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Abstract 
, . 

A t~asibility " use of UHF-EM into the study . . 
transillumination measurements in geophysies Is presented. 

Th'e electrical propertfes and absor~ion rates of çommon - . ' 
crustal materia1s are examined with the. goal'of identify,1rt9 

specifie conditions under which sufficlent material 

penetration at UHF frequencies ,i&1 available. 
, c> 

A prototype 4'45 MHz cont i nuous-wave trans i llum ination 

instrument designed for underground use is described. 
l 

Test 'surveys, with this instrument, were conducted at the - . 
Big Nickel Mine in SUdb,ury, Ontario, to obtain a number of 

t~rou9h-rock absorption rates. Estimated effective 

.' 

resistivities of between 5"0 and 150" ohm-metres are .., 
.. 

determined from the survey data. 

'Effective~conductivities and permittivities from AC and 

De electrical property measurements, on geo109lcal samples 

from the mine site coTroborate. these transilluminatlon 

survey resul ts. ' 

, The results of the field surveys indicate that the UHF ..... 

-
EM transillumination technique ~s a feasible and useful 

geop'hysieal metbod. 
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On présente une 'tude d, faisabilité 'iconcernant .iJ 

'1\ ' 
l'utilisation des uœsures de transillumination EN - UBP en ... 

1 

qéophysique. 1 r \, 
. 

Les propriétés électriques et les taux d'absorbtion des 

~tériaux les plus répandus de la croute sont étudiés dans 

1 le but d'identifier les conditlons particulières sous les 
• '1 • '0 

quelles on obtient'une pénétration ,suffisante aux fréquences 

On décrit un pretotype d'instrument'de transillumination 

.. 

r-

• 

." . 

, 

à dhde continue opérant à 445 MHz et conçu pour usàqe sousterrain. 

On a procé4é à des relevés d'essais avec cet instrument à~ la 

mine Big Nickel à iudbury en Ontario pour obtenir u~ certain 

'nombre de taux d'absorbtion à travers le roc. A partir des 

données des relevés, les résistivités efficaces sont évaluées 

et se si tuenf dans l'intervalle de 500 à 1500 ohm-mÈl.ttes 0' 

, ' 

, 

,;.. 

Les valeurs de conductibilité efficace et de permitivité, ~-

trouvées à partir de mesures de propriétés e1ectriqu~s en 
, 

excitation cbntinue et alternative sur des échantil1on~ 

géologiques provenant de ~a m~ne, corroborent les résultats 

de ces relevés-de transillumination._ 

Les résultats des relevés de terrain indiquent que la 
. " technique de transi1lumination EH - UHF est réalisable et 

qU'il 's' agi t d'une méthode géophysique utile. 
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Cbapter 1 

IntroJuction 

1.1 Scopé of the project 

The very higq frequency (VHF)· and ultra high frequency 
~ 

(UHF) ,radio bands have not been much exploited for~, 

geophysical exploration ln North America. Research and 

development of geophy-sical systems which employ these 
(f. 

frequencies has been based upon pu1sed radar system~ as 

opposed to the continuous-wave transillumination te.chnique 

which is the subject of this thesis. The limited 

penetration of electromagnetic waves at VHF/UHF f~equencje~_ 
1 

is ci ted as the reason for thei r infrequent use. Given the 
\>, 

average value 0 f sur face resisti v i ty 0 f 1""-2"" ohm-metres 

(Keller, 1966) over the North American continent, as 

measured at 'radio frequencies, the ground penetration t9' one 

skin depth (le. 371 of surface fie,ld am:.litude) would be, 

limited to a few metres' or less." Due to this fact, surface 
" , 

radar has been found otÇ) be most use fuI in enginee~ing 

geophys i cal ap.p1 Ica t ions such as the determ i nation of 

ove rburden th i ckness, permafrost deptn, wa ter t'able depth 

and ice thickness or 'for locating' burfed cablesl PiP~S, . . 
, ' 

fractures, voids, gravels and tunnels. , The hlgh spatial 

resolution made availablé through the use of vat/UHF 
1- . 

frequêncies can, however, justify the'ir use 
~è;. ' 

in certain 

1, 
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geophysical environments. Where the, electrical resistivity 

is extremely high an'd. the dielectric losses are minimal, the 

useful penetration can be on the order of bundreds of 

metres. Pu1sed radar has, for example, been found to be 

extrem~ly use fuI in underground mapping of the salt and co al 
( 

mines of the United States and Europe (Stewart, 1976, . . 
Unterberger, 1978, Coon, 1981). Penetration distances of 

over 1 kilometre in salt have been recorderl. 

The research project reported in this thesis, funded by 

the Depar:tment of Energy Mines and Resources. Canada, 

developed out of previous work conducted at McGill 

Univ~rsity on VLF/LF-electromagnetic (EH) methods (see 

Col1ett and Jensen, 1981). It is recognized that in the 
. 

h.igh resistivity/low permittfvity ground material which 

covers large areas of Canada, the substantial penetration of 

highe'r frequency electromagnetic waves would allow for more 

~etailed subsurface mapping than i5 available from 

conventional geophy.sic.al technology. The high degree ~1 
/' 

resolution available at VHF and UHP frequencies cou Id help 

in the solution of man y compl'ex pr'oblems posed in 

contemporary mining and in new fields such as radiQactive 

waste disposaI. 

The m.ain object of the research upon which this thesis 

.is based is' to demonstrate the feasibility of. using UHF 

continuous-wave EM transil~umination instrumentation in a 

typical Canadian mining environment. Althou~h pulsed radar, 

, . 
2 

. .. 
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at simUiar frequencies, has already enjoyed some success in 
# 

specifie envi ronments, it ha~ not been widely used in 

-Canada. we, here, 
0 

shall argue that UHF continuous-wave EH 

can be usefully applied in Canadian 'geological environment,s. 

To this end, we developed a protdtype, p9rtable UHF 

transmitter-receiver system and made surveys using this 
\ 

, 
instrument at the Big Nickel Mine in Sudbury, Ontario to, 

1 

demonstrate the feasibilitv and advantages of the technique. 

We shall address in this thesis the important questions 

cGoncerning trqnsmitter power, antenna design, receiver 

specifications and electro-mechanical assembly'o We shall 

consider the feasibil i ty of producing a second-generation 
JI> • 

borehole system and diseuss the problems coneernlng the 

operating frequéncy and effective radi'ated power. 

1.2 Bistorieal background 

1.2.1 Absorption of' radio frequency vaves ln eartb .aterials 
1 

, 
An estimate of the expected absorption rate of:EM 

waves -at,a particular operating fr'quency is a prerequisite 

in judging whether the use of a radio:frequency (RF) 

technique is justified in iln exploration or mlning problem. 

Early work on geophysical RF-EM techniques involved 

investigations to determine ta what depth signaIs from a 
f 

remote transmi tter could penetrat'e the surface of the earth., 
. . 

Experiments by Eve and Steel (1929) at McGill University 

revealed that radio freq':1ency EM .waves could "lndeed 

penetr~te sufficiently far to be of use in mapping smaii 

3 \ 
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scale structures. They conducted their experim~nts on radio 

frequency reception in the Mount Royal Tunnel, Montreal, 
\ J 

Canada, during the late 1920's. Al thol1gh s ignals were 

received through up to 99 metres of overburden and 

limestone, results proved inconclusive because the presence 

of rails, pi~es and cables, which might have acted as EM 

waveguides, cast doubt upon ,the signal origine Lee (Eve, 

Keys and Lee, 1929) received standard rad 10 broadcast 

signaIs through 90 metres of overburden at Mammoth Cave, 

Kentucky. Si1V'erman ana .Sheffet (1942) conducted similiar 

experiments 'in a coal mine near Tulsa, Oklahoma and 

attempted to determin~ the earth resi~ivity. Signars were 

succ~ssfully received through 23 metres of materia1. 

Significant advances in electronics and measuring 

technology consid~rably boosted the amount of, research into 
. ., 

radio frequency a~sorption rate~n natural ear~h materials 

in the ear1y 1969's •• Wt'd1e the Jmajority of the studies 

involved the 1aboratory measurement of the absorp.ti'on rate 

directly or the electrical parameters (permi~tivity, 

permeabil!ty and conductivity) from which the absorption 

rate can be Indirectly derived, later work included more .. 
geophysicall~ inter~sting in-situ measurem~ats. An 

hlsto r lca1 summary of some ~ f the MOst important res~a rch 

into VHF/U~F-EM geophysical properties of rocks and other 

natural earth materials fo11ows. 

Smith-Rose (1934) conducted laboratory meaa~rements of 

4 
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, . 

the permlttlvltles~d conduetivitles of co~mon soi1s and 

granite rock samples. His results show that the, 

conduetlvity of the granite samples inereased by several 

orders of magni tude, ~hile the per~ivi ty decreased very 

• . slightly, wlth fre~ueney between 1 kHZ ~nd 18 MHz. 
\ 

Von Hippel (1954) .... produced seve?.,l tables· of loss 

tangents and relative permittivities)of Il variety of 

mat~rials at frequeneies ranging from 189 Hz to 19 GHz. 
-'-

These ~ables, based upon laboratory measurements, w~re 

orig1na11y complled and published'as"a report by the 

Laboratory for Insulation Research of the Massachusetts 

Institute of Tecnnology in 1953. Although the vas~ majority 

of these tables list results for organic and inorganic 

chemical eompounds, there ls a small but important section 

concerning natura1 so11s of varying moisture content. The 

measurements ~how that the e1ectrical properties of the 

soils are strongly dependant upon their water content and 

cfn vary eonslderably ~s a funetion of frequency~ 

deBettencourt and Frazier (1962) conducted in-si tu 
.... 

" borehole measurements st' 155 kHz in a fractured granite , 

rock. The technique involved lowering a transmitter and 

receiver down a borehole and recording the change in signal 

strength as a funetion of t_ransmitter-receiver separation. 
\ ~ 

The attenuatio~ factor of the medium was determined from the 

signal strength versus distance plot ahd an estimated 

conductivi,ty (1.11 x 18- 3 S) was calculated based upon an 
, 

a"ssumed relative permi;tivlty value (9). 
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Tsao and deBettencourt (1968) measured the in-situ 
. 

attenuation and phase factors of the complex propagation 
, 

constant between boreholes at VLF and LF frequencies. 
~ 

Estimates of the bu~k effective conductivities and 

permittivities of· the med'ium bet"'feen the two boreholes were 

calculâted. Bulk conductivitiès varied between 2.5 x 11-3 5 

and U,-3 5 at 58 kHz. 

Campbell 'and Ulrichs (1969) me"asured the relàtive 
, ' 

permittivities and 10ss tangents of dry terrestrial rock 

S,amples 11' a function' of temperature at 458 MHz and 35 GHz. 

T~e relative permittivity did hot change significantly with 

measuring frequency, however, the 10ss tangents were 

generall y ob"served to be s Igni f icantly higher at 35 GHz. 

'Saint-Amant and Strangway (1979) measured tbe 

dielectric p~rmittivities and loss tangents of dry rock 

samples as a function of temperature betw'een BJI Hz and 1 

MB~. The 4rmittiVitY rellai.ed 'relativèlY' constant over the 
"-

frequency range, 'while the loss tangent was'observed to 

decrease rap1dly with increasing frequency between HJI Hz 
/'-:----= ... ,... ,,"', 

v" nd 1.8e,k!!~. 
/ 

Cook (1.978) meastired the e1ectrlcal properties of 

bi tuminous coal samples, between 5 and 18" MHz using a 
1 

capacitance test cell and an RF Impedance bridge. He' 
" 

observed a decrease in both the resistivlty and permittivity 

of coal 'as a function of frequency. Cook 1ater (1975) 

conductèd a series. of laboratory measurements on a variety 

6 
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of rock types commo.nly encountered in mining. He .listed 
\. 

absorption coefficients (attenuatiên factor/frequency) for 

granite, gneiss, schist, gypsurn, limestone, serpentine, 

monzonite, quartzite and coal over a range of frequencies 

from 1 to 25 MHz. Radar probing distances for these rock 

types wece calculated. He showed that the radar probing 

distances for the coal samples decreased rapidly with . 
increasing frequency after 10 MHz. The grani te , 1 imestone 

and schist samples exhibited a much less pronounced decrease 

in probing distance as a functio.n of frequency. 

1 , 

Grubb and Wait (1971) measured the in-situ complex 

propagation constant of granite, between l MHz and, 1" MHz, 

with a dual borehole receiver system. The effective 

conducti vi ty ,.and permi t ti vi ty of the gran i te were calcu1ated 

from the attenuati'on and' phase factors-. The conduct~vity . 

was found to increase from 0.93 x 1,,·3~to 1.75 x l~Skwhi.le 

the rel a t ive p e r mit t i vit Y d'e cre a se d tr 0 m 16. 2 t 0 8. 4 0 ver 

the frequency range. 

Hoekstra and Delaney (1974) measured' the complex 

dielectric permittivity as a function of frequeocy and water 

content for various common soi1s. Results were simi1iar to 

those reportedGby Von Hippel (1954), the perrnittivity and 

105S tangent decreased as the measuring frequency increased. 
t:;I 

A minimum in the 1055 tangent was observed at HHl MHZ, after 

whicb i t increased 51 ightI'y and then '.J.evelled 0 ff. 
• D 

Lytle .~~ al. (1976) measured relative .dielectric 

permittivities and plane-wave skin depths between probes 
" 
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down adjacent boreholes. The tests, carried out within ~a~d 
rock in a permafrost environment, were conducted ovar a 

range of frequencies between 5 and 59 MHz. Relative 
i 

permittivities varied between 5 to 39 and skin depths varied 
, 

between 19 and 140 metres. Lyt1e and Lager· (1976) measured 

the in situ cond'uctivity, using a continuous-wave system', 

" and t~e dielectric permittivity, us!ng,a sw~pt frequency 

technique, ,in t'unnel rock between 3 and 50 MHz. Bulk 

conduct.ivities Jlf ,2 'x 19 -3 S,"to "5 x 19 -~f1~and relative 
i 

permittivities 'of ~ to 7 w'ere recorded. 

Grubb .!! al. (1976) measured the in-situ complex 

propagation constant, in-~ granite medium, over the 

frequency range 399 kHz to 25 MHz using both a dual ~eceiver 

downh()le system and a single hole ,mutual Impedance sy'tem. 

