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Outline 

•  Environmental geophysics? 
•  Physical principles underlying common 

geophysical methods (measurements, 
modeling, petrophysics and applications) 

•  Methods treated: DC resistivity; induced 
polarisation, self-potential, electromagnetics, 
seismics, ground-penetrating radar, gravity, 
magnetics 

•  Not discussing time-lapse monitoring (will 
be treated later).  



Environmental geophysics is not 
new! 

Also: John P. Greenhouse (1991). Environmental 
geophysics: It’s about time. The Leading Edge, 10(1), 32-34. 

Three-volume 
reference (1990) 

Didactic textbook 
(1997) 

Decades of electrical 
prospection in Africa 
(1992) 



Basics of many methods were 
developed 100-200 years ago 

Examples: 
•  Self-Potential: 1830 by Robert Fox in mines 

of Cornwall, UK. 
•  Surface-based resistivity surveying: 1912 by 

Conrad Schlumberger. 
•  Magnetic method: 1879 by Thalén for iron 
•  Gravity survey: 1901 by von Eötvos on the 

frozen lake Balaton 
•  Electromagnetic induction: 1920’s for ore 

deposits 
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Scale vs. resolution 

Susan Hubbard and Yoram Rubin 6

than seismic crosshole data collected using close wellbore spacing and source-receiver 

station spacing.

The choice of which characterization or technique or acquisition approach to use for a 

particular investigation is made by considering many factors, such as: the objective of 

the investigation relative to the sensitivity of different geophysical methods to that 

objective; the desired level of resolution; conditions at the site; time, funds, and 

computational resources available for the investigation; experience of the investigator; 

and availability of other data. Data are often collected in a sequential fashion, where 

lower-resolution acquisition approaches are used for reconnaissance investigation, 

followed by higher-resolution approaches to provide more detailed information as 

needed. Because there may be several plausible subsurface scenarios that could produce 

a given geophysical response, and because different geophysical techniques are 

sensitive to different properties, a combination of different geophysical techniques is 

often used to characterize the subsurface. Combinations of hydrogeological and 

geophysical data can be used to yield a better understanding of shallow subsurface 

parameters and processes over various scales and resolutions.  The use of combined 

data sets to improve subsurface characterization is more fully described in the case 

study chapters (see Section 1.2 below), as well as in Chapter 17. 
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Figure 1.1  Chart showing trade-off between the relative resolution of the information obtained using different 

yet typical geophysical (G) and hydrological (H) measurement acquisition approaches and the relative scale 

of the investigations for which those acquisition geometries are typically used. Benchtop measurements refer 

to those such as core, column, and tank measurements collected within a laboratory.

Table 1.1 lists several common geophysical and hydrological characterization methods, 

which are classified according to their acquisition category (and thus by their typical 

investigation scales and resolution). The attribute that is typically obtained from each 

Hubbard and Rubin (2005) 



The promise and challenge 
•  The promise: use geophysics to obtain 

spatially extensive information about the 
subsurface in a minimally invasive manner at 
a comparatively high resolution together with 
meaningful uncertainty quantification. 

•  The challenge: geophysical models are (i) 
resolution-limited images of physical 
properties that are (ii) only indirectly related to 
subsurface properties, states and processes 
of interest.  



A successful environmental 
geophysical study 

•  A well-defined objective that is carefully 
considered prior to the investigation; 

•  Acquisition of high-quality geophysical (and 
other) data; 

•  Petrophysical relationships that link 
geophysical properties to relevant properties, 
states and processes; 

•  Targeted parameter estimation for reliable 
and robust inference of properties and 
processes of interest (see later talks). 



DC resistivity: Potential of a single 
electrode in a homogeneous half-

space 
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The general four-electrode 
case 
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= RK,  where K is the geometric factor

Configurations with large 
K-values have often a 
low signal-to-noise-ratio! 

Lowrie (2007) 



Sounding curves 
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Imaging sediment architecture 
crossing a river 

Schneider et al. (2011) Electrical conductivity: 
 
                                           where  
F=Φ-m is the electrical formation factor; 
Φ is porosity 
Sw is the water saturation; 
m and n are Archie’s cementation and saturation 

exponents, respectively; 
σw (S/m) is the electrical conductivity of the pore water; 
σs (S/m) is the surface conduction.  
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Hundreds (if not thousands) of papers on electrical petrophysics 



Summary: DC resistivity 
•  The electrical resistivity method is widely used in 

environmental studies to map and to infer three-
dimensional heterogeneity and to monitor 
temporal changes 

•  An adequate description of data errors, a suitable 
measurement configuration, electrode-ground 
coupling, topographic information and reliable 
modeling codes are essential; 



Induced polarization (IP) 
•  In addition to electrical resistivity, induced 

polarization measurements are also sensitive to 
the capacitive properties of soils and rocks; 

•  Capacitive properties are partly related to 
diffusion-controlled polarization processes at the 
mineral-water interface or pores; 

•  This implies that it is possible to distinguish if high 
electrical conductivity is caused by salinity or clay 
and perhaps even to predict permeability; 

•  Also, induced polarization data are very sensitive 
to metals. 
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More realistic voltage 
measurements 
VP = primary voltage 
VS = secondary voltage 
 
For resistivity 
measurements: Ensure 
long enough injection time. 
 

Time-domain IP (TDIP): basic 
concepts 

Binley and Kemna (2005) 



Induced polarization (IP) methods allow for the determination 
of the spatial distribution of the low-frequency capacitive 
characteristics of soil (in addition to the conductive/resistive 
ones). 

TDIP: basic concepts 

Ma [mV/V], chargeability
VP [V], primary voltage
VS [V], secondary voltage 
t [s], measurement time

Integral is solved by sampling 10-20 times 
between t1 and t2. Stacking increases the 
signal-to-noise-ratio. Larger current 
injections than for resistivity measurements.

Ma =
1

(t2 − t1)
1
VP

V (t)dt
t1

t2

∫



Non-polarizing electrodes 

Cu-CuSO4 electrodes Pb-PbCl2 electrodes 

A non-polarizable electrode is an electrode whose electrode 
potential ϕelec is not significantly affected by the current passing 
through them as the electrode reaction is inherently fast. 



Polarization mechanisms 

Membrane polarization is 
linked to the electrical double 
layer and is the polarization 
mechanism of primary 
interest for environmental 
applications. 

Electrode polarization 
happens in the presence of 
conductors (metallic minerals 
or metallic waste) 

580 lnduced polarization
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figure 9.2. Membrane and electrode polarization effects. (a) Normal distribution of
ions in a porous sandstone; (b) Membrane polanzation in a porous sandstone due to an
applied dc voltage; (c) Electrolytic flow in upper pore, electrode polarization in lower
pore.

a¡d the solution ions at the interface; in physical
chemistry this effect is known as oueruoltage.

