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Executive Summary

Nortinvasive senang of the shalow subsurface is necessary for detection and delinegtion of
buried hazardous wastes, monitoring of the condition of clay containment caps, and a variety of other
purposes. Electromagnetic methods have been shown to be effective in environmentd site
characterization, but there is a need for increased resolution for waste form characterization, verification,
and monitoring activities. A window exigsin the electromagnetic spectrum between ground penetrating
radar frequencies (30 MHz to 1 GHz) and induction technique frequencies (<100 kHz) that has not
been utilized for these applications. Two congderations strongly suggest the use of frequenciesin this
band for such gpplications. 1) the induction response of many targets of environmenta concern is small
dueto smal sze, and 2) aneed to determine both the eectrica conductivity and dielectric permittivity
which are rdlated to shallow subsurface geochemistry and gechydrology. Modding and physica
parameter studies confirm that measurements at frequencies between 1 and 100 MHz can yield useful
resolution of subsurface conductivity and permittivity. The term “high frequency” as used herein refers
to this frequency band.

Application of high-frequency eectromagnetic methods to shalow subsurface investigations can
best be accomplished using the impedance gpproach. The impedance istheratio of the eectric to
magnetic fields, so the source information is not necessary in the andysis sage. We proposed to
develop and demonstrate proof-of-concept of the high-frequency impedance (HF) methodology by
field testing and verifying the performance of off-the-shelf equipment, and by evauating the basic
capability for interpreting HF data for both the electrical conductivity and permittivity. The proof-of-

concept for the HF system has been demonstrated in the first phase of the research program (1997



through 2000). Field tests were donein both the relatively conductive environment and far more
resgtive ones. For thefirgt time both the eectricd resistivity and permittivity of shalow subsurface have
been andyzed together with encouraging results. The successful integration and fidld tests are as aresult
of the three-year research work congsting of careful evauation of off-the-shelf eectric and magnetic
field sensors, conducting theoreticd modd studies, acquisition of test gears for proof-of- concept
system, and describing specification of HF system.

Cdlibration of sensors, HFl system integration, and field tests have been conducted by Dr.
William Frangos under the supervision of Professor Alex Becker of Univergity of Cdifornia, Berkeley.
Dr. Frangos work on this project has been summarized in his doctord dissertation titled ‘High
Frequency Impedance Measurements for Non-invasive Permittivity Determination.”  An important
accomplishment of hiswork is that measured impedances agree with the caculated ones for alayered
earth sructure congtructed using independently measured resstivity and estimated permittivity values.
Impedance data from a resstive environment, more representative of clay caps a Savannah River Site
(SRS), also agree with forward modding results of the known resistive structure and yield reasonable
estimates of the permittivity. Copy of Dr. Frangos thesis may be available from Professor Alex Becker

(alexb@socrates.berke ey.edu).




Resear ch Objectives

Electromagnetic methods in exploration geophysics include many technol ogies capable of
imaging the subsurface. The eectromagnetic geophysical spectrum for shalow subsurface imaging is
roughly 1 Hz to 500 MHz, with eectrica resdtivity and other geometric sounding methods located at
the low frequency end and the familiar GPR method at the high end of the spectrum. Basdline studies
(Pellerin et d., 1997) show that eectromagnetic instrumentation in the mid- and low-frequencies (< 300
kHz) and GPR systems (> 30 MHz) are well developed in the commercid sector. In the high-frequency
range of 300 kHz to 100 MHz developments have been quite recent and reside within the research
community. Accurae theoreticd numericd modeing dgorithms are available for smulations and
interpretation across the entire spectrum (Mackie and Madden, 1993; Pellerin et d., 1995; Pellerin et
a., 1997; Alumbaugh and Newman, 1995; Lee et d., 1995, Newmann and Alumbaugh, 1997;
Newmann, 1999; Sasaki, 1999, etc.), but instrumentation suitable for collecting calibrated field datain
the important high-frequency range is criticaly lacking. Severd atempts to develop reliable, accurate
and cdibrated instruments (Sternberg and Poulton, 1996; Stewart et ., 1994; Wright et €., 1996)
have produced mixed results.

