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Abstract: Problem statement: The environmental assessment of industrial areasedsired to
minimize the risk of soil and groundwater contartio/a The survey of wide areas (e.g., some
hectares) provides a high economical and complgistical impact when random strategies of soil
sampling are adopted. Recently, geophysical metlnads been successfully adopted to drive the
process of the spatial sampling of the shpproach: The main goal was to verify the reliability of the
geophysics for the detection of buried wastes inndastrial area previously involved in the vehicle
demolition. Two geophysical methods were appligdtiig electromagnetic frequency domain, using a
multi-frequency broadband system with a fixedadpg between the transmitter and receiver coils
(2 m) to observe the soil electrical conductivibdan-phase response (2) the electrical resistiitgt
chargeability tomographies, performed along seveaalsects. We applied the Kriging method to map
the conductivity and the in-phase response. Stdnidaersion procedure was adopted to interpret the
resistivity and chargeability datResults: We found a very similar response of the electrametig
survey in range between 2000 and 40,000 Hz: Thestipation depth (3-4 m) was mainly related to
the coil spacing. The survey pointed out some afiemaaused by bio-geochemical activity in the
active waste deposits. The resistivity and charidjgalsections confirmed that the electromagnetic
anomalies were related to the waste. The high eladility values (up to 100 mV/V) were associated
to the leakages of metals of the wastésnclusion: The electromagnetic survey, even if sensitive to
the presence of cultural noise (fence, metalli@obpn the ground), permitted to detect the indalstr
waste; the electrical resistivity and chargeabitigta pointed out the main contaminated zones with
good accuracy. The further development may focushenrelationship between the nature of waste
and the geophysical response.
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INTRODUCTION continuous image of the subsurface. Geophysical
methods such as Ground Penetrating Radar (GPR),
The preliminary assessment and the remediaFrequency Domain Soundings (FDEM), Electrical
design of contaminated sites require to acquireResistivity (ER and ERT) and Self-Potential (SP§ ar
information about the contaminant, the geology tied  methods for characterizing subsurface propertied an
hydrogeology of the site. The main objectives are t spatial structufé®”. The non-invasive geophysical
improve the knowledge of the hydro-geological setti methods map zones or layers of different physical
of the area, to detect the macro area potentiallgharacteristics. Conventional geophysical imaging
contaminated, to detect waste disposal. involving data responding to one physical proparty
The integration of cost-effective geophysicalthe ground suffers from inadequate model resolution
investigation at large scale with accurate geocbeimi complex sites. Joint analysis, combining measurésnen
analysis of samples of the subsoil and groundwiater from multiple geophysical and/or hydrochemical
recommended in order to quantitatively estimate themeasurements is a better approach and leads toagecu
extent and the level of the contamination. Tradiity — characterization of soil spatial variabilft§.
techniques (such as soil sampling, core drillings) The study deals with the description of a
invasive, time consuming, expensive; and do no¢ giv geophysical survey on a contaminated site to amalyz
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the efficiency and reliability of the investigatidor the I Waste disposal | Overburden
design of subsequent geochemical characterization. =

The aim of the geophysical investigation was to | A T
delineate the spatial extension of the contaminated - Safdigravel

and estimating the maximum depth of the waste | SPERCA
deposits. The approach combines electromagnetic [~
frequency domain investigation and Electrical |..
Resistivity Tomography (ERT) to map the extensibn o *
the waste material and evaluate the depth reached b
the contamination. A great care in data processingt  Fig. 1: Sketch of the geological and conceptual @hod

Bedrock

be adopted to evaluate the sensitivity of the nugho of the site
order to use the geophysical results for a prekmyin
estimate of the contaminated volume. The residual part of the demolition of end of life

The mapping by electromagnetic Frequencyyehicles cannot be easily classified from the cloaini
Domain (FDEM) method in the frequency rangepoint o view; the waste is characterized by thestia
between 2 up to 40 kHz permitted a preliminaryand grubber, fluff, metallic (non ferrous) matesial
analysis of the main hot spots related to theglass and in minor part wood are recognized. Thse
anthropogenic activities. metals such as lead, zinc and copper and oil flargés