Because the velocity of current flow in the elec-
trolyte is much slower than in the metal, the pileup
of ions is maintained by the external voltage. When
the current is interrupted, the residual voltage decays
as the ions diffuse back to their original equilibrium
state.

Minerals that a¡e electronic corductors exhibit
electrode polarization. These include almost all the
sulfldes (excepting pure sphalerite and possibly
cinnaba¡ a-nd stibnite), some oxides such as mag-
netite, ilmenite, pyrolusite, and cassiterite, and -
unforturately -graphite.

The magnitude of this electrode polarization de-
pends, of course, on the external current source and

also on a Dumber of cha¡acteristics of the medium. It
varies directly with the mineral concentration, but
because it is a surface phenomenon, it should be
larger when the mineral is disseminated than when it
is massive. Actually the situation is not as simple as

this. The optimum particle size varies to some exteût
with the porosity of the host rock and its resistivity.
Furthermore, so-called massive sulfides are generally
not homogeneous, being interbedded with lower con-
ductivity host rock. However, the fact that dissemi'
nated mineralization gives good IP response is a

most attractive feature, because other electrical
methods do not work very well in tlese ci¡cun-
stances.

Considerable ca¡eful sample testing was done it
the early days of IP (Collett, 1959). Unfortunately it
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Spectral IP (SIP) 
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The in-phase 
conductivity is often 
much larger than the 
quadrature conductivity.  
 
This implies that the 
phases are very small 
(on the order of 
milliradians, mrad, or 
fractions of degrees) 
and that they are 
difficult to measure. 
 



Interpretative diagram by 
Slater and Lesmes (2002) 

IP Interpretation in Environmental Investigations 87

CONCLUSIONS

The IP method is a valuable geophysical tool in environ-
mental investigations as it provides unique information on the
strength of low-frequency polarization occurring in the sub-
surface. Understanding of the significance of the IP response
due to surface polarization effects has been hindered by the
dependency of the conventional IP parameters on both elec-
trolytic and structural properties. The adoption of the normal-
ized (by resistivity) IP parameter assists in the clarification of

FIG. 9. Conceptual relationship between IP parameters, fluid
conductivity, clay content partial saturation.

FIG. 10. (a) Plots of chargeability (M) and normalized chargeability (MN) versus conductivity (|σ |) for inverted Crescent Beach
survey parameters. Parameters with MN > 0.25 mS/m are defined as till/clay, and those with MN < 0.25 mS/m are defined as sand.
(b) Binary lithological image at Crescent Beach based on the zoning in (a).

the cause of IP anomalies and leads to stronger relationships
between structural properties (primarily clay content) and IP
measurements. The normalized parameters are closely related
to the low-frequency dielectric constant or quadrature conduc-
tivity. Surface polarization processes at the grain-fluid interface
control the normalized IP parameters. The magnitude of this
surface polarization, and hence the normalized chargeability,
depends on the specific surface area, surface charge density,
and surface ionic mobility. Fluid conductivity exerts an indi-
rect control on normalized chargeability through its effect on
surface charge density and surface ionic mobility.

In this paper, laboratory and field examples illustrate the
contrasting effects of electrolytic and structural factors on the
IP method and how they were conveniently resolved using
normalized IP parameters, such as the normalized chargeabil-
ity MN. We used plots of MN against bulk conductivity |σ |
to identify distinct responses from two lithologic zones (sand
and till). Segregation of inverted model parameters into these
zones allowed a simple form of image processing, resulting in
a 2-D section of lithologic variability. In most environmental
applications of IP, the intention is likely to be the determi-
nation of changes in structural parameters and how they re-
late to such fundamental properties as hydraulic conductivity.
Modification of surface polarization due to organic chemical
interaction with clay minerals is another promising application
(Olhoeft, 1985). Normalized IP parameters, which are a direct
measure of surface polarization processes, are obtainable from
currently available time-domain and frequency-domain field
instruments. Consequently, the IP method is a powerful and
practical tool for imaging subsurface geochemical and hydro-
logical environments, and it will see wider use as interpretation
techniques continue to improve.

•  Interpretation is easier if 
the real part of electrical 
conductivity/resistivity is 
analysed together with 
either the normalized 
chargeability or the 
imaginary electrical 
conductivity; 

•  Interpretation in terms of 
phase and chargeability 
is often less 
straightforward.  



Summary: induced polarization 
•  Same advantages as dc electric measurements; 
•  Additionally, constraints with regard to the electro-

chemical properties of the subsurface; 
•  Information about mineralisation, grain size, clay 

content. Possibly even permeability. 
•  Clay/salinity ambiguity can be resolved. 
•  Acquisition and interpretation is more difficult and 

time-consuming than for dc resistivity; 
•  Electrochemical properties that govern 

polarization are still not fully understood 



The self-potential (SP) method 

The self-potential (SP) method is a passive geophysical method involving 
the measurement of naturally occurring electrical potential differences. 

SP = ϕ i −ϕref

Darnet et Marquis (2004) 

The self-potential signal is the electrical 
potential difference between a measurement 
electrode and a reference electrode: 

Reference 
electrode 

Measurement
electrode 

SP [V], self-
potential signal
ϕ [V], electrical 
potential

Measurements are conducted with a high impedance 
voltmeter and non-polarizable electrodes. 



A passive method 

•  Self-potential, magnetics and gravity are 
passive methods (no active source) and they 
are potential-field methods; 

•  DC resistivity, induced polarization, 
electromagnetics, seismics, ground-
penetrating radar are active methods (artificial 
source). 



Dominant source types 

•  The streaming potential is caused by water 
flow in a charged porous media. Applications 
include water table mapping; interpretation of 
pumping tests; vadose zone processes. 

•  The diffusion and exclusion potentials are 
associated with salinity gradients and 
exclusion effects due to the electrical double 
layer. Applications to contaminant plumes. 

•  The redox potential is associated with redox 
processes. Applications to metallic bodies 
and landfills. 

 



Origin of streaming currents 

Glover and Jackson (2010) 
formation factor (¼sw/sr where sw is the conductivity of the
pore water). The coupling coefficient as defined in eqn [4] is
negative if the z is negative and vice versa, that is, it has the
opposite sign to the streaming charge. Throughout this chap-
ter, the coupling coefficients defined for the various charge
polarization mechanisms have the opposite sign to the major-
ity charge carriers.

