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Abstract

Ž .A method for tomographically estimating electromagnetic EM wave attenuation based on analysis of centroid frequency
Ž .downshift CFDS of impulse radar signals is described and applied to cross-hole radar data. The method is based on a

constant-Q model, which assumes a linear frequency dependence of attenuation for EM wave propagation above the
transition frequency. The method uses the CFDS to construct the projection function. In comparison with other methods for
estimating attenuation, the CFDS method is relatively insensitive to the effects of geometric spreading, instrument response,
and antenna coupling and radiation pattern, but requires the data to be broadband so that the frequency shift and variance can
be easily measured. The method is well-suited for difference tomography experiments using electrically conductive tracers.
The CFDS method was tested using cross-hole radar data collected at the U.S. Geological Survey Fractured Rock Research

Ž .Site at Mirror Lake, New Hampshire NH during a saline-tracer injection experiment. The attenuation-difference tomogram
created with the CFDS method outlines the spatial distribution of saline tracer within the tomography plane. q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Impulse radar methods utilizing the electro-
Ž .magnetic EM spectrum in the megahertz to
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Ž .gigahertz MHz–GHz frequency range are
widely used to characterize near-surface struc-
tures. The methods have been applied from the
surface and from boreholes to a wide range of
hydrogeologic and engineering problems
ŽGreenhouse, 1992; Greenhouse et al., 1993;
Brewster and Annan, 1994; Brewster et al.,
1995; Daniels et al., 1995; Sato et al., 1995;
Grumman and Daniels, 1996; Versteeg et al.,

.1996; Liu et al., 1997 . Radar methods can
Židentify subsurface structures i.e., bedding,
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.fractures, and buried utilities that induce signif-
Žicant physical property contrasts dielectric per-

mittivity, electrical conductivity, or magnetic
.permeability . Interpretation of subtle contrasts

in physical properties caused by changes in the
fluid content within pore-spaces or fractures
Ž .i.e., non-aqueous phase liquids, or NAPL is
much more difficult. There are several reasons

Ž .for the difficulty including: 1 changes in
pore-fluid content generate relatively small con-
trasts in the effective physical properties; and
Ž .2 the heterogeneities caused by NAPL can be
irregularly shaped, randomly distributed, and
with smeared boundaries. These features result
in weak reflection and transmission anomalies.
Identifying the spatial distribution and quantify-
ing the physical properties of anomalies in the
subsurface would increase the likelihood of de-
tecting subtle subsurface targets such as NAPL
contamination.

It is possible to estimate the distribution of
subsurface attenuation from EM wave absorp-
tion and dispersion to identify formation of

Žphysical properties Sen et al., 1981; Feng and
Sen, 1985; Endres and Knight, 1991; Endres

.and Redman, 1996 . Measurements of both ve-
locity and attenuation can provide complemen-
tary information about formation properties
Ž .e.g., Quan and Harris, 1993, 1997 . For exam-
ple, in seismic exploration studies, Brzostowski

Ž .and McMechan 1992 used changes in seismic
amplitudes to estimate attenuation distribution
and determine the quality factor Q distribution.

Propagation of an EM pulse in a lossy
medium broadens the pulse because of absorp-
tion and dispersion due to intrinsic attenuation,
causing the amplitude of the pulse to decay. The
rise-time associated with this broadening effect

Žhas been used to estimate attenuation e.g.,
.Kjartansson, 1979; Zucca et al., 1994 . How-

ever, amplitudes are easily contaminated by fac-
tors such as scattering, geometric spreading,
source and receiver coupling, radiation patterns,
and transmission and reflection effects. It can be
difficult to obtain reliable attenuation estimates
from time-domain data. Therefore, we adapted a

frequency–domain method developed by Quan
Ž .and Harris 1993, 1997 for seismic data that

uses the estimated shift in the centroid of the
pulse spectrum as a quantity to estimate attenua-
tion. To the first order, the frequency-shift or
pulse-broadening of an EM pulse is not affected
by far-field geometrical spreading or reflection
losses, appears to be more reliable than the
time-domain amplitude-decay methods, and can
be easily implemented by a tomography algo-
rithm.

