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ABSTRACT The field “hydrogeophysics” emerged in the 1990s as a multi-disciplinary subject that
focuses on the use of geophysical methods for characterising subsurface features,
determining hydrogeological properties and monitoring processes relevant to soil and
groundwater processes. Hydrogeophysical methods can allow 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. Here, we review
hydrogeophysical approaches and highlight potential new (or emerging) application
areas, such as hyporheic zone characterization and monitoring soil-water-plant
interactions. We discuss new approaches for analysis of hydrogeophysical data,
including the fusion of multi-modality data and hydrological models. We emphasise
the need for appropriate constitutive relationships, which are fundamental to most
hydrogeophysical investigations. Finally, we list a number of key challenges, namely
resolution and scale of method, computational demands on multi-dimensional
modelling and the need for quantification of the information content in the various
hydrogeophysical data sources.

1. Introduction

Hydrology has traditionally relied upon the availability of point measurements: precipitation
at rain gauges, groundwater potentiometric surface at boreholes and, more recently, soil moisture
content as measured, for example, by time-domain reflectometry (TDR: Topp et al., 1982). This
body of information is necessary, but often far from being complete. In particular, it has been
largely demonstrated (e.g., Beven and Binley, 1992) that, given the point information above, there
will always be a number of different models that reproduce equally well the observed
hydrological data (such as river discharge). This equifinal nature of different models is limited to
their capability of matching the observed limited and local data, and may not be reflected in their
prediction capability, i.e., the model forecasts may differ substantially should the forcing
conditions (e.g., precipitation) be changed beyond the observed values. This critical model
limitation is essentially driven by the fact that the actual structure of the subsurface is poorly
known in terms of geometry, geology and hydraulic properties; this limitation often forces the
models to be black boxes, either explicitly or implicitly due to the poor knowledge of the actual
system characteristics.

Overcoming these serious limitations of hydrological modelling is not related to the nature of

© 2010 - OGS 267



Boll. Geof. Teor. Appl., 51, 267-284 Binley et al.

the models, but rather requires extra information. This is one of the fundamental needs addressed
by hydrogeophysical measurements.

Hydrology research has developed a number of sophisticated tools to try and account for
model uncertainty, particularly with respect to the limited knowledge of the subsurface in terms
of its hydraulic property distribution. In particular, stochastic techniques have had a tremendous
development in both surface (e.g., Bras and Rodriguez-Iturbe, 1993) and subsurface hydrology
(e.g., Rubin, 2003). However, stochastic models require even more data than traditional
deterministic models, as an estimate of the underlying spatial statistical structure of the governing
parameters is needed. Heavy reliance was initially put on densely monitored sites with hundreds
of boreholes drilled over a few hectares (e.g., LeBlanc ez al., 1991), but this approach could not
be realised except at a few advanced research sites. As a consequence, during the 1990s there was
a rapid growth in the use of geophysics to try and provide spatially dense, quantitative
information about hydrological properties and processes. This need, in addition to the growing
availability of fast field acquisition instruments and powerful computational tools, has led to
much of the current developments in hydrogeophysics.

In addition to the above, important new requirements have been posed lately upon
hydrological characterization and modelling, for example, by the new European Union
regulations (in particular the Water Framework Directive 2000/60/EC, and the Groundwater
Directive 2006/118/EC). In particular, the growing issue of water quality requires that the
presence and location of contaminants be assessed, and their migration in the hydrological system
be monitored. The limitations of hydrological modelling and point measurements are even more
severe in the case of water quality than in water quantity assessment. Here too geophysical
methods have a potential role.

In summary, hydrogeophysics is asked to provide data for the following purposes:

a) structural characterization,

b) fluid-dynamics,

¢) presence and motion of contaminants.