We applied the 2D electrical resistivity and residuals of inadequate operations of the prelingina
chargeability tomography to map the vertical ext@ms phase of clean up of the vehicles.
of the waste deposal in the site interested byrapéex The material appears heterogeneous both in size
contamination due to automotive activity with prese®  and composition; the intrinsic heterogeneities fte\a
in the subsoil of metallic refuse and fluids duespll complexity in the analytical determination on the
of oils by the buried vehicles. _ representative samples of the waste materials, with

The results of the geophysical survey have drivenarge spread of the results deriving from different
the subsequent phase of the clean up planningeof trbamples.

area with a reduction of the cost of the direct The waste direct'y posed on the ground surface

investigation by boreholes. determines a diffuse contaminations mainly dueht® t
leaching of the hydrocarbons (gasoline and diegel o
MATERIALSAND METHODS oils and PCB) and of heavy metals (cadmium, lead,

zinc, copper). Fortunately, the monitoring of the
Site description: The site is characterized by ancient groundwater quality within the control wells, loedt
alluvial deposits, mainly including gravel and sand hydraulically upstream and downstream, doesn't tpoin
materials. The sediments with an average thicknéss out any evidence of the water contamination; this
about 20-25 m overlie a metamorphic bedrock. Tiet fi indicates that the environmental impact is limitedhe
2-3 m are compounded by man-made debris, potgntiallsoil only.

contaminated or hosted the waste disposal (Figrig. Because the waste deposal was completely random
near surface aquifer hosted in alluvial materialsiot on a wide area, approximately of 200x100 m, the
contaminated, according to the Italian rules. planning of the trenches and the positioning of the

The area, partially covered by concrete, served aBoreholes for the soil sampling was a complex
waste disposal of materials, that derived fromchallenge; taking into account this complexity the
automotive demolition activities. At the beginnitite  geophysical survey was focused to point out thenmai
industrial site hosted the waste materials thatvddr hot spots that could be related to the waste dépos
from automotive industry; during the industrialigity,
the site has been gradually transformed in a noElectromagnetic properties of soil: Electrical and
controlled landfill of different types of wastessrived  electromagnetic investigation for contaminated ste
from demolition of end of life vehicles, electrical mainly based on the spatial and temporal obsenvatio
household appliances, tires and other wastes vigih h the electromagnetic intrinsic properties of the ssilb
content of metals. The stakeholders of the deroaliti with different methodological approach (galvanic
plant put down directly on the ground or on thehad{pp contact or induction) and frequency of the applied
of the plant the rests of the end of life vehicledsth  electromagnetic field. The electro-magnetic prdpsrt
batteries, plastic materials and metallic wastaspline  of the materials are the bulk conductivity whiclivds
and oils and other fluids of the vehicles. the electrical conduction of current in the mediuire
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inverse of the conductivity is the electrical résisy; the different behavior of the contamination in the
the polarizability controls the capability of theedium  vadose zone and underlying groundwater 2dne
to accumulate and release the electrical energy; thGeophysical methods are unable to detect some
magnetic susceptibility governs the magnetic respon contaminants at the low concentrations of parts per
of the medium. billion that are of regulatory concern, althoughuéme

In water bearing materials the current conduciion can sometimes be detected with the complex reiystiv
due to the electrolytic conduction, where the etdgte  technique due to of its chemical reactions withycla
conductivity of the pore water has the dominantminerals. Complex electrical tomography has been
influence upon the matrix conductivity. Moreovenget reported to be successful in the detection of tliese
contaminants (miscible or not miscible) provide for pollution in the vadose zol#, even though great care
complex chemical and physical interactions betweemust be taken to avoid electromagnetic couplingot$f
fluid and solid matrix. on the experimental data.

In a porous aquifer, the electrical conductivity
depends on the porosity of the medium, wateMethods: Several methods, stand-alone and in a joint
saturation, total dissolved solids, ionic mobility, approach, are usually adopted in environmental
temperature. In fractured rocks, the electricalcharacterization. The Electrical Tomography (ETY an
conductivity depends on the density of fracturesjow Frequency Electromagnetic (FEM) methods are the
tortuosity of the electrical paths inside the fraet In  most diffused; these methods permit to survey wide
the porous medium with clay particles, the eleatric areas at low costs and reduced time effort.
conductivity is affected by the specific (surface) The Electrical Resistivity Tomography (ERT)
conductivity of the clay material. Moreover effeat6  permits to detect and image variations in the tiegis
biological activity on organic matter provides fan  of sub-soil. The electrical tomography is basedttomn
increase of the minerals dissolved in fluid. The-bi automated measurement and computerized analysis of
chemical activity also modifies the magnetic projgsr electrical resistivity change. Because the bulkstissgty
of waste or contaminated soil changing theof rock and soil depends on the water content,
susceptibility contrast between the top-soil andstwa chemistry and temperature, electrical tomography is