The ca1culated effective conductivlties and permittivities <:\ 

we~e'similar in both cases and agreed weIl with ~he resu1t~ 

from laboratory measurement, of hand samples. The measured 

relattve permittiyities varie~ from 9.5 to 7.5 over the 

frequency ra.nge. 

~,nnan and Davis (1976) determined the in-situ 

dielectric perm.ittivity of frozen c.lay and silt soils and 

ice using a pulsed radar (159 MHz center frequency) in a 

wide angle reflection and refraction (WARR) sounding. 

Me~surèd relative permittivities varied between 2 and 4. 
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1.2.2 Pa1sed radar technique. 

The development of radar durinq the $econd WQrld War 
o .. 

reqenerated in~erest' in using radio frequency waves for 

geophysical applications. Hay~ock, Madsen and Burst' (1949) 

and Prichett (1952), among others, considered ,the 

possibi1 i ty of adaptinq ·radar techniques to the search for 
.. • Ii' 

~ 

oil. ~richett measured the radio vave absorbtion rate in 
. . 

shale by.lowering a transmitter and receiver dow.n parallel 

boreho.1 es. Be calculated an attenuation rate of 

approximately .'61 dB/m ,at 1.65~ 1KHz. Given the performance 

specifications of his apparatus this corresponds to a 
L 

maximum penetration distance of only 18.3 metres,. 

considerably short of the s,everal hundred meeres requlred _ 

for petroleum exploration~ 

The development of compact lightweight and improved 

radar componeftts in the ear1y 1969'8 stimulated r~newed 

attempts·to apply the impulse radar technique to ~eophysical 

prot?lems. Harrison (1979), Weber and Andrie~x (197~), watts" 
J 

and England (l976) and Narod and Clarke (1989) developed 

~i rborne radar systems for measuring lce thic~ness and for 

determinlng subglacial relief in polar, glac.ial and northern 

coastal regions. Operating frequencles typically range . ~ ~ 

betw.een 19 MHz and 1 Ghz depending on the desired 

penetration qepth and the electrical properties of the ice • 

Reflections through 2 kilometres of lce have been obtained 
. 

vi th the lover frequency systems (Wa1 te, 1966). The hlgher 

frequ~ncy systems cannot ea811y penetrate more than 199 
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metres of warm o.r dirty iee (Narod -and Clarke, 1988). 

!ul'sed radar has b~eome an important geophysica1 

in ~he salt mlning industrx. The loss tangent of 

tool 

salt 

exhibits a minimum between l MHz and UHJ 'MHz while its 

perlJlitt1vity is ·re1atively constant, between 1 kHz and l GHz. 

Its low .absorpt;ion loss at VHF/UBF frequeneies _ and the hiqh 

~egree of homogeneity which s~lt usua11y exhibits al~o~s 

sufficient 'radar ~enetr~tion to detect discontinuities, 

anhyd~lte zones, salt-cap r~ck boundaries and brine cavities 

in advance of mlning. Varying t,he frequency of operation 

al~ow$ the op~ion of changin~ the ~eSolution and probing 

distance t'o su i t local cond i t i ons. Un terbe rqer (197a) 
\ 

reports detection distances underground of up to 1488 metres 

.... u~ing~ a portable 230 MHz system with a 2'" kW pe~k power 

output. Stewart and Unterberger (1976), Unterberger (1978), 

Tar~ntolo and t!ntetbèrger (197,8) and Nickel!! alv. (1983) 

have" 'aIl developed and extens i vel y used -rada r systems 

underground in'salt, dames. Taranto10 and Upterberger (1978) 

~orked on a procedu!e for detecting flooded borenoles in 

advance of· underground mininq. Unterbergér \ (1974) 

considered tne posslbility of developing a laser radar (1-8 
111 

mlcrometre wavelength) four use t-n probing within s~ltt 

Nickel -et al. (1988j developed a 'boren01e refleetion sonde ---- ~ " .. 
for 10991n9 ~ithin salt domes. 

. . 
Radar has a1so been 

successful1y used~ underground in potash mines to map 

sylvite/anhydrite or sylvite/c1ay boundaries (Kyle et aL, 

18 , 
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1983). 
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The relative homogenei ty and' moderate RF losses of co~l 

allôw for use fuI radar -measure~nts ln eoal mines. Cook 

(i97S) measured th~ RF p'roperties' o,f freshly collected 

bituminous coa+ samples ~nd determined ·that penetration 

di~ances of the order~of 50 metres at ISO MHz were 

feasible.' Coon et al. (1981) detected refleetions ff-om -- .' 

targets buried wit~in 15 metres of ,coa1 at frequencies 
-

ranging from 2S MHz to 500 MHz. Théy were,aIso able to 

loèate a 15 centimetre diameter boreholè 6 metres withln a 
• ':> 

coel pillar. 

Fowler (1981) suqèessfully mapped c1~y veins'within 
... 

ooa1 pilla'rs and slliall .wate~-filled fractures a'dja~ent to 
,.' 

coal drifts using a radar system operating with a 350 MB'z 

eenter-freq'uency pulse. Refleetions vere 'obt~ined through' 

1'" met res 0 f coâl. Fowlér and" Ba,le (198",) concéived' a 

prototype syn~hetic pu~sed rad~r system w~~eh insiiad of' 
" 

transmitting a broadband pulse, transmits the frequeqcy'\ 
, ' 

spectrum' of sueh a pulse.' The technl.que promlsed, to combine, 

the advantages of pul.se and, eontinuous-\1I(~ve EM methods while 
. , 

exhibiting none of the limiti,ng features- of the r-espectlve 
_ '"t'. ~ .' 1 4 , \ 

systems. A transmission test showed that the prototype' uni,t 

could receive a ~ignal through ~O metres" of ,coal. 

Radar 9systems are currentlY being used in several 

engineering applications where _gr'eat pen~tratlo'n dlst~n~~s, 

are not necessary. GSSI (1981) manufactures a sur,face' radar 

system used for mappinq . sha'llow overburden features. 
b • a 

~ ,; 
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oyo Corpora'tion ,(1984) manufactures a sinHIia~ ~y.stem. Both 
, , 

s-ystems have·a center frequency of 129 MHZ. X~dar (1981) 
), , ,', 

./ 1 1 1. 

manufactures the synthetic-pulse ra4jar system, describe,d 

, above; which c3~n ~e adapted to surface o'r underground use. 

A~Cubed (Davis et al., 1984a) manuf.actures, a" portable, .......... , 

ground p,ul-sed' radar system •. 
~ l l' 1 f 

Rossiter.!!!l:.!. (1975) 'used the radio interferometry 

t~chnique develop'.ed- by Ann~n (l97 3)' to 'est i mate d epths' and 
, ... 

per'mittivities~ of dielectric 1ayers 'in an ice ~ield. Owen 
.t 

and Suhler (1989, 1981) deve~oped a dual borehole pulse 

pr;opa9ati~n system to detect soil sinkholes and solution .. 
cav i ties in karst terrain. 

, ,surfa~,e radar h~s been used to map ground water flow 

(Davis et al., 1984b) and soil str~tigraphY (Davis et al., 

1984a)... Bo reho 1 e rada r has been us ed in hyd r olog i cal . ' 

" " " studies to detect voids anc:l' f~actures' (Davis' et al., 1984b) • 
. , . --

Moffatt and Puskar (1976) developea a~ underground radar t'q 

detect' voids and faults in so~t-rock ,envirpAments. \ ' 
\\ , . 

Wright !Î, al. (1984) ,develo,ped a borehole radaf which 

Is. used in testing for structl,Jral features and 

Inhomogenei~ies ill rock- masses proposed as nuclea~ wastEJ, 

disposaI sites. ' 

Jezek (1985) used the Scott polar,resea~ch Institute 
" . 

(S.P.R.'I.), Mark II r,adar ta' ,map. th~ de's'c,ent of ,boreholes in 

g~ac~ers .. A passive radar target was lo,ered down the, 
. 

borehole and ~rack~d fro.m three $urface radar stations. The 
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r,esu'lts from the radar measurement.s wece fou,nd to be ln good' 

agre.ement. with the borèhole geometry as detëqnined from a 
, . -

- conventional Incl ir'lometer sur"veo'f •. . ' ( , 

Pulsed 'radar Das been{employed 'as a mapping. too.l in 
.;1' 

archeological studies •. ~Ql~hi,n 'e~ ai. ~1974) devel~~ed a 

portable system for locating underground 'cham17ers. Dolphin 
~ 

~ 

et al. (1978) used an improved version of the!r original 

radar system to probe' an ,ab<andoned'and'partiùally caved-i'n 
, " 

, -mine working' rro~ the, surface. ' 
, ~ , c ~ 

The, relatively low absor.ptl,on rate of electrom~gnetic 

energy .im permafrost makes ft a, su.i table cand id'ate for radio 

frequency EM work. l m p u J s e r ~ d a r ha s b e e n u.s ed in 
J 

pe'rrita,frost mapping (Annan and Davi~, 1976; Judge, '1985). 

, . Annàn and Davis (1977) have compilee'! a l~st of radar 
• 

ranges and performànC& specificati.ons for the radars . .. 

described in the literature ~p to tnat time. 

1.2.3 Continuous ~ave ele~tro.a9netics, 

,Co~tinuous-wave JaF/UHF el'ettromagneti~s has be~n .. used 

cO~'siderahly les~ in g:ophY,sics than'pulse~ ra~ar •. Thè:.e 

are currently no commercial manufacturers of VHF/U'HF 
~ 

corftinuous-wëtlve 'EM geophysical. eQ4ipment in North Americâ. 
, , 

Ail systems d1scussed thus fâr ~the lit.e-r~tur~ have been 

, . 

.- " " .. 
~ ~developed by, the aut'hor~ for a spc;!clfic task. The Russia'" .. 

, 
radio-wave absorpti~n technique ,(Buselli, l'98ra)' has 'been 

lised in thé Far Ea.st and Ea~tern, Block co"unt'ries •. The IV 

" 
method consists of measuring the decay of the field from a 

" 
Il 

. , 

, . 
" 

r 
! 
1 
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dipole antenna and comparing it to the theoretieally 

ealculat,ed field decay in free space. Kaspar and Pecen 
p 

(1975) developed a three frequency (2, 5, 8 MHZ) system to 

detect c~ves in a karst' environment. Rao and Rao (1983) 
" 

used a 1 MHz underground radio-wave absorption system in a 
\ 

eopper mine. 

Many ef~ihe c~~tinuous-wave EM surveys deseribed in the. 

1iterature were condueted to measure the e1ectrical 

properties of specifie materials. Examples outlined in 

section 1.2.1 above include, Lytle et al. (1976), Grubb et 

al. (1976) and Lytle and Lager (1976). The . lat t'e r 

researchers investigated the possible modes of propagation 

between an undergf,.0und transmitter and receiver, operating 

between 3 and S~ MHz, in a system of interconnecting 

veh icular tunnels-:--' Tsào and deBet tencourt (1968) measured 

the rel â t i v-e - r e"c e ive d sig n a 1 s t r e n 9 th s , a t V L Fan d L F 
< 

fre9uencies, due to the through-rock and up-over-down 

~agation paths
c

, between a- trans'mitter and receiver lowered 

down two widely separated boreholeS. 

Renewed interest in eontinuous-wave EM systems has been 

enc~Uraged by the ~eed to solve the problems of radio~ctive 

waste disposal. ,Several groups in North America are , ' 

currently involved in studies into RF geophysical techniq~es 

for use i~ d~terriiining thé structural integrity of a rock' 

masse Likewise the use of-RF techniques in advance of 

mlning 15 generating considerable interest. 
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1.3 Outline of the, thesls 
.fI 

~ollowin9 in chapter Z we sh~ll develop and discuss the 

necessary' theory of VHF-/UHF electromagnet.iés. The 

e l e c tri cal . pro p e r t i e s 0 f il'a t u raI e art.h mat e ria l s are 

examined and the theoretical rates ~f absorption of 

electromagn,etic energyr;,or several comm~n, materia~s are· 

calculatèd. The effect of tl}e conductiv1ty, perll!ittivi ty, 

permeability and operating frequenèy on the absorption rate 

of a ma.t:erial ls examined. The problems of Impedance 

matc,hing and reflect ion, refraction and diffraction at the 
) 

air-wall rock inte.rface ls disèussed. Methods for the 

processing of continuous-wave transillumination data are 

examined. r 
~. 

, In dapter 3, we discuss the continuous-wave 

~_~ntation developed by previo.us researchers and 

describe the instrumentation which has been conceived and 
\' , ' 

'. d~signed for 'the purpose of' this research.' The performance . , 

characteristics of the instrumentation are discussed. 

'in chapter 4, we diseuss.the desired characteristlcs of 
./' 

a test surv~y area and the layout and Eeology of the test 

?area chosen, the Big Nickel Miné iri Sudbury, Ont'ario. The 
( 

results of the two field seasons are pr':.,sented and 

discussed: Approximat~ effective condu~t!vities are 

~lCulated from ~he mèa~ured absorption rate data. 

l n, cha pte r 5, we d e a 1 w i the 1 e c tri cal pro p e r t y 

measurements of rocks. 'The tec~niq\ues ~or 1;.aking 'oC .ai1(~ AC 
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resistivity measurements ar~ examined. The instrumentation 

for conducting De resistivi~y and AC eff,ective resistivity 

and permittivlty measurements on core samples ls prjSénted._ 

The limi tations and potential problems asso'ciateQr- Yi th the 
.-~ 

tec~niqu~s are examined. The res~lts of measurements on 

severai core sa~pIes collected in and around the 
, 

transillumination fi~ld-survey site are presented. The , 

results are compared with the caiculated resistivities from 
.. 1 1 ~ 

the t rans illum'! nat 1 on s'Urvey' and the resul ts 0 f prey 10us 

researchers. 

In chapter 6, we present the conc1.bsions derived from 

this ,research work, offer recommendations for further 

research on the subject and make the~necessary claim for 

original1ty. 

,J 



( 

". Chaptel' ,2 . 

'l'heory 

2.1 Piane lave analysis 

The theory'of)eleetromagnetie 

upon Maxwell's four equatlons: ' 

'V'D = p 
',1 

'V'S = 0 
,~ 

'V xE a - aB/a t 

v xH""' J + a DI ôt 
, 

\ 

. 
wave propagation is based 

, 
(Coulollib's La\() (2.1.1) 

(Gauss' Law) (2.1.2) -, , 

(Faraday's ,Law) f2.1.3) 

CAmpere's Law) (2.1.4) 

The expr,essions for an eleetromagneti'C wave propagatinq in " 

linear, isotropie, homoqeneous and sta~ionary mèdià, derive' 
l 

, \ 
directly from these equations. Ab~ve and follo,wing , ·the . 