Geophysics has long been used to support hydrogeological studies, but mainly for lithological
boundary delineation (e.g., Giustiniani et al., 2008), i.e., to support structural (geometrical)
characterization of aquifers. This use of geophysics does not fully exploit the geophysical
measurements, but rather seeks to highlight contrasts in whatever physical property can
distinguish one geological formation from its neighbours. This classical approach is also common
to other major applications of geophysics, such as in the petroleum industry. However, geophysics
has long been used also to exploit the physical nature of measurements, and translating these
measurements into quantitative estimates of the soil/rock properties of interest. This has been
particularly used for downhole measurements, i.e., for borehole logs (Schlumberger, 1989). This
translation requires that suitable constitutive laws link physical and structural properties of
soil/rock, and the relevant discipline is petrophysics (e.g., Mavko et al., 2009). The use of
borehole logs for hydrogeological studies has a long history too (e.g., Kobr e al., 2005) even
though it has never reached the popularity enjoyed in petroleum applications.

In view of the needs above, the current developments in hydrogeophysics are aimed at
providing quantitative information on the hydrological and hydraulic characteristics of the soil
and subsoil, as well as quantitative data on the presence and motion of fluids and solutes in and
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Table 1 - Use and effectiveness of geophysical methods for hydrological studies

Structure Fluid dynamics Contamination
Gravimetry + ++
Magnetics +
Seismics ++ +
DC resistivity + + + + +
Electromagnetics + ++ +
Induced Polarization + + ++
Self Potential + + +
GPR + + + +
NMR + + 4

out of the subsurface. Hydrogeophysics is therefore becoming a key instrument towards an
effective characterization of hydrological systems.

Among the available geophysical methods, not all of them are equally suitable for
hydrogeophysical applications. Each geophysical technique measures at least one physical
quantity:

- seismics: elastic moduli and density,

- gravimetry: density,

- magnetics: susceptability and permanent magnetization,

- geoelectrics [DC resistivity, e.g., electrical resistivity tomography (ERT)]: electrical

conductivity,

- geoelectrics [induced polarization (IP)]: complex electrical conductivity,

- electromagnetic (EM) methods: electrical conductivity,

- self potential (SP): electrical conductivity and potential sources,

- ground penetrating radar (GPR): dielectric constant, electrical conductivity,

- nuclear magnetic resonance (NMR): number or protons, free pathway in pores, electrical

conductivity.

In view of the hydrological aspects described above, potentially all geophysical methods can
have some useful hydrogeophysical application, particularly in terms of structure
characterization. However, some techniques have a more specific link to hydrological properties
and to the presence/motion of water: these are listed above. In particular, the physical quantities
more specifically affected by water presence or motion are, among the ones most commonly
measured, electrical conductivity via ERT (Binley and Kemna, 2005) and dielectric constant via
GPR (Annan, 2005). Other more specialized measurements (IP, SP and NMR) have strong
connection to the pore-medium structure and presence/motion of water, solutes and free-phase
contaminants, but are still of less common use as the relevant signal can be either below ambient
noise or of uncertain attribution to hydrological causes.

Table 1 lists in a qualitative (somehow subjective) manner the relative suitability of different
methods for the different hydrological aspects.

In this paper, we wish to highlight:
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1) the main approaches taken in hydrogeophysical research over the past two decades, and
how these approaches address the fundamental hydrologic needs discussed above;

2)the most promising opportunities in view to extend and improve the role of
hydrogeophysics;

3) the relevant challenges to be faced.

2. Hydrological problems and hydrogeophysical approaches

Effective hydrological studies require a quantitative assessment of water presence and motion
in the environmental compartments of interest. Depending on the specific aims of the study at
hand, one or more of the following compartments shall be considered: saturated zone, vadose
(unsaturated) zone, shallow soil. The three compartments differ not only in terms of their
hydrological role and mechanisms, but also in terms of the hydrogeophysical measurements that
can be conducted profitably on them. In the following, we try and give a short outline of the
subsurface hydrology compartments with some of the recent, key papers relevant to each
compartment.