material. useful for imaging subsurface processes involving
changes in water saturation or water chemistry.
Effect of contaminant: The behavior of the electrical The electromagnetic method in frequency domain

resistivity of contaminants, with respect to thestho allows one to measure the response of the subsdil a
environment, depends on several factors, such es thof buried objects in terms of the secondary magneti
host lithology, the soil moisture and the solupitif the  field at the selected frequencies. As a rule ofrthyu
contaminants in the groundwater. For organiclow frequencies mean higher depths of investigation
contaminants that are not miscible with water, sash with a lack in spatial resolution compared to thghh
diesel oil and gasoline, the complexity of chemical frequencies.
physical reactions with the host environment makes
unrealistic to determine a typical range of registi  Apparatus. Electrical measurements were acquired
which could enable differentiation of the plumenfritcs  using a Syscal instrument connected toeslof
surroundings. These phenomena can significantgcaff 72 electrodes. The Syscal R1 (IRIS Instrument)Cfer
the electrical and electromagnetic properties efdbil  electrical tomography with a maximum voltage of
and groundwater and make the clear and unambiguo®90 V and a maximum current up to 1.2 A was utilize
detection of contaminants very difficult. Many Accurate measurements were carried out with high
published papers have reported seemingly cont@gict power instrument in order to obtain reliable infation
results on the electrical and electromagnetic nesp@f at deep up to 15-20 m. All measurements have been
different contamination events. Mazatcal.[" pointed carried out using the Wenner/Schlumberger arraf wit
out the shortcomings of surface electrical methimds 2 or 3 m of electrodes spacing to obtain a good
the detection of thin layers of the free hydrbcer compromise between high stability of the measui an
phase above the water table, although boreholsatisfactory spatial resolution. Moreover the daigit
investigations and tomographic data prdogss stacking of the received signal provides a higinaidgo
can overcome this problem in some favorablenoise ratio and good quality data with very low
condition€7, percentage of rejected measurements. The adopted
The electromagnetic response at radiofrequency iarray is relatively sensitive to vertical changes o
complicated by the possible effects of the gas lapd resistivity below the centre of the array, with low
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sensitive in delineating narrow vertical structur€n  interpretation is necessary for a more exhaustite s

the other hand, good quality data can be colledted characterization.

compared with other conventional arrays in noisily We performed 15 Electrical Resistivity and

areas. In such a context, the choice of the arraj?olarizability Tomography (ERT), using 72 electrede

configuration was conditioned by the compromiseThe location of the ERT profiles were planned idesr

between spatial resolution and the need to acguioel  to cross the main suspected area as previouslyaited!

quality data in an area with potentially high backand by the EM mapping, taking the available space msid

noise due to the presence of the resistive covesiage the industrial site into account.

man-made structures. The line 1 was realized outside the expected
The electromagnetic ground conductivity meter iscontaminated area for calibrating the background

compound by a transmitter and receiver coil, that a response of the not contaminated soil. The

separated by a short distance (less than 2 m). Thmorresponding vertical sections of resistivity and

operating frequency is low enough at the intercoilchargeability data were used as reference for the

spacing that the electrical skin depth is alwaysinterpretation of the remaining lines.

significantly greater than the intercoil spacingaddr

this condition, technically known as operation @vl Analysis. The processing of electromagnetic data

induction number, the quadrature phase component (oinvolved the following steps:

of phase with respect to the primary field) of the

received signal, for low and moderate conductisitie « Mapping of electromagnetic in-phase and

can be related to the apparent electrical condtyctf guadrature and the electrical conductivity response

the soil. Details on the basic principles of thehtaque at the selected frequencies

and the equipment are well documeHtéd «  Forward modeling of the electromagnetic response
The device permitted to investigate the  using simple models, which simulated the main

electromagnetic response of the subsoil (in-phadara anomalies due to the waste deposits

guadrature component) at several frequencies Bwa f « Elaboration of 2D pseudo-sections by
seconds for each station; a 2 m square grid has bee interpolating the results of many soundings along

