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ABSTRACT

dh vadbaind £levormragneic induction is a promising techmguie Tor thi actectan wid Jociiion ul
wiserground structures. Along with being simple to use and allowing rapid data acquisition, under-
ground structures can be detected by this methad either becawse the large volurne of air necessary for
human occupaiey will be manifested as an electrical conduetivity Jow relative w the host formation ar
hecanse thers coutd exist 4 large metallic mass associated with either sirueteral support or the mission of
the faeility that would constitute a relative conductivity high, The vse of breadband information literally
offers an additional dimension, that being depth, to the level of information that can be gleaned fror
acquired data sinee, by varving the aperating frequency, the probing depth changes, A three-dimen-
sional tamographic imaging algorithin is applied to broadband data acquired at two underground struc-
Lure $ites ta reconstruct the relative spatial variations in electrical conductivity. A pair of paralle] subray
tunnels exist at one site and 4 cloud chamber at the other. Ar both sites, quite pood images of the
strsctires were obtained and the structures appeaced as relative conductivily lows,

Iniroduciien

Lnaer ideal conditions, almost any geophysical ool can
t wased 1o deteet and located subsacface structures suitable
for humnan oocupancy. [n pracice, however, the choice of geo-
phvaical method will be dictated by the anticipated size and
depth of the underground structure az well as site conditions
iteluding the mechanical and electrica| properties of the hast
zeology, whether data can be facquired directly over the un-
dergronnd struceure, and the presence of surface or near sur-
face cultural features.

Devond the abowe-cited issues that may influencs the
choice of geophysical methods, there may be operational con-
straints that sooest additionally be considered. Thers wn2 a nuimn-
beor of scenerios under which site access time i3 severely lim-
ved and data nwist be acquired by operators with no geo-
physical waining. In such cases, electromagnetic induction
{EMI} s a strong candidate since EMI tools are relatively simple
to operate and data cun be acquired quite rapidly. Broadbund
EMI is particularly attractive since, by its nature, 1t offers in-
formation about tarast depth wilh ne additional complications
in data acguisition,

It has been shown (Won, 19807 that a pssudo Gross-
zectional image <an be obtained from broadband EMI mea-
suréments made at intervals along a ling, By displaying this
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data as a vertical slice having a depth axis inversely guops
tional to the square roed of the acquisition frequency, & cride
fonn of an image of spatial variations in electrical conductivity
within the crosssection is produced. This technique is re-
ferred to a5 froquency sounding, In @ maore recent develop-
ment, Witten, Wan, and Motton {1997} establishied thar fre-
guency sounding produced an out-of-fcus image of conduc-
tivity anomalies and presented a meneralized fonn of diffrac-
tiah tomography (Devaney, 1984) whereby focused image:
may be reconsirected,

11 this paper. the general concept of frequency sound-
ing is discussed and a three-dimensional broadband EMI im-
aging algorithm is summarized. This algorithm is applied tv
broadband EMI data acquired at two sites known [0 congain
underground structures.

EMIL Imaging Concepts

The use of EML in geophvsics exploits the fach that &
current will be induged in an electrically condwctive anomaly,
wiken irnrnersed in a time-varying electromagnetc field. In nm.
the current induced in conductive anomalies will induee a (sec-
endary}ime-verying electromagnetic ficld. Thus, EMI mea-
surements can be used to detect and locate subsurface, clec-
trically conductive features by renfing a time-varying field
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Frguic b Hiustracion showing transmilting coil produc-
ing & primary hicld {solid contours). This fleld induces &
current in a conducior (black mass) that, in turo, pro-
duces i secondary ficld (dashed contours) detected by
the receiving eoil

S i transmiting coil and measuring e induced second-
ary ficld with a recedving coul (fig. 1 ). Because rock and soil are
sganéwhat conductive and will produce a secondary field when
exposcd (o a primary field, EMI can also be used 1o detece
anomalous features that are more resistive tyan the back-
arouwnd.