2.1. The saturated zone

Aquifer studies are a traditional area of interest of subsurface hydrology. Their focus has been
progressively shifting from water quantity to water quality problems. Transport of dissolved
substances in groundwater is the most important mechanism controlling the migration of
pollutants in the subsurface and is strongly controlled by geological heterogeneity at a variety of
scales. In particular, hydraulic conductivity can vary by up to thirteen orders of magnitude. This
fact has as a consequence a strong spatio-temporal variability of solute concentrations, that makes
conventional monitoring techniques, based on a few boreholes and limited water sampling in
space and time, often incapable of capturing the variability of transport properties, as well as the
complexity of transport processes. Hydrogeophysics can provide spatially and temporally dense
information on the evolution of solute plumes, particularly during tracer tests (Kemna et al.,
2002, 2006; Cassiani et al., 2006; Monego et al., 2010). Electrical and electromagnetic
techniques have been predominantly used for these purposes, as they are sensitive to changes in
aqueous phase electrical conductivity caused by saline tracers. Tomographic techniques offer the
possibility to construct “images” of the subsurface, in 2D or 3D, that are well suited to picture
the evolution of solute plumes. ERT, in particular, has been the key methodology applied for
saline tracer imaging (e.g., Binley et al, 1996), but some notable examples using GPR
attenuation for the same purpose have also been made possible, due to the increased electrical
conductivity of the tracer (Day-Lewis et al., 2003; Johnson et al., 2007). In all cases, and in
contrast to structural hydrogeological characterization, where “static” properties of the
subsurface are explored, transport characterization involves the monitoring of “dynamic”
processes associated with spatio-temporal variations of subsurface state variables. The mapping
and monitoring of transport processes therefore requires application of time-lapse geophysical
methodologies that allow the user to distinguish between static and dynamic effects. Early
applications (e.g., Bevc and Morrison, 1991; Daily ef al., 1992, 1995; Binley et al., 1996; Slater
et al., 1997a, 2000) were limited to imaging solute transport as accurately as possible, but did not
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provide estimates of hydraulic parameters and their spatial variability. In order to quantify the
hydraulic parameters of the subsurface, it is essential to make use of hydrological models. The
geophysical time-lapse data are used as equivalent concentration data to infer the timing and
location of tracer breakthrough. In conjunction with transport models, such data can be directly
interpreted in terms of transport parameters, such as flow velocity and dispersivity. The recent
literature on time-lapse ERT applied to saline tracer tests follows this conceptual pathway to
different extents (Kemna et al, 2002; Slater et al., 2002; Singha and Gorelick, 2005;
Vanderborght et al., 2005). Tracer mass balance issues linked to ERT resolution issues prompted
a series of possible approaches to tackle the limited resolution of ERT (Singha and Gorelick,
2006a, 2006b; Singha and Moysey, 2006) and the research is ongoing (Day-Lewis and Singha,
2008; Pollock and Cirpka, 2008; Singha et al., 2008).

2.2. The vadose zone

The vadose zone, i.e., the part of subsurface above the water table, is home to a number of key
processes that control the mass and energy exchanges between the subsurface and soil surface.
Vadose zone hydrology provides information about exchanges with the soil compartment, and
from there with the atmosphere, and subsurface water migration, with strong implications in
water resources management: aquifer recharge is controlled by movement through the vadose
zone. Contaminants released from the surface invade the vadose zone and, before reaching the
aquifer system underneath, can be altered, retarded or wholly removed by biological, chemical
and physical processes in the vadose zone. Unsaturated processes control also the availability of
water for agriculture, and are the driving mechanisms in slope stability, floods and other major
engineering geology problems. However, in practice, the hydrology of the vadose zone is poorly
known, mainly because of technical limitations in sampling and access just at one or two metres
below ground. The most useful measurements of unsaturated zone conditions (moisture content
via TDR and suction via tensiometers) are limited in depth to no more than a couple of metres
depth and extensive monitoring over large areas is labour intensive and time consuming and are
essentially local scale measurements. Other techniques are, therefore, needed. The vadose zone
deeper than a couple of metres below ground surface can be mapped from the surface, at the
expense of severe resolution losses, and more efficiently using borehole geophysical methods:
single-borehole, borehole-to-borehole and borehole-to-surface geophysical measurements
achieve a resolution sufficient for quantitative hydrologic interpretation [Hubbard et al. (1997);
Slater et al. (1997b); Binley et al. (2001, 2002a, 2002b); Alumbaugh et al. (2002); French et
al. (2002); Binley and Beven (2003); Cassiani et al. (2004, 2008, 2009b); Schmalholz et al.
(2004); Cassiani and Binley (2005); Chang ef al. (2006); Deiana et al. (2007, 2008); Koestel et
al. (2008); Looms et al. (2008a, 2008b); among others; for reviews see Huisman et al. (2003);
Cassiani et al. (2006)]. In most cases, the ultimate goal is the identification of hydraulic
properties and parameters of the vadose zone. The dependence of the geophysical response on
changes in soil moisture content, e.g., via changes in electrical resistivity or dielectric properties,
is the key mechanism that permits the use of non-invasive techniques to monitor the vadose
zone in time-lapse mode, i.e., via repeated measurements over time. The use of these techniques
in different configurations in the shallow and deep vadose zones can provide high-resolution
images of hydrogeological structures and, in some cases, a detailed assessment of dynamic
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processes in the subsurface environment. Both natural infiltration processes and specifically
designed tracer tests can be monitored over periods of time that can last from a few hours
to several years. The data from non-invasive techniques can subsequently be used to calibrate
physical-mathematical models of water flow in the unsaturated zone.