used for the acquisition. each profile
. o e The 3D rendering permitted to delineate the main
Data acquisition: A preliminary survey of the area was anomalies potentially related to the waste deposits

carried out by the Electromagnetic Multifrequency

(EM) method in the frequency range between 2000 and  Tne effective depth of investigation was estimated
40000 Hz: The muItifrequency acquisition is suieatud according to the cumulative response of the
map the electromagnetic response of the subsoibup glectromagnetic device, operating at low induction
few meters in depth from the surface. The maximumyymper; the induction number is the ratio between t
depth of investigation depends on several facthe,  jntercoil spacing (s) and the skin depth (d). Aglou
are related to instrumental parameters (frequencyastimate of maximum depth of investigation is based
intercoil distance), to the acquisition proceduo®il( the skin depth, which is a conventional depth fribwe
orientation) and finally to the electromagnetic &ebr  source at which the amplitude of the electromagneti
of the subsoil and the contrast of electromagnetigig|d is attenuated by 1/e (Euler number). Anywatya
parameters of the target with respect to the hosfied intercoil distance for a low induction systehe
environment. depth-sensitivity function is independent from the

In the selected area, the EM mapping wasrequency and the electrical soil conductivity; the
performed with a grid of 2 m in a broad-line sensitivity depends on the intercoil distdfiteFor a
approach (transmitter and receiver perpendiculahéo horizontal coplanar system, we consider that the
profiles) in vertical dipole configuration (co-pkn method is sensitive to a depth less than 2 m (emual
coils in a horizontal plane). the coil spacing).

The in-phase and quadrature values of the The 2D mapping of the area at different
secondary magnetic field are normalized to the @grjm frequencies is useful to analyze the behavior of
magnetic field and expressed in parts per milliondifferent waste material; it can be considered tisig
(ppm). In many applications the mapping of the in-a multifrequency broadband device with a fixed
phase and quadrature data is sufficient to locahee intercoil spacing, the electromagnetic response
targets and estimate the shape and size of thedurigenerates by a buried target is characterized by a
objects. In other cases, a more quantitativeconductive behavior at low frequency and the inisect
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behavior at higher frequency. This assumption guide The main assumptions on the model parameters

the qualitative interpretation in relating the geggical (size and depth) are based on the analysis of the

anomalies to the waste material; the ferrous weate electrical tomography results. Particularly, thecglical

be more easily detected observing the high frequencresistivity and polarizability tomography, perfordhe

response: On the other hand leakage and percolation along several transects, permitted to calibrate the

saline contaminant dispersed in fluid phase cowd belectromagnetic results and furnish some detailthen

better related to the electromagnetic responseowvat | effective depth of the waste deposits.

frequency. The ERT images were obtained using a least-
The  quantitative interpretation  of  the squares inversion technique. The process selects a

electromagnetic data involves different approacties, starting resistivity model of the subsoil; at e&ehation

can be useful for a fast and rough estimation ef tha model parameter change vector is calculated and

shape and depth of the electrically conductivehence the resistivity model is modified in order to

anomalies. Wesleyet al.™ and Westet al’  minimize the sum of square differences between the

determined the response of a perfectly conductadfy h model response and the observed data. All theosecti

plane. The response of small systems to simple 3Wvas processed using the least-squares smoothness-

targets can be obtained using numerical soluffiBns constrained inversion algorithfiz®,

The electromagnetic solution for a magnetic digotg

source and a receiver for a n-layered earth watiestu RESULTS
by AndersoH®. according to the original works B3
for homogeneous saoils. Electromagnetic resultss The Fig. 3 shows the

A rough interpretation can be performed by theprojection on a topographic map of the electrical
comparison of the experimental data with the shapeesistivity as mapped by the FDEM survey at fregyen
and amplitude of the theoretical response due t@f 5025 Hz. The plot points out the sensitivity the
simple model%Y. We performed the modeling of the method to the interferences due to the presence of
EM response at different frequencies for a condecti metallic surface in the pavement (concrete withaffiet
and permeable sphere embedded in a more resistivebar), as evident in the western part of the drethe
and not-magnetizable soil. An example is plotted incentral and eastern part of the surveyed area, the
Fig. 2. electromagnetic maps depicted some conductive hot

spots (Fig. 4), that are not related to near sarfeatures.

o ' i ' ' i ' ; The maps of the quadrature response at several
- A\ T frequencies confirmed the presence of a main hot sp
(the relative coordinates X = 0-10 and Y = 30-40nm

Fig. 5). This anomaly is well reproduced for aleth
adopted frequencies.