, 

not~tlon used in developinq the basic th~pry ls: 

D III eleetric d isplaeement' ~ 
, . 

B • eleetrie f·leld intensit.y 

B III magnetie indueti'on 
~ 

"'''u'_--:' B = mag.netie field intensity 

J III electric current density 

:If - free electrlc current densi ty. 

a~ - fl'ee charge densi ty. 

- E • electric'permittivity 

EO a perm! tti vi ty of fl'ee, space 

17 

'(cou1omo/metrè 2) 

" 
(volt/metre') 

.q:esla) : 

(ampere/metre r 
. 

(am,pere/metre 2 ) 

, (ampere/metre2 ) 

(couloa:tb/metre 3) 

(farad/metr.), 

1 (farad/iletre l .. . \ 

, 
1 

1 
1 !, 
; 
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Ke: = relative permittivity 

~ = magnetic permeabil~Y 
~o = per~eability of ftee space 

,. -
K~ = relative permeability 

cr ,. condOctivity 

p = resistivity 

W = anqu1ar frequency 

j • square root of neqative unit y 

(henry./metre. ) 

{h~nry /metre } 

.: 

(Slemens/~etre) 

(ohm-metre ) 

(radian/second) 

The m.ter~a1 pr~perties of-the mediim determine 

relationships between various of these vector fields in 
... 

Maxwell l s equations; in 1inear, homogeneous and isotropie 

media 

o := e: E H = BI. Il J ,. crE 

where e:, cr and· 11 are scalar constants. 
1 

Invokinq the above conditions equations. 2.1.3 and 2.1.4 

can be rewritten as: 

v xE,. -)(ô B/a t (2.1.5) 

. ·'(2.1.6) 

\ 
Ta,king the cu rI of (2.1.6) and substitutiQg the result in . 

. (2.1.5), the wave equations for E' and H are derived: . , 

Por sinusoidal fields these equatio.ns <ibtain 

v2E - j wlIcr B + w2.Jl€ E ,. " 

18 
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--- V2B - j t.ù1l0 B + oo21le: H .. 1iJ. 

The second and thi.rd terms represent the electrical 

conduction and,d~splacement terms respectively. The free 

charge denflity in' a linear and isotropie medium can usually 
\ 

be ass,umed. te be zero, llnder the cond i tions 1 ike1y to be met 

in any concei vable geo109 ic 'me<! i um" as any i mposed charge 

density m~st decay fairly'rapidly (LOr~ain and ~orso~ 
197") • Apl an e wa v e i sV';Jd e f 1 ne d as 0 n e in wh i c h t~ ~ 
direction of propagation ls everywhere the same and the 

ampl i tude is constant a10ng any wavefront. The vectors 1 

and B are transverse te the propagation directionand are 

orthogonal to one another. In the case of a 1inea-rly 

polarized wave propagating in the positive z direction, with 

E· di rected alo"ng the x-axis, the' solut ions to equatioAs 
"~ 

2.1~and ,2.1.1B are 1 

E :r E oexp(joot - yz) 1 (2.1.11) 

~B :1: H aexp(j oot - yz) 3 (2.1.12) 

where y is defined as the complex constant of propagation., 

y2,. j WOll . + ,.f oo\Ie: . 

(l.l.13} 

Pigure 2.1.1 illustrates the case of a plane wave. travelling 

tbrough a conductive mèdium. In free ~pace the 1 and. the B . . ' 

fields, are in phase. 

y is generally a complex functlon of the 

1 " 
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eléctromagnetic material parameters (J , &: and II and the 

frequency, w, of form:- '.-

y = a + je 

Èquations ""2.1.11 and 2.1.12 can th en bé rewr i tten . ~ 

B • E exp{j(~t - BZ) - aZ} i (2.1.15) 

,. 
ft .. H exp{j(lIlt - BZ,> - az} j 

Thé amp1i~udes a~d phases of the fields are control1ed by 

the e~ponents az and Bz respective1y. ,a ls the attenuation 
.... 

facto~ expressed ln nepers per metre afid 

factor expressed in radians pe~ metre. 

Bis the phase 
~­

Examination of 

equatlons 2.1.15 and 2.1.16 indlcates that, 1Qcally the 
~ 

, -ampl i tude of a plane electromagnetic wave ls d~pendent upon 
't ~ .! 

a and the phase Is dependent upon 6. 

The vector cross produq~ § =BxB points in ~he 1 direction 
, -, 

of propagation. The'total outward -flow of energy per'unit 

tlme through a surface is 

p .' ff § 'ds' . ' (2.1.17) 

§ , la commonly called the poynting vector, da-s·n where n ls 

the unit normal to the surface." The real average 'powe~ flow 

through-a surface Is 

PA" - (1/.e fI § # da • (2.1.18) 

" 

28, -
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2.2 Absorption of electro.agnetlc r.dlation 

The major factor limiting the widespread use of radio­

frequency (RF) waves in geophysics is the high rate of 
. 

absorbtion of their energy in most natu~al earth materials. 

Tbis limits their effective penetration and thus their 

usefu1 geophvsical ·p~obing distance w• Tbe attenuation and 
"II 

phase factdrs, of si nuso Ida! plane el ectromagnet le waves 

travelling tbrough linear, isotropie, homogeneou's and 

stationar~ media are desc~ib~d by the real andimaginary . 
compo..nent.s, of the comp'lex prôpagation consta'nt • The 

a,bsorption rate of eleetromagnetic waye's sball be defined as 

equivalent to, the attenuation factor •. Taking lnto account 

.the comp1ex nature of tbe conductivity, permittivity and 

permeability the propagation constant can be «~pressed as: 

(2.2.1) 

where: 

• e (~ ~ • ~ ... e() ,. j ",'" and. e() ',," 11 =- JJ 1.111 :II, JJ + J U " E:. E: 1.11 - e; +... a =- 0 1.11 =- .a+ .J 0 .', ~ 

The resistivity ls defined as, 

pe(trJ) _," 1/0-(1.11) ap'" - j p'" 

separating y into real and imaginary eomponents: 

a • 1.11..' ~'{ (1 +' tatt. )tî - 1} 
2 

B • 1Jl..' ab{ (1 + tari. )Pi + l}. 
'2 

where the 1088 tangent oC the medium 18 deflned .s 

21 
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, 
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, and 

. '" 

a • 

b • 

c • 

tan, ~ c/b 

1 

.r' (à' 1 (1) + e:"') 
, 

+ J.I ( 

, f- , 
l.t( -li (e:- <1 III) + 

(2.2.4) 

(2.2.9) 

; " e:+ ~/(I):) (2.2.6) 

, ~ 

E - a/cl).) • (2.2.7) 

In the simplest case, setting ~he Imaglnaty components 

of the'electromagnetic material parameters equal tO,zero; 

equations 2.2.2 Ac 2.2.4 reduce to: 
\ \ 

a .. 111,1 ~{(l + tan!, }'&- 1) 
2 ----.... 

'/ > tan,.. a idE' 

(2.2~8) 

(2.2.9) 

• (~.2.1") 

Equation "6.1I:J is the standard deflnltion of the 10ss 

tangent as found in the geophys;'c"al literature (Wait, 1971). 

The skin d~pth Is defined as that distance ab which the 

field amplitudes are reduced ta lIe or 36.8' of their 

original values. Equations ~.l.lS and 2.1.16 indica~e tpls 

occurs at the depth z ~ cS sa that: 

a·ô • 1 
01' ~ 

cS. 1/. a • (2.2.11) 

where cS ls the skln depth in metr~s and a Is measured in 

nep.rs per )metre. At one skin depth the attenuattbn la 

equiva1ent to -8.686 decibels (dB), that Is, one neper Is" 
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eq~al ,to 8.686 dB. 

defined as 

The abso'rption 1088; in d.C'lb~18, 15 
~ 

(2.2.12) 

where r ls the dl .... stanc~; ln metres, traversed fn a medium of 

attenOation factor a • 
.1 

. ,A plane slnusoldal waveform can De described by 

x(t) :II x oexp j (wt - kz) 

{ . (t t!z)' .~ } • x oexp J w -" ... KZ !>, 
l" 

(2.2.13) 
o 

w~ere k :II k' • :}k .. 1s the. ci rcu1ar wave number. The ptt.se 

ve10citv 15, then 

v .w /k 
, . ' (2.2.14) . 

and the wave1èngth ln the medium, ., 
À 

-+ 
- 21r/k • (2.2.15) 

In·comparlng (2.2.13) to elther (2.1.11) or (2.1.12) ve 

flnd that 

y - jk 

and· that 

v - 'w/ s 

and À • 21r/ 8 • 

In free 'çace equations 2.2.17 and 2.2.18 redl:lce: 

- v - 1/ le01JO • c .. 
-and 

23 

(2.2.16f 

. (2.2.17) 

(2.2.18) 

(·2.2.19) 

(2.2.21) 
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- where dOis the spee~ of 11ght. The index of-refraction n • 

c/v. In a Ilnear hOlbogenous, isotropie and statlonary 

Iledium, 

n = c B/w c c 11b{ (1 + tar? ), + 1} 
2. 

• (2.2.21) 

Equation 2'.2.2 shows that the "rate of decrease ln the 

field amplitudes Is strong1y dependent up~n the 10ss tangent 

of the medium. In the simple case, showJ:l by equations 2.2.8 

to 2.2.11', the 10ss tangent Is a funct Ion 0 f E, (J and li. A 

more genera1 solution for a and 6,can be derived by making 

the simplifying<assumption that ~ = 8, whlch will be the 

case in most instances (Olhoeft and Strangway, 1974). 

, Equatfons 2.2.2 to 2.2.4 then reduce to: 

a (2.2 •. 22') 

tan tP =. '" ~ cr -w: (2.2.24) 

The fo11owing ana10gy can then be tarten in comparlng 

equations 2.2.24 and. 2.2.HIJ: 

or 

'" IY a -'c&) E: 

, " e: f = E.,. o/w , e !2.2.26) 

• (2.2.27) 
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Equ~tions 2'.2.25 and ,~.2.26 define resp.ect'ively" the­

eff'ectivè conductivity and 'effective per-mittivity. The 
• v ~ • ,. ... 

'\ " = 
dielect~ic - conductivity and the eohductive permittlvit~ are 

• .J r ~ \ • ' .1 ~ .." 

respectively defined as ! , , 

'(,2.2, .• 28) 

. , , ' . . Y : 
and ~ S (2.2.29) 

imagina ry componènts '0 f tl:1e 
o ' 1 

At any one .freQl1éncY t~lf~ 

per~ittivlty and coriductivlty masqueiade ~s ~ rea1 

conduefiv~ty '~~d permlttivity res~ectively. 'T~e measured 
, . 

, ~t" 

values for c9nductlvity and p~r,mit:-~ivity found in' the 
• • t ~ 

11terature are usual.ly, in fact, th~ 'effective co~uctiyity. 
, 

and effective permittivity r~spectively. In aâdition the 
." t 

, -'- -
effective permittivity measuremerit is generally only valid 

If,t~e permeabilitY~f the mat;erial-' ts 'eq~iva'lent t~'that'_o'~ . , 

free space. , , Current geophysical', theory describes' the -

conductivity~ permittivity and permeabi~ity as freqUenc y-" 

dependent, com~lex-valued parameters of a ge0109ica1 

material. That is: 

, '. -( E:,::E: lAI) and - IJ-: Jl- (lAI) ., 
.. 

The separation.of measured permitti~ity and conductivity 
r 

values 'into their c~mplex frequency dependent componen~s .1s' 

~xtremely difficult and can ~nly be achieveJ by ass~min9 4 ~ 
. 

(geo) p~ysical model fo'r the! r behav1"Or and s'olvi·n, th. 

resut'ting • inverse" problem '(Barany!, '1984) .. 
. . ' 

Equations 2.2.22.to 2.2.24 can be rewritten' as: 
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{q + tarflj) {" ,-: Ù ·(2.~.31) 
, , 

, " 

, 
(2.2:.32) 

" ( 

2.3 Absorption of, e'lect,ro_agnet'ic vaves in co •• on earth 
_aterials 

The rate 'of 
" ' , . j' , . 

absorption of ~lei::tromagne'tic waves, in vnal 

mat e ria 1.5' 
. . ~ 

b e de ter min e dei the r th r 0 u 9 h , d ir-e ct 

ine~surem~nt' or' by caicul~tion of the attenuation factor, Cl. 
, , ' , , 

"The direct 'method 'involves meas~riog the reduction in signal . . ,. . 

level of an electromagnetic wave as it traverses a known 

distance of 'material., Thisis, in fact, tpe ~ost a-ccuratè 

method of 'measuring the absorption rate and 15 ,the approach 

ta ken in t'he' autho,r's field 'fork. ,Ap in-situ fie,ld 
- ' 

measure~ent is best as pulk s~mplis measured Jn the 

1 ab 0 rat 0 r y c a n 'S u f fer aIt· e rat ion i ri the 'p roc e 's s 0 f 
, , 

• ~ ~ '~f 

transportation. Furthermore, the 'measure oÎ a small' sample '}' . "'. ' .. 
cannot easily be e~tendëd to larger volumes of material. 