2.3. Soil

Soil is a non-renewable resource, subjected to serious threats such as soil erosion, decline in
organic matter, local and diffuse contamination, sealing, compaction, decline in biodiversity,
salinization, floods and landslides. Soil protection and restoration require high-resolution
information about soil properties. Conventional, sample-based soil property mapping is very
time-consuming, cost-intensive, and the data collected are available only for discrete points in a
landscape. Various soil parameters can be mapped using rapid, nearly non-destructive
methods (geophysics, spectroscopy), for quasi-continuous 2D as well as 3D mapping of soil
physical and hydrological properties (Allred et al., 2008): electromagnetic induction (EMI);
GPR; magnetics, seismics, gamma ray spectrometry.

Soil is also the shallowest portion of the vadose zone. One of the key aspects of hydrological
characterization of soil relies on our capability of mapping soil moisture content in its space-time
variations. A leap forward was made by the introduction of time domain reflectometry (TDR) in
the early 1980s, that provided a means for quick and inexpensive time-lapse monitoring of
moisture content in the first couple of metres. TDR paved the way towards the general acceptance
of indirect measurements of soil moisture content. Consequently, the estimation of water content
space and time variations in shallow soil layers using in-situ non invasive techniques has been the
focus of intensive research over the past three decades, with particular attention to techniques that
measure the dielectric constant of the porous media (e.g., Topp and Davis, 1985; Roth et al.,
1990; Robinson and Friedman, 2003), that is strongly affected by the presence of water in
the soil pores. Among other techniques, two methods have gained popularity for the in-situ
estimation of soil moisture content: surface-to-surface GPR and ERT. GPR used in surface-to-
surface configuration has increasingly been proposed as a means to obtain fast and inexpensive
images of soil moisture content over large areas at shallow depth (e.g., van Overmeeren et
al., 1997; Parkin et al., 2000; Huisman et al., 2001; Grote et al., 2003) In surface-to-surface
GPR measurements, the velocity of direct ground waves that travel from the transmitting antenna
to the receiving antenna just below the soil surface can be used to estimate the soil water
content at shallow depths over relatively large areas, at a scale of interest for hydrological
models. Generally, three different survey types [i.e., Wide Angle Reflection and Refraction
(WARR); Common Mid Point (CMP); Single Offset (SO) methods] can be used to estimate
the direct ground wave velocity and infer the water content. The success of the method
relies on the assumption that identifying such direct arrival is straightforward and cannot be
confused with other events. This condition is not always met, e.g., in the presence of critically
refracted radar waves (Bohidar and Hermance, 2002) or guided waves (Arcone et al., 1984,
2003; van der Kruk et al., 2006; Strobbia and Cassiani, 2007).