The thickness of the double layer can be estimated using the
Debye length (l), which varies with salt concentration from
c. 0.1 nm to a few tens of nm for most natural brines (e.g.,
Figure 2(a)) and is given by (e.g., Section 1.2.4.1)

l¼ ekBT
1000e2NA

X

j

Cjz
2
j

0

BB@

1

CCA

1=2

[6]

where kB is the Boltzmann constant (¼1.3806488"10#23 J K#1),
T is temperature (K), e is the charge on an electron
(¼1.60217657"10#19 C), NA is Avogadro’s number
(¼6.02214129"1023 mol#1), C is the molar concentration of
ion species j (mol l#1), z is the valency of ion species j, e is the
charge on an electron (¼1.60217657"10#19 C), and the termP

Cjzj
2 represents the ionic strength of the electrolyte. The advan-

tage of the thin double-layer assumption is that the streaming
potential can be expressed in terms of the z without having to
explicitly solve for the charge distribution in the pore space (see
Jackson and Leinov, 2012). The thin double-layer assumption is
valid for streaming potential calculations so long as the pore
radius is more than approximately 200 times the Debye length;
given their relatively large pore size, this is typically the case in
earth materials such as sandstones, soils, and unconsolidated
sediments, but may not be the case in fine-grained rocks such as
mudstones ( Jackson and Leinov, 2012). More recently, the
streaming potential has been described in terms of the streaming
charge density (Q; e.g., Jackson, 2010; Revil and Linde, 2006).
In the limit of a thin double layer, Q can be related to z via
( Jackson, 2010)

Q¼# ze
kF

[7]

where k is the permeability of the porous material (m2). The
streaming charge density is related to the streaming potential
coupling coefficient by

Cs ¼#Qk

ssm
[8]

Solution of eqns [2] and [3] (or their equivalent integral
forms), with the electrokinetic coupling expressed in terms of
Cs or Q, lies at the heart of quantitative interpretations of SP
anomalies resulting from streaming potentials (see Section
11.09.4.4).

Equation [3] shows there is a direct relationship between
streaming potential and fluid flow, which makes SP an attrac-
tive method for detecting and monitoring flow in the subsur-
face. SP anomalies caused by streaming potentials are observed
when natural groundwater flow occurs in response to rainfall
and topography (e.g., Doussan et al., 2002; Perrier and Morat,
2000; Trique et al., 2002), seawater intrusion in coastal areas
(e.g., Revil et al., 2005b), and convection in geothermal areas
and volcanoes (e.g., Aubert and Atangana, 1996; Finizola et al.,
2004; Ishido et al., 1989; Michel and Zlotnicki, 1998); more-
over, the SP anomalies may be focused on specific flow paths,
allowing identification of subsurface features such as sink-
holes, faults, and karsts (e.g., Freund et al., 2007; Jardani
et al., 2006, 2007). SP anomalies are also induced during
groundwater abstraction, by leakage from dams and embank-
ments, and by water injection into geothermal reservoirs and
hydrocarbon reservoirs (e.g., Bogoslovsky and Ogilvy, 1973;
Darnet et al., 2004; Maineult et al., 2008; Marquis et al., 2002;
Rizzo et al., 2004; Saunders et al., 2006, 2008; Titov et al.,
2000). However, the magnitude of the streaming potential that
results from a given pressure gradient is strongly dependent on
a number of factors, including the salinity of the pore water,
the pH, the temperature, and the surface properties of the
minerals comprising the porous geomaterial (see Section

Solid
surface

Pore
fluid

A!

A

AA!

(a)
(b)

(c)

Figure 1 (a) Simple schematic showing the electric double layer within a pore (modified from Jackson MD, Gulamali MY, Leinov E, Saunders JH, and
Vinogradov J (2012) Spontaneous potentials in hydrocarbon reservoirs during waterflooding: Application to waterfront monitoring. Society of
Petroleum Engineers Journal 17: 53–69) and sketches illustrating (b) the distribution of charge for a typical metal oxide such as SiO2 in contact with
water containing dissolved salts and (c) the variation in electric potential, along the profile A–A0 in (a) (from Glover and Jackson, 2010).

Tools and Techniques: Self-Potential Methods 263

Water flow and an electrical double layer is needed.  



A classical data set 

Bogoslovsky and Ogilvy (1973)  



Electrochemical coupling 

•  Electro-diffusive potential: from ionic flux (due 
to ionic concentration gradient and different 
mobilities); 

•  Redox self-potential: from electronic flux (due to 
redox potential distribution in the medium and the 
presence of an electronic conductor). 



Electrochemical coupling: 
electro-diffusive potential 

The electro-diffusive potential (or junction potential) is 
the result of a charge separation along the 
concentration gradient due to differential mobility of 
the ions.

Cl-

Na+
hydrated 
cation (e.g. 
Na+)

anion (e.g. Cl-)

H2O

βCl− = 8.47 ×10
−8m2s−1V−1

βNa+ = 5.19 ×10
−8m2s−1V−1

Jdiff

A current is generated to equilibrate the charge separation 
caused by diffusion in order to maintain electroneutrality.

faster

slower



Electrochemical coupling: 
redox potential 

Redox (reduction-
oxidation) reactions 
include all chemical 
reactions in which 
atoms have their 
oxidation state changed. 
 
Redox reactions involve 
the transfer of electrons 
between species. 



SP anomalies over ore deposits are almost always 
negative and stable over time. 

Source generation in ore bodies 



Summary: self-potential 

•  The part of the SP response that is related to water 
flow depends on the spatial distribution of flow, 
electrical conductivity, and electrokinetic coupling 
coefficient; 

•  The electro-diffusive contribution can be used to track 
contaminant plumes; 

•  The redox contribution necessitates an electronic 
conductor. Large negative anomalies occur in 
presence of metallic objects (and sometimes landfills); 

•  All contributions are superimposed (+ electrode 
polarisation effects; noise; telluric currents). The 
“easiest” geophysical method become one of the most 
“difficult”. 



Electromagnetic (EM) methods 

•  From m-scale to mantle scale; 
•  Flexible platforms since no conductive ground 

contact is needed (satellites, helicopters, ships, 
tractors, man-made installations on ground and in 
boreholes); 

•  Applications in build-up areas often problematic; 
•  Two main types of methods: 
1. Frequency-domain EM (natural and artificial 

primary field); 
2. Time-domain EM (artificial primary field). 



Visualization of  
electromagnetic induction 

ϕ

Induction coil 
sensors measure a 
signal that is 
proportional to the 
time derivative of the 
magnetic field that is 
normal to the coil and 
the coil’s effective 
area. 

Frequency-domain source 

Lowrie (2007) 



Governing equations 
(time-domain) 
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Ampère’s law  

Faraday’s law  

Faraday’s law Ampère’s law × ∇×H = J+ ∂D
∂t

∇×E = −∂B
∂t

Induced currents try to produce a secondary magnetic field 
that counteracts the change in the primary magnetic field 
that induced the current! 