, , 

The calculation technique 'requi~es that the electrical 

parameters of the material be known. The rate-of absorption 

. of electromagnetic waves depends QPon ~~h.~;, el~'ctr iCl)1 . 
pr-opertJes of the medium ~n wpich ttlE~vare,p~rq,paq~atil)g~ 

E,amination of equation 2.2.8, 'above"indicates that th~ 
_ f 

u. ~ 1 . 
a,tten'uation l~acJ'or (and thus the .. absorption" rat;e) alto any 

.. ~ \~ 

frequer)ey ls 'li ,.funetlor. of the !>erm.~bitity, !>.r~~lvltY 
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C9tlductivi ty Permittivlty 
a (5/,.,.,) , 

KEr -
Material r'ange,,' average range average 'r e fer. 
------------------------~-----~~-~---------------~-------~---- . -

-5 -2 -3 
b Permafrost 10 -10 .5x10 4-8 1 

Fresh -4 -2 ~3 ,~ -sf wat,r 10 -3x10 4.85x1,0 1 

Clay, wa'ter .1-1 .45 8-12 ~0 1 
saturated 

Sil t, 
-3 -2 

water 10 -10 • ~45, 10' 1 
saturated Q 

"1> , -8 
(dry> 

, 
Granite 10 5 l 

Limestone 
-9 

10 7 l 
lJ 

Sea water 4 81 1 

Air 0 1 2 
-4 

'3 Ice 4.8x10 3.2 
<> 

Snow 
-5 

2.4xH' - 1.2 3 

Sandy soi 1, dry 
-4 

[4.27x10 2.55 °3 
0 ~ 

"" Sandy 50 il', 
-3 

1.09xHI 2.5 3 
2-18% water 

-~ 

.!f -4 
Clay soi} , dry 7.98x10 2.38 3 

! .... 1 
Clay soil, 1. 74x10 20.0 3 
20% watèr 

dry -'-4 
Loamy soil, 2.69xH' 2.47 Il 3 , \ .. 
loamy soil, 5.36xil 0 20.0 3 
13% water 

Ref~rence: 1 Morey (1974) 
2 Lorrain and Corson ('1970 ) 
3 Von Hippel (1954) 

Table 2.3.1 Approximate electrical conàuctivities and, 
relative pe~mit~ivities oflvarious common materials at 
VHF;UHF frequencles. . .. 
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ROCK TYPE a Ki TAN 8 ABSORPTION 
( Sin!) ( clB/m) 

------------------~--------~----------------------------------

ANDESITE .S10E-03 5.1 .400E-02 .370E+0" 
ANORTHOSITE .136E-02 6.8 .800E-"2 " B 55E+0," 
BASALT .401E-02 8.9 .180E-01 • 2.20 E+0 1 
BASALT .601E-02 8.0 .300E-0l .348E+01 
BASALT, AMYGDALOIDAL .252E-02 7.2 .140E-"l • 154E+0 1 
BASALT, HORNBLENDE .21BE-02 6.7 .130E-"l • 13BE+0 1 
BASALT, LEUCITE-NEPHELIN~ .144E-02 5.6 .103E-"1 • 999E+0" 
BASALT, OL'1;VINE .345E-02 8.1 .170E-0l .1i:E+01 
BASALT PORPHYRY, OLIVINE .328E-02 8.2 .16BE-e~;~ 8E+el 
BASALT, THEOLEIITIC .216E-01 9.6 .900E-" .114E+02 
BASALT, VESICULAR .2gBE-02 7.0 .170E-" .l84E+01 
GABBRO, BYTOWNITE .3S0E-02 7.0 • 200E-0 1 • 2l7E+0 1 
GRANITE, ALKALI .442E-02 5.2 .340E-0l .31BE+0l 
GRANITE, APLITE .247E-02 5.2 • 190E-lin • l 7BE+0 1 
GRANITE, BIOTITE .946E-03 5.4 .700E-02 .666E+00 
GRANITE, GRAPHIC .S00E-03 5.0 .400E-02 .366E+0" 
GRAl.TITE, HORNEBLENDE .lS0E-02 6.0 .100E .. "l .l0~E+0l 

GRANITE, PORPHORITIC BIOT .15lE-~2 5.5 .1l0E-0l .l~6E+0l 

OBSIDIAN J .22lE-ell 6.8 .130E+0~ .139E+02 
OBSUJ'EAN .184E-~2 5.5 .134E-01 .129E+01 
PERIDOT):TE, MICA .S10E-~2 6.0 • 340E-0 1 .341E+{iH 
PERID0TITE, OLIVINE .lS5E-02 6.2 .100E-01 • 1~2E+91 
PERIDOTITE/SERPENTINE .lS0E-01 7.5 .8.0,0E-01 .B97E+91 
PHONOr,.ITE .488E-02 6.5 .-;30'0E-0l .3l3E+91 
PUMICE .438E-03 2.5"- • 700E-"2 • 453E+9" 
RH~LITE .127E-02 3.4 .lS0E-01 .113E+01 
SERPENTINE .333E-02 7.0 

, 
" 190 E --0 l 

. 
.296E+01 

SERPENTINE .176E-02 6.4 .1l0E-0l .l14E+91 
SYENITe, AUGITE .l00E-0l 8.0 .500E-0l .5·79E+01 
TRACHYTE .325É-02 5.0 .260E-0l .23BE+91 
TUFF" GREY .916E-02 6.1 .600E-01 .697E+01 
TUFF, RHYOLITIC .S40E-03 '3.6 .600E-"2 • 466E+0" 

1 

TUPF., SEMI-WELDED .716E-.03 2.6 .1l0E-0l-- .727E+0" 
VOLCANIC ASH .596E-02 3.4 D .700E-"l • 52BE+01 
VOLCANIC ASH SHALE .203E-02, 2.7 .300ë-01 .292E+0l 

0 

Table 2.3.2 : Approximate electrical conduçtivities and· 
relative permittivities of various common rock types-at 
450' MHz (after Campbell and Ulrichs, 1969). 
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FREQUENCY (MHz) 

1.000 U.909 190.989 300.9"" 19BB. """ 
----------------------------------------------------~----

permafrost 
.28230+00 .33310+00 • 334BO+.." " • 33410+"" • 33410+"" 

fresh water 
.88960-é1 .88190-S1 .88190-S1 .88190-"1 .88190-81 

fresh water saturated clay 
.11570+02 .36390+02 .10890+93 

fresh wat'er: sat:urated sil t 
.36390+01 .1"890+02 • 21780+02 

granite 
• 7 3190-8 5 

limestone 
.61"860-86 

sea water 
~ .366S0+S2 

air 
· '''''H!J 0+,,,, 

ice 
.31550+8" 

snow 
.)05310-01 

.73190-05 .73190-0-5 

.61860-06 .61860-06 

.11520+"3 .34830+03 

.43530+00 .• 43910+(lJ0 

.35850-01 .35850-01 

.16730+"3 .21780+"3 

• 23880+82 

.73190-05 

• 61860-06 

.54790+S3 

.8 fU,00+"" 

• 4 3910+S" 

• 3,5850-" 1 

• 23270+"2 

• 73190-"5 

.61860-06 

• 7 449'''3 

• """" 0+0 " 
, 

• 4 3910+"" 
/ 

• 35850-91 

sandy sail dry " 
.39300+00 .43280+00 .43760+0" '.43760+"0 .43760+0" 

sandy sail 2-18% water 
.53410+"S .1S510+01 .11160+01 .11l70+S1 .11170+0·1 

Clay soil 2'" water 
.11780+01 .22050+02 .• 53280+82 \ 
, 
clay soil dry 
.449~0+00 .81310+"" .84610+0" 

1oamy'soil dry 
• 2215DHHJ ~ .27880+8" • 28"10+0" 

10amy sail 13% w~ter 
.3955D+01 .1.1400+02 .1910DHJ2' 

11 

.61730+"2 

, .84650+S" 

• 28" 10+0" 

.19550+92 

• 6 3480+""2 

.84650+"8 

• 28" 10+0" 

.196iOHJ2 

-X:able 2.3.3, Absorption rates (dB/m) for the mater'ials 
.listed in Table 2.3.1, at variouS VHF/UHF 
frequenc i es. 
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. 
L I/'IESTONE 1.00031 SANDSTONE 1.00038 
SHAlE 1.00063 QllARTZlTE 1.0044 
&RIVurE 1.0025 GABBRO 1.075 
BASAlT 1.075 AllDESnE 1.167 

. COAt. 1.00003 ROCK SAlT 0.99999 
GRAPHITE 0.99989 PYRR!tOTITE 2.57 
M61ETITE 7.2B 

TABlE·2.J.4 : 'RELATIVE PERIEABILITIES Of VARlOUS ROCKS AlI) "i~RAl.S. 

, ' 
1 

FREWENCY .100E+03 • l00E+O~ .IOOE+O~ .IOOE+OII .100E+07 .luOE~8 .300E+09 ~ 300E+I0 .1001:+11 f· 
SMDY SOIL QRY 
caNDUCTIVlTY' (~ • 373E-09 • 129E-Q7 • 520E-07 • mE-Oô .245E-05 • 227E-04 • 425E-03 .26«-02 .506[-02 , 
PERltI TTlVlTY . 3.420 2.91C 2.750 2.h5O 2.590 2.550 2.5&0 2.550 2.S30 
lOSS TAMSEIfT • 196E+OO .800E-OI • 340f.OI .200E-Ol '.170E-01 • 160E-() 1 .IOOE- 1 .1I20E-02 • 360E--02 
.ABSORPTION (dB}I) .328E-OS • 1 =.(E-u~ • 513E-ù4 • 296E-03 .249E-02 • 233E4I1 •• %E+Oo. . 270Etùl " .S21E+Ol 

SANDy SOll 2-181 !lATER 
CQHDUCTlVlTt (SI .. } .11SE-07 • 1 91E-07 • nse-07 .417E-Qb .348E-05 • 348E-()4 .108E-02 .125E-Ol .904E-ol 

, PERlfITTlYIT'f 3.230 2.720 2.500 2.500 2.500 2.500 2.500 2.500 2.500 
..,. lOSS TAI/SENT .640E+OO • 1 Jt)E+OO • 560E-oi .300E-Ol . 250E-Ol • 25OE-0 1 .260E~1 .300E-OI .OSOE-m 

AISORPTlON (dB/I) : 1'.)uE-04 .195E-04 ' •ao6E14 .·mE-OS • 360E-;02 • 360E-ùl • 112E+Ol .130E-+Ù2 .935(+02 

UlM\' SOll Mn 
COMDUCTlYlTY (SI",) ; 11 9E-$8 .787E-08 .524E-07 • 434E-06 • 253E-05 .1il3E-04 • 268~-IJ3 • 448E-OJ .11/OE-02 
PERftHTlVliv J.u60 2.930 2.090- 2.bOO , 2.530 2.480 ·:.,HO 2.-4"0 2.4-40 

,LOSS TAIGENT .700E-01 .500HI • 3~ùE-Ol • ~OOE-O! '.lBOE""Ùl • 1
6
0E-ol .050E-02 • livE-OZ .140E-01 

ABSORPtION (aa'il .111E':05 .7biJE-05 • 5~3é"\l4 • HOE-1J3 .2~lE-(j2 .2 IE-'Jl . 279E-+fj(j •• 69E+lJO • 199E+ÙI 

CLAY SOIL DR\' • 
"t COfiDUCTlVITt (S;"'J • 31ôE-oa • :b~E-07 .21BHb • ISSE-oS .929E-05 :543E-Q-4 .7Q4E-'JZ .508E-02 .15bE-01 

PERltITnVITV . / 4.730 " 3.HO 3.270 2.790 2.570 2.4.w 2.3ao 2.210 2.1bO 
LOSS TANGENT • 120E+lJ0 • 120EtOO ; 12ùE+oO .100E+OO • 650(-U1 • 40u(-01 .~OOE-Ql . • 15OE-Ol .tJOf-ol 
üSORPT.lON (dB/Il • 237E-05 .216E·04 • 197H3 • 1 52E-02 • 948E-(j2 .569E-Ol .S43E~O .b.l7E"1)1 • 174E+4l2 

FREmlE'HCY , _ .1QOE+(Ib .100E+07 .101)E+08 .1t10E+09 .3û~+Û9 .~fjOE+IO .IOOEt!1 • 251iE+1l 

IlATER 1.5 C 
coaOOCTIVITY rs 1",) • 919E+OO .9;9E+00 .968E+00 .3l9E+02 • 462E+Ol .4IlsE+QS • 218E+Oô .8BôE~5 ., 
P~ITTIYITV . 87.i>Oû 87,\100 87.00t} 87.000 86.500 80.500 je. ·)00 15.000 

t/t-,f' 

lOSS TAll6iNT ~190E+ô4 • 190E+ol .2OOE+02 .700E+02 .3iOEt03 .310E+04 .103E+05 • 425E+04 

·f AISORfTlIIN (d/ll • 523E+Ol • 165E+02 • 524E+02 .99BE+03 .6 lE+()4 .19JEtù6 .805E+O& .811E+06 · 
lMTER 25C 
COIDUCTIVITY <SJw/ • 174E+OI • 1 14E+Ol ·.200E+OI • 217E+1>2 .207E+()3 .20IE+05 .165Etfjô .12~E+06 
PERIt ITTIV ITY 78.200 7a.20G . 78.200 78,000 77.~OO 76.700 . 55.000 34.000 
LO$S URGENT .40OE+04 .400E+03 • 460E+02 .500E+02 • 160E+03 .157E+04 .5.(0E+{I4 • 265E+O.( 
AlSORPTlON '{dB/ll .nOE~} • 227E+02 .7&4E+02 .796E+(IJ • 429E+04 • 134E+0& .702E+06 • 96bE+06 

, 

" TABt,.E 2.l.5 ABSoRPTloH RATES FOR cmt~. SOI1~ AND WATER AS CAlCULATED F.R0It THEIR ruCT~CAl PRQPERTIES. 

( . . \ . . .' ~ 
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Frêquency (kHz) 1 188 18,8"" 
, ' 

------------------~-------~-------------~-----~------~---

'l'able 2 .. 3.6 Laborato ry Ileasured cond ucti v i tles and 
peril 1 ttivi tles of 9uni te 'rock s~.p1es as a func.tion of 
frequency (after 51111 th-Rose, 1934). <:. 
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and 'electrical conducrtivity of the medium of propagation. 
1 

Glven measured values of the above three electrical 

parameters, for any material, one can c:alculate the 

absorption rate of elEtetromagnetic waves in that material 

medium as a funetion of frequeney. Tables 2.3.1 and 2.3.2 

are a compilation, from severaI sources, ,of measured 
Cl 

electrical conduetivities and permittivities of common earth 

materials at radio frequeneies. The eleetrieal paranieters 

listed in Table 2.3.2 were measured at 450 MHz. The 

measuring frequencies for the data listed in Table 2.3.1 are 

unavailable for the data from Morey (1974). The absorption 

rates for these materials, at several frequencies across the 

band of interest, are caletllated from equation 2.2.8 and 

.\ 1 isted iln Table 2.3.3. 
' . 

Several a-ssumptions have been made 

in this calculation •. 

Fi rst" the permeabi 1 i-ty in each case is: assume'd to be 

equal to that of free space, ~o. This is gene~ally.a valid, 

~umPtion for Most common geolog ic materi.als. Table 2.3.4 

lists the value of the relative permeability, !Cl-" for 
, 

sever al suéh ma t.er ia ls. 1 Note that for Most ma ter ials 

listed, the relative permeability does not differ 

significantly from that of free space. No attempt has been 

made ta decompose the permeabilities Into their eomplex 

valued components. 

