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Conductivity and Susceptibility Mapping Using Broadband Electromagnetic Sensurs
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ABRSTRACT

Phe apparent conducuvily and apperent magnetic permeability are dedved from boeadbaind
slecromagnelic data using a conductive and magnetic half-space model. The apparent permeshility
ig first estimated from Lthe inphase and quadrature (or amplitode and phase) data at a low frequency.
This is followed by the computation of the apparent conductivity al each frequency, using the pre-
campuied apparent permeability. The apparent conductivity may be computed from brojdband dats
using five different alporithms. In general, three of the Gve methods vield 5 unigoe solution: the
three yielding a unique solulion are the apparent conductivity defined from inphase, phase, or phise-
arnplitude,

A suite of synihenic data based oo two-layer models is presented and it 35 concluded thin the
phase-amplitude approach is the preferred method. The apparent permeability is vinuwaliy independent
af the eonductivity ¢ontrast af Jow ioduction numbers. However, the permeahility contrast aifects Lhe
apparent conductivity, especially when a resistive layer overlays 2 conductive basement. The field
data cxamples show the wsefulness of the broadband electromagnetic dats and the resuliant frequency-

dependent conductivity-permeability maps for characterizing complex environmental sites.

Intraducden

Mew btroadband clecwromagnetic (EM) sensors have
brocas wsed o detect landfills, uoexploded ordnence, buricd
drums, treoch boundares, contaminant plumes, onder-
ground facilities, and for other applications (Keiswetter e
al, 1997, Keiswetter and Won, 1997; Murray and Kei-
swetter, 1998; Steenberg and Birken, 1999, Wineno, and Cal-
vert, 1298, Woo er af, 1996, 1997, 1998). In such appli-
cations, interpretation is commonly bazed oo analvsis of the
meagired inphast and quadreture ppm components and
mapping of apparcoi conductivily derived from a single
componeat of the EM responses (Won of af, 1996, 1997},

Apparent conductivity iz defined as the conductivity
of a homogeneous half-space that produces the same re-
spones 85 measured over the real earth with the sune sen-
gar. Apparent eonductivily is a purameter which, in general,
is relited o tarmet slectrical properies and has wnits of
conductivity, whereas the measured inphase and quadrawre
responses (ppm} are dimensionless nombers which are q
intuitively related o the physical parameters of the earth.
Apparent conductivity preseniation is a kind of nocinali-
ration of the EN data; it myakes dala anaysis and interpre-
tation @asier for both geophysicisis and other scienisis. If
the carth were tuly homogeneous, the apparent conductiv-
ity would be the same ot all frequencies and cqual the (rue
carth conductivity. Moreover, quadsare dali are propor-
tignal o the ground conductvity in the low 10 mid induc-
tion numbers, but are inversely proponionad o the conduc-
tivity af mid 10 high induction numbers. Thus, it may gccur
thut & moderate conductor produces a stong quadraiure
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anomaly, wheseas & good conductor produces # wek
anomaly or no anomaly, in which cane, inphase dats have
ir be uzed (o funher apalyze the data. Rew EM data contain
many non-target anomalies (pealogic noise) such as varia-
tons in thickoess of conductive overbupden, which could
generate an anomaly more pronounced than a (arget anom-
aly. Apparent conductivity presentations gencrally suppress
geologic nodse, and tarped anomalies may be enhanced. TF
a conductive target 15 smdll in size or deeply burded, its EM
reaponse will be relatively weak so it may not be detected
by using the EM data only, However, it: apparent condus-
tivity would be high enough (o be ideniified,

The apparent conductivity may be converted from -
ther the inphase or guadrature response as described by
Won ef al. (1996, 1997). However, the apparent conductiv-
ity can be defined in a number of ways, based an the choice
of input EM daia compopents, as reviewed by Huang and
Fraser (2000, All algonthems of vadous definitions yield
the trwe conductivily when the eanrth (s & rue homogencous
half-space, bal yield different valmes of apparent comdue-
tivity when the carth is inhomogeneous, Also, the EM re-
sponse mey be affected by mapnetic polarization, resulling
in distortion of apparent condoctivity in magnetic enviran-
iments, Some authors have discussed the magnedic effect on
EM data {e.g. Huang and Fraser, 1998, 200400, indicating
the need for & conductivity transformation in magnedic cn-
virgnments (o be performed based on 8 magnetic perme-
ability wansformation {as the above authors did for heli-
copter Eb data),

In this paper, we use the method similar w0 that of
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Huwng and Fresec (1998, HHK) and develop the transform
algorithms for mulu-frequency ER sensors, wsing o mag-
oeli¢ and conductive half-space model, The apparent con-
ductivity can be obtaieed from different algorithms, based
an the choice of input data companents, Using synthetic
data, we compare the apparent conductivitics obtained feodn
each algonithm and choose the besi one o be used in prac-
tice. Finally, we present field examples from GEM-2 sue-
VEYS.

