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1. APPLIED HYDROGEOPHYSICS

Harry Vereecken, Andrew Binley, Giorgio Cassiani, Andre Revil,
and Konstantin Titov

1.1. Introduction

Soils and groundwater are important natural resources that sustain life on
Earth. In the last century, the enormous expansion of industrial and agricultural
activities has led to an increased environmental pressure on these systems.
Soils and groundwater are extremely important because they yield much of
our water resources and sustain food production for humanity. Agricultural
activities consume nearly 80% of the fresh water used throughout the world,
and the majority of this water is used for irrigation. In many countries aquifers
are used as the major source of water for this purpose. Irrigation of cropland
has greatly increased food production, but has also had some drawbacks due to
the amount of water drawn from aquifers. Some of the major problems related
with irrigation are excessive leaching of nutrients and pesticides, depletion of
aquifers, ground subsidence, and soil salinization.

The vadose zone, being the subsurface environment between soil surface
and groundwater, also serves as the repository for municipal, industrial and
government waste. In Europe, more than 1.5 million sites are estimated to be
potentially contaminated (EEA, 2000). These sites consist of military, indus-
trial and waste disposal sites that are either abandoned or still under operation.
The total number of identified sites that have been explicitly identified is about
21,000. The estimated total clean-up costs are at least in the order of 100 billion
Euros.

As safe and effective use of the subsurface environment is a major chal-
lenge facing our society, there is a great need to improve our understanding
of the shallow subsurface and the groundwater systems. As the subsurface
is impossible to ‘observe’ directly, methods are needed to reveal its physical
and hydrological properties, in addition to the hydrochemical characteristics
of fluids stored and flowing through it. Traditional borehole-based sampling
is often limited because of the localized knowledge often derived from such
measurements and the disturbance induced to samples. As in the oil and
mining industry, geophysical methods may offer a means of addressing this
problem, by providing a spatially extensive, non-invasive means of investi-
gating the subsurface. In the past, applications of geophysical methods in
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2 HARRY VEREECKEN ET AL.

groundwater and vadose zone hydrology have mainly focused on mapping
geological structures (e.g. clay/sand layers, bedrock valleys, etc), delineation
of aquifer boundaries, mapping of fracture zones, etc. In summary, the fo-
cus has been for a long time on the “geometrical” characterization of the
subsurface. For such purposes standard methods are presently available and
well-documented in the literature.

Recently, increased attention has been given to the use of geophysical
methods to derive parameters and state variables characterizing especially
surface near groundwater systems and soils (Vereecken et al., 2002, 2004;
Rubin and Hubbard, 2005). This approach has also similarities with the expe-
rience of the oil industry, having as an objective the “petrophysical” charac-
terization of the subsurface. Research in this direction is mainly driven by the
fact that geophysical methods allow continuous mapping in space and time
of geophysical properties which can be transferred to parameters or variables
characterizing the aquifer system (e.g. water content, porosity, flow velocity).
Classical approaches like drilling and coring have shown their limitations in
capturing this spatial and temporal variability. Characterizing spatial and tem-
poral variability of aquifers is, however, a key factor determining e.g. success
of water management strategies or predicting pollution risks to water supply
systems.

Hydrogeophysical methods and approaches are presented in the recent
book Hydrogeophysics edited by Yoram Rubin and Susan Hubbard (2005).
That book is the first to deal explicitly with geophysical methods for hydrolog-
ical and hydrogeological processes. It addresses in depth the fundamentals of
hydrogeological characterization as well as the fundamentals of geophysical
characterization. A series of case studies and emerging technologies in the
field of hydrogeophysics are also presented.

In Applied Hydrogeophysics we follow up on the material presented in
Hydrogeophysics but focus on the applications of hydrogeophysical methods
to the understanding of hydrological processes and environmental problems
dealing with the flow of water and the transport of contaminants. This book,
unlike its predecessor, is therefore organized mainly in hydrological process-
driven chapters, rather than in methodological chapters. We feel that this struc-
ture is suitable particularly to the understanding of the end user and the pro-
fessionals that want to make use of the new hydrogeophysical techniques for
their specific field of application. In addition, this structure gives a more pro-
nounced practical touch to the book. Hence the title Applied Hydrogeophysics.

The book is the outcome of a successful NATO Advanced Research Work-
shop held in St. Petersburg, 25-29 July, 2004 entitled “Soils and groundwater
contamination: Improved risk assessment based on integrated hydrogeolog-
ical and geophysical methods.” The objectives of the meeting were to criti-
cally evaluate the state of the art in hydrogeophysics for the assessment of
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risks related to soil/groundwater contamination, to promote the interaction
between soil scientists, hydrologists, hydrogeologists and geophysicists from
all over the world; and to identify goals for future research. Specific attention
was given to the applications of hydrogeophysical methods and techniques
to problems arising in the use and management of soil and groundwater
systems.

In the following we present a brief summary of the context and content of
the various chapters.

1.2. Brief Overview

The book is organised in 12 chapters. The chapter of Linde et al. (Chapter 2)
discusses the choices that must be made in estimating hydrogeophyiscal pa-
rameters. The authors identify three different methods presently available in
the literature: direct mapping, integration methods and joint inversion meth-
ods. Direct mapping refers to the transformation of a geophysical model into
hydrogeological model. A typical example is the estimation of water content
data using ground penetrating radar. In integration methods the geophysical
inversion is performed independently from the hydrogeological data and it
includes the well-known methods such as cokriging and Bayesian estimation.
The joint inversion methods aim to simultaneously invert geophysical and
hydrogeophysical data. In their chapter, Linde et al. present the state of the
art cases for each of these three methods.

The chapter by Yeh et al. on the hydrogeophysical use of sequential suc-
cessive linear estimator (SSLE) and electrical resistivity tomography (ERT)
introduces the SSLE as a promising alternative procedure for the inversion
of ERT measurements. The SSLE is a geostatistically based cokriging-like
approach. However, unlike the classical cokriging, the SSLE is able to tackle
the nonlinear relationship between electrical potentials and the electrical con-
ductivity. After a description of the SSLE, several synthetic case studies and
a field application using the SSLE are given. The examples show the abil-
ity of the SSLE to condition the inverse procedure by a priori knowledge
about the structure of the electrical conductivity as well as independent point
measurements of the electrical conductivity in the subsurface. As expected,
the conditioning of the inverse procedure reduces the ill-posedness of the
inverse problem and therefore enhances the quality of the inversion results.
Furthermore the SSLE features a quantification of the estimate of the elec-
trical conductivity that is essential for decision making based on inversion
results.

The chapter by Cassiani and others on unsaturated zone processes presents
the basic concepts of non-invasive determination and monitoring of the