Second, the measur'ed electrical c6nduetivities and 

permi ttivi ties 7"1 isted in Tables 2.3.1 and 2.3.2 are -assumed 

to be real valued. Given a real ~alued l>ermeability, the 
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imaglnary component of the conductivity or permittivity wIll 

be reflected in the real compone,nt o~ the l'other as dlscus..sed 

ln section 2.2 (equatl'ons 2.2.25 to 2.2.29). , 
, , 

Thlrd, ,the' electrlcal pa'tameters llsted ln .Table 2.3.1 
• .' "'-, i) ... 

are assumed indepen~ent of frequency vithin the VBF/U~F 

band. This Is nat necessarily the case hawever. Saint-Amant 

and Strangway meas~~ed the electrIeal paralDeters, as a 

fune,tian of frequency and temperature for dry, powered ~~d 
, , 

sol id rack $amples. Figures "2.3.1 and 2.3.2 show curves of 
'1 '. \ • 

relative 'permittivity an.~ loss tangent versus frequeney for 
, . 

solid basaIt and granite samples respectively. The 

permittIvl"ty ls relatlvely Independant of" frequeney between 

l8S Hz and 1 MS; far samples ~easured at surface tempe rature 
• 0 

(21-32 Cl. The conductlvlty, as calculated fro.,the ~oss 

tangent, deereases wlth increaslng freqQency. Von Bippel , 
. . , 

(1954) has complled data on the measured perml,ttlvlties and 

loss tal)gents, for variaus o'rganic and "inoI"ganic materials, 

ln the frequency range li" Hz ta 19 GH·z. Table 2.3.5 
, . 

summarizes Von Hippels data 'for those materlals which are 

geophysically In~eresting. The eonduetlvltles are (alulated 

from ~quation 2 .. 2.19 uslng Von Hippel's valuesifor 10ss 

tangent and perm~ttlv~'t,y. In the case of wa~er, the 

conductivlty increa$es and the permlttivity then a .. ereases 

w,l th frequency betweefl BJ9 kHz and UJ GHz. Becau~e of th!., 

the absorption rate for water increases vith frequency in 
, 

this frequeney range. In fact, vater exhlblts an extre •• 1y 

,,,. 
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Pigur'e 2.9.1 'Relat1ve dielectric permittivity and 10ss 
'tangent of selld bas,alt as a function of fr,.equenc'y and 
temperatu[e, (afte.r Saint-Amant and Strangway, 1970'). 

'tir 'hz 

Pigure 2.3.2 Relative dielectric permittivity· and loss 
tangent of soli'd granite as function of frequency and 
temperature (after Saint'",,:,~mant and Strangway, 1970). 
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sharp natùral (rotat i~nal) absorption resonance at 2.458 
o 

GHz~ 
:;/'.-' 

This arisés from a very sharp increase in the. 

imaginary component of the permittivlty ( ) at th!s 

frequency. 
1 

Si nce water 1 s relat,lvely nonmagnetic, an, 

Imaginary -permittivity component wIll be reflected ln the 
, 

,- effective conductivity (equatlon 2.2.25). As, discussed in 

section 2.2, aboye, the measured conductlvity ls, in fact, 

the effective conductiVity. The imaginary permlttivity 'is 

188 0 ~ t ' 0 f ph a s e w t th the r, e al co m po ne nt 0 f the 

- condu-ctlvi ty and th uS adds to the latter to increase the 
p 

effective cond,uctivi ty.' ~lS r,esul t ls apparent in Von 

1J1ppel's data for water (Table 2.3.5). The ,measured 

C:onductivity for water'is axlmum at the 1 GHz measuring 

frequency. At 2.5 GHz It dr~ps off slightly, sU9gestlng a 

maximum value for the effeétive conductivlty between 1 and 
'. , 

'2.5 GHz. Smith-Rose measured the eff,active conduetivity and 

permfttivity,of several graqite samples over the frequency 

'" range '1 .kHz to 18 M~Z. The resul ts, presen ted 1 n Table 

2.3.6 indicate an increase in lI1.easured conductivi ty and a 
. . ' 

decrease l~ measured permlttlvity with increasing frequency •• 

Note that the ra te of i ncrease ln 1 the conducti v i ty decreases 

with' increast,ng frequèncy. 

'Wàter is taken as an important example because of ,the 
, w 

, h19~ ~robabill~y that i t is pr.sent ln some concentratiQn in 

a geol09ic medium. 

'sandy soils (T~bl~ 

The absorption losses for wet and dry , , 

2.3.5) ill~strate the -affect of water 
, • l 9 

\ 3.5 l ' 

\ 
\ 

Nf Id • 

r 

~ 1 

1 
J 
1 

l _ 
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'bontent on the absorption rate. The wet sandy solI exhibits 

a hiqher absorption rate, than' the dry sandy sail throughout 

th~ frequency range. The dry 50 ils listed in Table 2.3.5 

(sandy, loamy, clayey) exhibit a relatively low absorption 

rate '(5 daim or l'ess) at even the highest measured :frequency 

CU) GHz). Water at' 3"8 MHz possesses a calculated 

absorption rate of 3748 dB/m. Given state of the art field 

inCltrumentation, even a 5 cm thick sheet ot water could 

sufficlent.lY attenuate a transmltted electromagnetic wave to 

such an extent that It could not be detected on the o,posite 

side of the sheet, at such frequencies. Water-filled 

cracks, crevices, joint planes or fractures within a 

relatively nonabsorblng rock mass could block the 
fi 
transmission of an electromaqnetic wave through the 

otherwlse transparent mèdiulll_ 
, 

The final ass'ump-t~on made about the measured electrlcal 

parameters listed in both 'Tables 2.3.1 and 2.3.2 15 that 

they represent ln-situ values. In other words, the 

la~oratory measured values for electrical conductivity and 

permittivity are assumed identlcal to those values which 

would be obtalned if the me4'surements had been made in place 

ln the field. It is the in-situ measurement which is of 

greatest interest in determlning the effective probing 

distance of ,VHF JUHr electromagnetic equipment. Laboratory 

" samples are usual1y too dry and homogeneous to accura'tely 

reflect the electrical propertles of the mater laI in place. 
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Giv.en the effect the presence of a small percentage of water 

within the material has on the absorption rate, one can 

deduce that a change in water content due to the drying out. ' 

of a_ sample can alter the results significantly. 
~ - Even 

taking the precaution of maintaining, the natural fluid 

content of a sample does not mean that the measurements will 

be valid for similiar material at another location. The 

electrical parameters, and tbus the absorption rate, will 

always depend strongly on the loeal underground conditions. 

Figures 2.3.3 and 2.3.4' show the absorption versus 

frequency for the materials 1 isted in Table 2.3.5. Pigures 

2.3.5 and 2.3.6 show simUlar curves for several materials 

l isted in Table 2.3.1. In the latter casei the electrieal 

"" 'parameters are assumed independent of frequency, since no 

information on frequency dependance is supplied ln the data~ 
• 1 

The absorption rates in Figures 2.3.3 and 2.3.4 increase 

roughly linJ!arly vith frequency on a 10g-109 seale. A 
/ 

levelling-off is observed, at the highest a~ailable 

frequency in the case of water (Figure 2.3.4). ';l'be 

absg~p~on -rates, ln Pi'gures 2.3'.5 and ,2.3.6, are se~n to 

increase linearly with frequency, on ~ 10g-109 scale, untfl 

a certain -roll-off frequency/- is reaèhed after which the 

curves fIat ten out (ie., the absorption rate doe. not 

increase further as the frequency 15 ,lncreased) •. ~b. r,oll­

off frequency i5 related to the absorption of the aateria1. 

Tbe eurves tend to flatten out at a lower fre9uency for th • 
. , .' 

more poorly absorblng aateria1s. 
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The behaviour of the absorption rate as a function of ' 

the frequency and the electrical parameters can b<: 

The figures which are i nvest igated through equa tion 2.2.30. 

discussed in the rest of this section have been constructed 

from this equation which assumes that the perrneabil.4ty 1s ... 

eal valued, the electrical parameters ~re inc:tepe,~~~t of 

frequency over the range considered and that the imaglnary 

comoonents of the p~rmittivity and electrical conductivity 

rnasquerade as real components of electrical conductivlty and 

permittivity respectively. Figures 2.3.7 to 2.3.12 are log-

log pl,ots of the abso rption rate versus frequency fa r 

rnaterials possessingC various conductivity values. The 

permittJvity and permeability are fixed for each figure. 

The curves aIl possess a similiar sha}e. As" discussed in 

the case of Figures 2.3.5 and 2.3.6, above, they, increase 

linearly with frequency until'.a "rOll-off 'frequency" is 

encountered, at which point they level off. The roll-off 

frequency is dependent upon the the values of the electrical 

. parameters and var i es in each' case. The "'abso rpt lon rate i s 

observe~ to increase with increasing ~ondu~tivity i~l the 

plots. V 
Figures 2.3.7 to 2.3.9 show the effect of changing the 

relat ive perm i tt i vi ty from the free space val ue (l.e) to th-e 

approximate value of water (Sl.e). The relative 

\ 
permeability i8 fixed at its free space value (L0>. The 

effect of increasing the relat i ve perm i tt i vi ty from 1.0 to 

81:" (Figures 2.3.'7 to 2.3.9) is to decrease the absorption 
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ratè' roll-off frequency. The respective curves in' the three 

• 
fig~res are aIl identical at frequenpies lower than thelr, 

roll-off frequencle's. Fig.ures 2.3 .. 7, 2.3.18 and 2.3.11 
\ 

~illustrate the effect of allowlng the relative permeability . 

ta vary between '1.8 ,.and 5.0, ·while the pe.r ... 1ttivity is tixed 
1 

at·1~0. The abso~ptlon rate increases unlformily across the 

frequency spect;rum as the- permeabil1ty 15 increased. This , 

18 intu! t1vely obv ious trom equadon 2.2.38 whlch shows that 

the absor.ption rate is directly ~roportional to tQO 

square root, of the permeab~lity.//Pigure 2'.'3.12 ia plott,ed 
/ . /'/ . 

for a rQ,a~~rial which P3~esses both, high rela'tive 
, . /' ' .. 

permittivity (81.0> and 4ermeability. (5.0>. 

Fig ure 5 2 • 3 .. 1 (~ 0 2 • 3'.' 1 5 are log - log plo t 8 0 f 
/ 

'. ab,sorption versus/ conductivity for va~ious relative 

p~rmittivity valu~s. The frequency and' p\rmeability are 

fixed for each fi~re. Three representatlve .frequencles 

;have been c~ospn N~0, 58.8, 445.0 MhZ) .... ,The highest 
, ,\ 

frequ-ency i5, in fact, the operational frèqu',ncy of the , 

~thorJs. p~ototype tra~sillumination system. Aé\ the lower 
\ 

\ 
conductivltie5 the respective 

. parallel' and the absorption 'rate 

P e r ~ 1 t t 1 vIt Y c u\\ v e ~ are 

Is hlgher for lower !values 

of permittlvlt~. At a ·critical conduc~ivity·, the.five 

permittivity curves merge together to become identical at 
1 

/-

hlgher conductlviti~ts. Again this is intuitlvely obvi<?us 

because equation' 2.2.30 reduces to: 

(2.3.1) 
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when the 1055 tangent i s very much 9 reater than uni ty. 
f 

Figures 2.3.16 to 2.3.18 are plots similiar to those 
" 

'aboV'e with the'èxèeption that the permittlvlty is fixed at 

l.~ and curves for five different permeability .... conditions 

are shown. œhe respective permeability curves are'para11el 

to each other in each figure. The absorption rate is 

observed to irtcrease with increasing permeability. The 

curves are linear unti1 a \"critica1 conductivity" i5 
. " ) 

reached, whereupon they bend' and subsequently increase .. 
linearly with a reduced slope. The inflection points in aIl 

the above figures occur when the loss tangent i5 equàl to 

unity. Many researchers have ,used the 1055 tangent as an . \ ~ 
approKim~te indicator of the a~sorption rate (le. a l~w 1055 

tangent means a low absorption rate) (Stew,rt and 

untérberger, 1976) • ( 

2.4 Antenna theory 

The overar per'formance of any e1ectromagnetica11y 

"radiating system depends' greatly upon the characteEistics of 

the tr anSm i t ter and rece 1 ver antennas. The antenna serves , ' 

t 0 e f fic i e n t 1)' r a.d' i a t e 0 r cap t ure the pro pa 9 a tin 9 

electromagnetic energy. The important pararneters in 
• ., 

~p~c:ify.ing an an,tenna'Is charact;eristics are it5 radiati,\n 

pa fte.,rri ··'ànd },ts <J ain • The field râdiation pattern of an ,---, 
0 ... 

ideal dipole 15 shown in figure 2.4.1. The field pattern of , . , 
an an tenna is constructed in two' O1;'thogonal planes by 

plott;,"'tng lines oi equal fteld intensity 'as measured by a 

, 0 56 
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Figure 2 .... 1 Field radiation pattern of an Ideal dipole. 
(a) E-plane radiation pattern. (b) H-,plane ,radiation 
pattern. {cl Three dimensional plot of the radiation 
pattern. (after Stutzman and Thlele, 1981) 
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small probe at a distance considered large with respect to 

the radiated waveJ.ength • The half-power be.amwidth is 
.. 

defined as the angle between two lines drawn from the ori9in 

to tb~ half power points on a power plot. These correspond 
) 

to the points of amplitude lIn on the field pattern.:P'The 

normalized field patteen, in spheric'al coordinates, can be 

described as (Stutzman and Thiele, 1981) 

F ( r , a ,~) • E ( r, e,.) = H ( r , e, ~ ) 

Emax ,Hmax 

wher.e Emax and Hmax are the maximum values ôf the field 

intensities over a sphere of ~adius r .• The radiatêd field of 

the antenna i s ~ons ider ed\ ~o be obserled far from the 
, . 

a n te n na, i e • the • far - fie l,..d • • The far fie 1 d 0 fan an t e n,a 
~ 

ls defined as existing at a distance r, such that 

(2.4.2a) 

(2.4.2b) 

(2.4.2c) 

where D is the length of the radiating element of the 

antenna and À 15 the ,wavelength of the radiated energy. At 

this distance r f' the so-called -far-field- approximation 

can be 'used. At distances less than r f the field pattern can 

di ffier signifi,cantly from i ts far field approximation. The ., 

power pattern 1s the square of the field pattern: 

p(r,a,<j» =IF(r, ad) 12 
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The radiation 1ntenslty, defined as the power radiated in . 

a glven direction per unit soIid angle, is 

U ( r , e, 4i a Umax 1 F (r, Br.> /2 (2.4.4) 

whereUmax ls the maximum radiation 1ntensity over a sphere 

of radius c. The total powec radiated Is 

pr • Jf U(r, e,~) d a 

• Umax f f 1 F ( r, e,.) Î d (2 (2.4.5) 

An isotropie radiator, havinq unifoclI radiation in aIl' 

directions, has a total radiated power, 

prl • J/Uav d (2 =- 411' uav 

').. where Uav1 af)411'/Pr • (2.4.6) 

Equation 2.4.6 expresses the radiated power, Pr, ln tecms of 

the radiatfon inten5ity, Uav!, of an isotropie 'radiator. The 
\. 

direc"t-ive qain of an antenna 15 defined as the ratio of. 
, . 

radiation intensity in a partieular direction to the average 

radiation i ntensi ty; 

D ( r, a, cp) • U ( r , e ,cp ) 
(2.4.7) 

Uav!. 