EM Response over & Homogeocous Half-Space

The EM response of & half-space for vertical mug-
aetic dipole excitation is given by Frischknscht (1967),
Ward {1967}, and Ward snd Hohmaon (19588), among cth-
¢rs, IF the horizontal coplanar (eansimitting und receiving
coils are at a height b above 2 homogencous half-space, ihe
sepondary magnetic field H,, normalized by the primary
field Hy, at the receiving ooil, is

s J R{NMexpl—Ihhi (as) di, 413
H. n

whers 5 is the cotl separation and J; the Bessel function of

the first kind of order zero. The terrn RiA) can be written
1

A— o
Riky = 2
™= (2)
where i, [or @ homopgeneous half-space (s
VI + jwop
W =—->" (3)
L

and whers w is the angular frequency, @ is e conduciivity,
B, is the relative magnetic permeability pfpy, where p s
the magnetic permeabdlicy of the earth, and py, iz te mag-
netic perrmeability of fres space. The above equations make
the common quasistatic assumplion thut conduction cur-
rents are much lamger than displacement cugeenis, e, o
2> we where € is the dielectric permitivity.

The complex quantity H/H, when multiplied by 107
i in units of parts per million (ppm} and coosists of the
real (inphase; Ty and imaginary {guadramre; Q) compo-
fnents, Figure 1 shows I and Q a3 functions of opf for
various values of p, for the honizontal coplanar coil config.
uration with 5 = 1.06 m at one meater height over a ho-
mogeneous half-space. The effect of a magnetic perme-
ability g greater than i, is taofold. Firs, the permeability
increases the walue of orpf, Secondly, as opf — 0, the re-
sponse becomes dominated by the magnetization effect,
which is inphase with, and i the same direction as, the
primary field. Thiz is the induced magnetization that occurs
for an aliemating magnetic feld of a coil just as it does for
the stalic magnelic field of the carth. At low indwiion oum-
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Figure 1. Inphase [ and guadrature O componenis of
the response of & homogeneons half-space plotted as a
function of orpud for varions values of the relative map-
netic permesability p,, [or the horizontal coplanar sall
configuralion.

bers, the inphase compenent of e response beeomes fre-
quency independent, and the quadrature component goes (o
zére. The inphase shifi satwrates when w, is greater than
100 (a mwuch larger value thun sny geolagic material, hue
COrTuTon 10 man-mede formows needal). Ar the pher extoeme,
when the number eruf is brge, the induced conductive re-
sponse overwhelms the magneiizafion effect, All curves in
Fig. 1 converge to that for b, = 1 8s opf — = Far mid-
range inducteon numbers, the magnetization effect and con-
dugtive effect are mixed.

Allzrnately, the EM response can also be expressed
iz amplinede A = (F+PP? and phase angle o = atan(iQyf
Iy as shown in Fig, 2, The phase angle o and the amplituds
A are plotted ac functions of orpf for varous valoes of
for the horizonial coil configuration over 2 homagenecins
hilf-spsice. Such nomograms can be wzed 1o obiain the ap-
parcat conductivity il a particulor frequency, given the pee-
meamliLy,

Computaticn of Apparent Permeability and
Conductivity

The spparcnt susceptibiliny &, = @, — 1 could be
abined from the mescured magnedic data by compiting
ihe apparenl permcability, However, the earth's static mag-
netic field samples the earth quite differently to an alter
nating dipole field of the transmitting <oil. Static permanznoi
magnetizny may also distort sosceptibility valoes derived
dssurning ooly indoced magnetization, Appirent suscepti-
bility, derived from the EM dwa, may vicld more infor-
fmation on near-surface magnetic ohjects, Consequently, e
prefer to obtain the apparent penmeability or susceptibility
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Pigure 2. (a) Fhase angle and {b) amplitude of the re-
sponse of @ homoepencons hulf-space plotied as 2 fone-
tion of opf for various values of the relatdve magnetic
permeability g, for the horzontal coplanar codl config-