Image (Hy)

& o

W3 o 8
=]
&
=
&
°
o
s
&
n
8

3
8

Imuge (Hz)
& @
3 o 8

-100
-2

3
S

3
=

Imuge (H)

o
Distance [m ]

Fig. 2: Example of the theoretical electromagnetic
anomaly along a profile: The imaginary part or
quadrature response of the horizontal (Hx)
vertical (Hz) and resultant (H) of the secondary
magnetic field of a conducting sphere in a
homogeneous time varying field, for a sphere
of radius 1 m with a conductivity of 0.1 STn  Fig. 3: Test site and the electrical conductivitgprof

The centre of the sphere is located at the the subsoil using the frequency domain
coordinates x = 0 m, z = -2 m (values are in electromagnetic method: The straight lines
ppm) (magenta) indicates the electrical tomographies
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Fig. 4: Map of the electromagnetic response
(quadrature) of a sub-area of the investigated
site; data acquired at 5025 Hz; the red-colored
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Fig. 7: Line 3-top electrical resistivity tomograph
bottom) chargeability tomography; the high
values of conductivity correspond to anomaly
of chargeability and pointed out the waste
disposal.

Electrical tomography: The Fig. 7 shows the vertical
models of electrical resistivity and chargeabilitfythe
line n.3; the results pointed out a resistivity mlogith a
. 3 homogeneous high  resistive  background @bov
S S . e 1000 ohm m). The main hot spots (high conductive
zones) are well depicted at the coordinates betvi®en
Fig. 5: Maps of the quadrature response of the safde  gnd 70 m.
area of fig. 4; (Left): Data at 15025 Hz; (Center):  The vertical section of the chargeability model
Data at 16875 Hz; (Right): Data at 20025 Hz ~ shows, in a background of low values of chargegbili
less than 2-3 mV/V), a high level of chargeability
hich correspond to the same position of the magh h

The 3D rendering of the electromagnetic mappin
at different frequencies is computed starting frima ) ) h
horizontal inceg obtained at the%ifference frgmims. Con.dl.JC.t'VG anomaly. The hot spot is character!zpq b

We conventionally considered the lower frequency€Sistivity values of about 100 ohm m and chardigbi

at deeper level of the 3D rendering, even if noUP t0 100 mV/V. The vertical extension of the angma
relationships between the frequency response apith de IS UP t0 5-6 m from the ground. The spatial coieoice
can be established, according to the theoreticf the high conductive and chargeability anomaly
statements on the depth-sensitivity of the methsd amakes sense to the assumption of the presencesté wa
previously described. The 3D image (Fig. 6) focuses Mmaterial with a complex contamination still activéhe
the central part of the investigated area; the @magsubsequent direct investigation revealed the poeseh
points out the presence of two main electromagnetienainly ferrous metallic object ands high contents o
anomalies. heavy metals in the surrounding subsoil.
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DISCUSSION multi-frequency system provides a main sensitivady
the near surface features. In the application of
The presence of a near surface aquifer needs forflequency domain electromagnetic method in indaistri
reclamation of the area in order to avoid migrattdn gareas, the presence of near surface metallic abject
contaminants far away from the sources; in such gould mask the response of the deeper waste materia
context the geophysical survey permitted a prel@myin  while the electromagnetic response is limited tepth
evaluation of the extension of the contaminatedezonof few meters, the electrical tomography is able to
for planning the reclamation activity and estimélte  jnvestigate at deeper level even if the intringatil
entity of the claims. resolution tends to degrade with depth. A more sbbu
The quadrature response of the electromagnetigata interpretation was obtained by combining the
mapping should be more sensitive to the anomalies Gagyts of the electrical resistivity and chargéghbithe
the electrical conductivity of the soil, while threphase simultaneous evidence of low conductivity and high

response could be better related to the magnetigh,rgeability anomalies was considered as an robust
properties of the sub-soil. The simultaneous preser evidence of the waste deposits