Tn general, thers are two methods by which depth infar
miatlon ¢an be extracted from EME measurements. These are
geometrical soandings and breadband soundings. Tn geometri-
citl soundings, measurements are made at a fixed frequency
for & range of seéparalion distances between the ransmitting
ind receiving coils while, for braadband soundings, decreas-
ing the frequency 15 assodialing with decper probing. This
study deals only with broadband soundings. In a eonducting
medium, electromaginatic waves will both oseillate and decay
with distance from the souree and bath the wavenumber and
the decay rafe are proporicnsl to the frequency. Figure 2
depicts two conducting targets af two different depths below
i fransmiliing coil penerating a primary field with conductor |
being the shallower target. Sincethis primary field decays with
distunce, conductor 1 iz immersed in & stronger fleld than con-
ductor T and, Tence, a stronger corrent and, consequently, &
stromprer secondary ficld is induced in this condusctor, Further-
moee, there will be greater decay of the secondary Ficld from
conductor 2 sinee it is farther away from a receiving oil tiken

to be located alongside the transmitting woil, The recerving
coil will measwre a secondary ficld that is a composite of the
response of both conductars with this measured response
being a depth-inlegrated function of the conductivity inversely
weighted By the depth.

Figurs 3 15 a sequence of illusirations desizned to show
how broadhand soundings ¢can be wsed 10 quantil’y target
depth, [n fig. 3a. the drivioy feequency is sufficiently hieh that
the primary ficld decays o a negligibly small value batore i1
reaches the depth of the conductive anomaly. Decreasing the
trequency {fig. 3b), decreases the rate of decay of the primary
field such that a measurable response to the anomaly is pro-
duced at the receiver codl. When the feequency 35 20 low 1l
the primary feld penstrited to a depth much areater than the
conducting target {fig. 3o}, the ancmaly is ool weak |y manis
fested an the measured szcondary because, as noted above,
this field is depth average and the anomaly occupies only a
small portion of the pensteation depth. Thus, decreasing the
frequency belovw that shown in fig. 3b will produce a gradual
decay in the measured secondary feld. Figure 3d shows an
ideilized magnitude of the measured secondary field as & func-
tion of frequency illustrating the broadband sounding con-
cept.

A rneagure of the penetcation depth of a primary fisld 15
the skin depth, &, defined to he
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Figure I, llostration showiopg two conductors at dif
ferent depths helow a transmitiing coil. Since condug-
tor 2 is Turther away from the fransmitting coil than
condoctor 1, a weaker current (indlcated by the nar-
rower while line depicting the current leop) is induced
in this feature.
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Figure 3. Hiusiration showing the oscillacion and decay
of a time-virying clectromagnetic field and & conductor
irelow the transmitting coil for a) a high frequency, b) a
maederate fréquency, and ¢) a low fregquency, The varia-
tion in secondary fleld strength as a function of frequenty
is shawn in )

B —
s ()

veliere w is the frequengy, i, 15 the backgrownd magnelic sus-
copribility, and oy, is the background conductivity. Won {1980)
demonstrated that beoadband soundings such as that showss
in fig. 3d will peak ata skin depth corresponding 1o the target
depth. Figure 4 is simulated data for measurements made by
traversing the ground surface with a co-located (ransmitting/
receiving coil pair making measurements every meter for arange
of frequencies comesponding to uniformiy-spaced skin depthe
berween | and 32 meters, The target assumed here is 2 rectan-
gular conducter dimensioned |2 horjzontally by 8 vertically
centered at(15.3.-16.5). This figure displays the in-phase com-
ponent of the output voltage from the secondary coil as gray
bevels a5 & fungtion of measursment location and skin depth, It
& ¢lear that the data, so displayed, is an vut-of-focus image of
the rectamgular target with the target appearing at a skin depth
ncar the target depth. The phase changes appearing in the

pseudo-image are a cesult of the Gact that both the priovary
and secondary figld are spatially oscillatore. The nexr sec-
tion will desaribe tornographic smaging concepts wherehy
out-of-focus images, such as that shown in fig. 4 can be sharp-
ened and the phase changes removed.