Aration.

from the raw BM data, de, the inphase and quadrature,
which are equivalent 10 amplitude A& and phase o, The ap-
parent permeability is given by

B = WA, {4}

The alganthen is llustened in Fag. 3, which wields
b relative permoeakdlity g, and opf. It can be secen that
the permeability ., can be well resolved when opf <<
L1, and resolvability will be significantly reduced when
gpf = (.1, The quantity opf serves as an indication of the
reselvabality of the relative permeability . If apf s low,
the value of p from Fig. 3 is likely i be reliable. If opf
i5 greater tham 001, the messured relative permeability
will not be reliable.

The pecmeability determination depends only upon
the amplitude A or the Inphase I of the respanse 2z opf —
0, as showr in Figs. 1 and 2(b); this occurs when there ame
no conduction cuments. Thus, the magnetic permeability
may be deiermined from the negative inphase responss,
which is valid when the guadrature response is zero, ie.,

i = atan (L)

Figure 5. The diagram of phase angle « and amplibude
A for the half-space model of 8 magnetic and conductive
earth for several values of o pf and relative permeahbility

e,

when neglipible cddy cumenis are induced in the carth at
the ransmitted frequency. The algorithim then reduces 1o

K, = K1,

If the earth were a uly homopensous half-space, the
iclative magnetic permeabilicy o obtained from Fig. 3
wiould be the tue relative permeability, otherwise it would
be the apparent refative permcability. In practice, ihe above
procedure should be Tollowed wsing the lowest frequency
data to ensure that opf 15 as low as possible 20 25 to max-
unize the ratio of magnetc response o comduclive re-
SPOMSE,

Given the relative magnenc permeabiliny .. the ap-
parent condwctivity can be determined from the inphase I
quadrature ), phase a, amplitode A, or both phase a and
amplitude A {eguivalent to inphase and quadrature) for cach
individoal frequency. Therefore, there are five homoge-
negus half-space models based on the choice of input to an
algorithm, which yields an apparent canductivity. These
models are

as ol — b (3}

T T
fIC )
i, =1 fle, m) r. {0
flA, )
fiA, e, el

where o, i% the apparent conductivity, amd @, 15 obdaimed
using Egq. 4 {Eg. 5 if opf = 0. The five half-space models
were deweloped originally by Fraser (1978) for helicoprer
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The appatent conductivity curves for a suite of two-luyer models for the condoetivity rabios o i, Trem

0001 to 1,0, The pancls are (a) inphare conductivity, (b) phase condueivity, (&) ampiitude conductivity, and (d) phase-

aniplitedy comduediviy

EM systems. He assumed that the magnetic permeability of
carth is the same as free space. The inphase mrodel is s2o-
sitive e ground conductivity at an intermediate value of
auf, as shown in Fig. |. There will be no solution 10 con-
ductivity when ol is either very low or very high. The
guadraiure model vields two solutions o the apparent gon-
ductivery beciuse the quadrature response praks at an in-
termediate valos of apf, and the conduciivity is poacly de-
fied aronnd the peak (Fig. 1) [t should be noted that in
geologic applications, the valoes of opf are invariably low
even al the highest frequencies, but when munmacds turgets
ure encountered, they are often very high. The phase model
has a wnique soluion o conductivily, bul it is insensitive
o ground condoctivity wihen dhe phase angle approaches i
0 and v as cam he seen in Fig, 220 The amplitde model
of Fig. 2{b} vields 4 unique apperent conductivity solution
when o, is less than 1LF, bot as the magnetc permeability
inereises, there are two solutions to the apparent condue-
tivity becanse the amplitude has a shinidm a inermediale
visluwez of ol The phase-ampliinds mode! shown in Fig.
3 yiclds a uniqoe apparent conductivicy, amd it is sensitive
al bowaintennedion: vadues of o,

It the carth is truly homogeneous, the conductivity

obtained from any of the above equations s identical and
equal to the true conductivity o. Otherwise, it woold be the
apparent conductivity o, and each approach would produce
different results. This is expected because the peometry of
the inphase current distribuion in the grownd 15 different
from that of the quadrture cumrent distribution. These dif-
ferent current distributions bead i diffecent valoes fos the
hamogensous hall-space apparent conductivities.,

Test oo Theoretical Dain

We refer below 1o the apparen conductivity ubtwined
from: the inphase as the inpfase corducindny, that from the
phase as the phase comdrctivity, thal from the amplitude as
amplitnde corduciivity, and that from the phase-amplitude
as the phase-amplinede cordwceiviry, We exclude the guad-
rafure comductivity becaose it is double-valued. We com-
pare the appacent penneability and apparent conductivity
for a suiile of two-layer models.