The assumption that EM velocity and attenu-
ation are independent of frequency is commonly
used to simplify conventional radar processing
and analysis. However, a noticeable downshift
of the centroid frequency of a radar pulse is
commonly observed in radar data. Because of
this effect, receiver antennas with center fre-
quencies lower than the transmitting antennas
have been used in laboratory and field experi-
ments to better match the spectrum of the re-

Ž .ceived radar signals Greeuw et al., 1992 . The
Ž .centroid frequency downshift CFDS is linked

Žto attenuation coupling absorption and disper-
.sion and can be attributed to dielectric losses.

There are at least three mechanisms in dielectric
Ž .losses: 1 the Debye effect, i.e., a binding

effect of water to solid surfaces which decreases
Ž .the dipolar relaxation frequency; 2 the

Maxwell–Wagner effect, a texture effect en-
hanced by the presence of platy insulating parti-

Ž .cles; and 3 polarization of the double layer in
the water near charged particles.

The CFDS method requires the data to be
broadband to easily estimate shifts in the cen-
troid frequency. This requirement is easily met
by most commercial GPR and borehole radar
systems. High attenuation is generally consid-
ered a major obstacle which is preventing the
use of GPR in certain areas with high electric
conductivity. The CFDS method presents an
approach that could extend the operational range
of GPR to include somewhat higher electrical
conductivities by providing useful information
on the distribution of subsurface attenuation. As

Ž .a preliminary test, Liu and Quan 1996 applied
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the CFDS method to surface GPR reflection
data to derive the average formation attenuation
between two subsurface layers. Use of the CFDS
method with other processing and tomographic
methods may help produce more accurate, sta-
ble subsurface images to identify physical prop-
erty distribution in the subsurface. The method
could be applied to a wide range of hydrogeo-
logic, environmental, and engineering character-
ization problems.

The CFDS method is well-suited for differ-
ence-tomography experiments, which utilize an
electrically conductive tracer to alter the attenu-
ative properties of transmissive regions in the
tomographic image plane. In this paper, we
describe the CFDS method and demonstrate
results of the method applied to cross-hole radar
tomography data collected at the U.S. Geologi-
cal Survey Fractured Rock Research Site at
Mirror Lake, NH before and during a saline-
tracer injection test in a fractured crystalline
rock.

2. Electromagnetic wave attenuation

The attenuation, a , of EM waves transmitted
in a lossy medium can be written as:

1r2 1r2m´ 1r22asv 1q tan d y1 , 1Ž . Ž .ž /2
with tan d , the loss tangent, defined as:

s v ft t
tan ds s s , 2Ž .

v´ v f

where: vs2p f is the angular frequency of the
EM wave, in radian per second; fs frequency,
in hertz or megahertz; msmagnetic permeabil-
ity, in henries per meter; ´sdielectric permit-
tivity, in farads per meter; sselectrical con-
ductivity, in siemens per meter.

The ratio sr´ defines the transition fre-
quency, v , and the ratio of the transition fre-t

quency and the signal frequency define the loss
Ž .tangent Annan, 1996 . If the EM parameters of

a material are independent of frequency, the
transition frequency is constant. Discussion in

this paper is confined to the wave propagation
Ž .regime above the transition frequency in which

impulse radar systems are designed to operate.
The quality factor, Q, is useful for charac-

Žterizing wave attenuation e.g., Sheriff and Gel-
.dart, 1995 . The Q factor is defined as the ratio

of total energy restored and the energy loss in
one cycle and can be written as:

v
Qs , 3Ž .

2ca

Ž .(where: cs1r m´ is the phase velocity, in
meters per second.

For EM wave propagation, when the loss
Ž Ž .. Ž .tangent Eq. 2 is relatively small, Eq. 1 can

Ž .be approximated Balanis, 1989 by:

1 v(asv m´ tan d s tan d , 4Ž .ž /2 2c

where we used the relation between phase ve-
Ž .(locity and physical parameters cs1r m´ for

electromagnetic waves. The loss tangent is re-
lated to the Q factor by:

1
tan ds . 5Ž .