Broadband EMI limaging

One meuns 1o describe the EMI imaging soncept is
through the related problem of imaging wsing seismic reflec-
ticn and specilically migration. For a co-logated saismic source
and recciver deployved over the plane r = (.34, the spaially
and temporally Fourier wansformed received signal

H{K., i) = fﬂ"r e Iﬂ're'"‘" u{r,t} 2
s related 1o Lhe Lthree-dimensional reflectivity by

f{ap2) = ELE' [ e explitvah? — iz k- eh) s ,u)
R S
i3
(Cheng and Coen, | 954}, where & —w/e,, o, 15 the back-

ground wave spead and x is the maenitude of the two-dimen-
stonal wectar w. Spatial variations in reflectivity are recon-

10 0 B %3 and ata poih}
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Figure 4. Simoplated broadband data Tor measoremenis
made al uniformly speced points on the ground surface
over the top of 12 by 8 m rectangulsr conductor buried
al an assumed depth of -16.5 m. The horlzontal axis 15
the measuremeni locatkon and the verlical axis is skin
depih. In this form, ihe data appears as an oot-of-focus
image. The gray rectangular outling displays the size,
shape, and depth of the target
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Fipure 3. Vertical eross-secltional image reconsirucied
frgm the simulated broadband data showo in Fig. 4. The
gutlime of the actual assumed (arget is outlined in £ray.

structed in Eq. {31 by backpropagating (migrating) the dala w
dowrnwird e somne plans 5 < 0 and evaluating this data atdime
zeto, Ina similar approach within the framework of diffraction
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welbeie ofr v =) are the spatiel variations in wilye speed aboot o,
and H is measurement geometry=-specific filter function. The
theee-dimenzional spatial Fourier transtorm of Bg, (4113

i, ek’ —r:!} - Hiw.o) Bx.m) (3

and it is clear that the object funeiion can be reconsiructcd Dy
applying an invers Fourier transform to Eq. {5). Equations re-
fating the spatial Fourier transform of data to the spatial Fou-
fier transform of the abject function, such as Eq. {5), are knawn
as generalized projection shes theorems (Devancy, 1984).

A generalized projection slice thecrem for broadesand
EMI imaging {Witten, Wan, and Moron, 1997} relating the
spatially Fourier transformed output voltage (rom the receiv-
ing ooil, Mx.3), wean imegral icansform of the abject function.
15
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Figuce o, io-phase and Quadrature data ac 95§00 Hz as moasured al the Anacostia tunnel site.
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Figure 7. Pseuda image of the Anucostia dala presented
a8 mefsyurement lecation along a line at X1 m north a3 3
function of frequency {the vertical axisk

Jik 1327 137y = Hix.o) Fi,n),
(6)

where LAy z) = (alx ezl @ ] - | and oix .2} are the spatial
variations in conduclivity relative to a beckground . The
ingsl imporiant differenee between this eelationship and that
for wave-hased imaging, Eq. (5), is that the vertical companent
of the wave vector in Eq. {5) is real while that for EMI imaging,
Eq. (), is complex and cannol be compleisly inverted by Fou-
rigr trunsform. The inversion of Eq. {6) can be expressed in
the fomm

! N -
Xx, 2= e J-a'h R ¥ [ {55 (7
where the ebjeet function is reconsteucted by performing an

inverse bag-dimensional (horizontal) Fourier imnsform of &
and & is the inverse of the integral transform

- II—
Ol J32int 18 -x?) =

J‘dziiimm:l -c:xp{—i-b,lrll_ﬂiﬂ} FES T 2l Vi, mk
(]

Equation (8] is a mapping from depih into skin depth
and consequently its inverss is a mapping from skin into Jdepsh.
Linge this imegrsl transtorm is characterized by a complex wave
nuwmber, it canngt be invered by Fourier transforn, Ba the al-
gorithm developed here, Eq. (8] is inverted by matrix inver-
sion, however, this pracedure is ill-¢onditioned necessilaing
the tize of a repularization procedure.

Figure 3 is an image sesnliing e (he applicition of
this recongtruclion procedure 1o the broadband data presented
in fig. 4. iz ¢learibar this imaging algorithm serves 1o focus
the peeudo-image and removes phase changes cvident in fig,
i

Civse Siucics

The broadband EMI imaging algenthm has beso ap-
plesd 10 duta acquired at two underground structuce sites. Ai
bath sites, data were acquiared witly e GEM-2 sensor [ Won,
Eeiswiiter, Fields, and Sutton, 1996}, This broadband tool con-
sists of a iransmvitting and receivang cail located al opposiis
ends of'a boom that 15 upproximately two meters long. A hird
cail, the "bucking™ coil, is used to nullify the primary fizld at
e receiving coil 50 that this coil responds anly to the much
wiaker sccondary field. The GEM-2 can aperate ar fraquans
ciesup W 22kH:.