Geophysical methods have also shown some success in characterization of structural properties
of the shallow soil (e.g., Besson et al., 2004; Samouélian et al., 2004). Such properties have direct
links to hydrological responses but also impact on the ecological function of the soil (see later).
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2.4. General hydrogeophysics approach

Of the three key aspects of the hydrological problem, it goes beyond doubt that the most
important and general aspect is the understanding of fluid-dynamics (Vereecken et al., 2002,
2004, 2006; Rubin and Hubbard, 2005; Pellerin et al., 2009). This aspect effectively is key to all
hydrologically-controlled environmental problems. Irrespective of the hydrological compartment
of interest, two general frameworks have been adopted to address the understanding of subsurface
fluid-dynamics, i.e.,:

l)a direct link has been sought between geophysical (e.g., electrical resistivity) and

hydrological parameters (e.g., hydraulic conductivity);

2) a link has been exploited between geophysical quantities and hydrological state variables
(e.g., moisture content or water salinity), and identification of hydrological parameters via
model calibration.

The first approach dates back to the earliest attempts to relate geophysics to hydrological
parameters (e.g., Kelly, 1977; Mazac et al, 1985) and in its original formulations sought
essentially a link between electrical resistivity and hydraulic conductivity. This approach has had
limited success, as the uncertainty associated to such link is far too wide and site-specific to be
of any practical use. Some more sophisticated recent findings may lead to future developments
using other geophysical techniques (see section 3).

The second approach, mentioned above, is based on the more reliable links that can be
established between geophysical quantities and hydrological variables such as water content and
solute concentration, generally in the form of empirical or semiempirical relationships
(constitutive relationships). Consider e.g., the classical relationships proposed by Archie
(1942) for electrical conductivity and by Topp ef al. (1980) and Roth et al. (1990) for the
dielectric constant. Using such relationships, it is possible, albeit not always
straightforward, to obtain quantitative estimates of hydrologic data to be used for the

273



Boll. Geof. Teor. Appl., 51, 267-284 Binley et al.

calibration of hydrologic models, thus identifying the parameters of interest (Fig. 1). Intuitively,
the calibration of a hydrological model requires that the system is adequately stressed so
that different states of the variables are explored. This condition is not guaranteed to be met
under natural conditions. Consequently, it is faster and more informative to conduct controlled
experiments that can be monitored in a time span of hours, days, or weeks depending on the
dynamics of the system. Key to the possibility of using this approach is the capability of measuring
geophysical quantities repeatedly, over time. It is interesting to note that although numerous synthetic
model studies have been utilised to demonstrate quantification of hydraulic properties from time-
lapse geophysical studies, very few (e.g., Binley et al., 2002a) have illustrated the approach in field-
based studies.

Today many shallow geophysical techniques have the potential to highlight two concurring
aspects of the subsurface:

a) its static aspects, i.e., the characteristics that do not change over time, principally the

geology;

b) its dynamic aspects, i.e., the characteristics that do change over time, and that are inherently
linked to the motion of fluids, water above all.

In this respect, the development of shallow geophysical methods is very similar to that of classical
deep applications, such as reflection seismics, as utilized in the petroleum industry. More and more
often, petroleum geophysics is seen as a means for understanding the nature of a site and its evolution
in terms of fluid-dynamics, such as changes in fluid saturation (e.g.,, water versus oil or gas), and is
being used as a key supporting technique for a site’s management during petroleum production (time-
lapse surveying). Similarly, the future of environmental geophysics stays in its capacity to describe a
site in its current state and evolution, and in the integration of this information into the calibration of
hydrological, hydrogeological and geomechanical predictive models. If time-lapse measurements are
made, changes in geophysical response at the same spatial location are generally linked to
hydrological changes, e.g., in the vadose zone to changes in water saturation. Features that are not
changing over time can be reasonably attributed to geological control: e.g., water saturation may be
consistently different at different spatial locations as a consequence of lithological differences. This
use of geophysical data requires:

1. that the collected geophysical data have a clear, identifiable and possibly quantitative meaning
in terms of environmental variables of interest, e.g., water saturation: petrophysical constitutive
models are needed for this conversion; the experience of borehole geophysical logs and TDR
provide the starting point for these;

2. that the resolution and sensitivity of geophysical methods in space and time is fully understood,
in order to assess the actual information content in the data, and prevent, e.g.,, the erroneous
interpretation of artefacts;

3. that hydrologic modelling be devised to be able to incorporate the non-invasive data in the most
profitable and effective way, accounting for resolution, sensitivity and scale effects.