As no antenna can transform input power ta radiated 

power wlth a JA'~.%\ effleleney the term antenna gain 15 

introdueed: 

(2.4.8) 
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where Pin is the input power to the antenna terminaIs. 
1 

The efficiency of an antenna i5 then: 

e = O/G • (2.4.9)' 

In oonsidering a transmission system between two 
, 

lossless antennas in free space the ratio of received-to-

transmitted'power i5 given by the Friis transmission formula 

(Stutzman and Thie1e, ,1981): 

Pr a Pt Aemt Aemr 
r 2 ).2 

(2.4.10) 

whereAemt and Aemr are defined as- the maximum effective 

ape r tures of the transmi.tter and receiver antennas 
• 

respect i vel y. It can be shown (Stutzman and Thiele, 1981) 
r 

that, for any antenna, 

Aem =).2 0/4 'If (2.4.11) 
, 

It is assumed ~hat the antennas are similiarly polarized and 

aligned f~ maximum coupling. The Friis transmission formula 

can be extended to 10ss1ess media by us~ing equa1::ions 2.4.9 

a"nd 2.4.11: 
pr = Pt Gt Gr À2 

( 4 Tfr) 2 

... 
Expressed in deçibels (2.4.12) transforms: 

(2.4.12) 

\ 

pr'(db) = Pt(dB) + Gt{db) + Gr(dB) -6910g rem) • 
129109- f(Hz) - 32.44 (2.4.13) 

The power 10st in transmission due to the geom~try of the 
,/ J 

system is then 

A s (dB) = Gt(dB) + pr (dB) - 69109 rem) 

.#' 
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(2.4.14) 12910g f(HZ)~-32.44 

wher'e As is the spread i~9 loss. It i9 dependant upon the 

transmitter and re~eiver separation, r, the transmitter and 

receiver antenna gains, Gt and Gr , and the operating 
, 

frequency, f. The result is valid only when operating in 

the far-field of the antenna, as per equations 2.4.2a-c. 

Fig ure 9 2 • 4 • 2 t 0 2 • 4 :4 are plo t 5 0 f s pre ad i n 9 los S 

(equation 2.4.14) versus distance (transmitter-'receiver 

antenna separation) for several frequencies and antenna , 

gain values. The receiver and transmitter antenna gains are' 

assumed equa1 in each case. The spreading-1oss-versus-
r 

distance curves are, finear on, a 10g-linear scale. The 

effect o'f increasing operationa~ frequency 1$ to shift the 

curves verticallv upwarà a,long' the ordinate axis. The effect 

of increasing the gain of the antennas is to shift the lines 

vertica1ly downward. Wh!le spreading 10ss can be 

considerable, relative to the absorption 10ss, at small 

trahsmitter~receiver separations: its logarithmic dependa~ce 
1 
1.. 

on separation means that ï t increases much more slowly wi t-h 
'\1 \ 

Increaslng separation than the absorption 10ss. The 

spre~ding 1055 ~'t !liHJ meters for a 445 MHz .transmitted wave 

15 approximately 46 dB. Note th'at the) spr~ading 1055 ls 

independent o~ the medium traversed.~It should also be 

noted that this 1055 is calculated based upon the fact that 

the 1:ran'smitter and receiver antennas are maximum coup1ed 

and are ithln each others' far-field. A po1ari zation 

mismatch' ccurs under any other coup1ing condition. The 
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r'eal spreading loss th en varies between the maximum coupled 

value and the -minimum coupled--value. In the extf'-e--m-e---case 

.. ' .the m inimuJD coupled reeeived power will be zero. The degree" 

'~ of polarization mismatch ca-n be calculated for a specl-fic 
> 

antenna pair in free space. In traversing lossy media a 

plane polarized wave will undergo change's in orientation due 

to diffraction and refractlon at interfaces. The maximum 

coupled position will th~n vary from place to place. 

The Reciproclty Theorem (Lorrain and Corson, 1978) 
. , 

states that, so long as the frequency and Impedances remain 
\ 

unchanged, the curre~t induced in antenna -A· by a radiating 

~antenna -8- will be identical to the current induced in 

antenna -8- b.~ a rarl.ià"ting antenna '-A-. A fundamental 

extension of this is that the transmitter and receiver 
. 

radiation patterns of a particular antenna are identical. 

An antenna's Impedance is a'lso indep'ende\'lt "of its 

operational' mode. 

The effective isotro'pically rad·iated power (ErRP) of a 

tLinsmitter system, which considers the power output of the 

transmitter and the.antenna gain, Is calculated in decibels 

below one watt (d8w) from,' J 
.. j...... ".,o 

EIRP (dBw) :011 Pt (dBw) - ]. i l1e1055 (dBw) +·G t (db) (2.4.'151 

where the 1ineloss takes into account aIl ohmic losses 1n 

the transm}ssion line. 
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2.5 Iapedance aatcbing 

The impedance that an antenna presents to a transmitter 

output stage or to the input stage of a receiver is 

important when considering the operational efficiency of the 

instrument. Should an impedance mis~atch exist at any 

junction the overa11 performanc~ specifications of the 

system can be significantly reduced. Maximum power tran~fer 

is achieved when the ~pedances are 'matched. A mismatch 

will give rise to ohmic losses and cause reflections to 

occur at the end of a transmission line, setting up ,a 

standing wave. The impedance mismatch can best be expressed 

by the voltage standing wave ra,tio (VSWR): 

, VSWR,. 1 + J"PR/PF (2.5.1) 
1 ï/PR/PF 

where PR and PF are respectively the reverse and forward 

power travelling in the trans~sion line. The VSWR ca'n 

a1so be expressed in terms of the load and antenna 

Impedances, Zl and Zant respectively: 

VSWR = 1 + Zant {.ll. - l} 
Zant 

(2.5.2) 

The frac,tion of reflect~power in a transmission Une !s 

PR = 1 VSWR - lrl. 
PF VSWR + 1 

(2.5.3) 

A perfect impedance match exists when the VSWR equals tnity. 

A VSWR of le corresponds to the case when tw~thirds of the 

power in the transmission Une is travelling in the "reverse 
. " 

direction. The presence of a standing wave, due to a 

substantial reflected current, leads to impedance changes 
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along the line. Damage to a transmitter output sta'ge can 

occur if hlgh levels of signal power are reflected back do·wn 

the line. Impedance matching must also be considered when 

inserting cables or monitors into a l1ne. 

2.6 Attenuation .easure.ent 

The rate of absorption of el'ectroméignetic· energy 

through a section of earth mate~ial can be measured 

indirectly witn separate transmitters and receivers plaeed 

in the tra-nsillumination mode. Figure 2.6.1 illustrates 

t~s m'od e. The tr anSm i t ter and rece i ver are located on 

o posite sides of a rock masse The signal level for a known . , 
t r a n-s mit t e t 0 u t put l s the n m e a sur e d a t the r e c e y/ve r 

\1) 
location. The received signal amplitude will indirectly 

reflect the material properties of the intprvening g'eology. 

- ". 

The to ta lé losses in transmission can be calculated from 

equations 2.2.12 and 2.4.14: 

A t OK 8.686 Cl • r + As 
( abs 

Thetotal attenuatjon, typicail y expre~sed in decibels' (dB), .' ~ 
1s At ='8.686 rw lab{(1 + tan&ljItli - I} 

. ... ,-
+ { Gt + Gr -6'" lo~ r - 12"10g f -32.44}· (2.6.2) 

,; 

where aIl parameters are in SI units. 1 dB equals 9.1151 

nepers. Figur;e 2.9-.. ,2 shows curves of the 'total attenuat.iorit 

(equation 2.6.2) V'er~ distance for severa! absorption n' " ( rates (equation 2.2.2). The frequency used in Figur~ ·J..6.2 ( 
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Pigure 2.6.1 The transil1umination survey mode. The 
transmitter and receiver positions are denot~d by Tx and Rx 
respectively. \ 
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.aterials whose electrlcal properties arè llsted in Table 2.3.1. 

:< 

" 

/' 

--. , 

/ 

') 
/ 

, 

.. 

4> 

1 

':\ 

.;. 

~ 



J. . . ," 
~~ 

., 

.. 

.~ 

1-' 

.. 

\".. 

o 
o 
o 
ln 
N 

o 
o 

... 0 
00 
..-iN 

* 
o 
0, 

" -O. mU') 
t:J ... 

Zd 
00 
H' 

~g 
::J 
Z 
tU 
~o 
"'-0 
4: . 

o 
ln 

o 
o 

o 10' 2 3 

ATTENUATION VS. DISTANCE 

f, 

.... , 

'" ... 

,,\ 

.... 

... ·1 

\ .' 
MAT-eAIAL TRANSNITTER ANTfNNA 14IN • 11.2& 

\ 

Cl.A Y SOIL 201 IfAlER REC€IVER ANTEN'U. IAlN • il. 28 

LOAMY SOIL 131 lUTER FREQUENCY - «5.0 MHz 
:<; FRESH MATER SATUAATEC CLAY 

FRESH MATER SATURATEO SILT 
r 

4SJ6189H! 2 3 4 5 6 7;8 9 1<f 
,;DISTANCE (me tres) 

Figure 2.6 ••. Attenuatlon:~ersus distaQce plots for the common solls 
whose electrlcal propert~~s are 11sted in Table 2.3.5. 

\..... c' 
" 

.... 

... 

, 
--l 

, 
~ 

.~ 

" . 

i 

<il 

1 



) _ •• _" ____ • _ ...... _____ ~_ .... R.._..._ _~ ~ .... " .... ~.".. _____________ ... ___ ~ 

( 

~,i 

0' 1 f.. .. -. -...a 

+'~ 

(445 MHz) is the fre-quency, used in, the author's fi~ld 

i nstrumentat~on. Figures 2.6.3 and '2.6.4 stiow similiar . 
plots for some of the materials used in creatinq Figures 

2.3.3 and 2.3.4 a.bQve. Figure·2.6.5 shows si~ilia1\ plots 
" 

for selected rock samples l-isted' in Table 2.3.2. The total 
, 

attenuation experienc;:ed by a 445 MHz plane wave travelling 
, ~ 

through le metres of the Most absorbing material presented, 

fresh water saturated clay (Figure 2.6.4) t. ls 19" dB. Less 

Il than IfIJ metres of such clay would effectively rieqate the 
o 

possib.illty o~f transmitting through the material to a 

receiver located on tpe oppo.site side. In tl1e case of the 

materials plotted ln Figure 2.6.3, a 445 MHz plane wave .. 
would be attenuated by less than H,e dB after traversing 199 "" 

metres of the material. The main effect to note is the 
j 

dominance of the lJnear spreadinq loss component of the 

-attenuation at short distances for the materials shown in 

Figure 2.6.3. 

The absorption rate of a~y material, glv.en the measured 
ft"""", ., • ..~ ~J .. \, 

ti>' t ."" Iorr ~ - ... )'-

total attenuation,.A:t, and thè t'ràrismitter rèceiver antenna 

separation, can be calculated .. -
.<rabs a (At - As)/8.686 r. (2.6.3) 

.A:t lsmeasured in situ and As is calculated theoretica-lly 

knowing the frequency, transmitter-receiver separation and 

antenna gains. ~abs-will identically represent the 

absor~ion ra'te of the mat~rial if aIl of the em,itt~d wave 

energy 1\ directed through a material whlch ls homogenous 
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Pi~ur. 2.6.5 Attenuation versus distanc~ plots for several o~ th. 
common rock types whose electrlcal propertles are lis~ed in Table 
2.3.2. 

.,-

.. 

." 

" 
r ~ 

----'--. _ •• - - # " ..... 

~ 

1 

" 

r 



-; 

• 

r---------

-.il 
~ 

( 

1:.- ~~ .--_._. ,,_. ____ . 
~ 

".-.. 

l 

l' 

,. 

-= -

'. ' 

b 

) ''-'\. . 

.. 
" .. 

ATTENUATION VS. DISTANCE 
0 
0 

1 " .. , 
0 
ln 

.. 
i 

N 

0 
0 · 0 
0 

#- " 

· /' i 
, 1 

.. 

\. 
ni - / \ 

1 

1 

... 
mOI Eo "'-

· 
~~r} 
t-
41(0 
:::t0 
Zô wo 
1--" 
1-
oel 

0 
0 

0 
lb 

o~ 
0 · 0 10, a <> 3 

MATI!IUAL 
IIHIIIIIUT! 
IIMIUTI! 

.. 
~ 

.. amt!T!. Allam 
~ TRACHYTE 

TUr'7. RHYOl. tnc 

.. -5 6' 7,8 9 Hf 2 

ÔISTANCE (metres) 

, 

1 
1 

1 

, 

1'III8UT1I!IIIAIf'mIIA MlH • il .• 

lI!œlYI!R AIf'ft!NoIA IAIN • ll •• 

l'II!U!NC\' - \ "45.0 M H l 
i 

'-

1> .. ' 

3 .oC 1 5 6 7 8 9 id' 

\ 
1 

1 
1 • 

rlgure 2.6.6 Attenuation versus distance plots for .• ,veral ~f tbe 
Co •• on ro~k types wbo~. electrlcal propertlea are 11~t.d ln ~.bl. 
2.3.2. i ' 

~ 

1 

\ 
1 

i 
1 

...... 
,,~ ........... _~ t .... ~ >4 __ ~I 

.~ j 

.. 

.; 

.. 

... 