There are two natable differences between GEM2's
operation and confipuration  and assumptions mads in the
imaging algorithm. First, the imaging algorithm assumes that
ihe transminang and receiving coils are co-locuted while these
coils are separated in the GEM-Z. This incongistency can pio-
entially produce errors in the reconstructed imagres where

Figure 3: Three-dimensional rendering of the recon-
structed image of the subway tunnels at the Apacosiia
sike,
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Figure 10: Pseudo image of the cioud chamber data jire-
sented as measurement location along a line at 99 m wese
ag a fumction of frequency (the vertical axis).

the magnitude of such ernoers will depend o the cangen depin,
he coil separation, and frequencies vsed in the reconstruc-
ticm. For the parngters appropriale te the case studics pre-
séred here, ermors associated with the coil sepamtion can
be shown (o be negligible, The imaging algorithm described
in Lthe previeus section is hased on oulpun voltage a the re-
ceiving coil associared with secondary field. The instrument-
specific purameters that influenee this voltage are the diam-
eter, number of teng, and orentation of Both the transmit-
ting and receiving coils as well as the amperage and frequency
applicd to the ransmitting coil, These parmmeters appear ex-
plicitly in the filter & appearing in Eq. (8). The GEM-2 ou-
put is the eafig of Me secondacy to primary ficld at the re-
céiving coil in parts per million which is linearly related 1
receiving coil output voltage. Decause of the difference be-
Iweett the actual cutput from the GEM-2 and that assumed in
the imaging algorithm, absolule conductivities cannot be re-
construcled, however, reconstrucied values of the crlject
function are cxpected to be ¢omest in i rélalive sense.

The Anacostia Siic

The Anacostia site is vacant Iot abeour 152 froem te
Washington, DT, Anacoshiamerrs station. GEM-2 broadkand
NI data were acquired over an area appwoximately 44 i by 30
m, Parcof this area was marshy with standing water varving in
depth up to about 0.35 m. The target of interest at this sie is
a pair of paralle] subway tunnels having a center-to-center
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separation of akont 12 m. The axes of these tunnels are ogi-
«rriad 10 & north-south direction, Bach tanne] 1s approsimalely
4.5 m in diameter and the tunnzl ceilings are belicved o be
L0 b 13 m below the pround surface, GEM-2 measurements
were made at 28 points spaced at |.¥2d v in the east-west
direction and &l LE painis spaced a1 3088 moan the norh-
souih dirsoction. At swery measurenent point data were ac-
quired with & vertical ¢oil axes onentation for 23 digerete
frequencies ranging from 3000 Hz 1o 18210 He in 600 Hz
INCTEILENTS,

Figure 6 shonws the in-phase and quadeaiire mcasune-
mients a8 9310 He from the Anacostia site, Over e northen
half of the survey arca both funnels are manifesced in the in-
phise data with the western tunnel producing a sironger
anomaly. [n the seuthem half, howeyver, there is Jittle evidenes
ol the either lunng] presumably because of wnancrease in lun=
ncl depth or a change in backaround conductivity. The oxist-
ence of the tunnel pair is evident ever the 2ntice nonli-souil
cxient of the quadrature data, howewer, in this case the indi-
viduil tunnels are indistinet. This general pattern in Ay pical of
data aequited at all frequencics. Figuee 7 15 a pscudo crass-
seclionil image of the in-phase component of a slice secur-
ving at 21 mnorth similar to the synthetic data shownin fig. 4.
Here the vertical axes is decressing frequency and it 15 €=
pected that there shouid & localized anomaly occurring at a
frequensy associed willv 3 skin depily, B, (1), correspond-
ing to the tarpet depih. A localized anomaly does eccur for the
sastern tannel at a frequency of aboat 17 kHz, however, there
is o Telative hish or low for the westermn tunnel.