high values of quadrature and in-phase components

suggest that the waste is compound by ferrous mahter CONCLUSION
(magnetisable) with leakage effects that provided a
increase of the electrical conductivity. This expdathe The interpretation of the EM permitted to deligeat

high values of electrical conductivity as pointagt by  the presence of concrete slabs with rebar and tiwiec
the electrical tomography. The anomalies 0fmain areas suspected to be used as waste dispbsal.
chargeability should be related to the presence Ofxcavation of trenches confirmed the presence of
intense geochemical interaction between the SO"%ompIex contamination in the selected areas.
_skeleton and the moisture highly en_riched in mietall The analysis of geophysical data demonstrated the
ions due to the leakages of the metallic waste. reliability of the 2D and 3D rendering of the freqey
The ERT method appears very sensitive to thgomain electromagnetic data to describe the regpois
presence of rebar in the concrete. The rebar pesfiol  {he electromagnetic properties of the shallow silibso
strong condl_Jct|ve ghosts in the ERT images: Thigtdi (up 2-3 m in depth) interested by the presenceasitev
the penetration depth of the survey in the are@m@ml/  material. We stressed the importance to validate th
by the concrete. A better accuracy was obtainealén  electromagnetic data (depth and spatial resolutinn)
without no asphalt and concrete coverage. other geophysical methods and the hydro-geological
The methods are suitable to be applied in alluviumnformation in order to calibrate the geophysical
deposits where the lateral changes of resistigtynat  response and reducing the ambiguities of data
associated to variations of facies and lithologiElse interpretation. In the described examples the
preliminary evaluation of the reference parameters geophysical survey permitted to successfully detéct
the not-contaminated sandy deposits is fundamémtal two main areas where the industrial waste was
order to detect the heterogeneities caused by ¢ae n previously buried.
surface variations and to evaluate the effects hen t

geophysical measurements of the soil moisture. REFERENCES

Regli, C., P. Huggenberger and M. Rauber, 2002.
Interpretation of drill core and georadar data of
coarse gravel deposits. J. Hydrol., 255: 234-252.
http://cat.inist.fr/?7aModele=afficheN&cpsidt=133984
Hubbard, S.S. and Y. Rubin, 2000.
Hydrogeological parameter estimation using
geophysical data: A review of selected techniques.

Advantages and limits. The EM offers a very fast 1
mapping of the electromagnetic properties of the
subsoil; the use of a fixed-spacing device dide'trpit

to investigate a depth greater than 1.5-2 times th

separation distance. Therefore, while a good latera™
resolution was achieved (in order of meter or highe

the method suffers of a lack of sensitivity withptte J Contaminant  Hydrology 45 3.34
T_he use Of_ different frequen_mes In-a b_roadbanaj;e_an http://cat.inist.fr/?aModeIe=afficheN8:cpsidt=147938

didn’t provide any substantial benefit in the veati g Kowalsky, M.B., P. Dietrich, G. Teutsch and Y.
resolution and in depth of investigation. Rubin, 2001. Forward modeling of ground-

The main shortcomings of the electromagnetic  penetrating radar data using digitized outcrop
frequency domain methods using portable transmitter  jmages and multiple scenarios of water saturation.
receiver devices are related to the lack in thethdep Water Res. Res., 6: 1615-1625. http://www-
resolving power and the effect of the man-made esd.lbl.gov/ESD_staff/kowalsky/publications/2001
structures. The intrinsic lack in depth resolutigsing WR900015.pdf

568



10.

11.

12.

13.

Am. J. Environ. ci., 5 (4):

Rea, J. and R. Knight, 1998. Geostatisticalyaisl

of ground-penetrating radar data: A means of
describing spatial variation in the subsurface.
Water Resources Res., 34: 329-339.

http://cat.inist.fr/?aModele=afficheN&cpsidt=1036 15.

9693

Gallardo, L.A. and M.A. Meju, 2003.
Characterisation of heterogeneous near-surface
materials by joint 2D inversion of dc resistivityda
seismic data. Geophys. Res. Letts., 30: 1658-1661.
http://www.agu.org/pubs/crossref/2003/2003GL01
7370.shtml

Linde, N., A. Binley, Tryggvason, L. Pedersed an 17.