Q

A small loss tangent corresponds to relatively
large Q value, which implies that the energy
loss in one single cycle is small. For seismic
waves, Q is relatively frequency-independent

Žover a large frequency range Kjartansson,
.1979 . Although there are seismic attenuation

mechanisms which have some frequency depen-
dences, the combined effect of individual mech-
anisms produces attenuation described by a con-
stant Q model that is nearly linear with fre-
quency.

Laboratory measurements show that the at-
tenuation of radar waves over the bandwidths of
typical radar pulses propagating in many geo-
logical materials is a linear function of fre-

Ž .quency Turner and Siggins, 1994 . Radar atten-
uation is closely related to the dielectric permit-
tivity of earth materials. Dielectric permittivity
is a frequency-dependent, complex quantity.

ŽLaboratory experiments Lockner and Byerlee,
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1985; Knight and Nur, 1987; Taherian et al.,
.1990 indicate that dielectric permittivity fre-

quency dependence is a general phenomenon
for most earth materials. Many theoretical mod-
els describe the frequency-dependent behavior
of the dielectric permittivity, including the De-
bye model, which describes the dipolar response
of the dielectric dispersion in a system with a
single relaxation time, and the more commonly
used Cole–Cole model, which describes a dis-

Žtribution of relaxation times Cole and Cole,
.1941; Davidson and Cole, 1951 . Recently,

Ž .Joncsher 1977, 1978 proposed a ‘universal’
power law function to describe the frequency
dependence of the complex dielectric permittiv-
ity. The theoretical models and laboratory mea-
surements suggest that the attenuation behavior
of EM waves in materials with a low loss
tangent is similar to the seismic case, with the
bulk effect of the many contributing mecha-
nisms to EM wave attenuation producing a lin-
ear frequency dependence. This phenomenon
can be regarded as the constant Q model for

ŽEM waves Turner and Siggins, 1994; Bano,
.1996 .

As a result of linear frequency dependence of
attenuation, the spectrum centroid of a radar
pulse experiences a downshift during propaga-
tion. The centroid downshift is proportional to
the integral of an intrinsic attenuation coeffi-
cient with respect to length along the ray path.
The CFDS approach can be used to analyze
borehole radar data to tomographically recon-
struct the attenuation distribution associated with
lithologic and hydrogeologic features. The
CFDS method is applicable to subsurface radar
data in the MHz to GHz frequency range when
the signal bandwidth is broad enough and the
attenuation is high enough to cause noticeable
losses of high frequencies during propagation.

3. The CFDS method

Assuming that the process of wave propaga-
tion can be described by linear system theory, if

the amplitude spectrum of an incident wave is
Ž .S f , and the medium and instrument response

Ž . Ž .is G f PH f , then the received amplitude
Ž .spectrum R f may be, in general, expressed

as:

R f sG f PH f PS f , 6Ž . Ž . Ž . Ž . Ž .

Ž .where the factor G f includes geometric
spreading, instrument response, source and re-
ceiver coupling to the medium, antenna radia-
tion pattern, reflection and transmission coeffi-
cients, and the phase accumulation due to prop-

Ž .agation, and H f describes the attenuation ef-
fect on the amplitude. By adopting the constant
Q model, the attenuation is then assumed to be
proportional to frequency, that is to say asa f ;0

here, a may be regarded as an intrinsic attenu-0

ation coefficient. Then, the attenuation filter can
be written as:

H f sexp yf a d l . 7Ž . Ž .H 0ž /ray

Ž .Our goal is to estimate medium response H f ,
or more specifically the attenuation coefficient

Ž .a , from knowledge of the input spectrum S f0
Ž .and the output spectrum R f . A direct ap-

Ž .proach is to solve Eq. 7 by taking the natural
logarithm and obtaining:

1 GS fŽ .
a d ls ln . 8Ž .H 0 f R fray Ž .

Ž .Eq. 8 can be used to estimate the integrated
attenuation at any frequency and could be called
an amplitude-ratio method. However, the calcu-
lation of attenuation based on individual fre-
quencies is not robust because of poor individ-
ual signal-to-noise ratio. The signal-to-noise ra-
tio can be improved by averaging amplitudes

