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ABSTRACT

Multifrequency electromagznetic (EMY data acquired over the Cloud Chamber (OO, Mevada Test
Sire (NTS), elearly delineate the keeal bounds of the Tacility and detect the line-of-sight pipe - a 0.4-m
dimmerer stainless-steel pipe buricd nine meters below ground level, The purpose of the groond-based
cleciromagnetic surveys was o demonstrate that the CC could be detected using the GEM-Z, and
acquire multi-frequency data for inversion processing and algorithm development. We prezent hergin
CrEM-2 data acquired atthe OO and discuss the importanse el wideband EM dala.

Infrgcduction

Ceophex acquired broadband electromagnetic data ove
the Cloud Chamber (OO} Getlity, Mevada Test Site {NT5), dur-
ing 19%5 and 1996 10 support a Department of Erergy (DOE)
funded, muolti-yvear, mulli-agency research program 1o geo-
phivsically characterize underground structures. This mana-
seript presents contowred maps of mulifregquency EM dala
and describes the =enzor and acquisition methods, Witen e
al. {1997 presents details of mulifrequency-hased inversion
theory, and imaging resulis of these data.

Cloud Chamber

The CC is located in north central Yucca Flats, an allu-
vial bisin on the NTS that has been used repeatedly for un-
dergronnd nuclear tests (O0Mae of Extemal AfTairs, 1988, The
shallow gealogic strate are composed of Tertiary and Guater-
nary volcanic and clastic rocks (Dockery etal,, 1985),

The CC, builtin 1968 as part of a diagnestics experimen-
tal program, was wsed o measore womzed particles from the
T4<kiloton (5 TTHUPMOBILE event (0ffice of External Af-
fairz, 1983), The quanset hut OO struclure i= approsimidely 42
m w3 length, 10 m wide atits base, and & m high at itz maximuam,
Semicircular steel |:'|-E:r'|3_:-¢r5.'\,'|,:||'_|[_:¢-rl. awnoden lmme as shown
in Mg, 1. The reinforeed-concrete floor of the CC 59 m below
around surface.

Multifrequency Electromasnetic A ppeoach
The electromaznetic induction method can be used to
turget different depths of interest by changing either the spac-

ing Berweaen rranzmitter and recetver coils, or the fregquency of

the transmitted field (Patra and Mallick, 1980, Won, 1980} The
first method 15 known as geometrical sounding and invalves
recording data using several transmiller-receiver ¢oil spacs
ings centered over lxed location; the depth of exploration
increases with the coil spacing. The two coils svatems, al-
theasgh typically connected by an umbilical cord, are physi-
cilly scparate and require two or more Beld operaiors,

TR, valun 2 issue T, Septeimer L5907, P 2-105

The second method @ known as fregquency sounding
and inwalves changing the transmiticr frequency, but keeping
the rransmitler-raceiver separation constant (Ng, 20, The depth
of exploration {also called the depth of penetration or skin
deptlyy iz mainly determingd by the source Trequency ol
around conductivity (Won, 19800, In simple terms, low ire-
queney signals travel Tuether than high frequencies through
conductive media and, thus, detect deep siroctures.  Con-
versely, high frequencies deret shallow Tearores batter than
low frequencies. Broadband freguency sounding is therefore
anzlogous to deptl seunding and can be used 1o create a
pEeuds 3-1 subsurface image (Won, 19E83) or for 3-1 conduws-
tivity inversion processing (Leeatal,, 1937, Winen eral,, 1997)

Frequency sounding possesscs inherent advantages
over geometric sounding for depih imaging because i s lo-
gistically and operaticnally simple (due to a cne-person op-
cration and improves spatial reseluton (by averaging verti-
cilly inztead of laterally; fig. 2. Theoretical and practical dis-
cussions on these methods may he found in Grant and West
(19637, Fellerand Frischkneckt (19867, and Eaubman and Felles
(1983),

GEM-2 Sensor and Data Acquisition hMethods

W acquired broadband clectromasnetic data using the
GEM-2, (e 3 Won etal, 19983, 2 multfreguency mdustion
scnsor developed at Geophex., The GEM-2 contains a drans-
itter, receiver, and bucking coil in 2 single lighvweight, por-
table, and compact package. The signal-processing eleclron-
ics, analog cicewitry {Tor zignal conditioning), and power sup-
ply are houzed ina rermovable console.