We proposed to exploit the concept of electromagnetic impedance, the ratio of orthogonal
horizonta dectric to horizonta magnetic fieds, to provide the necessary technology in the high-
frequency band described above. The effective depth of investigation for surface impedance
measurements depends on the frequency, and is commonly expressed in terms of the skin depth, the
distance into the conductive half space at which the amplitude of the incoming wave has decreased to e
of its surface value. In order to achieve skin depths between 0.5 and 10 metersin materid of resdivity
between 1 and 100 ohm-m and relative permittivity between 1 and 30, frequencies between about 300
kHz and 100 MHz are required. To achieve better resolution in permittivity, we need to utilize data at
frequencies a the high-end of this spectrum. It is aso generdly true that resolution in permittivity can
best be redized in an area of high eectrica resdivity.

To emphasize the utility and the importance of high-frequency EM measurements for mapping
subsurface distribution of moisture content, we take as example aclay cap modd. Figure 1 presentsa
smple clay cap gpplication, based on conditions at the Savannah River Site H-Area Basin, where the
gpecific problem is the shrinkage-induced cracksin the clay cap asit dries. Measured resstivitiesare
about 500 W-m (Persoff, et al., 1996). The relative permittivity caculated from an experimentdly
vaidated standard mixing law (Knoll, 1996) for a clay-ar-water mixture ranges from 17 or grester for a
hedlthy clay to 12 and less for one which istoo dry for regulatory compliance. Thicknesses and
expected permittivities are shown for al layers of the cap. The surface ‘plane-wave impedance, in
ohms, is plotted againgt frequency. Asis gpparent, the good and bad clay conditions manifest
themsdlvesin a 27% difference in amplitude a about 30 MHz. Adjudting only the layer resdtivities
within the ranges observed a the site however, perturbs these curves by less than 5%. The same
geometry with the observed resdtivities and equal permittivities yieds a nearly featureless spectrum.
The change in impedance is caused soldy by permittivity contrast, which cannot be detected by any
conductivity-sengtive method. Variation of the clay water content yields little change in resdtivity, snce
surface conduction dominates over saturation effects. A ground penetrating radar (GPR) survey did not



result in clear imagesin tests done a a nearby Site composed of the same clays and soils. Clearly,
quantitative knowledge of the layer permittivity is required to solve the problem.
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Previous efforts in developing a high-frequency controlled-source, €ectromagnetic system have
encountered problems in system cdlibration. Instrument gain drift was addressed by Sternberg and
Poulton (1996) and Stewart, et al. (1994) by transforming the received signd into dlipticity and tilt.
These parameters are difficult to use in inverson type interpretationd schemes. A more sgnificant
problem discovered during extensive andlysis of the system developed by Stewart et d. (1994) may
involve spurious coupling of the system to the earth so that the effective system transfer characteristics
vary from dte to ste resulting in uncdibrated data. These systems can only function as an anomaly
hunters and cannot provide data suitable for producing quantitative images of the subsurface.

Extensve testing of the instrument devel oped by Stewart et a. (1994) made it possible to
document the problems described above and develop an aternative approach to system design (Pellerin
et d., 1996). The system of Sternberg and Poulton (1996) uses a neura network for the interpretation
of dlipticity data. Thisdleviates many problems, but there' s is a unique system thet is only capable of
finding targets for which it has been trained. The very early time-domain instrument of Wright et d.
(1996) is quite rapid in data acquisition, but probably suffers from the transmitter loading problems



because it has the same geometry as the other systems. It isdso quite sendtive to dight variationsin
transmitter-receiver orientation, and the availability of smulators and interpretationa dgorithmsis
limited. Another controlled-source EM radio imaging (RIM) system has been devel oped between
different entities in the commercial and academic sectors with disgppointing results (Ken Mahrer,
RIMtech, personal communication; 1994; Greg Moran, New Mexico State Univ., personal
communication, 1995, 1996). Our proposed HFI system generates EM impedance data; i.e., the
eectric to magnetic field ratio. Thisratio isonly afunction of source position and the nature of
polarization, S0 it is not necessary to know the source function itsdlf, a big advantage in data acquisition.
Furthermore, if the source-recaiver distance is grest enough, or the frequency is high enough, the EM
impedance is identical to the plane-wave impedance. In this case we can utilize the well-developed MT
interpretation methods with minor modifications.