A. Revil, 2006. Improved hydrogeophysical
characterisation using joint inversion of crossehol
electrical resistance and ground-penetrating radar
traveltime data. Water Res. Res., 42: 12404-12404.
http://cat.inist.fr/?aModele=afficheN&cpsidt=184821
Mazac, O., L. Benes, |. Landa and A. Maskova,
1990. Determination of the extent of oil
contamination in groundwater by geoelectrical
methods. Geotech. Environ. Geophys. Environ.
Groundwater, 2: 107-112.

Pidlisecky A., E. Haber E. and R. Knight, 2007.
RESINVM3D: A 3D resistivity inversion package.

Geophysics, 72: H1-H10. DOI: 10.1190/1.2402499 20.

Dailly W. and A. Ramirez, 2004. Electrical
Impedance Tomography for Detection of DNAPL
Contamination. Proceeding of the Symposium on2l
the Application of Geophysics to Engineering and
Environmental Problems, (SAGEEP’04), EEGS,
pp: 449-454. DOI: 10.4133/1.2923357

Godio, A. and M. Naldi, 2003. Two-dimensional
electrical imaging for detection of hydrocarbon
contaminants. Near Surface Geophys., 3: 131-137.
http://www.techgea.eu/articoli%20pubblicati/Two-

dimensional%?20electrical%20imaging%20for%20 23.

detection.pdf

Benson, A.K., 1995. Applications of ground

penetrating radar in assessing some geological
hazards: Examples of groundwater contamination,
faults, cavities. J. Applied Geophys., 33: 177-193.

http://cat.inist.fr/?aModele=afficheN&cpsidt=3446 24.

071

Kemna, A., L. Dresen and E. Raekers, 1999dFiel
applications of complex resistivity tomography,
SEG. Expand. Abstracts, 18: 331-334. DOI:
10.1190/1.1821014

Won, 1.J., D.A. Keiswetter, G.R.A. Fields and
L.C. Sutton, 1996. GEM-2: A new multifrequency
electromagnetic sensor. J. Environ. Eng. Geophys.,
1:129-137.

569

14.

16.

18.

19.

22.

562-569, 2009

McNeill, J.D., 1996. Why doesn't Geonics Lirdite
built a multi-frequency EM31 or EM38? Technical
Note TN-30, Geonics Limited, pp: 1-6.
http://www.geonics.com/pdfs/technicalnotes/tn30.pdf
Wesley, J.P., 1958. Response of a dyke to an
oscillating dipole. Geophysics, 23: 128-133.
http://adsabs.harvard.edu/abs/1958Geop...23..134
w

West, G.F., 1960. Quantitative interpretatidn o
electromagnetic prospecting measurements. Ph.D.
Thesis, University of Toronto.
http://adsabs.harvard.edu/abs/1960PhDT......... W
Newman, G.A., G.W. Hohmann and W.L. Anderson
1986. Transient electromagnetic response of a
three-dimensional body in a layered earth.
Geophysics, 51: 1608-1627. DOI:
10.1190/1.1442212

Anderson, W.L., 1979. Numerical integration of
related Hankel transforms of orders 0 and 1 by
adaptive digital filtering. Geophysics, 44: 12870%3
http://www.whoi.edu/science/AOPE/people/achave
/Site/Next_files/16.pdf

Wait, J.R., 1954. Mutual coupling of loops kyian

the ground. Geophysics, 19: 290-296. DOI:
10.1190/1.1437996

Wait, J.R., 1955. Mutual electromagnetic caupli

of loops over a homogeneous ground. Geophysics,
20: 630-637. DOI: 10.1190/1.1438167.

Wait , J.R., 1951. A conducting sphere in a time
varying magnetic field. Geophysics, 16: 666-672.
http://dx.doi.org/10.1190/1.1437716

Sasaki, Y., 1992. Resolution of resistivity
tomography inferred from numerical simulation.
Geophys. Prospect., 40: 453-463.
http://cat.inist.fr/?7aModele=afficheN&cpsidt=5513
223

Degroot-Hedlin and S. Constable, 1990. Occam's
inversion to generate smooth, two-dimensional
models from magnetotelluric data. Geophysics,
55:1613-1624.
http://marineemlab.ucsd.edu/resources/Pubs/OCC
AM2D.pdf

Loke, M.H. and R.D. Barker, 1995. Least-squares
deconvolution of apparent resistivity
pseudosections. Geophysics, 60: 1682-1690.
http://cat.inist.fr/?7aModele=afficheN&cpsidt=2903
763