Figire & i5 a threg-dimensional rendering of ihe image
recomstructed from the GER-2 data using the imaging algo-
rithem described in the previous section, Sixteen frequencies
ranging from 5010 Hz o MO0 Hz were ueed to campuate the
nhject function at 16 depils ranging Troan 1t 23,5 m and a6
assumed backaround conductivity of 0.1 Siemenm. [0 this
image, rendered with EaahVision software |, the lowest values
of object tunction {those associated with the lowest relative
canductivity) were ramoved 1o give the subway unnels a
hollow appearance. In this image, the tunnels have the cormect
separaticn and harizomal diameter, The wanels are vertically
clongated in the image resulting in 2 wertical dimension that 1s
shightly o0 Targs and a depth (o unnel ceilings that is slightly
tow small, howewer, the depth to the tunnel centers is approxi-
matsly comest,

The Cloaud Chamber Sice

The cloud chamber sie exisis on the Depacment of
Energy™s Mevada Test Site in Nye County, Nevada, As its
name implies, the sarcet of interest a8 this site 35 cloud chamber
original butlt to measure ceramn progaoies of ionized panlicles.
The claud chansber kas mot been used sinee 1968, This under-
eround structure is shaped like a quonzet hat, 42.7 i long,
475 mowide a1 ins bage, with & maximwn heightofd.9m. The
depth 1o the roof of the cloud chamber is about 5 m.

GEM-Z measurements wane over i reclangular region
approsuaiely 20 m nosth-south by &7 mocast-west. Data were
acguired at uniformby spuced intervals of 1.524 o o beotl di-
gecrions. Thicty requencies ranging from 270 Hzto 17670 Hz
in intcrvals of 800 Hz were used for both vertical and hocizon-
tal cail axisarientation. Figure 9 shows the acquired in-phase
and guadraturs dats a1 9270 He for the vertical <oil axis orien-
fation. The cloud chamber is clearly manifested in both com-
ponents of this dita as the rectangular anomaly exicnding,
diaganally frem abowt 30 m north, 100 m west toabout 20 m
north, 120 m west. Smaller anomalens features ¢vident inche
data are associated with vents and an access shafl. The duta
presented in this figure is typically of the entive frequency
range, Figurs 10 displays the entire acquired vertical coil axis
frequency band along 3 lne a1 5 meowest as 3 pseudo cross-
sectional itmage. As in fig. 7, the vertical axis 5 decreasing
frequency (increasing skin depil). The lateral Tocation of the
clond chamber is clearly resolved, howewer, the highest re-
guencics used wers o low 1o allovw the resalution of the top
of this feainre,

A subset of 1he brosdband, vectical coil axis EMI data
weats gt 1o the above-described imeging algorithm. Here, 16
uniformby-spaced frequencies rimging from 8670 Hz oo 17670
Hz were used. The full ranoe of measwrement points 1n the
narth-soulh direction were used buy data in the cast-west di-
rection were limited to a sub-region-extending from 76 e1g 122
m west a1 3.048 m injervals, Figure 11 displays the three-di-
mensional image reconstructed ul a backgrowkd conductivity
of 0,004 Siermendin as 16 parallel vertical cooss-sections. Al-
ihough the cantrast scale changes from cooss-gection o cnxss-
section, the ¢lowd chamber appears in these images as i reli-
tive eonductivity low in approximately the proper hoeizontai
fecation and over Uie pomet approximate depth interval. The
width ofthe clowd chamber is aboat S0%% 100 sml | in many of
the Cross-seclions,

Conclusions

Undergroand seuctures at two 5Iics have boen mmaged
with broadkand EM [ data. Based on thisexperience and in the
absence of any horizontally-hroad, near-surface high condug-
tivity anomalies, it i3 possible W unage ofher underground
struciures of similar size and depth. Furthermaore. it 15 anlici=
pated that deeper undergroand structures can similarly be
imkaged ginee the fundamental limiting parameter in BMI bnag-
ing is the penetraton depih, At least with the GEM-Z EML
tool, it is possible to sequire data down to the TC level sog-
aosting that greal peneteation depths can be achicved allow-
ing the imaging of much decper strwciures, albeit with an at-
fendant loss of spulial cesalution,

The ability 1o image shallow @rgets within the frequency
range considered here is somewhat speculative. This 15 be-
cause lhe back of high frequency information will, in tum, lomni
mapping between target depth and skin depth to the point
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where T inversion of Eq. (8) is na longer yobaest, Althoush
the bandwidth wsed here vielded skins depths that were, at
bear, o less than the target, it is unclear at this time how much
shallowesr the imaging algorithin cin be stressed.
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