There are severa advantages in the fid ratio gpproach over the measurement of individud field
approach employed by the USGS HFS and the University of Arizona high-frequency dlipticity system.
As mentioned earlier, an extensgve system andysis of the USGS HFS showed that at the frequency of
interest the source cannot be well defined and hence cannot be accurately modeled, asis essentid for
quartitative interpretation. A field ratio gpproach does not require information about the source function,
nor any absolute phase reference.

Interpretation of EM impedance data, in generd, requires the inverson of EM fields for
electrica parameters. Many studies have been presented for the inversion of EM fields in terms of
electrical conductivity distributions, but there islack of work dedling with the Smultaneous inverson of
electricad conductivity and permittivity using asingle data set of measurements. One very important
aspect of the proposed research is to address thisissue usng smple 1-D problems to begin with.

M ethods and Results

A prototype 0.1 to 30 MHz system was assembled using off-the-shef componentsincluding a
magnetic dipole trangmitter, eectric and magnetic antennae. Three fiber-optic coupling systems were
used to achieve the necessary isolation between source and receiver. Magnetic and dectric fied
sensors are typically positioned at a height of about one meter. The prototype HFl system components
are shown in Figure 2. Fidd tests were done in the relatively conductive (20 to 50 U-m) environment of
the University of Cdifornias Richmond Field Station and afar more resistive ones (2,000 to 10,000 U-
m) at the Point Reyes Nationa Seashore and Donner Summit. Encouraging results were obtained at all
the dtes. Some of the results are summarized in this report.
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Figure 2. HFl system components. (A) loop magnetic sensor, (B) stub dectric fidld antenna,
and (C) measuring equipment within arented minivan.



Figure 3 below shows observed and fitted data from the Richmond site, taken with atransverse
magnetic dipole (My) source. A DC resdtivity sounding at this location shows arestive, 0.4-m upper
layer of about 200 ohm-m overlying a haf space of about 40 ohm-m, which isin good agreement with
the interpreted modd. The permittivity is not well resolved due to the low resigtivity. These data
demondrate that the high frequency measurements are accurate Snce they do include the independently
determined layered resistivity structure. The permittivity values were unverified but appear reasonable
for the test environment.
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Figure 3. Data obtained at the Richmond Field Station and fitting with 1-D inversion (on the

right). Horizonta magnetic dipole (My) was used as source. Inversion was done using
Occam’s dgorithm

Inverson of EM impedance for conductivity and permittivity was carried out using 1-D models.
We assume that the earth conssts of N discrete layers, each of which is characterized by its dectrica
conductivity s , and electrica permittivity ;. We further assume that each layer hasitsthickness hy,

and that the magnetic permeability is homogeneous with its value the same as for free space. With these
assumptions, an initid test for Smultaneous inversion for dectrica conductivity and permittivity was
made in 1999 (the second year of the first phase project). In case the source used was a magnetic
dipole polarized in the y-direction, H,, and E, fiedld measurements were made for the impedance
caculation. If the source was polarized in the x- or z-direction, then measurements were made for H,

and E,. Typica separation between transmitter and receiver was 8 m. Theinversion of impedance



data was carried out based on the Occam'’ s dgorithm using the numericaly evauated sengtivity
functions. If the impedanceis Z,,, (E,/H, ), thenthe senstivity is eveluated by a differencing scheme

9. _Z,(p+p)-Z4(P)
zg_ﬂ—pzxy_ y T y

with p; being either the conductivity or the permittivity of thei-th layer & each iteration. The
differencing scheme adopted here is a good approximation as the parameter increment approaches
zero, but the accuracy in representing the true sengtivity function may be questionable when the
impedance changes rapidly as a function of the given parameter. Thisisavalid concern especialy when
we are deding with EM waves that propagate rather than diffuse.