The three points above are, as of today, only partly achieved. The efforts aimed at fulfilling these

requirements constitute the body of a fascinating and diversified area of research.

3. Opportunities in hydrogeophysics
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The rapid development of hydrogeophysical techniques over the past two decades has led to
tremendous progress in a number of areas of practical and scientific interest. However, a number
of opportunities and challenges remain unexplored.

3.1. Areas of new developments

Hydrogeophysical techniques have been focused for the most part on the areas of applications
described above (saturated, unsaturated zones and soil). These areas comprise a large portion of
interests in hydrological sciences, but are far from completing the range of problems where data,
extensive both in space and time, are needed.

One of the key limitations of the most commonly used hydrogeophysical techniques is their
scale of application (metres to hundreds of metres): the type of time-lapse measurements
described above cannot easily exceed this limited scale. However, the majority of hydrological
problems requires, in principle, monitoring and parameter assessment over the much larger
catchment scale (km to thousand of km). Key hydrological questions, including the vulnerability
of hydrological systems to climate changes, can only be answered in this larger setting (Robinson
et al.,2007).

Many important hydrological environments, such as shallow fresh and brackish waters, have
not received so far sufficient attention in terms of hydrogeophysical characterization. One such
environment is hill and mountain slopes. The understanding of hillslope processes is key to an
appropriate modelling of catchment response. However, only very few examples of
hydrogeophysical hillslope studies are available to date (Suzuki and Higashi, 2001; Uhlenbrook
et al., 2008; Miller et al., 2008, Cassiani ef al., 2009a).

Hydrological science has also been developing towards the understanding of more complex
systems, particularly at critical interfaces in the hydrosphere. In many areas, understanding the
interaction between surface and subsurface water bodies is key to successful management of
water resources. In particular, the hydrological and bioeochemical mechanisms related to nutrient
transformation in the hyporheic zone is poorly understood and there is a need for new field-based
methods to provide improved characterization. Very little efforts have been devoted so far to the
use of hydrogeophysical techniques in this area (e.g., Crook et al., 2008; Singha et al., 2008;
Nyquist et al., 2009), but this is an area of necessary development.

Improved characterization of hydrological-ecological interactions is also emerging as an area
of potential development in hydrogeophysics. Robinson et al. (2008) and Kettridge et al.
(2008), for example, demonstrate the value of geophysical methods for understanding spatial
patterns in plant ecology, while Petersen and Al Hagrey (2009) investigate the potential of
electrical methods for mapping root zone distribution. As food security, optimised management
of agriculture and the preservation of ecologically vulnerable areas grow in importance, there is
a clear future need for growth in hydrogeophysical developments in this area.

Another field where non-invasive characterization techniques have been used, but maybe not
to their full potential, is the study of contaminated sites. All aspects of soil, unsaturated zone and
saturated zone characterization are to be considered at these sites, but the presence and motion of
contaminants are a further key aspect. In addition, monitoring of in-situ remediation techniques
is a very promising area of time-lapse hydrogeophysical research (e.g., LaBrecque et al., 1996;
Slater and Binley, 2006).
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The integration of geophysical data into digital soil mapping is an area of active research
(Allred et al., 2008). However, the current techniques are deficient in terms of the
understanding of relationships between mapped soil parameters and relevant soil functions,
the scaling up for investigating large areas (e.g., catchments and landscapes) and the evaluation
of soil degradation at such scales. In this context new strategies must be developed to
derive from multi-parameter geophysical measurements the necessary information to derive
unique estimates of specific soil parameters (van Egmond et al., 2009).