Time-domain EM 
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1. A strong DC current passes through a loop until all turn-on 
transients have disappeared; 
2. The current is abruptly interrupted; 
3. The rapid change in transmitter primary field will induce 
eddy currents in the ground; 
4. The resulting secondary magnetic fields are measured 
with a receiver coil. 



method, SkyTEM (Sørensen and Auken, 2004) (Fig. 1b), give sufficient
insight to understand the internal structure of the volcano. Over
900 km of profile transient data (covering an area of approximately
190 km2) were gathered in 8 days (Fig. 1a).

2. Methods

SkyTEM (Sørensen and Auken, 2004) is a transient electromagnetic
system where weak subsurface currents are induced by a very strong
current flowing in the transmitter coil. The subsurface currents diffuse
into the ground with a magnitude and decay which are related to the
conductivity of the geological layers (Fitterman and Labson, 2005). The
data which is measured in the receiver coil (Fig. 1b) is the time de-
rivative of the magnetic field from the decaying subsurface currents.

Average helicopter flying speed was 45 km/h during the Santa Cruz
survey and the flight altitude of the rig was 35-45 m. In general lines
were oriented South–North and the average spacingwere 200m.A few
lines were flown cross island to obtain a full picture of the salt-fresh
water interface. Navigation data (flight altitude, tilt of the frame, GPS
position) are processed and the data itself are filtered by trapezoid-
shaped filters (Auken et al., 2007) in order to suppress natural back-
ground noise. The filters were designed to enhance near-surface
resistivity variations by avoiding any smoothing of the early time data.
At later times data were more severe filtered to obtain as much
depth penetration as possible. After filtering, data are gathered into
soundingswith a spatial distance of about 25m. The inversionmodel is
described by a number of layers, each with a thickness and a resistivity
(Auken and Christiansen, 2004). The soundings are inverted using the

Fig. 1. Overview map showing the Santa Cruz Island, the SkyTEM flight lines and SkyTEM system in operation. a) Santa Cruz is a central island in the Galapagos Archipelago (inset).
Shown are the limited permanent water resources of the island (H): a unique low-outflow, highland spring (450 m a.s.l.), a single deep brackish water well (elevation: 160 m a.s.l.),
and coastal open fractures called “grietas”with brackish contaminated water (elevation: 5-15m a.s.l.). Data acquisition flight lines carried out during the SkyTEM survey are shown in
black over topography (DEM from (d'Ozouville et al., in press)). b) SkyTEM instrumentation hangs in a rig 30m below the helicopter which flies 60-75m above the ground surface at a
speed of 45 km/hour on average.

Fig. 2. Two cross-sections reveal the internal structure of Santa Cruz Island and four units of hydrogeological interest. The positions of the south-north and west-east profiles across
the island are shown on the inset over a background of near-surface average resistivity showing extent of mapped area. The profiles show the density of data generated and the
penetration depth of between 200 and 300 m. The four units of hydrogeological interest are: (I) High-resistivity unsaturated basalts; (II) Seawater intrusion wedge underlying the
brackish basal aquifer; (III) Near-surface, low-resistivity units consisting of colluvial deposits; (IV) Internal, low-resistivity unit of saturated basalts overlying an impermeable stratum.

519N. d'Ozouville et al. / Earth and Planetary Science Letters 269 (2008) 518−522

Example: Groundwater 
investigations, Galapagos islands  

Data acquisition system Flight lines 

Santa Cruz Island is facing major challenges to meet the water 
demands of the island’s population and its many visitors.  
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Two cross-section models 

method, SkyTEM (Sørensen and Auken, 2004) (Fig. 1b), give sufficient
insight to understand the internal structure of the volcano. Over
900 km of profile transient data (covering an area of approximately
190 km2) were gathered in 8 days (Fig. 1a).

2. Methods

SkyTEM (Sørensen and Auken, 2004) is a transient electromagnetic
system where weak subsurface currents are induced by a very strong
current flowing in the transmitter coil. The subsurface currents diffuse
into the ground with a magnitude and decay which are related to the
conductivity of the geological layers (Fitterman and Labson, 2005). The
data which is measured in the receiver coil (Fig. 1b) is the time de-
rivative of the magnetic field from the decaying subsurface currents.

Average helicopter flying speed was 45 km/h during the Santa Cruz
survey and the flight altitude of the rig was 35-45 m. In general lines
were oriented South–North and the average spacingwere 200m.A few
lines were flown cross island to obtain a full picture of the salt-fresh
water interface. Navigation data (flight altitude, tilt of the frame, GPS
position) are processed and the data itself are filtered by trapezoid-
shaped filters (Auken et al., 2007) in order to suppress natural back-
ground noise. The filters were designed to enhance near-surface
resistivity variations by avoiding any smoothing of the early time data.
At later times data were more severe filtered to obtain as much
depth penetration as possible. After filtering, data are gathered into
soundingswith a spatial distance of about 25m. The inversionmodel is
described by a number of layers, each with a thickness and a resistivity
(Auken and Christiansen, 2004). The soundings are inverted using the

Fig. 1. Overview map showing the Santa Cruz Island, the SkyTEM flight lines and SkyTEM system in operation. a) Santa Cruz is a central island in the Galapagos Archipelago (inset).
Shown are the limited permanent water resources of the island (H): a unique low-outflow, highland spring (450 m a.s.l.), a single deep brackish water well (elevation: 160 m a.s.l.),
and coastal open fractures called “grietas”with brackish contaminated water (elevation: 5-15m a.s.l.). Data acquisition flight lines carried out during the SkyTEM survey are shown in
black over topography (DEM from (d'Ozouville et al., in press)). b) SkyTEM instrumentation hangs in a rig 30m below the helicopter which flies 60-75m above the ground surface at a
speed of 45 km/hour on average.

Fig. 2. Two cross-sections reveal the internal structure of Santa Cruz Island and four units of hydrogeological interest. The positions of the south-north and west-east profiles across
the island are shown on the inset over a background of near-surface average resistivity showing extent of mapped area. The profiles show the density of data generated and the
penetration depth of between 200 and 300 m. The four units of hydrogeological interest are: (I) High-resistivity unsaturated basalts; (II) Seawater intrusion wedge underlying the
brackish basal aquifer; (III) Near-surface, low-resistivity units consisting of colluvial deposits; (IV) Internal, low-resistivity unit of saturated basalts overlying an impermeable stratum.

519N. d'Ozouville et al. / Earth and Planetary Science Letters 269 (2008) 518−522

Unit I: unsaturated 
fractured basalts.  

Unit II: fractured 
basalt invaded by 
sea-water. 

Units III and IV 
might correspond 
to weathered 
zones or fractured 
basalts saturated 
with freshwater. 



Frequency-domain EM: 
Primary and secondary fields 

A current Ip circulating in the source coil produces a 
primary field P. 

The field traveling above ground undergoes only 
geometrical spreading, but underground conductors 
create induced fields with the same frequency, but 
with a phase lag. 