Next, in Figure 4, we show the observed and calculated data from the Abbot's Lagoon site
located on the Point Reyes National Seashore. In this case, the permittivity iswell resolved, since
permittivity dominates the response, as shown by modding andysis using the 1-D code (EM1D). 1-D
inverson was carried out and the resulting model was used to obtain the calculated impedance data
This set of circumstancesis more representative of the Savannah River Site (SRS) clay cap Situation, a
resistive environment, the original problem that prompted this research. By mapping permittivity, we
may determine moisture content which, in turn, relates to the engineering condition of the clay caps. The
interpreted modd provides a good fit to the deta, however, the modd is somewhat different from the
information obtained using other independent means such as dc resigtivity and GPR (Figure 5).
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Figure 4. Impedance data (Z,,) obtained at Pt. Reyes. 1-D inversion is shown on the right.
Solid lineisthe resdtivity, dotted line the reaive permittivity.
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Figure 5. A 3-layered earth suggested by dc resistivity and GPR data

This exercise with red datain smultaneoudy reconstructing subsurface conductivity and
permittivity distributions offers vauable lessons. Firg of dl, it is necessary to evaduate the sengtivity
functions correctly. Secondly, we may need to consder an inverson schemein which parameterswith
very different sengtivity characterigtics can be effectively dedt with. Findly, it may be necessary to
sample frequencies linearly where the EM fidlds behave as propageating wavefields.

Another st of data, taken with avertical magnetic dipole source, is displayed below in Figure
6. Thefitted modd in this case is a Smple homogeneous earth with resigtivity of 2,000 ohm-m and
relative permittivity of 5. Thefit isnot as good as other examples shown above, because the model
used to fit the datais a smple homogeneous haf- gpace obtained by trid and error, and not through the
inverson. Neverthdess, thefit a frequencies above 10 MHz is gtriking, and this confirms the
performance of the prototype HFl system in detecting the effect of dectrica permittivity of the
Subsurface.
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Figure 6. Data obtained at the Donner Summit and fitting with homogeneous
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half-space model. A verticd magnetic dipole was used as source.

As an on-going sensor technology development, measurement of the dectric field using a
toroidal sensor was continued. The toroid used for the test and the antenna factor spectrum (terminal
voltage divided by the ambient dectric field) derived from the measurement are shown in Figures 7 and
8, respectively. The sensor shows spurious effects in its frequency response as it exhibits a number of
undesirable local resonances.

Figure 7. Toroidd coil (actud sze). . Thetota size of thetoroid is 3" and the diameter of the
cross sectionis1”. The number of turns wound around the toroid is total 100 turns. For
the testing, the windings were shielded using copper strips to reduce the extraneous pickup
and capacitive leakage.
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Figure 8. Measured (diamonds) and caculated (solid line) response spectra
for the toroida antenna.
Relevance, Impact, and Technology Transfer

Characterization technologies are necessary a dl levels of the EM restoration effort.
Geophysics has been an important player in Site characterization and will have anincreesng rolein
veification and monitoring activities (e.g., STCG# ID-S.1.04, AL-09-01-03-SC-S; Subsurface
Contaminants Focus Ared). Electromagnetic geophysica methods can yied estimates of conductivity
and permittivity (e.g., STCG #. RL-WT045-S, Tanks Focus Areg) that are very useful in environmenta
investigations. High resolution techniques are particularly needed for the following DOE applications.

long-term monitoring the condition of clay caps,

monitoring of vadose zone groundwater and moisture contents,
characterization of landfills, buried waste pits and trenches,

delineation of contaminant plumes,

verification and monitoring of an engineered subsurface barrier,
monitoring of grout injection for stabilization and containment, ad
location of contaminant source terms such as non-aqueous phase liquids.