1 
4 

~ 
..... 

./ 

~ 
... 

~ .. 
" 

,/ 

, . 

" 

i' 
1 -- --~-~_ .... _- .... -'--" _... '1 

"" 



fi t [ 

.. 

.. 

. 
and If1otropic. All energy loat wili then be dlssipated 

withln th, mat,rial. Should the medl\lll'con.slat of two or 
, .. 

more materials the attenuation atdasurement will include' th. 
" .. 

effects due to energy lost in aIl material traversed, plus 

. the .n~·.CJY lOâ~" due. to refl~on •• _fraction and' 

diffraction at material interfaces. Since the antennas are 

placeeS' in the al r di.rectly in front of a rock face, an al~­

rock Interface will always existe . It ls generally ,expected 

tha,t the antennas can be couplèd well enough to th~ tock .. 
wall that the above mentioned eff.cts arè "~mini!Dal . in the •• 

~ " 

/1 

2.7 aeflectloD, refractloD aad diffractloD at an IDterface 
, ~. 

The effect~ of reflection, refraction .nd diffraction 

at the junc:tiort bei:;een 'materials of i dlffering geophyslC:âl 
} , 

properties can be considerable, especially when one of the 
, 

media is hiqhly permittive or conductive. The reflection 

and refraction of an electromagDetic'wave a~ a boundary 

(rig~ure 2.7.1) Is governed by Snell '.' Law of Refraction: 

(2.7.1) 

• 
where n 1 and n 2 are the indices of refraction of the two 

adjolning media and e and e' are the angles of incidence and 
1 ~ . 

refraction r.eapec:tlvely. The angle of reflection Is- equal 

of incidence (Jackson, 1975). uSing this law 

and the fact that, tangénti~l comP9nents of both E and B are 

c:ontlnuoua across a boun~ary' (Corson and Lorrain, 191'), one 
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1"1911"'. 2.7.1 Refleôtlon and refraetlon of '1 wave a't a plane 
Interface separatlng two media ,of contrastin9. indices of 
refraction. The anqle of incidence, 8,.; ia' equal . to tl}e 
angle of reflection. The angle of refraction, 8r , ls related 

l' to the angle of incidence and the indices of refractlon of 
the two media through SneU's Law. 

.. 

0.00.1 4.0 6.0 IClO 

, , 

r1911re 2.7.2~ The coefficient of transmission, l't, and the 
coefficient of refl.etion, R, at normal incidence as 
functions of the ratio n, In2 (af~er Lorrain and CO'raon, 
1978) • 

76 

! .. 

'. 

• 



• f 

... 

r ., 
1 

1 

'1 

( 

" . 

" 

• '/ 1
,

\ 

Jean calculate' 'resnel'. four -equatiol)s which express the 

, tran.1Il1 tted "and reflected amplitudes fOF "an e1ectrollagnetic 
l, • 

~aYe ,i ne iden t 'on an î nter f eée.~ The coefficients of 
, . 

reflectlon'(R) and transmission (~ et tn int~rfece between 
", . , (', . '"", 

two di fferent Ilaterials can subsequeri.\tlY be calculated. , . 
These coefficients are expressed in' te~:\lIls of' the a~gle of., .. 

.incidencf! of the 'weye and th~ indices of refraction of the 

two adjoining lIledi •• ,The index of refra'ction of a l~near, . ) . 
bOlllogeneous, stationafY and isotr6pic lIled~ulll is givè by 

equa~ion 2.2.21. FIgure 2.7.2 illustra~«;s the changes in 

the re,fleetion and translIlisi$lon coefficients, for -a waye 

Incident no~mal1y on an int.rf~ce, as a function of the 

qtio of the indices of refraetiofl of 'the two non-Illagnettc . -

•• dia. In the case of non-normal incidence t~tei réflectiQn 

can oceur when: 

sIn ec - n 2/n 1 
. t 

(2.7.2) 
, 

- w~ere .ec is the cr~ticc91 anqle. If n 1- n,2 ' ec~,1T/2 (le. 

total' reft'éctlon occurs at glancing lnciden~-.0ables 2.7.1 . -
and '2.7.2 li·st·the indices of refraction for the materials 

whose electrica'l properties"'are 11sted in 'l'ables 2.3.1 and 

2.3.2 . respectivel~. The index of refraction can deviate .. 
signlfieant1y froll unit)' eve~_~ for relativelY ilon-absorblng 

.aterla1~8. In the case of a non-conductor, a_ e, equation ' 

2.2.21 reduces tOI 

n • cr&ii (2.7.~ 

1 

If the pera"lttivlty'and perlft'8abi1ity are assulIled to be real ., 

\. . 
o 
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~~J!~_~~~~_~ _____ :!: __ :::~~:!~:~:::~ __ ~~!~~ ___ ~_:!~: 
Permafrost. t. 

2.91 .. 2 .... 6 2.45 2.45 " . 2.45 
11'3.42 12.21 1.22 .41 " .,12 

Presh water,. , " .. . 
9.82 9.81 9.81 9.11 9.81 
33.26 3.33 - .33 .11 .83 

Fresh watar saturated clay 
,63.68 2,'.25 &6.71. 4.41 . 3.38' 
4.71 1.48 .44 .23 '.89 

Prash watep saturated s.1lt 0 

28.25t 6.77 3.38 3.19 3.17 
14.82 4.43 

,G-r~nite 
<.89 .31 .89 

2.24 2.24 2.24 -2.24 2.24 
-134.17 13.41 1.3'--- .45 .13 

Liaestone 
2.65 2.65 2.65' 2.65 2.65 1 

.38 '-11 113,.31 Il.33 "1.13 .; 
Sea water 

281.35' 63.96 21.1.6 13.47· 9.~9 . , 
1.49 .47 .14 •• 8 .83 " \ Air " ,. ,.,. 
1. "" 

1~,8 1.8" 1."" ,1.'" 
299.79 29.98 3.8" 1.ea .3" Iee . ,. 
~-.49 I.S1 1.19 1.79 1.79 ' 
121,!39· 16.61 '1.68' . • 56 .17 

Snow 

\ . . 1.11 , 1.18 1.li 1.18 1 .. 1" ~ 2~9 .4A 27.36 2.74 --.., .91 ..... / .27 
S,ndv soi1. drl- -;, ~ 

, 2.31"" 1.62 1.68 1.68 ~ 1.68 
129,.99 f 18.51 1.88 .63 .19 

Sandy soi1 2-18' water ... .~ 

3.34 1.78 1,'68 1.68 1.68 
89.76 17.,66 

, . 1.88 --'3 1 .19 
Clay soi1 28' water. 

39.78 . 12.92 5.35 4,.62 4.49 . 7.56 2.32 .. 56 .22 .87 
Clay soil dry 

2.91 1.61 1.54 1.54 1.54 
183.87 18.67 1.94 .65 .19 

\Loamy soil dry l 
1.99 1.58 1.57 1.57 1.57 
15'.85 18.99' 1'.91 • .64 ~19 

~LoalDy so Il 13' water 
22.19 7.78 4.68 4.49 4.48 
13.52 3.98 .65 .• 22 ;.'7 

Table 2:7.1, : Indices of refraction and wavelengths, at 
v.rlous ,VBP/UHF freqùencies, for the, materials whC?s8" '1 

.lee~rical properties are listed,in~Table 2.3.1. 
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. Index of Wavelength 
MATERI~t . ~efraction Cm)! 
--------------------------~~-----------------~--------

ANDESITE 
MORTROSIT! 
BAS,ALT 
BASALT .... " 
BASALT, AMYGDALOIDAL 
BASALT, HORNBLENDE 
B~~ALT' LEUCITE-NEPBELINE 
BA ALT, OLIVINE 
BA ALT PORPRYRY, OLIVINE 
BASALT, TBEOLEIITIC. 
BASALT, VESICULAR 
GABBRO, BY~OWNIT! 
GRANITE, ALKALI 
GRANITE, APLXTE 
GRANITE, BIOTI"'1'E 
GRANITE, ,GRKPRIC . \. 
GRANITE, . HORNEBLENDt\ 
GRANU'E, PORPHORI'TIC BIOTITE fI 

OBSIDIAN .. OBSIDIAN .... 
PERIDOTITE, MICA 
'PÈRIDOTtTE, OLIVINE 
PERIDO'1'ITE!SERPEHTINB 

J PHONOLITE 
'PUMICE 
RHYOLITE 
SERPENTINE 
SERPENTINE 
SYENITE, AUGITE 
TRACHYTE 
TUFF4 GRlY . 
TUFF, ~HYOLITIC 
~UFi, SE~I-~LD~D 
VOLCANlC ASR 
VOLC~IC ASa SaALE 

-" 

: 

.. 

2.26 
2.61 
2.9.9 

t 2/.83 
2.69 
2~59 
2.37 

", 2.85 
2.87 
3.1" 

,2.65 
2.65 
2.28 
2.28 
2...,33 
2.24 
2.45 

02.35 
2.61 
2.35 
2.45 
2.49 
2.74 
2.55 
1.58 
1,84 
2,,65 
2.~3 
2.83 
2.24' 

: 2.47 
" 1.98 

1.,61 
1.85 
1.64 

.u 
'.26 
.22 
.24 

'~~ 
------ .~.~. 
, ,.~~ 

.23' 

.23 

.21 

.25 

.25 

.29 

.2"9 
.. 29 
.3& 
.27 
.28, 
.25 
.28 
.27 
.27 
.24' 
.26 ,. 
.42 
.36 
.25 
.26 
.24 
.38 
.27 , 
~3S 
.41 
.36 
.41 

" .. 

T,ble 2.7.2 : 'Indiees'of refraction and' w~velen9t.hs, at 
458 MHz, for the materia1s whose electrleal properties 
a~e l18~ed in Table 2:3.2.' '/ 
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. . 
valued on,ly, the ind.'x of ref.rection la then direc.tly 

1 

proportional to the square toots. of thei r valouea. Generàlly, 
y 

aevere reflection' an~ refraction e'ffects can be avoided if 

the changes in ~he e-Iectrical' para.eters vith!n the medium . . 
of, propagation are graduaI .... In order to r.duce~ the ,chance of 

art inltt'al refraction due ':0 the air-wall rock ,ili-t.rface, 

atbe transJDitt'er and r~é:eiver an,tennas shciuld be set up 80' . 

tht-t the~ r hô\rlz~ntal axes are noYmal tD the wa.1.1 ,rock 

surface. 

Dl ffractlon can occur If a ~ave illteracts wi th any 
. c.... ~ \. IP • 

shar p', boundary tnterfa,ce'i ~Itween Dlédia of contra~ting 

~lectric:al properties, wh~se dl,Dl~on cO?ld be t:onslder,ed' 

large vi th respect to. a - wavel~n9~h •. Tables 2.~1 and, 2,.7.2 

~list the wav~lengtha~ t6r waves of several ~enci~s, for 

the mat.r laIs 1 isted ln Tables 2.3.1 and 2.3.2. The' uaual 

methocJ of deallng vith a diffracting str~èture Is- to treat. 

it as a sec~n~ary ~ource. Tbe Fraunhofer diffJaction'region, 
. . , 

which ex~sts at a distance from th~ 4Jffracting object w~lcp 

- 'is large a'S cODlpared t,o the wa~e~en.gth of the propa'gating 

wave, Jis of the greatest.lnterest' in geophysics. The field ..(. , 
q , 

strength of a transm i tted plane wave, as measurad along ~ 
l 

,C 
receiving.. plane perpendicular to the direction. 01',' 

prop~gation, wiil vary greatly if ,·dCr'iacting.Gb;ect is " 

-p r 'e s e nt • ~ h e l 0 c a t ion 0 f ... S illl)~ 1 a ob j e e t s cari ,b e . 
reconstru~ted from a knovledqe of tht,ti r d,iffrac~!on pattern. ' 

../ ' ... 
;' \ <i / • c 

Fracture., 'eavi'tles~ and sharp ,material 'bQund~tielJ ,in 'a 

< ........ 9.0109 1c medluJÏt can diff'ract a wave. '-' " 5 ," 
" 
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2.8 Systa perfonaance levaI 
. ~ 

The system performance levai inctirectly determines the /' 

c 

maximum distance through rock at,. which a signal can be 
, ' 

detected. If is determined as follows. 1 The minimum 

. detecre-a~le signal at the receiver inppt stage is defin~ by 

~he v(oltaqe ao,d p~~er #rmin a\d prmin respectively. ~e 
,r 

1 

maximum signal output by the ,tr"ansmitter to the antenna 
, . , 

terminalsis def',~ned by power' ptmax or voltaqe vtmax. The 

vol tage and power are related: 

(2.8.1) 

~ 'r 
where Z is the impedance of the loads. 

i • 

, ? T"he system performance l'evel is then défined as ,the 

{ highest level of. signal attenuation that can be sustained 

while still allowing for the transmitted signal t.o'remain 
, ~ 

jo' 

, ' 

detectable at the receive~. The system performance level is 

caiculated as 

SPL max (dB) .. 2"~og ytma, 
, Vrmin" 

in térms of signal voltages o-r as 

SPL max (dB) ' .. ~"l~g Ptmax· 
prmin 

\ 

. in terms of. fhe signal powers. This calculation is based 
, ! 

upon ~deal cond i t ions. Tha t is-" there a re no losses in the 
., ... 

transmlssio-n lines and 'the antennas are max'imum coupled.! . .' 
Provided thes~ 'eondltions are met~ the only Idsses .ip signal 
" 

, strength will be àssociated with the spreadi!l9',', scattetlng 
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and absorption of the .eledtromagne!tic rad iation by ,a. o medium •. 
_ ~. () ,/ . t 

The highElr the system performance lev-el the 'gr~àtër the"· 
t 

'distance' of rock which' Is' penetratàble. 
1 

, J 

Cook's performance figure ln decibels is 

P.F. :aradiatédpeakpower' • 1 ·.('2:8.4)' 
minimjm -detect.a~le,. r.ace,! ved signal powet , 

The-rat~~ ~éasured .direètl Y b~ àim'ing ,the ~ra.nsm}t,ter, 

antenna at the reèeiver antenna in. a . known· ge'ometric 

arr~ngemént. Cook's deilnitibn lncorpo~at~~ the an~enna 

gains into the ~er.formance factor by' measur ing thé numerator 
.. • 0.1 • 

. . . 
and denominator of equàtio~ 2.8~4 at the ::,nt~nna aperatures. 