3.2. New/other techniques

The core of hydrogeophysical research has been long based on few well established
techniques, particularly ERT and GPR. However, novel techniques have attracted a growing
interest in recent years. Spectral Induced Polarization (SIP) is an extension of the classical
induced polarization (Sumner, 1976) that uses multi-frequency measurements, typcially in the
0.01 Hz to 1 kHz range. From a hydrological perspective, SIP (and IP) offer useful information
as the measured signals are influenced by interactions along the grain boundary, rather than
entirely in the pore space (as in bulk resistivity, for example). Recent evidence exists that SIP
response of porous media can be linked to their structure and hydraulic properties (e.g., Binley
et al., 2005), the presence of free-phase contaminants (e.g., Cassiani et al., 2008) and micro-
biological activity (e.g., Ntarlagiannis et al., 2006). Successful SIP field applications have been
reported (e.g., Kemna ef al., 2004) but substantial technological and scientific developments are
strongly needed.

Spontaneous Potential (SP) is based on the measurement of electrical potential differences
present in the ground. The origin of SP has two main components: (1) the electrokinetic
contribution associated with groundwater flow through the permeable soil and (2) oxido-
reduction phenomena. Both can have very interesting applications in the study of water flow
(e.g., Revil et al., 2003) and contamination (e.g., Naudet et al., 2003). However, some major
progress is needed to be able to identify, case by case, the relative contribution of different SP
sources to the observed field SP data.

Like SP, the measurement of gravity acceleration is not a new technique. However, the
sensitivity of modern micro-gravity meters allows for accurate time-lapse measurements of
gravity changes due to changes of water storage underground (Biegert et al., 2008). The impact
on large-scale hydrological monitoring can be tremendous, as microgravimetry allows for
extensive and precise monitoring of mass storage in the system, and can be potentially used to
calibrate full scale catchment hydrology models.

EM methods have been long utilized in the frequency and time domain, but their
hydrogeophysical applications have been limited. This is mainly due to the apparent difficulty at
identifying the precise support volume of the measurements and the often invoked 1D nature of
EM inversion. However, EM methods have also the advantage of providing data on subsoil
electrical conductivity with no need for galvanic contact. This advantage leads to the possibility
of collecting data from airborne platforms over large areas in very short time. Airborne Time-
Domain EM methods are strong candidates for large scale hydrogeophysical monitoring
(Christiansen et al., 2006).

Surface proton magnetic resonance sounding (MRS), or nuclear magnetic resonance (NMR),
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measurements can be used to indirectly estimate the water content of saturated and unsaturated
zones in the Earth's subsurface. MRS can be used to estimate aquifer properties, including
quantity of water contained in the aquifer, porosity, and hydraulic permeability, thus being one of
the most promising areas of active hydrogeophysical research (e.g., Braun et al., 2009). Up to
now, the main limitations of MRS stand in their low signal-to-noise ratio, that make them suitable
only to regions with limited anthropogenic presence.

3.3. Rock physics

The availability of reliable constitutive models linking geophysical and hydrological quantities
is key to the overall success of hydrogeophysics. A number of models exist, e.g., for electrical
properties (Lesmes and Friedman, 2005), even though many of them require site-specific
parameters that need calibration, and some such parameters are not necessarily independently
identified (e.g., Brovelli and Cassiani, 2008). The need exists for advanced models, accounting
also for multiple links between geophysical quantities (e.g., electrical conductivity and dielectric
constant) with hydrological quantities (e.g., moisture content, water salinity) having parameters
with defined meaning in terms of soil/rock characteristics. These multi-parameter models, still in
their infancy, are essential in order to devise quantitative means for joint hydrogeophysical data
inversion (Linde et al., 2006; Brovelli and Cassiani, 2010). Among the tools applicable to
investigate these relationships are pore-scale models (e.g., Dalla et al., 2004; Brovelli et al.,
2005).