Žover a range of frequencies, Wright et al.,
.1996 , but as described above, the factor G

includes many complicated processes and is
very difficult to determine. To overcome these
difficulties, a statistically based method is used
to estimate a from the spectral centroid down-0
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shift over a range of frequencies. The centroid
Ž .frequency of the input signal S f is defined as:

H`fS f d fŽ .0
f s , 9Ž .S `H S f d fŽ .0

and the variance is defined as:
2`H fy f S f d fŽ . Ž .0 S2s s . 10Ž .S `H S f d fŽ .0

Similarly, the centroid frequency of the received
Ž .signal R f is:

H`fR f d fŽ .0
f s , 11Ž .R `H R f d fŽ .0

and its variance:
2`H fy f R f d fŽ . Ž .0 R2s s , 12Ž .R `H R f d fŽ .0

Ž . Ž .where R f is given by Eq. 6 . If G is inde-
pendent of frequency f , then f and s 2 willR R

be independent of G. This is the major advan-
tage of using the spectral centroid and variance
rather than the actual amplitudes.

For the special case where the incident spec-
Ž .trum S f is Gaussian, i.e.,

2
fy fŽ .S

S f sexp y . 13Ž . Ž .22sS

Ž . Ž . Ž .Substituting Eqs. 11 and 3 into Eq. 2 , the
Žcentroid of the received signal Quan and Har-

.ris, 1993, 1997 is given by:

f s f ys 2H a d l , 14Ž .R S S ray 0

and

fd
AsG exp y , 15Ž .2ž /2sS

with
22 2f s2 f s H a d ly s H a d l , 16Ž .ž /d S S ray 0 S ray 0

where f is the centroid and A is the amplitudeR
Ž . Ž .of R f . Eq. 14 states that the centroid of the

spectrum of the received signal is downshifted

in an amount that depends on the attenuation
characteristics along the EM wave ray path. Eq.
Ž .15 states that the amplitude of the received
signal is also dependent on the ray path attenua-
tion characteristics, but in a more complicated
manner. It is more straightforward to use the

Ž Ž ..frequency downshift information Eq. 14 to
construct the relation suitable for tomographic

Ž .inversion. Eq. 14 can be rewritten as a line
integral:

H a d ls f y f rs 2. 17Ž . Ž .ray 0 S R S

Under the assumption of a linear-dependence
model of attenuation to frequency, a tomo-

Ž .graphic Eq. 17 has been derived for a Gauss-
ian spectrum. The tomographic formula relating
frequency shift with the attenuation projection is
exact only for Gaussian spectra. Similar deriva-
tion can also be obtained for other frequency
compositions such as rectangular and triangular
spectra, but the equations are similar, which
implies that the attenuation estimates are insen-
sitive to small changes in spectrum shape. Eq.
Ž .17 shows that the attenuation coefficient for
an inhomogeneous medium can be obtained by

Ž .measuring the CFDS f y f between theS R

transmitted and received signals. The integrated
attenuation equals this frequency downshift

Ž .multiplied by a scaling factor. From Eq. 17 ,
we can also see that for a certain value of a , a0

Ž .broader input bandwidth larger s results in aS

larger frequency change. Therefore, a broad in-
put frequency band is important for a robust
estimation of a .0

Ž .Eq. 17 is the basic formula for attenuation
tomography. It can be written in discrete form:

f y f i
S Ria l s , 18Ž .Ý 0 j j 2sSj

where: is the ith ray; js the jth grid of the
medium, and, l is the ray length within the jthj

grid.
In practice, one can measure f fromR

recorded GPR profiles, but may not directly
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measure the source centroid frequency f andS

the variance s 2. For the linear model describedS
Ž .by Eq. 3 and Gaussian spectrum given by Eq.