Let us first conzider ithe bebavior of the appacent <on-
ductiviey for o suite of two-layer models with the magnetic
permeability of free-space. Figure 4 shows the apparen
condwcuvity curves as a function of &4, the ratio of skin
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depth &, in the wpper layer to upper-layer thickness 1,
whers 1he skin depth & = W opae, The conductivity cou-
crast «FJr, varies from 1A 0N o 10K The pancls show
(a} the wphase condwctiviey, (b)) the plose comdiecrivity, (2]
the mmplitede concwciiviry, omd (d) the phaxe-anrplitnde
corductiviny for 2 sensor with ihe following specifications:
a coplanar cail-pair, a coil separation of 1.66 m and a sensor
height of 1 m. In gensral, the apparent conductivily curves
okdained fram all of the four algorithms cocrectly indicate
a two-layer case. When &/t is small, the primary magnetic
field is limiled in the upper Tayer so that the earth looks
like a half-space with the uppee-laver conductivicy. The ap-
parcnt conductivity is egual to the true conductvity of the
upper laver As &1 ncreases, the primary field penetrates
inie The Tower layer, and so che apparent conductivity ap-
proaches dhe value of the basement conductivity., The rate
of approach 10 the basement conductivity 15 Taster for the
conductive basement than for the resigtive basement. When
&,/t, is very large, the pomary field deeply penctrates into
the basement. The earth appears 0 be homogeneous with
the conductivity of the basement, and valvwes of apparent
condwctivity are equal é0 the tue values of the basement
conductivity, particularly when oo, = 1.

There are some differences an the apparent condse-
ity curves obtained from the four methods. The phase
condwcivity of Fig, 4(b) has o greger vacation and ap-
proaches he basement comductivily mose rapidly an mid-
values of &/, than do the athers, but it dends 00 underess-
limate @, paficulurly al low conductivity contrasts, The
amphtide-related condwctivay curves [Figs. $(ch amd 4{d)]
have the smallest range at mid-valoes of &, for the case
of u conductive luyer overlying mesistive basement (oo,
< 1} However, the apparent conductivity continges (o ap-
proach o, for the larger conductivity conirasis, while ithe
inphase und phase condnciivities saturate at large &,/t,, The
phose-mplitude conductiviey of Fig. 4d) behaves like the
arplinde eotduetivity when ade, <5 1, and provides wide
variation when oo, = 1. Therefors, we wouold like o uss
the phase-amplitude conductivity because of good behayior
and wee of all avalable data,

We will now show how the apparenit penmeability be-
haves for magnetic two-layer cases with the magnetic per-
meability contrast pof, from IO w 100, but without
sonduclivily contrast, Figure 5 shows the apparent perme-
abiliny curves 3z a function of the ato .01, When 8,71, i3
small {the vpper layer is very thick compared io the skin
depth in the upper laver), the lower Javer makes no contri-
bution to the EM response, so that the apparent permeakdl-
iy 15 equal o e e penmeabiliny of the vpper layer, As
B0, increases (e, the upper layver becomes thinner), the
apparent permeability spprosches the tue values of the
basement permenbility. When &1, 15 very larpe (ie, the
thickness of the wpper loyer 1ends 1o zero), e apparent

1
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Fipure 5. The appacent permeability curves [or o suite
of two=tayer micdels for the permeshifity ratdos .
from 001 1o 1040,

permcabdlity 15 equal (o the rue valuc of the bascment pes-
meability,

The next cxample of synthetic dats cmplays & suiie
of two=laver miodels with both permeabdliny and condisctiv-
iy contrast to show how the apparent permeability and ap-
parent canductivity are affected. For simplicity, we deal
only with the phase-ampliude conductivity, Let us consider
four cases depending on the values of o, fr, and . One
can imaging a coondinels system with an x-uxis of oto),
y-axis of Lo, and itz origin st (1, 10, In sach & system,
guadrants. ftom the first 1o the fourth stand for the cises o/
o, > land pdp, = 1 oo, =2 1 oand pofp, = 0, ooy, <
1 and podp, = 1, and oo, = 1 amd podfp, = 1