To achieve high resolution, spatialy and spectraly dense measurements of high-frequency
electromagnetic fields are essentid. Commonly optima system response to the conductivity and
dielectric parameters as a function of depth islocated in this range. Depths of exploration are shalow (<
10 m) in environmenta investigations and the terrain is often conductive due to the existence of clay
minerads, such asaclay cap over aburied waste Site, S0 that ground penetrating radar (GPR) is
ineffective. At low frequencies, on the other hand, array sizes or plane wave skin depths (V ozoff, 1986)
are large resulting in a minimum depth of investigation that is too degp and/or the latera resolution thet is
too poor to be of generd use. Theoretica models show that the el ectromagnetic response related to the
drying or dewatering of aclay cap is detectable in the high-frequency range. It should be noted that in
addition to high frequency measurements, dense spatid sampling is necessary for gpplications such as
subsurface barrier verification and landmine detection and that these can be handled efficiently with the
proposed measurement system.

Project Productivity

In the first phase (FY 1997-FY 2000, Project Number 60328) of the research program, we
proposed to develop: 1) high-frequency field measurement techniques, 2) plane wave impedance
estimation, and 3) data processing, analyss, and interpretation techniques. We have completed most of
these objectives by field demongtrating proof-of-concept of the proposed technology, but it was
determined that actud fied deployment of thus devel oped technology to DOE sites will have to wait
until further improvements are made to the HFI system. Careful evauation of the state of the project led
usto apply for arenewa of the project for the second phase. As aresult, we have recently been
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awarded arenewa with the Project Number 73776, effectively extending the overdl project completion
to the year 2003.

The proposed research plan consigts of three tasks: 1) continued development and completion
of high-frequency field measurement techniques, 2) congruction and delivery of afied-hardened
prototype HFI system, and 3) data processing, andysis, and interpretation. Construction of amobile
HF fidd system can be accomplished using off-the-shdf ingrumentation and commercidly avalable
components, but research will be continued to develop better high-frequency sensors using innovaive
designs. Development of an analys's package for processing and interpretation of high-frequency datais
also an essentid part of the proposed work. Towards the end of the project, the prototype system will
be capable of red-time mapping of the dectricad conductivity and permittivity usng Smultaneous
inverson in one dimension. Feadhility for implementing higher-dimensond andyss package in field
operation will be criticdly evauated. Following isabrief summary of the proposed work in the
renewed program.

1) Feld Measurement Techniques

One problem that requires careful attention is the nature of the sensors to be employed for
accurate measurement of the dectric and magnetic fidlds. An idedl eectric or magnetic sensor (or
“transfer sandard” in antenna and radio engineering parlance) yields a precisdy known voltage
response a al frequencies and field strengths, does not perturb the field being measured, and is
insengitive to other aspects of the environment inwhich it is placed. A surface impedance measurement
requires both electric and magnetic field sensors. In all cases, the sensor must be connected to the
measuring and signd andys's equipment viaa nont perturbing link; we propose to use acommercidly
available fiber-optic cable system. Further improvements on the measurement techniques will be made
by refinements and careful repackaging of dements, and replacing afew of the dements with smdler
and more rugged dternatives.

In the development of field deployable HFl system, we no longer consider the capacitively
grounded wire suitable as an dectric field sensor. The development of new sensors will be
concentrated on the further refinement of the toroidd antenna. The device may be used as transmitter
aswdl, and some detall is given below.

Time-varying magnetic fields induce a voltage in atoroidd coil. The éectric field at the center
of the toroid is shown to be linearly rlated to thisinduced voltage (Lee, 1997). So, by measuring the
voltage across atoroida coil one can eadly and accurately determine the ambient eectric field. The
overdl sze of the toroidal sensor can be as smdl asafew centimeters. It isthis Sze advantage that not
only alows easy fabrication and deployment of multi-component devices, but aso may render grestly
improved spatia resolution over conventiona systems.