The primiry Neld penerated by the GEM-2 s2ns0r 15 cone
trolled via a digitally constructed wavetform. The iransmitted
signal cim vary oo a complex wivve Farm contaning ary mam-
ber of frequencics {user-defined) to a simple sguare wave,
Adthongh the design of the GER-2 allows it o operate in the
cither the time- or frequency-domain, only freguency domain
data were recorded during this project, The maximuom cureem
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Figure 1. Sketch of the Cloud Chamber {afier Kane and
Warshaw, 1995}

for the present fransmiller is six amperes, comesponding 1o
i dipole moment of about 3 A-in2

The GEM-2 digitizes and stores signal from the bucking
and receiver coil simuloaneously araate oF 43 Kz A mamow-
band, match-filer signal detection technique is used to extract
the n-phase and quadsature com pongnts, The nononal sam-
pling rate for stmultaneous, muliifrequency acquisition For
varlier GEM-22was two He, Recent improvemesnz o e hard-
ware and =ofiware have increased the sampling rate to 10 He
Acsingle digital signal processing (DS chip coordinates afl
contrels and compatations for both transmitter and receiver
Cirsuits,

The GEM-2 can transmit and record multiple frequen-
cies simullaneously, as described by Won etal, (1998] or step
threugh a vser-defined lrequency band, one frequency at 2
lime. Forthe frequency stepping mode, the GERM-2 com putes
and transmits a single-frequency square-wave signal, records
the primiry and secondary feld responzes, caleulaes the
strength ot the induged magnetis field {in parts-per-millian ).
and steres the result internally. The start frequeney, end re
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Figure 2 Carteon of depth sounding techniques using
peometrical- and frequency-based meilods,

quency, step size (in Hzl samples length, and numbors of
sweeps 10 parform automatically are Deld prozrmmable, Curs
rent restrictions impesed by the GEM-2 sensorinclude & mini-
rrkim seart fregueney of 90 Hz, "\::.'l.]ui'\,'l I'||;:|_|'.|::'.|:_:_'.' ol 24 k=
and manimum step size of 30 He The primary advaniage of
stepping through a given frequency band is o increase the
transmitter moment and, cansequently, the signal-ta-noise ra-
Ii:;-

Both methods of data acquisition (e, simultaneons
multi-frequency and stepped modes) were used during this
prijact.

Elcetromagnetic [ata

Three EM surveys, cach with specific goeals, were con-
ducted over portions of a 400-feor by S00-Toog area that en
compasses e OO (e, 4. The objectives, acquisition tech-
I'|i|.'|!.I¢f-:._ and resilts of each .‘\.ll:'-.'-.:_'\_-.- are dl."\-\.ﬁi:.l_'ll,,‘.l_l |_|u||_|'.l..

Drata processing included assigning spatial registry in-
formation, keigaing (contourimng ), and disploe. Two mips, rep-
resenting the in-phase and quadrature components, arc gen-

Figure 3. Phatograph of the GEM-2 sensor during a re-
cent (mon-related} prejoct.
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crated for cach frequency. Althouglh themuoln-Trequency data
can be converted o apparent conductivity as described v
Waon etal, (1996], these data are presented in tenns of the part-
per-million (ppmnl rezponse (raw data logoed by the GEM-2),
The measured ppm responzs s delined as:

secondary reagneitc feld o receiver ool
primary magnetic ficld o receiver ool

prm = 10y

Swarvey |

The ohjective of the frst survey was 10 demonzinie
than the OO could be detected using GEM-2 and facilitate com-
parizons of the EM resulis e ancillary geephvsical methods
iBartel eral., 19975,

Data were eollected over approsimately Nve acres di-
rectly ahove the OO (Rg. 43 using seven transmitter frequen-
Cles eSO B0 15330, 230, 4 050, 7290, and 12,130 Helina
sertical-magnelis-dipels (VMDY configuration. Survey lines
were spacod five feet apart. Along a sorvey ling, e data were
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Figure 4. General site map showing gridd convention,
datn covernge, wand surficial features. All subsequent data
use this coordmante scheme,

acvguired using the dead-reckoning method. This method of
assigning spatial regisiry imformation to the geophysical dita
involves acquiring data at egqual-time intervals while walking
hetween two known endpoints ata constant pace. Each dita
sample is assigned spatial coordinates by linearly interpolat-
ing between the two end pomnts based on the number of
saumples. Data were downlonded to a laptop compuier and
plotted on site for quality checks

The EM data identify the lateral extent of the CC at all
frequencies (N, 35 The 2ive, onentation, and locietion of the
CC correspond with a prior knowledge. In addition 1o anema-
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Figure 5 GEM-2 data for selected frequencies fraom Swr-
vey 1, Distances are in feet,
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Figure . GEM-2 data. acquired vsing a horizental di-
pole configurabion, frem Survey 25 in-phase compenent.

lics generated by the OO and surface features (fig. 4], local
ancmalies are also observed Tor particular lregquensies, Thus,
single-frequency EM measurements are ingufTicient 10 prop-
crly characterize the site.