Figure & shows the apparent pormcability curves for
the four cases, the orgin being assemed o the center of the
four pancls. The permesbility contrast is fixed at WY, while
the conductivity comrast varies, Qe ¢an see that the ap-
parent permcability is significantly affecied by the conduc-
svaty comrast ooly i the first quadrant, Wen the condug-
tivity contrast is small, the apparent permeability curves
reach the value of basement penmeability as &1, increases.
The valwes of appareot permoeability underestimate the
bazement permseabilicy, even for large 5,0, as oo, increas-
25 when pofpy, == 1, This phenomenon can be expluined
as follows: since bodh o, and i, are high, as well as the
effective valus of opf, the ability 10 mesolve the perme-
ability is reduced, as shown in Fig. 3. In fact. ihe peodoct
Faplof 15 preater them 1 in these cases, therefore, the con-
ductivity conirasi will not significantly affect the apparcnt
permeabality i the effective value of opf iz low enough,

Figure 7 shows the apparent conductivity curves for
the four cases, The conductivily conteast is fixed at 100,
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wihile the permeabdlity contrast varies. The apparent per-
meability was computed ficst using Eq. 4, the apparent con-
ductiviey was then obained from the EM date osing the
pre~computed apparent permeability. The apparent cogdig-
tivity is significanily affected by the permeabdlity contrast
in the first and fourth guadranis. The curves in the fisst
quadrani canmot approach the (e value of basement con-
ductivity for lurge values of &,t, beeause the apparcnt per-
meability canncd be well resolved, The condwetivity curves
i the fourth guadrant become dispersive in the transition
ronc, and the resolvability decreases with increasing per-
meability comirast, althourh all curves eventoally reach the
true basement conductivity. Alag, the apparenl comductiviiy
i oo Jow when difference between the two-layer perme-
ability ic large, as shown in the faogth quadeang. The ap-
parent conductiviey 13 only slightly affected in the second
amd thicd guadranis, where the lower layer is mose resistive
than the upper [ayer.

Field Dats Examples
Real data examples fend (0 encmpass miny perms-

ibilny and conductivity varations in 3 single survey, par-
tiewlarly at urban, environmenial sites. While apparent con-
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The spparent permeahility corves for a sulte of two-layer models with o fixed permeability contrasi g/

ductivity and apparent pecmeabilily may not always provide
AcGuTile estimates of the true materal propertics, they can
at times provide a qualitaive view of e vanation of the
elecirical properties in the earth. To show the wsefolness of
thiz analviic method, we present three examples, Thess ex-
amples will use the GEM-2 sensor (Won e af., 1996),
Cor firse example shows the resaliz of the eansfior
matkon feom GEM-2 daa obtained a1 3 el site af Geophex
in Raleigh, Morth Carolina. The survey arca g 12 by 12
meters. In the <epter is a test well coversd by a 30 cm
dinmeter ferrous stesl cap and, to the northwest, a 55-gallon
sieel drone with its top bured o O, GEM-2 data wese
acquired using a line spacing of 0.5 m. The apparent per-
meability is converted to suscepnbdliny, using the equalion
K, = fh, — 1, where &, is apparent susceptibility and ., is
apparcnt relative penmeahility obtained frorm the EM data,
Figure B presents maps of apparent susceptibility and ap-
parent condwedivity at 11430 Hz The anaomalies of the pwe
obpects are clearly shown on both maps. The well cap cans-
25 & stronger susceptibility anocomaly because it iz op the
surface, It is reasonable w ask whether such fermous metals
with a frequency as hirh as 11,430 Hz satisfics the condi-
tion orpd <= 0.1, Walwes of conductivity and permesbility
for ferrous metal objects are very high, but if their size is
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smitll, their appurent permeability and conductvity com-
puted from a half-space model will be much lower than
thear tue values, Therefore, the hall-space-equivalent o g §
would be low cnough to mecd the condition. The values of
apparent conductivity for the two objects ane lower than the
backpround conductivity because the EM response from an
isolaied object smaller and shallower than the GEM-2 coil
separation is opposite in polacity from the background carth
response. This ¢an be seen from forward modeling based
on 4 sphere model (Grand and West, 1965). A melal boild-
ing nearby cawsed the conductivity high i the sopthwesiern
comner of the site.