Ž . Ž .13 , the source spectrum S f and receiver
Ž . 2spectrum R f exhibit the same variance s .S

Therefore, we may choose the average of vari-
ances s 2 at the receivers to estimate the sourceR

variance s 2. While the source spectral fre-S

quency f is also unknown, it can be assumedS

to be included along with the matrix of un-
known attenuation values. Then, we can simul-
taneously invert for both the attenuation coeffi-
cients a and the source frequency f as fol-j S

lows. Let:

f s f qD f , 19Ž .S S

i� 4where f is the maximum of f as an initialS R

estimation of f , and D f is a static correction.S

Then:

i i if y f f qD fy f f y f D fS R S R S Rs s q .2 2 2 2s s s sS S S S

20Ž .

Ž .Eq. 18 can be written as:

D f f y fS Ria l y s , 21Ž .Ý j j 2 2s sS Sj

where a and D f are the unknowns.j

Two commonly used approaches in inversion
Žalgorithm are the ART Algebraic Reconstruc-

. Žtion Technique and the SIRT Simultaneous
.Iterative Reconstruction Technique methods

Ž .Lo and Inderwiesen, 1994 . In this paper, the

Fig. 1. Location of study area and the FSE well field at the U.S. Geological Survey Fractured Rock Research Site, Mirror
Lake, Grafton County, NH. Left: the relative location of the study area in New Hampshire. Right: detailed site map with
topography, the location of the Mirror Lake, and the FSE well field.
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SIRT method was used to invert for the intrinsic
attenuation coefficient.

4. Field experiment

The CDFS method was tested using cross-
hole borehole radar data acquired at the U.S.
Geological Survey Fractured Rock Research Site
located in the U.S. Forest Service Hubbard
Brook Experimental Forest in the Mirror Lake
area near West Thornton, Grafton County, NH
Ž .Fig. 1 . The experiment procedure is described

Ž . Ž .by Lane et al. 1996 and Wright et al. 1996 .
Borehole radar surveys were conducted in a
cluster of four boreholes, with each borehole at
the corner of a square with a side length of
about 9 m. The distance between the transmit-

Ž . Ž .ting FSE-3 and receiving FSE-2 boreholes
Žused for the experiment is about 12.96 m Fig.

.2 .
The data used in this study were acquired in

the summer of 1996. Using a RAMAC borehole

radar system with 60-MHz antennas, the GPR
data were acquired during a series of saltwater
injection tests performed at this site for testing
the ability of geophysical techniques to detect
and monitor fluid flow in a fractured rock envi-
ronment. During the tracer test, a hydraulically
conductive zone connecting FSE-1 and FSE-4
was isolated using straddle packers. The iso-
lated zone in FSE-4 was pumped at about 9
lrmin while a NaCl solution with concentra-
tions of 20 to 28 grl was continuously injected
into the packed-off interval between 42 and 49
m in FSE-1. To measure changes in wave atten-
uation due to the presence of tracer in the FSE-2
to FSE-3 plane, background and steady-state
cross-hole tomography surveys were conducted
between FSE-2 and FSE-3 with transmitter and
receiver locations every 2 m from 19 to 71 m. A
total of 729 rays were used for the inversion,
with an approximate grid size of about 0.5=0.5
m.

Fig. 3 shows an example of the radar records
Ž . Ž .collected a before and b during the saline-

Ž .Fig. 2. The setup of the FSE well field. Left: the plan view of relative positions of boreholes for injection FSE-1 , pumping
Ž . Ž . Ž .FSE-4 , and the cross-hole radar surveys FSE-2 and FSE-3 . The distances between FSE-3 transmitting hole and FSE-2
Ž . Ž . Ž .receiving hole , and between FSE-1 injection hole and FSE-4 pumping hole are 13 m. Right: the hydrogeological
cross-section between FSE-1 and FSE-4.



