysical studies.  We also cover the general principles behind the measurement of key properties. 
	Ferré


	11:00 – 12:00
	Geophysical inversion – basic principles. The application of inverse methods to determine the geophysical properties from measured data is key to many hydrogeophysical investigations.  Here we outline the basic principles of geophysical data inversion.
	Binley

	12:00 – 13:00
	Lunch


	3. Methods

	Hour
	Subject
	Lecturer

	13:00 – 14:00
	Georadar methods. This lecture will present the basic concepts of georadar and introduce the students to the use of georadar in surface-to-surface configurations (constant offset, CMP and WARR). This lecture will also discuss similarities and differences between surface and borehole georadar applications. Different acquisition geometries will be introduced (MOG, ZOP, VRP) with discussion of pros and cons of each.
	Cassiani

	14:00 – 16:00
	Computer Practical: Processing surface georadar data. Using real surface-to-surface georadar data we will show all the key processing steps. Two examples will be given, the first related to time-lapse measurements during an infiltration experiment, the second of a case where guided georadar waves are propagating through a shallow soil layer.  
	Cassiani


	16:00 – 17:00
	DC resistivity methods. We discuss the general principles of DC resistivity methods for hydrological studies.  Soundings, surface imaging, cross-borehole and less conventional measurement approaches are presented.
	Binley

	17:00 – 18:00
	Induced polarization (IP) methods. We outline the approach used to determine time domain and frequency domain IP and spectral IP data.
	Binley


Day 2
	3. Methods (continued)

	Hour
	Subject
	Lecturer

	09:00 – 11:00
	Computer Practical: Analysis of DC resistivity data.  Using synthetic models we illustrate the use of inverse methods for surface resistivity imaging.  We also demonstrate how inverse methods can be used to image resistivity in arbitrary geometries (for example, cross-borehole, surface to borehole, cylindrical, etc.).
	Binley

	11:00 – 11:30
	Electromagnetic methods. We present the concepts behind the range of frequency- and time-domain electromagnetic methods that are widely used in hydrogeophysical investigations.
	Ferré

	11:30 – 12:00
	Other methods. A number of other methods used for hydrogeophysical investigations are outlined.  These include well logging, self-potential, seismic, nuclear magnetic resonance and microgravity.
	Ferré

	12:00 – 13:00
	Measurement scale. We discuss the impact of measurement scale on the use of hydrogeophysical methods.
	Ferré

	13:00 – 14:00
	Lunch


Day 2 (continued)
	14:00 – 18:00
	Field visit. We will visit a field site where borehole georadar measurements are being taken and also show a number of instruments used for the various methods covered  on the course (DC resistivity, IP, EM) and give a hands-on demonstration, allowing the students to appreciate the practical aspects of their use.
	Nielsen


Day 3
	4. Case studies 

	Hour
	Subject
	Lecturer

	09:00 – 10:00
	Case study 1.  Characterising hillslope flow processes using geophysics.
	Cassiani

	10:00 – 11:00
	Case study 2.  Monitoring recharge processes using DC resistivity, georadar and microgravity.
	Haarder

	11:00 – 11:30
	Case study 3.  Mapping aquifer vulnerability using surface and airborne EM.
	Ferré


	11:30 – 12:00
	Case study 4.  Sandstone permeability estimation using IP.
	Binley

	12:00 – 13:00
	Lunch

	5. Current research and future trends

	13:00 – 14:00
	Hydrogeophysical data fusion.  Methods for merging data from different data sources are discussed and formal approaches for integration of data are presented.
	Binley/Ferré

	14:00 – 15:00
	Emerging methods and application areas.  Here we discuss new technological developments in hydrogeophysics and new areas of study.
	Cassiani



	15:00 – 15:30
	Course summary and close.  
	All


Suggested further reading and other sources of information
· Geophysics, Special Issue on Hydrogeophysics — Electric and Electromagnetic Methods, Volume 4, 2010.
· Near Surface Geophysics, Special Issue on Hydrogeophysics, Volume 7 (p241–596), 2009.
· Vadose Zone Journal, Special Issue on GPR in Hydrogeophysics, Volume 7 (p137–283), 2008.

· Hydrogeophysics, Edited by Y Rubin and SS Hubbard, Springer-Verlag, 2005.
· Applied Hydrogeophysics, Edited by H Vereecken, A Binley, G Cassiani, A Revil and K Titov, Springer-Verlag, 2006.

· Groundwater Geophysics, Edited by Reinhard Kirsch, Springer-Verlag, 2006.
· Near Surface Geophysics, Edited by D. K. Butler, Investigations in Geophysics, No. 13, Society of Exploration Geophysicists, 732 pages, 2005.
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