In the first phase of our research project asmple air-core toroid of small diameter was

manufactured (Figure 7 in Methods and Results section) to test and verify the basic concept involved. A
functional comparison between the stub and toroid sensors has also been made. The longest
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dimension of each sensor is5 cm and the toroid is presumed to have an air core. The toroid has a
weaker sengitivity at all but the highest frequencies and a higher source-impedance in the higher
portion of the spectrum.

An interesting proposa was presented to use the toroidal coil as a vertical eectric dipole
transmitter (Wait, JR, 1995). In thisproposd, the toroidd coil is excited by a current of strength I,
resulting in aring of ‘magnetic’ current. The magnetic current is then related to an equivaent dectric
dipole, | ds, located at the center of the toroid. Following thisides, the proposed research will include
the feasibility study of using the toroiddl coil as atransmitter. The advantage of usng such adevice as
trangmitter isobvious, it issmal in Sze, o that deployment of such adevice will result in better spatia
resolution. Furthermore, this type of deviceisided for borehole high-frequency EM surveys.
Conventional EM tools, including GPR, cannot be used efficiently when deployed in the borehole
because of the sze limitation. Nor canthey be used to generate horizontd eectric field.

2) The Fidd-Hardened Prototype HFI System

The presently available proof-of- concept equipment is not well suited for extensive field
experimentation. A more mobile system must be assembled by repackaging the basic components and
replacing afew of the more provisona ones with smdler, more rugged aternatives. We propose to
build a measurement system that maintains the relative source and sensor positions as it is towed or
pulled across asurvey area, which can be broken down for shipment by air and readily carriedin a
minivan. A control module will house the computer, lock-in amplifiers, function generator, and the three
fiber opticad systems. The sensors and the tranamitter system will be mounted on wheds using arigid,
non-conducting frame. A sketch of the contemplated cart is shown below.

Sketch of proposed field-hardened
prototype HFI system

) ~ 8 meters
receiver

antennas
O a source
antenna

Fiber Optic RF Amp, FO,
FO) system & Pwr Supp

‘ Rigid, collapsible, non-
to Control and Data
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Acquisition Module

(computer, Fctn Gen, Lock-ins)

file: canplot.grf
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Figure9. A computer-controlled, opticd fiber connected prototype HFl system

The repackaged system is envisioned in three modules, one each for the tranamitter, the
receiver, and the control functions, plus the cart. The transmitter module will contain the source
antenna, an RF amplifier, afiber-optic receiver, and a power supply. The receiver module will mount
the two field sensors (electric and magnetic) and two fiber-optic transmitters; power requirements are
minimal and should be handled by smal batteries for each individua unit to maintain isolation. The
control module will host the control compuiter, function generator, lock-in amplifiers, two fiber optic
receivers, one fiber optic trangmitter, and a power supply. In operation, the computer sets the function
generator frequency (and perhaps amplitude); the output is supplied to the fiber optic transmitter for
transmisson to the tranamitter module and to the lock-ins as a phase reference. After an gppropriate
settling time, the computer reads and records the amplitudes and phases of the dectric and magnetic
fields from the lock-in amplifiers (perhaps after modifying the gain or settling time settings).

The fiber optic system currently in use is a generd- purpose type and is no longer manufactured;
soon it will not be supported. It should be replaced with a smaller and more robust system, tailored to
the gpplication. A number of commercid, multi-channe fiber optic sysems are currently available,
many marketed for closed-circuit video goplications. These devices include the essentid components of
an insrumentation isolation system (modulated laser tranamitter, demodulating optic receiver), but do
not meet our requirements in off-the-shelf form. We propose to adapt a commercia system to the
battery- powered, cdibrated form necessary for usein the HFl system. This step will undoubtedly
require some testing and re-engineering of severd candidate systems.

Simultaneous acquigition of two or more data channels, electric and magnetic, will resultin a
mobile survey system, capable of continuous data acquisition while being towed, for example. An
important issue to be decided concerns the spectra resolution necessary for various targets and survey
dyles. If only ardatively few frequencies are needed to solve a particular problem, then surveying
might proceed in a continuous or near-continuous mode, while a more dense spectral sampling would
require a station-by-gation style of dataacquigtion. System positioning will be done with differentia
GPS.