Ground conductivity meters 

•  Operates at low induction numbers and 
response is mostly in the imaginary component; 

•  Provides direct reading of electrical conductivity; 
•  Shallow depth of investigation (i.e. upper few m). 

Cheap and quick way 
to map the electrical 
conductivity at 
shallow depths (e.g., 
agriculture). 



Possible to use several 
frequencies and coil separations 

regularization used in the ERT inversion that smears the interfaces between adjacent structures, whereas the
EMI inversion returns sharp layer boundaries. On the other hand, the EMI instrument has an accuracy of 4%
and additional errors can occur due to the linear interpolation of deleted measurement positions.

4.2. Calibration and Quasi-3-D Inversion of the Large-Scale EMI Data
The obtained calibration parameters as shown in Figure 7 for the six coil configurations were applied to the
processed and regridded large-scale EMI data. The resulting calibrated ECa maps are shown in Figures 8a–
8c for the VCP mode and in Figures 8d–8f for HCP mode. For all EMI configurations, low ECa values around
5 mS/m were observed in the east indicating a relative homogeneous area. Beyond a sharp ECa boundary
heading south-north, higher ECa values were observed in the western part of the test site. This is consistent
with the grain size distribution shown in Figure 4, where finer material was present in the western part and
coarse material was present in the eastern part. In addition to these main patterns, three smaller zones of
contrasting ECa values can be distinguished.

Low-conductivity zone A has low ECa values for all coil configurations, which seems to coincide with a lower
amount of clay shown in Figure 4d. Low-conductivity zone B does not coincide with any change in the
sampled grain size distribution shown in Figure 4, and does not seem to extend as deep as zone A because
the deepest sensing HCP coils show larger ECa values than the other coil configurations with shallower
sensing depths. High-conductivity zone C seems to coincide with higher clay and silt contents shown in
Figures 4c and 4d. Although the measured EMI data are consistent with the soil textural information, it is

Figure 8. Calibrated ECa maps, histogram filtered and regridded, for VCP and HCP coil configuration for (a and d) s 5 0.32 m, (b and e)
s 5 0.71 m, and (c and f) s 5 1.18 m.

Water Resources Research 10.1002/2013WR014864
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Summary: EM methods 

•  EM methods span a wide exploration and 
spatial range (from simple mapping to 3D 
models); 

•  The primary advantage compared with 
geoelectrics is that methods are generally (1) 
quicker; (2) larger depths of penetration 
possible; (3) no ground-contact needed; (4) 
high sensitivity to conductors. 

•  Disadvantages: (1) low sensitivity to resistors; 
(2) complicated physics (computationally 
expensive); (3) sensitive to external EM noise 
(e.g., power lines, electrical fences).  



Basic seismic survey setup 

Source Geophones 

Seismograph 
connected to laptop 

for recording 



What is seismics? 
•  Geophysical method that uses seismic waves to 

investigate the subsurface; 

•  Frequency range:  ~10 to 10,000 Hz; 

•  A short seismic pulse is sent into the earth, it 
travels and interacts with the subsurface, and is 
detected by a series of receivers; 

•  Experiment repeated many times for different 
source and receiver positions; 

•  Recorded pulses are then used to learn about the 
structure of the subsurface. 

 



Seismic body waves 
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Primary/
compressional 
waves (P-
waves) are 
faster than 
secondary/
shear waves 
(S-waves). 
 
Body waves 
travel through a 
media and are 
the main waves 
of interest. 



Wave velocities 

•  Compressional seismic wave velocities varies 
from a few 100 m/s (dry air-saturated 
sediments) to 8 km/s (rocks at the top of the 
mantle); 

•  Seismic wave velocities depend on 
mineralogical composition, texture, porosity, 
fluids, confining stress, pressure and 
temperature. 



VP and VS vs. porosity 
Vp is always 
considerably faster 
than Vs.  

by upward of 50% over the range of fmeasured. This is despite
the fact that the bulk density, r, which is in the denominator of
eqns [1] and [2], also decreases as f increases according to eqn
[55]. Cleary, porosity is an important factor in determining a
material’s seismic wave speeds.

11.03.5.4 Influence of Crack-Like Porosity

As just noted, aside from the constituent mineralogy, the most
important factor affecting the elastic properties of the frame is
f. The calculations shown in Figure 16 are based on spherical
pores, but most pores will not be shaped so simply; and the
geometry of the pores needs also to be considered. It is useful
to return to Figures 16 and 17 to see some of such effects. Berge
et al. (1995) measured VP and VS on sandstone analogs of
lightly sintered glass beads and, from these values, calculated
the dynamic moduli shown in Figure 16. Their observed
values substantially deviate from those obtained in Walsh
et al.’s (1965) measurements and from those predicted by
Mackenzie’s (1950) derivation of eqn [62]. Bakhorji’s (2009)
measurements on carbonates, too, show considerable scatter of
up to 1700 m s!1 for limestones near a given f. Other factors
that simplify porosity and mineralogy must be influencing
these observations.

Much of this can be explained by considering the influence
of the pore shape. At the risk of oversimplifying the problem,
pore shapes can broadly be placed into two categories: equant
or crack-like. Much like a Roman arch, large aspect ratio equant
pores are stiff; they do not significantly deform under the
application of a stress. In contrast, small aspect ratio crack-
like pores are easily compressed and can close under even
modest stresses.

An important consequence of this is that the rock elastic
moduli are generally pressure-dependent, a fact that has been
known since the very first elastic measurements on rock to high
pressures by Adams and Williamson (1923) (Figure 18(a)).
They were surprised that such effects were seen in rocks with
porosities <1%. They theoretically tested a number of possible

hypotheses and finally inferred that this nonlinear behavior
must be due to the existence of crack-like pores of small aspect
ratio.

Heuristically, this behavior stems from the large compress-
ibility of a crack-like pore perpendicular to its plane. A normal
stress applied across the crack face pushes the surfaces towards
one another. As this stress increases, the effective crack shortens
and eventually closes at pressure Pc. For a crack with an ellip-
tical cross-section of aspect ratio w (ratio of the minor to major
axes), this is (Walsh, 1965)

Pc ¼
pEmw

4 1! n2m
! " [68]

where Em and nm are the solid mineral Young’s modulus and
Poisson’s ratio, respectively. Cracks with small aspect ratios w
are easily closed. For example, a hypothetical elliptical crack
with w#10!3 residing in quartz matrix closes by application of
<2 atmospheres of pressure (#0.2 MPa). In contrast, a spher-
ical ‘crack’ with w¼1 would according to eqn [68] not close
until 172 GPa. Of course, the material would crush long before
such a pressure could be reached, but these calculations serve
to illustrate how easily crack-like porosity can be closed relative
to more equant porosity.