Crer secand field example is from an ald miceor man-
ufacturing plant. Brokeo mimor pieces, alsa known as cul-
let, weee stored above ground inoa hoge pile and, some
years ago, were buded onsite. Subsequent site renoyetion
that included paving completely concealed the Durial site.
The culler comtained lead-based paiot, and leaching has
eventually caused lead contamination in groundwaier. The
survey objeclive, therefore, was o locawe the buried cullst
and identity prefermed drilling and chemical zampling lo-
calions,

A thres-acre arca was surveyed with 8 GEM-2, using
4 lme spacing of 0075 m Daca sampling along each line
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The apparent conductivity curves for 2 suite of twe-layer models with a fixed condoctvity coutrast o,

was approsimabely 0.3 m. The Ebd data were acguired ws-
ing two frequencies simolaneously: 4,080 He and 12,270
Hz. Figure 9 presents meps of the apparent susceptibility
and apparent comduetivity. The apparent pertnzability is cal-
culsted from both the measuced inphase and guadraiure
data; the computed permeeability is then wsed o obtain ap-
parent conductivity. The burted culler is identiGable at boh
frequencics. The area of conductivity high for 4050 Hz is
larger than thae for 12,270 Hz, indiciting the contaminaml
plumnc is larger at depth than ncar the surface. The lincar
features delineae the known waler, sewer, and underground
power lines. Isolaled features are associated with metallic
obpects, industrial debeis, manhales, hydeane and stonm wa-
ter grales, and barrels,

The last field example is from a defonct Manwiac-
wired Gas Flant {MGP) in New England. The objectives of
the survey included identifying and localing any remaining
building foundations, abandoned pipelines, isolated objects,
and potential contaminant sources and impacted areas. We
acguired GEM-2 and megnetic date over the three-acre site
along trancects spaced .75 m apan. GEM-2 operated at
three simultaneous frequencies; 1050 He, 7,290 He, and
138,270 He.

Figure 10 shiows the wotal magmetic febd and the ap-



38

Journal of Envirenmenial and Enginesring Geophysics

Apparant Suscegtibdity & 11,430 Hr

Distance {m)

Apparan Conductivity & 11,430 Hz

2 4 € 8 1o legim3mj

Disdance {m)

Fipure &  Maps of (a} the apparent susceptibility and (b} apparent conductivity computed from the GEM-Z daie

{11,430 Hz) observed at Geophex testing site.

parcnt susceptibility map obtained from the 1,050 Hz Ebd
dati. The apparent suscepiibdiny map of Fig. 10{k) looks
somewhat different rom the comesponding odal field mag-
petic map of Fig, 10(a). The differences can be aliributed
to several factors. First, the Eb and marneiomster sensors
sample quite different geology due 1o their Jifferent depihs
of exploration. Thus, the EM data reflect ooly the near-

@ 4050 Hz

) !

Distanca {m)

Distancs {m)

Appanent Conducihdly & 4050 Hr

Crigiemca {mp

surface mapnetic propertiss while the magnelomeer ses
deeper. Second, the EM data produce inherently higher spa-
il resolution than the magnetic dat, Third, (e EM sensar
responds only o indweed magnetization while 4 magnetom-
eter responds 10 both ioduced and cemnang magnetization.
Fowurth, the EM mcihod may miss the magnetic property of
a magnelic abject if it 15 highly conduciive at the transmat-

Apparent Conductiviy 48 12,270 Hz

20 41 oD 20 4
Distanoe (m)

Figure ¥, The resuls from a GEM-2 survey at Mirrors-R-Us site showing: (a} the magnetic susceptibility caiculated
from the 4,050 Hr GEM-2 EM dats, amd the apparent conductiviiy maps obfained from (b) the 4,050 Hz data and
() the 12,270 Hz data.
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Tolsl rsgnat Faa

T2 L

6500 Figure 1i. The results [rom o GEM-2 survey al MGF
i gite showing: (a) the statlc total magnetic field as mea-
g K sured by a magnetometer, and (b) the magnetic suscep-
2 T tibility caleulated from the 1,050 Hr GEM-2 electro-
E : magnetic data,