( )L. Liu et al.rJournal of Applied Geophysics 40 1998 105–116112

Ž . wŽ . x wŽ . xFig. 3. A portion 324 traces of the cross-hole radar records before a , left and during b , right saline-water injection
recorded in boreholes, FSE-2 and FSE-3. The increased attenuation in the records during the injection test is expressed by

Ž .lower amplitude less contrast in this gray scale plot .

tracer injection test, showing a significant loss
of amplitude in recorded data during injection,
as compared to the background measurements.
In Fig. 4, a histogram of frequency centroids for
the background data and the data collected dur-
ing injection is shown. The mean of the centroid
frequency decreases about 2 MHz after injec-
tion, which is consistent with an increase in

attenuation due to ray paths traversing regions
containing the saline tracer. The downshift of
the centroid frequency of a single ray may reach

Ž .as high as 8 MHz Fig. 5 , more than one-tenth
of the background centroid frequency of the
60-MHz antenna.

In Fig. 6, the attenuation tomograms from the
Ž .‘background’ Fig. 6a and ‘during injection’
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Ž .Fig. 4. Histograms for centroid frequency distribution for borehole radar data 729 traces in total . The mean of the centroid
frequencies for data acquired before injection is 55.25 MHz, comparing with the nominal frequency of 60 MHz. Meanwhile,
the mean of the centroid frequencies for data acquired during injection is 53.10 MHz. An average of 2.15 MHz downshift
exists between the two means. This can be reasonably assumed as caused by the increase of salinity in the ground water
during the injection test.

ŽFig. 5. An example of the downshift of the centroid frequency for a single trace trace no. 691, with receiver at 49 m, and
.transmitter at 69 m below top of casing when comparing the amplitude spectrum before injection with that of during the

Ž . Ž .injection test. a Amplitude spectrum before injection, with the centroid indicated by the vertical thin line at 61.39 MHz.
Ž .b Amplitude spectrum during the injection, with the centroid of the spectrum at 51.41 MHz.
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Ž . Ž .Fig. 6. Attenuation tomograms between FSE-2 and FSE-3 showing a the background before injection, b during injection,
Ž .and c the differential attenuation. The attenuation is expressed using the intrinsic attenuation coefficient in the unit of

10 000 s-nepersrm. Darker color in gray scale indicates higher attenuation.

Ž .Fig. 6b surveys are shown along with the
Ž .attenuation-difference tomogram Fig. 6c for

the FSE-2 to FSE-3 plane. Because this plane is
perpendicular to the injection-pumping plane
Ž .FSE-1 to FSE-4 , high-attenuation zones should
show the location and distribution of saline
tracer in fractures as it crosses between FSE-2
and FSE-3. The highest attenuation occurs near

Ž .the injection depths 40 m–50 m , close to
borehole FSE-2. The attenuation pattern is con-
sistent with a three-dimensional fracture net-
work, with most of the tracer channelled along
highly permeable fractures near FSE-2 that are
well-connected to FSE-1 and FSE-4. Less per-
meable paths connecting FSE-1 and FSE-4 oc-
cur near FSE-3, and a permeable path connects
the upper and lower hydraulically conductive

Ž .zones Fig. 2 . The bright spots in the upper-
most and lowermost corners may be due to the
artifacts for improper ray coverage at edges.
The increase of attenuation appears due to the

elevated effective conductivity induced by the
electrically conductive tracer. The attenuation-
difference tomogram obtained by the frequency
downshift method agrees with previous results
Ž .Lane et al., 1996; Wright et al., 1996 .

5. Conclusions

Frequency-dependent attenuation causes a
change in the amplitude distribution of a wave’s
frequency spectra. For a linear model and a
Gaussian spectrum, this change is simple: the
difference in centroid frequency between the

Ž . Ž .incident input and transmitted output waves
is proportional to the integrated attenuation mul-
tiplied by a scaling factor. The source frequency
static correction introduced in this method makes
the attenuation estimation robust and stable.
CFDS analysis is relatively simple and is well-
suited for attenuation and attenuation-difference
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tomography. Although the CFDS method is sen-
sitive to small frequency changes, it is best used
on broadband data.

The CFDS method was applied to cross-hole
radar data collected at the U.S. Geological Sur-
vey Fractured Rock Research Site in Mirror
Lake, NH during a saline-tracer injection exper-
iment. The attenuation-difference tomogram
outlines the spatial distribution of the saline
tracer in transmissive fractures that cross the
tomographic image plane.
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