Consider subjecting a material containing cracks with a
distribution of different w’s to an increasing confining pressure.
At low pressures, those cracks with small w first close. As the
pressure continues to increase, cracks with progressively larger
w will close. Once closed, a crack no longer influences the
overall elasticity and essentially disappears with the result
that the rock becomes less compressible. This is illustrated in
Figure 18(b), which is a cartoon of the expected strains on a
cracked rock sample. As pressure increases, the observed strain
(heavy dark line) is initially nonlinear. As the cracks progres-
sively close, the material stiffens and the strain–stress curve
becomes less steep. This continues until all of the crack poros-
ity is closed at which point the strain–stress curve becomes
linear and parallel to that expected for the pore-free solid
(thick dashed line). The observed strain is a combination of
the strains due to closure of the cracks (thick dashed line) and
that of the solid. This can be seen in the real strains observed
on a dolomite rock sample (Figure 18(c)). These arguments
are perhaps a bit oversimplified (Stroisz and Fjaer, 2013), but
regardless at lower confining stresses, rocks are generally non-
linearly elastic materials, that is, their moduli and subsequently
their seismic wave speeds depend on confining pressure. One
may be able to ignore this in the deep crust and the Earth’s
mantle, but it appears to be an important factor in seismic
investigations nearer the Earth’s surface (Crampin and Peacock,
2008; Schijns et al., 2012). Recognizing this fact is key, for
example, in properly interpreting time-lapse seismic observa-
tions from reservoirs subject to varying states of effective stress.

As noted, such nonlinear pressure dependencies have been
noted since Adams andWilliamson (1923). This pressure depen-
dence of the elastic moduli translates into a pressure dependence
of the waves speeds. Such effects have been observed in nearly all
rock types and an incomplete listing of contributions where such
nonlinear effects have been observed includes those for igneous
andmetamorphic hard rocks (e.g., Birch, 1960, 1961; Blake et al.,
2013;ChengandToks€oz, 1979;Cholach et al., 2005;Christensen
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Figure 17 Illustration of the effects of porosity on VP (blue filled circles)
and VS (red stars) for a suite of carbonates from the Arab D formation of
Saudi Arabia. Experimental errors are approximately the size of the
symbols. Unpublished ultrasonic measurements from Bakhorji (2009).
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Visualization of 
diffraction 
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Diffractions occur at contrasts of   
acoustic impedance: 

ζ = ρVP



Relation between diffractions 
and reflections 
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Reflections can be 
seen as the 
superposition of  
many closely 
spaced  
diffractions. 



Seismic sections cannot 
be directly translated 
into a geometric/
geological model. The 
dips are too low, 
diffractors occur, and 
velocity variations distort 
the images. 
 
Migration! 



Migration transforms time into 
depth for a given velocity model 
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Randa Rockslide Area 
•  Two major rockslides 

occurred in 1991  
(30 Mio. m3) 

•  Area near the scarp is still 
active (1 – 2 cm per year) 

•  Future rockslide is expected 
to occur (9 Mio. m3) 

Hansruedi Maurer, Tom 
Spillmann, Björn Heincke, 
Heike Willenberg and Alan, G. 
Green (ETHZ) 



2D interpretations are not adequate! 



3D tomogram can explain 
discrepancies! 



Summary: seismics 
•  The seismic refraction method is easy to use for 

the case of a few layers, but tomography is 
needed for the general case. Suitable for a wide 
range of near-surface applications. 

•  The seismic reflection method is more time-
consuming and expensive, but has superior 
resolution. Needs a velocity model and the 
seismic refraction data can help. Difficult to 
identify reflections in the upper 10-15 m. 

•  Seismic properties are mainly affected by 
porosity and pore fluids, except for crystalline 
rocks, for which mineralogy is dominating. 

 



What is georadar/GPR? 
•  Geophysical method that uses high-frequency EM 

waves to investigate the subsurface 

•  Frequency range:  ~10 to 5000 MHz 

•  A short EM pulse is radiated from a transmitter 
(Tx) antenna, travels through the earth, and is 
picked up by a receiver (Rx) antenna and 
recorded. This is repeated many times for different 
Tx-Rx positions 



The dielectric “constant”/
relative permittivity 

0

0

2 κε
µσ

α ≈
κ
cv ≈

•  Represented by κ or εr 

•  Dielectric permittivity normalized by its free-
space value (i.e., κ = εr = ε/ε0) 

•  Assuming non-magnetic materials (µ = µ0), the 
low-loss EM-wave velocity and attenuation are: 



Relationship between EM-wave 
velocity and parameters of 

hydrological interest 

EM wave  
velocity 

water content 

Topp 
equation: 

CRIM 
equation: κb =θ κw + φ −θ( ) κa + 1−φ( ) κ s

κb = 3.03+ 9.3θ +146θ
2 − 76.7θ 3



Reflection GPR modeling 

Courtesy: James Irving (UNIL) 



Reflection GPR modeling 

Courtesy: James Irving (UNIL) 



GPR antennas 
•  specified by center or dominant frequency of 

pulse in air 

200 MHz antennas 

100 MHz antennas 

~1 m 

Pulse Frequency 
spectrum 



Resolution/depth trade-off 
50 MHz antennas 



Resolution/depth trade-off 
100 MHz antennas 



Resolution/depth trade-off 
200 MHz antennas 



Radar stratigraphy 

Source:  Jol (2009) 



Crosshole GPR modeling 

Courtesy: James Irving (UNIL) 



Travel-time picking 



Original Reconstructed 

Crosshole GPR modeling 



Porosity mapping in a gravel 
aquifer 
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Full waveform inversion tries 
to reproduce details in the 

measured waveforms 938 A. Klotzsche et al.

Figure 7. (a, b) Image plots of the measured and modelled data of transmitter 2 in cross-section B3–C3, respectively. Transmitter 2 is taken as an example of
a transmitter located within the waveguide structure observed in Fig. 4. The red circle indicates the depth of the transmitter located in B3. (c) Corresponding
trace energy profiles for all transmitters of the measured data located in the waveguide. The thick blue line indicates the profile corresponding to the image
plot in (a). The red crosses indicate the position of the energy maximum. (d, e) Image plots of the measured and modelled data of transmitter 7, respectively.
Transmitter 7 is taken as an example of a transmitter located outside the waveguide structure. (f) Corresponding trace energy profiles for all transmitters of the
measured data located outside the waveguide. The thick orange graph indicates the profile corresponding to the image plot in (d). The green crosses indicate
the position of the energy minimum within the waveguide.

7 and 8 m because of the high-permittivity range at these depths
(see also Fig. 4b).