The CC wnd supporting structures are best ohserved in
the in-phase component £z, 53 The guadrature component,
which theoratically responds 1o poor conductors, identifies
oreolozical vartations within the survey arca.
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Figure 7. Example GEM-2 data acquired using a verti-
cal magnetic dipole configuration from Survey 3, Dis-
tances are in feet.

Survey 2

The target of the second survey was a buried pipe, known
as the ling-of-sight pips, that extends norileast from the OC o
the HUPAMORBILE crater. The line-of-sight prpe s stainless
steel, 0d-m diameater, and buried ning meters below ground
lewel,

Dty were acquired, wsing five-foot line spacing and
two transmit frequencies (1,250 and 7,290 He, over the eastem
portion of the zile wsing a horizontal-dipole-contizuration
{HMIY. The long axis of the ski was ortentated parallel 1o he
pipe Croughly estwestin erder 1o maximize the cleciromag-
netic eoupling. Mote that date acquired using a VM configo-
ration, shown in Gg. 5, and 2 H¥D configuration perpendicu-
lar 1o the pipe {nat shown} do not detect the buried pipe,

Frgure & shaws the te-phase response for hoth frequen-
cigs. Mote that although the pipe 15 observed for airansming:
frequency of 7290 He, it iz not seen at the lower fregquency
(1,350 Hz; fiz6) or for the VD configuration (Og. 55 These
data demonstrate the imporance of acquisition parameters.

Survey 3

The objective of the third survey was to acquire EM
data over @ wids frequency band for inversion processing.
Represemative maps of the raw data are presented below,
Witken el el {19970 disgusses broadband inversion theory,

Er data from 20 distinet frequencies, ranging lrom 270
Hir e 17,670 Fle (800 Tz step imterval), were acquired over the
CC using VMDD and HMD} configurations. Each frequency
wis generatad, ansmited, and recorded sequentially, Data
were acquired on a fve-fool grid centersd above the OO, us-
ing a 0.75-m high stand 1o seppont the GEM-2 doring opera-
i,

Example dista lran the WMD siirvey is shownin fig, 7. In
apreement with Survey 1, ihe lateral extent of the OO s clearly
observed imthe in-phase component over the entine freguency

270 Fix 07 Hx
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Figure 4 Example GEM-2 data, acquired wsing hori-
zonial magnetic dipole configuration, from Survey 3.
Distanees are in Teed,
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pand (Dig. 7oopl The quadraiers response ol the OO0 shows
a phase change such that at low frequencies i s represented
b i positive anomaly and at bigh Trequencies 11 s negative
i(Nig. 7, bottom). The surface vent located at the castern cnd of
the GO (fig. 47 alzo shows a Trequansyedependent sizmature
[l fi. 7 at coordinate { 100,280

Example data acquired using o LMD confguration are
shown i N & These data are dominated by the anomaly
associaned with the access shall (Mg 43 that 15 centersd at
(=0 360,

Conclusions

This thata=aaquisition project demaonstrates that multi-
frequency ¢lectromasznctic data can seceessfilly delineats the
lateral hownds of the CO Gelity wnd sdentily the 9-m deep, 0.4-
m diameier, ling-of-sight pipe. The fequency-dependaent zig-
rateres ol the OO, 1selated anomalics, and sealogical varia-
tions clearly indicate the need e Broadband EM surveying.

Dt Cravm the ling-of-sizhi pipe condirm the reed o uli-
liee prior knowledge when ssarching (or a known largel. As
demonstried here, hinetr conductors are maximally coupled
[clectromagnetically )y with herreoatal dipole conliaurations and
mey B undetested psing a vertical dipale configuration,

The GEM-2 sensor acquires browdband EM duta ever a
Neld-proprammable frequency band. [t requires a single op-
crinor, is nen-intrusive, aod can eperate an standolTdistances.
The Traquensy band, currently restricted 10 frequencics be-
tween 90 and 24 kHz, 15 sonable for chamclerization of many
envircnmental and seotechnical applications including map-
ping undersround storase tanks, Endfll and rrench bownd-
arigs, and conductive contamimml plumes, Sensor advance-
menls are currently underway to increase the frequeney bad,
|I'i'|.|:..‘\|l'l'.i||l:':l' ol :_1r||;_| }ilr|'|]:||{' Fille,
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