HAHG

45 i fing frequency, whereas (he magnotomster responds only (o

the static magnetization. The features shown on the mag-
netic and eonductivity maps are discossed below,

Figure 11 peesents the apparent conductivity maps ai
the three reguencias. Prominent anomalies include seveml
large circular features that correspond w the known build-
ing foundations. Tero of the circles (A and B pessess hich
comrductivity and susceptibality in the center. Those central
condoctivity and susceptibility highs probably represent
ryetal-reinforeement located beneath the strwedure. The wotal
magnetic field map of Fig 10(a) indicates clearly (o (B
and C) of the circular features, one of which is observed
on the apparent susceptibility map (T,

A distinct change in the apparent conductivity coin-
ciding with the storm sewer (0 in the westeen poction of
the sife can also be seen. The storm sewer is scen as a linear
feature in the magnetic dita and apparem susceptibiliny data

M0 B0 40 0 D 20 4D nT
Disiarea i)

Apnnrm' E-L:nnph'.'llrlr i 10 e

Camdan s (i

-B1  -50 A0 .30 o M a0
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Appansek Conductiity & 18 210 He
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Casipnon {m)
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S0 A0 -0 M [!|i'1]«|-l.ZIH:llu
Desiancs [m)

tigure 11, Apparent conductivity maps for (a) 105G He, {b) 7,290 Hz, and {cj 18,270 He. The map ares is the same
arca as Tor Fig, 10,
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af Fig. 10. [t is alse seen on the condoctivity maps as a
boausdary between o difterent zones (Fig, 1), Based cn
the conductivity, it appears thal the near-surface materials
cast of the sterm sewer are distinetly diffecent From those
o the west of the sewer. The storm sewer location repre-
sents a former peographic boundary: the westem side s a
fill area. Thus, the confact zoné ciuses o larpe anomaly
masking the lnear conductivity anomaly feony the stocm
sewer itself.

several linear features and numenous isolated awom-
iliss are observed theaoghowt the site, Gas lines connected
10 the MGP buildings are most likely the cavse of several
inear conductivity and suseepeibility highs in the south-
eastern parl of the site, as shown in Figs. 10 and 11, The
isalated wnomalies probably resoll from bBurded industrial
waste asaociated with demolition of the facility.

Five mectangular conductivity lows and susceptibilivy
highs (E} are present in the nodheastern portion of the site.
These festures ure not present in the idal magnetic Geld
map. Although two of these anmnalics coincide with wisible
concrete seclions on the surface, there is no surface indi-
cifion of the other three. These susceptibility highs proba-
bly repeesent reinforced wires in the concreie,

Conclusions

Apparent conduclivily amd susceptibilily mapping s
it non-intrasive, rupid, and cost effective echnigue for iden-
titving building fowndations, piping, and buried industeial
wiagte, To detect the objects at differenn depths and with
different electrical properties, multifrequency EM data ane
requarsd 1o adequately complete the zite chasacledzaton, [t
is therefore Impenant to measure a bandwidth as wide as
piossihle,

We developed algorithms for converting the multifre-
quency BEM data to the upparent conductivity and apparent
permeability based on the magnetic and conductive half-
space model, The apparent permeability is first estimated
Tfrom the umplitude and phase data i 2 low frequency. Us-
ing the apparent permeability thus obdained, we peoceed (o
wompuie apparent conductivity from the EM daa at all sur
vey frequencies, The apparent conductivity may be ¢om-
gunedl frome five algorithms based on the inpot date. In pen-
eral, three of the fve algorithmes yield unigoe solutions;
they are inphase conductivity, phase comductivity, and
phase-amplitnde conductivity. Amoog the three algorithms.
wi prefer 0 use phase-omplitide corductivity in prictice,
since it is stable and vses all available data. The algosithin
tor emplitde conduetivity viclds a unique solution when
the relative permeability is less than two. The guadratues
algenthm gives i unigue solution at the low or high values
af oyl but gives a double-value at the middle renge. De-
termination of apparént permeability is vinually indepen-
dent of the conductivity contrast if the condition opf==<0.1

i sutnsfied: however, the permeabiliny contrast would afteet
the behavior of the apparent conductivity, especially in the
cise 0f a resistive layer overlving condulive bisement.
The fictd examples show that the GEM-2 EM map-
ping successlully identificd the huried culler, abandoned
building foundations, piping, and buried materials.
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