In the next step, the identified maxima and minima positions of
the energy profiles of section B3-C2 are plotted against receiver
depth and compared with the full-waveform inversion results close
to borehole C3 (Figs 9a and b). It appears that the minima position
for increasing depth converges with the upper waveguide boundary
close to the borehole. Due to the restricted distance to the water
table for the transmitter positions above the waveguide layer in
the saturated aquifer, the minima indicating the lower waveguide
boundary were not as definite here. For the second example of cross-
section C3–C2, shown in Figs 9(c) and (d), the identification of the
boundaries using the measured data was less straightforward, which
was probably caused by the heterogeneity of the high-permittivity
zone of the plane close to the borehole.

For the depth range between 7.5 and 9 m, additional distinct elon-
gated wave trains (e.g. for plane C3-C2 in Fig. 8d) and correspond-
ing minima positions were found, pertaining to high-permittivity
structures present in the tomograms of C3–C2, C3–B2 and B3–C3
(see Fig. 4). Generally, a similar analysis could be carried out; how-
ever, choosing maxima and minima positions was more challeng-
ing for these zones, and they were not present in all cross-sections.
Hence, the accuracy of boundary determination is influenced by the
homogeneity of the waveguide.

We applied our approach of detecting maxima and minima po-
sitions to the data sets of all six cross-sections for the distinct

waveguide at a depth of 5–6 m (Fig. 10). In some cases, it was
more problematic to define a clear boundary from the minima trace
energy picks (indicated with light green crosses). For example, for
the transmitter located in C2 (Fig. 10b), it appears that two upper
boundaries are possible to identify (indicated by dashed lines). The
accuracy also decreases for the diagonals (see Figs 10e and f, right
columns), and picking is more challenging, especially in the case
of discontinuous layering of wave-guiding structures. The spatial
transmitter position sampling of 0.5 m enabled a detailed detection
of the waveguide effects. A sparser spatial sampling of transmitter
and receiver would probably have reduced the ability to detect and
identify the waveguide structures. The general view that permittiv-
ity dominates the traveltime and that conductivity dominates the
amplitude of the signal must be revised, because the amplitudes are
strongly influenced by the permittivity contrast in the presence of a
waveguide.

P E T RO P H Y S I C A L I N T E R P R E TAT I O N
A N D C O M PA R I S O N W I T H L O G G I N G
DATA

We transformed the permittivity tomograms of each plane into
porosities to characterize the aquifer and evaluate the waveform
inversion results. We compared these porosities with Neutron–
Neutron porosity and hydraulic permeability logs (Tchang 2012;
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Inversion results have a higher 
resolution and electrical 
conductivity is estimated Characterization of high-permeability zones 935

Figure 2. Relative permittivity results of the traveltime inversion for different viewing angles. See Fig. 1 for the borehole notation. These results serve as
starting models for the full-waveform inversion. The vadose zone was included with a lower permittivity above a depth of 4.2 m.

the source spectrum. Secondly, ray-based inversions using curved
rays were applied to obtain starting models. The first-arrival travel-
time inversion results based on the data of Doetsch et al. (2010a)
were used as εr starting models, as shown in Fig. 2. The ray-based
tomographic inversion models were a smooth representation of the
stratigraphy, and generally three zones were observed with a low
εr layer embedded between two intermediate εr layers. To account
for the strong contrast between the unsaturated and saturated zones,
which was not resolved by the traveltime inversion, the vadose zone
above 4.2 m was attributed a relative permittivity of εr = 5, and
a homogenous layer was introduced at a depth of 4.2–5.5 m with
εr = 17. For these values, the first-arrival times of the modelled
and measured data showed an overlap of at least half a wavelength.
For σ , we used a homogeneous starting model with 9.5 mS m−1,
representing the mean of the first-cycle amplitude inversion results.

Using the obtained starting models for each of the six cross-
sections, an initial source wavelet for each cross-section was esti-
mated by averaging the normalized horizontally travelling pulses
from each transmitter. Next, effective wavelets were calculated by
applying the deconvolution approach (Figs 3a and b). A similar
shape and amplitude of the wavelet was observed for all cross-
sections where the 250 MHz antennas were used, whereas the di-
agonal plane C3–B2 had slightly higher amplitudes. In Fig. 3(c),
the normalized amplitude profiles for each of the six cross-sections

are plotted. The centre frequencies and frequency bandwidth for
all cross-sections with the 250 MHz antennas were very similar, as
expected from the results presented in Fig. 3(a). Note, that the
effective centre frequency is significantly lower than the nomi-
nal centre frequency, due to the fact that the antennas are elec-
trically longer in high-permittivity media and emit lower frequen-
cies than when they are placed in air. Similar wavelets were ob-
served for all angles, which indicates that our numerical approach to
model the antennas as infinitesimal dipoles is suitable. In the mod-
elling, the dipole antennas were present at the position of the feed
gap of the true antennas. When transmitter–receiver combinations
are used with larger angles, differences in the wavelets might occur,
and the finite length of the antennas must be included. Antennas
with finite length can be implemented in the FDTD code using the
approach of Arcone (1995) and Streich & van der Kruk (2007).

The full-waveform inversion results for εr (Fig. 4) show higher
resolution images than the traveltime inversion results (Fig. 2). The
high εr zone at a depth of 5–6 m for plane B3–C3, which was
inferred by Klotzsche et al. (2012), can be identified in all other
cross-sections. Another high εr layer was observed at a depth of
7.5–9 m, for example, in planes C2–C3 and C3–B3. We obtained
similar results for all of the 2-D tomograms at the borehole loca-
tions, and at the intersection of the diagonals. Only the upper parts
of the diagonal sections show less similarity at the intersection.

Figure 3. (a and b) The estimated effective source wavelets for the cross-sections where the 250 MHz antenna or the 100 MHz antenna were used, respectively.
Each colour in this figure represents a different plane. In (c), the corresponding normalized amplitude profiles are shown for the six different source wavelets.
A similar shape, amplitude and centre frequency was obtained for the cross-sections measured with the 250 MHz antennas, shown in blue, red, green and cyan.
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Figure 4. Permittivity results of the full-waveform inversion for different viewing angles. See Fig. 1 for the borehole notation. The black lines indicate the
high-permittivity zone at a depth of 5–6 m.

Figure 5. Conductivity results of the full-waveform inversion for different viewing angles. See Fig. 1 for the borehole notation.

The corresponding 3-D σ images from the full-waveform inversion
show in all tomograms clearly the underlying lacustrine sediments
(elevated clay content) indicated by high-conductivity values below
a depth of 9.5 m (Fig. 5). These inversion results were achieved
without a priori information. In contrast, 3-D ERT inversion re-
quired constraints on the actual boundaries to obtain models in
agreement with the geological logs (Coscia et al. 2011). Although
late-arrival amplitudes caused by the high εr zone are not correctly
processed using the 3- to 2-D conversion, the intermediate conduc-
tivities obtained at a depth of 5–6 m indicate a change in the porosity
rather than a change in the clay content as the cause of the increase
in εr.