3) DataProcessing, Andyss, and Interpretation

The key objective of this proposd is the smultaneous mapping of the dectrica conductivity and
permittivity of the near surface earth. Idedly we planned to adapt classca MT plane wave andysisto
the high frequency region. Once we were able to make accurate field measurements however, it
became evident that the ambient EM noise levels precluded the use of any artificid source that can be
placed sufficiently far from the receiver so as to observe plane wave propagation. Any source with
aufficient strength to allow accurate observations a distances on the order of awavelength would
contravene FCC regulations. Not only would such a source beillegd but aso the risk of interfering with
essential communication services must certainly be avoided. Thus, by force of circumstance we are led
to use arelatively short source receiver spacing and to devel op and perfect interpretation techniques
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suitable for deding with EM impedance data. Although this change in measurement technique adds a
certain degree of complexity to the data interpretation, it brings with it the possibility of evolving ahighly
mobile and compact instrumentation system.

Because of these reasons, and the relative smplicity involved in deding with 1-D EM inverson
we planto use 1-D inverson of EM fidd dataas a primary tool for mapping subsurface restivity and
permittivity distributions. The fact that ‘impedance datawill be used insteed of the individud field deta
remains unchanged in the proposed work, and the advantage in deding with the field ratio over any
individud fidd quantity isaso retained. Since we are now congdering EM impedance, where the
individud fied is not a plane wave, the impedance is a function of the source-receiver separation, the
type of source used, and locations that source and/or receiver occupy.

The 1-D inversgon scheme we used to andyze impedance data shown in the Methods and
Results section is based on the sengitivity estimated by a differencing scheme. To improvetheinverson
we plan to use more accurate sengtivity function, including the andytic one.

In the proposed inversion scheme we assign a congtant layer thickness of h for dl layers, so
only the dectrical conductivity and permittivity in each layer are inverson parameters. This gpproach
may be reasonable if we choose many small layersto smulate the haf space. The smultaneous
inverson of dectrica conductivity and eectrica permittivity may require baanced trestment of each of
these parametersin the inversion process. Our approach will be smilar to the one presented by Zhang
and Oldenburg (1999).

Ultimately, the HFI technology will be extended to include mapping of 3-D subsurface. The
task will be criticdly evauated once the 1-D problem is under control to the extent that field data can be
routingly interpreted in pseudo rea-time basis. This requires understanding of the physcs and inverson
processes of dedling with two distinct dectrica parameters. Our preiminary investigation indicates that
the inverson of eectrica conductivity and permittivity may best be handled sequentidly, especidly for
higher-dimensiond problems. Thisfinding is based on the numerica modding anaysisusing smple 1-D
modds, and fidd examples we have encountered using the HFl syssem. Thefidd test & Richmond
Feld Sation is completely dominated by diffuson (Figure 3), and at Pt. Reyes by wave propagation
(Figure 4) at high frequencies. Typicdly, it can be observed thereis a clean separation in frequency
between EM fidds dominated by diffuson and wave propagation. The frequency at which this
separation takes placeis caled the transition frequency :  given by
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where the bar indicates average of the parameter.

Thisinteresting property can be used in the development of inversion agorithms for imaging
both parameters, separatdy. Firg, the conductivity distribution will be evauated using low-frequency
data. Inthisfirst step we completely ignore the dectrica permittivity. Once this process is done, then
the inverson of dectrica permittivity can be done in two ways. The frequency band is now shifted to
high frequencies past the trangtion frequency. In the first approach, wefix the dectrical conductivity for
the entire modd and carry out the inversion only for the permittivity. In this case the inverson processis
very smilar to the one used for the conductivity inverson. The second approach is somewhat more
involved, in which the conductivity distribution is used as a condraint rather than asfixed vaues. So,
there is an additional term added to the origind functiond to be minimized.
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