3.4. Data fusion and joint inversion.

The availability of multiple geophysical data on the same subsurface structure calls for
effective data integration. This can be done in many ways. One of the most promising
approaches is the “Stochastic Engine” approach developed at the Lawrence Livermore
Laboratory (Ramirez et al., 2005). This approach explores multiple realisations of subsurface
geophysical structures (conditioned on a priori soft and hard information) as models that are
consistent with the observed data. The technique, which follows a Markov chain Monte Carlo
(McMC) approach, uses geophysical forward models to test for consistency between proposed
models and measured response. Although potentially computationally prohibitive for routine
applications at present, the method has significant advantages over conventional deterministic
approaches: (i) a wide range of data types may be integrated; (ii) the final result does not suffer
from artefacts of regularisation in an inversion algorithm; (iii) estimates of model uncertainty
naturally result from the model search. Within such an approach, one may also adopt a
hydrological model as a means of proposing potential geophysical models. This was tested
(albeit with a much simpler search algorithm) on ERT/GPR data applied to a vadose zone study
by Looms et al. (2008a). More sophisticated search approaches have been developed recently
(e.g., Huisman et al., 2010) and we anticipate greater development and application of such
approaches in the future.

In Fig. 2, we outline a basic workflow for hydrogeophysical inversion. The key elements
worthy of highlight are: (1) the hydrological conceptual model is key to geophysical survey
design; (2) the rock physics (constitutive relationships) are likely to be uncertain and this must
be recognised in model proposals; (3) there is likely to be a range of possible hydrological

277



Boll. Geof. Teor. Appl., 51, 267-284 Binley et al.

Geological
model {- EEEEEEEE Hydrogeophysical

of =" proposals (fuzzy)
0
\ﬁ\o‘\la\u‘a‘?‘
@® A 4 f

L Hydrogeological m
conceptual model Other
‘ Suﬂ/ey N . i
\ desfgn o i Geophysical (..)

Hydrological
and
hydrochemical
data

Geophysical (n)
data

Hydrogeological \
numerical model
Rock physics
models (fuzzy)

Fig. 2 - Proposed basic
workflow of hydrogeophysical
inversion based on calibration
of hydrological models directly
on geophysical data.

models that are consistent with the observed data; (4) multiple data sources should be used to
help propose models and test outcomes.

4. Challenges and limitations

The tremendous potential of hydrogeophysics faces also a number of limitations; challenges
for the future are to overcome or at least circumvent some of these limitations. The most notable
ones are:

a) geophysical data are limited in terms of resolution. This is true even in cross-hole
configuration (Cassiani et al., 1998; Day-Lewis and Lane, 2004; Day-Lewis ef al., 2005).
The key consequence of this is that not the entire geophysical “image” has the same degree
of accuracy and practically all inversion methods require some sort of a-priori information
(e.g., smoothness) to ensure convergence. Interpreting (also, quantitatively) these
hydrogeophysical images with no account for resolution limitations can lead to serious
problems. The most notable one is the mass balance errors very often present in tracer tests
monitored e.g., via ERT both in the saturated and the unsaturated zones (Binley et al.,
2002a; Singha and Gorelick, 2005; Deiana et al., 2007, 2008);

b) scale issues: most hydrogeophysical work has been conducted to date at the small scale. But
hydrology needs large scale evaluation. For this reason some techniques that hold the
promise to develop into large scale time-lapse monitoring tools should be considered as top
priority research areas;

¢) inversion and joint inversion is still computationally very expensive, especially in 3D and
time-lapse. This, together with the acquisition time in the field, still limits our capability of
fully exploiting the conceptual potential of hydrogeophysics;

d) there is a need to demonstrate the information content obtained from geophysical methods
in hydrogeophysical studies. Much of the literature, to date, has focussed on developing
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and testing methods and approaches. For some problems, geophysics may not be an
appropriate tool and there is a danger of overestimation (or assumed knowledge) of the
information available from geophysics in some cases. Objective approaches are, therefore,
needed in order to test the value of geophysics in hydrological investigations.

In summary, a number of key issues shall be considered when approaching hydrogeophysics

as a hydrological tool:

- the hydrologic behaviour of the shallow subsurface can be pictured via non invasive
methods;

- the information is maximized by time-lapse measurements and strong changes;

- constitutive laws linking hydrology and geophysics are essential;

- the acquisition and inversion characteristics of the adopted hydro-geophysical methods
have critical impact (e.g., scale effect);

- the importance of auxiliary information concerning lithology and geology cannot be over-
stressed.
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