For all of the acquisition planes, a good agreement was obtained
between the measured and full-waveform modelled data in terms of
shape and amplitude of the waveforms, as shown in Figs 6(a)–(c) for
plane B3–C3 (transmitter located in borehole C3). The ray-based
modelled data (Fig. 6b) show only a good match of the first-arrival
times, but the fit for later-arrivals times and amplitudes is less satis-
factory. In contrast, the full-waveform inversion data (Fig. 6c) show
an excellent fit of amplitude and phase, including small nuances
in the radargrams, which indicates that the full-waveform inverted
model well explains the measured data. Similar to previous expe-
riences with field data (Ernst et al. 2007a; Klotzsche et al. 2010;
Oberröhrmann et al. 2013), rms error between the measured and
modelled data for each tomogram was reduced by at least 50 per
cent compared to the ray-based inversion starting model.

To test the consistency between inversion results, we calculated
correlation coefficients (R2) at the intersections of cross-sections at
borehole locations and the crossing of the diagonal planes at P11,
for permittivity and conductivity (Table 1). For the calculation, we
used the mean of two inversion cells next to the borehole. A high
mean R2 value of 0.88 was obtained for permittivity, whereas the
mean R2 value for conductivity was lower at 0.25 indicating that
the conductivity values are less reliable. To improve the accuracy of
conductive values more transmitter and receiver position could be
used (Oberröhrmann et al. 2013) or a combined wavelet and con-
ductivity updating could be implemented [similar to Busch et al.
(2012)]. A total of 23 CPUs (for each transmitter and one master)
were needed for the full-waveform inversion and an entire inversion
took approximately 30 min using an MPI parallelized code on the
JUROPA cluster at Forschungszentrum Jülich. Improved and more
consistent conductivity results could possibly be obtained if cross-
sections were inverted together, such that the estimated permittiv-
ities and conductivities at intersections are enforced as sometimes
done in 2-D ray-based inversions (Musil et al. 2006; Dafflon et al.
2011).

WAV E G U I D E D E T E C T I O N T H RO U G H
A M P L I T U D E A NA LY S I S

Similarly to Klotzsche et al. (2012) and Strobach et al. (2012),
we consistently observe for transmitters located within waveguide
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Georadar summary 
•  High-resolution  (highest of all geophysical 

methods!) and linked to water content 
•  Only applicable in low-conductive geological 

environments 
•  Trade-off between resolution and penetration 

depth 
•  Reliable images from reflection data require 

accurate velocities and migration 
•  Radar velocity distribution is obtained from GPR 

travel times (sometimes using the full waveform) 
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Density, ρ 

ρi is the density of the different consituents (minerals, 
water, air) and Vi their volume fractions 
 
Olivin    ≈ 3.3 g/cm3 
Clinopyroxene  ≈ 3.3 g/cm3 
Plagioclase   ≈ 2.7 g/cm3 
Water    ≈ 1.0 g/cm3 
Air    0 

Porosity and water content  
are often the main drivers for 
density variations! 
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Gravitational attraction 

1 Gal = 1 cm s-2; 1 g.u.=1 µms-2=0.1 mGal 
G=6.67 × 10-11 m3kg-1s-2 in SI units; 
6.67 × 10-8 cm3g-1s-2 in cgs units. 
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Measurement corrections 

Terrain (T)  
corrections 

Bouger plate (BP) 
correction 

Free-air (FA) 
correction 

A comparison at  
the same datum 



Centimeter or at least 
decimeter precision is needed 

A total station 



Sinkhole detection, Dead Sea 

(Rybakov et al., 2001) 



Time-lapse gravity 

•  Monitoring the 
development 
of a sinkhole. 

(Rybakov et al., 2001) 



residential area, but the third highest rate of GRACE-derived depletion occurs in this system
(29.40 6 1.34 mm/yr). Mining activities in the rural Canning Basin are likely influencing the GRACE signal
which is lost in the statistics-based use rate of 20.002 mm/yr.

3.2. Distribution and Severity of Renewable Groundwater Stress
The differences between GRACE-derived groundwater depletion and water withdrawal statistics discussed
in Section 3.1 further influence the distribution and severity of Renewable Groundwater Stress (RGS) in the
study aquifers (Table 3). Our estimates of mean annual recharge (Figure 7) counteract or enhance the influ-
ence of the use estimates on stress. Groundwater use as quantified by the withdrawal statistics results in
only two of the characteristic stress regimes (Figure 2), Overstressed and Variable Stress, because water use
is always negative with this approach. RGS calculated with GRACE-derived use exhibits characteristics of all
regimes illustrated in Figure 2. Figure 8 shows the RGS ratio based on equation (7) and Figure 9 shows the
RGS ratio based on equation (8).

Figure 6. Basin-averaged groundwater use quantified by (a) groundwater withdrawal statistics and (b) GRACE-derived depletion in milli-
meters per year. The GRACE-derived estimates have both positive and negative estimates, while the withdrawal statistics are limited to
negative estimates alone.

Water Resources Research 10.1002/2015WR017349
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Richey et al. (2015) 

GRACE-derived estimates of groundwater depletion in  
the world’s largest aquifer systems (mm/year) 



Summary: Gravity 

•  Relative measurements of the acceleration of 
gravity makes it possible to infer relative 
density changes in time and space; 

•  Applications include both exploration and 
monitoring for all types of applications in 
which density varies; 

•  Accurate data acquisition and high-quality/
high-resolution digital elevation models are 
needed; 

•  Problem is linear and writing a gravity forward 
modeling and inversion code is easy. 



The Earth’s magnetic field 

The International 
Geomagnetic 
Reference Field  
is updated every five 
years. 



Basic concepts 

where µr is the relative permeability of the medium, 
κ is the susceptibility, and M is the intensity of 
magnetization (A m-1). 

For vacuum: µr=1, κ=0 and M=0. 
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B = µH
= µrµ0H
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= µ0H+ µ0κH
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Summary: magnetics 
•  Magnetic data are very precise (nT) and 

anomalies are often much larger (10-1000’s nT); 
•  The data are a supposition of responses to 

magnetization at different depths (gradient 
measurements help); 

•  Difficult to make a quantitative interpretation as 
the response is mainly related to a small fraction 
of minerals with high susceptibility; 

•  Often very strong signals when encountering 
man-made metallic objects (pipes, mines, buried 
tanks, landfills). 



Recommendations 
•  Experimental design (formal and informal is 

important); 
•  Do synthetic tests before going to the field (gives 

useful idea about the attainable model resolution); 
•  Be meticulous in the field and in modeling (look 

for inconsistencies between reality and what you 
are modeling); 

•  Use prior knowledge whenever possible; 
•  The Earth has 3-D heterogeneity (or rather 4-D 

considering time); 
•  Multi-method surveys reduce ambiguity (and help 

to identify model/geometrical errors). 
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