" , ,. \ 

Cook's performance figure ,1s..,nçt directly equivalent "to tne 
.' . 

system "performance level used here. Typical gr~u~d radars 

consid!!rs P.F. 'values 'of 158 dB ~éaliz~ble witb s,~~te of the 

art instrumentatlon. 
4 ' 

2~9'Datp reduction • " . 

An analogy can be drawn t?et'ween,,'a:ttansillumination, 
, '~ < b , 

electr6magnetic ,survey and' the technique used in medica'l X-. 
~ , 
~ay tomography. Both'techniques measure ~he attenuation-of 

, , 
energy by an object. plac~d dJ.r~.c,rl,Y between the transmitter 

, " 
and .eceiver. The X-r~y source. ,possesses a 

di rec t i anal ity than can, ,:ve r 'be, abta'i nad. ~t', VB1q~é, 
frequenc1es and the geometry of the.syst~m 1s gr~atl.y scaled 

o ~. 
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SOURCES RECElVERS 

F1.gure 2.9.1 The construction of fan-like array8 in 
transillumination work. 

.0 

1,1 1,2 1,3 RECEIVER 

2,1 2,2 2,3 

. 

n,n 

F1.gure 2.9.2 Division of the survey area up into a discrete \ 
grid network consisteing of several 8mall cella. 

J 

1 ... 
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down from the geologic case. 
,--.. -_0_4 ---0.., __ ~ ~ 

A considerable body of technique has be'eh developed for 

the analysis of x-ray tomograRhs. The principle analytical' 

technology is directly applicable to the treatment of 

trans~llumination electromagnetic surv~y measur-ements. 

In tlte simplest tomographie reconstructions the x-ray . , 
is presumed to propagate in a straight 1 ine raypa,th between 

the transmitter and receiver. Ray bending due to 
, 

reflection, ,~efractidn and diffraction are ignored. The 
" . 

area to be imaged ls extensively surveyèd'by constructing 

fan-llke receiver arrays around each transmitter location 

(Figur;e 2.9.1). The surveyed area is then divided up .into a 

discrete grid consisting of anywhere from hundreds to tens 

of thousands of smal'l cefls (Figure 2.9.2). Each cel~ Is 

considered to possess a representative att~nuation or 

velo'city value. This value can be solved. for numer~callYJ 

given the geometry of the system and the straight 11ne 

raypath measurements. Measurements obtained via this system 

can be expressed ma~hematjcally -as 

or 
J 
where: 

M= {Mio ( a) } 

G={G;; } 

A={A,û} 

k 

M=G·A (2.9.l) 

r l' 
M "~LG'A 

... i 
(2.9.2) k=1,2 ••• K 

vector of measured ~aypath ~ttenuations~' 
, . 

welght1ng matrix incorporailng the geometry 

cell absorption rate to be solved for 

number of raypaths 
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1 2 3 4 5 6 7 

Path 15 
• 

29 30 

36 37 38 39 

43 44 45 46 47 

Figure 2.9.3 A 7 x 7 grid dividéd into 49 zones for 
the' purpose of performing a tomographie reconstruction using 
the back proj'ection tec-hn~que. 

S5 
" 



-(' 

( 

- . __ . --.- .. _----------------------------

lxj number of cells 

If G-
1 can easily be computed the solution is.: 

-1 
A-G M ( 2 .9 • 3 ) 

Typically G-I cannot .be compuJ:ed. App~oximatlo·~s in the 

model and var lous noise sources render equation 2.9.2 

inconsistent (Dines and Lytle, 1979). Computational 

efflciency can also require that other solution techniques 

bé used.· The Most common method is the iterative 

reconstruction technique (ART) (Lager and Lytle, 1977) of 

which several variations existe These generally consist of 
.: 

minimising a function in order to determine the additive 

corrections to be made to the initial cell 'guestimates'. A 

sol u t ion f 0 ~ the .a t t e n Ù a t ion mat r i x , A ~j, i s the n 

iteratively approached. A second common algorit~ for 

solving the attenuation matrix is the simultaneous 
.' (. , , 

reconstruction technique (SIRT) (Lager and Lytle, 1977) • 

• The major difference between ART and SIRT iS,that the latter 

operates on aIl the ~aths passing through a given zone at 

the same time while tae former operates on only one path at 

a time. Compu~ationally the sim.plest· solution technique is 

back projection (Lager and Lytle, 1977). Bac~ projection 

consists,of averaging the values of aIl paths through a 

given zone. The grid area is divided up as in figure 

(2.9.3). Then, assuming the k~ path i8 hODogeneous along 

i ts length, 

(2.9~4) 
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'where LI( is the length of raypath; k. Tne welghted average 

is taken ta determine ma~rix coefficient A 

A.;. .. 2: A"", D.c..; / L D tu: (2.9.5) . 
II. 1( 

where Du ra' the. distance travel1ed along the kli raypath 

throug~ the i~ ~one. 
\ " 

Lager and Lyt1e (1977) used the ART a1gorlthm to 

recanstruct an imag~-on simulated 59 MHz data ·based upon an 

011 reservoir engineering problem., Dines and Lager (1979) . .. . 
used a similiar reoonstruction technique to image a future 

~ 

subway station site at 59 MHz. Some~stein et al.{1984) used 

an ART .Igorithm modified tb take into aooo~nt the flnite 
'. (~" , 

antenna beamwidth available at their operational, fre"queO<:y 
.\ 

of 1.5 MHz when imaging an oil shaie retort. The be~mwidth 

was discretized into a number of infinitesmal1y narrow 

beams. 

The valldity of using the to~ographic reconstruction 
~ 

technique in a given geophysicai situation rests upon the 

satisfaction of several criteria. Straight line ~ay-optlc 

propagation of the toransmitte<\ wave must be assumed. 

Reflection, rtfraction and diffraction of the waves wlthin 

the medium must be negligible-.. tRadcliff and Balanis (1981) 
,I A • a _ ' 

deve10ped a modifled ART alg'ôrithm which Incorporated the 

wave scattering effects due to refraction and first order 

reflection.' The physical dimensions of the antennas must be 

small with respect to the celi size and the distance between 

the transmitter and receiver s~oul~ be large as compared to 

both of the above. The geometry of the system must be .well 

87 /-
1 

r 
/, 
1 
1 
1 
1 
1 



-..... --<-~---~-----------------------------------------

.. 

( 

known.' 'l'he antenna positions and 'the relative position of 
1 

the Intervening wall rock should be accurately surveyed • 
.....J----~ . . ~ 

,The simp'1,~ back projection reconstruc·tlon technIque" 

'. !l ' equat~on~ 2} 9.4 and: 2.9.5 abov~, requires that ,the raypath 

Position(/~e weIl determlned ln order to recQnstruct the 

matrix DIr.i~ Furth<ermore the antennas must be weIl coupled 

to <t'he wal'i'-~t"o.-c1t-·surfa·ce i'n order to avold initial 
. 

scattering ,effects due to reflection and refraction at this-------; 

surface. The quality of the tomographie image wil.l be 

depenqent upo,n the number of individual cells the area to be 

imaged.is divided up into. Oines and Lytle have simulated a 

reglon between two boreholes with a lllxll9 cell model and 

111 equally spaced transmitter and receiver locations. ·Due 

to the geometrical considerations and the large number of 
\ , 

survey location~ typically requlred, the tomographie 

reconstruction tec~nique is best suited' for treatinej 

attenuation data collected in a borehole survey. 

The data ,collecte6 ln thls study was too sparse'and 
, 

insuffichmt geometrical control was ava"il~,b.le to attempt a 
. , 

meaningful tomog~aphic inversion. Absorption losses are . 
calculated uslng equatlon 2.6.3; an attempt to determine an ,/ 

, /J< 

average UHF conductivl..ty for the surveyed material, Js also'~~./ 

made. 

". . 
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Chaptel' 3 

Continuous-wave radio frequency instrumentation 

typically consists of separate transmitter and receiver 
" - . 

systems, each possessing: a basic ~onsole eontaining the 
----------------------- " 

-. 
\ 

--
" 

J 
,\ 

1 
f' 1 .... ; ( 

, . 
.t .. , 
, 

1 

required electronies, ,a power supply,.an antenna and the 

required interconnectlng cables. Figure 3.1.1 illustrates 
~ 

the typical system. A short summary of sueh continuous-wave 
J 

RF equipment follows. 

prichett's (1952) equipment fo'r measurinq the RF 

attenuatlon 
/' ( 

ratjé ln shales a consisted of 
/ 

transmi t ter and recei ver lowered down adj acent boreholes •.. 
l' ' 

The transm'l1;ter was completely aelf-contai\nèd .,and was 

suspended by a Ron-lDetalllc rope. The receiver' was 

suspended by a coaxial cable which carried 'an audio 

frequency, signal to a filt~r and voltmet~r located on the 
- , " surface., H~S system operated at 1.652 MHz. The antennas 

vere half-w~ve dipoles. 

de Bettencourt and prazie~ (1963) similf"a(rly developed 
Q • 

'equipment for the measurement of RF-wave attenuation between . 
. boreholes. 

1 
It consisted of an encapsulated transmitter and 

electrically'short-ciréuited insulated dipole .lowered dpwn 

the hole by a di'stance cal-ibrated nylon rope. Ashort­

circuited insulated monopole connected via shlelded coaxial 
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'igura 3.1~2 TransmJtter-reeelver s~up ,for 
experlments (after rY~le !S !.,.l. 197,,~). 

numf.4ll.LT .... 
1Ul'Il .... 

\' J . 
, J 

\ 

~ 
l ,0 

1 • 

. . 
the CW,hol'e-hple . 

i) \ • . " 

. ,igura 3.1.3 Tr_,nsIlU tter-recefver setup fo'r ~the swept­
. frequency hole-to-hole ph'ase sh 1ft experim_ents (~ft.er, Lytle 
~!l., 197'6). 

... 

AeœNef. ~ 
2 

q . 

PI glll r a 3.1 • 4 G en e raI arr a n 9 e men t 0 f - the fh r- e,e -'h 0 l e 
propagation measurement~ system Cafter Grubb !! Ll., 1976). 
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-r-eable to a field i'ntensfty meter on the s~rface fociaed tbe 
"l ~ , 

receiving instrumentation. This ~ystem~perâted at 155 kHZ. .. , 
1 , -Lytle et ,al. (1975)"dev.eloped equlpment for measuring --, ,. 

- .-
·t~,e, att~nuatl.o.n and phase shift of elect,roma.g.netie;: fields 

tr~ns~itted be~ween two holes in ~ p~r~af~ost e~vi?on .... nt. 

'l'he attenuation and 'phasè measurlng eq~lpmènt lire depicted 
l , 

~ in Pigures 3.1.2 ana 3.!.3 respecti,vely. Measurements were ~ 
. ' . 

1 

mad~,over a fr$quency range'o~ ft'om 5 to 50 MHz. 

Grubb !! al. (1976) developed a dual recelver system 

for measur l,ng the complex pr9paQ&t ion constant (ie. , 
, 

equatlon 2.1.13) of the material between two boreholes. 

Differentia! sIgnal strength and phase measurements were 

~ad~ between the tw~ do~nhole neceivers over a fr:4uency 
di '_ ' .... 

range of from 3"" kHZ to 25'MHz.' The transmitter-receiver 
, ---

J ~ ~u· ~ ~ t 

a~range~ent ,is depicted in' Figure 3.1.4. 
cl ~ 

Un ter ber ~ e r ('l 9 78) a d a p 't e d &. con tIn u 0 us - w a v e , . ' , 
---,frequer,lcy":JIU)d1tlated (CW-F'~) radar altim~'ter for Ose rn 

ungerground salt'mines. ~he system operated at 4.3 GHz and 
9 

use d ho r n an t en n a 'a- h a'V i n 9 18 d Bof gai n for bot h the 

tr.ansm'lttet-':'and recè\ii,er., The tr~nsmittet: output was 1 W. ' ... / 

Rao' and Rao (1983) ~sed a system based upo)t the Russla~ 

radio-wave abs rption technique (Buselli, 1980). , The 
, • .-IJII. 

transmit~er consi t~d of' a,~hree.watfl crystal-controlled l 

MHz, ose i 11ator co nected to a 5 metre hor i zonta! d ipole 

antenna. The superhe dyne receiver empJ,oyed a parallel-. 

~ned ~a9netic' antenna. ~ 
The system developed by the autl1or, here, for 

... 
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R~CElveR 

446 MHz 

BAT'fERY 

. 80 dB 
STlp 

A'TTENUATOR 

fi ... ,. 3.1.5. Block di.,r.ni of ,the McCi Il UHf recelver • 

• 

TRANSMITTER 

4415 MHz 

f, 

. ' 

. ' 

L fi,.,. 3.1.5b Block dl'Iram of the McCl1 1 UHf transmltter. 
'. 

r 

\ 



~~---~ .... _~.- .... ~ .. - .. ,I. •• "" .............. ~ __ ~ '-

.------------'-""'---~---------... 
t 
j. 

J 
t 
i 

( 

• 

'0 

.' 

measurem,nt'of r~d~o-freque~cy absorption i~ shown in Ji9ur~ 

3.1.~a and 3.l.Sb. The,separate transmitter and receiver 

units consist of identical'transceivers, antennàs, batteries 
, -' . 

and, interconneeting cables. A step attenuator Is empÎoyed 

to control the'received signal level which is measurid bv a~ .! t 0' 

AC voltm,èter. A RF wattmeter monitors the transmitted signal" 

pow.er. The transmitter, re~eiver, ,'antennas and associated 

electronics accesBories are described in detal1 ,In the 

sections that follow." • > c 

& 
...-4' ~' 

3.2 t'be Radio prequency aanda 
J 

... 
Cer~ain constraints were imposed upon t~ design of the 

Instrqmentation by the desire to o'perate 'under Federal 

licence. The radio frequen~y band is divided in~o the 8 

component sub-bands shown in Figure 3.2.1. Indivldual 
, 

ftequency allotments w~ thi~, each band are governed by 
, J 

international ,agreements administered by the.u Internati,onal 
l' ,~ 0 • 

!) , 

Telecommunications union (ITU). The world ·has been divided . , , 

lrito three reqions for thls purpose. (Figure ,3.2.2). The 

~. fi.quency alloca~ions for Region, 2, which comprl~es the 
. ' 

westu:n hemlsphere, are l~sted l'n Tabie A .. I,' Appendix A. 

In designing'thë equipment, several objectives were to 

be satisfied. Pirstly~ the wavelength,in air must ,be'short 
• '1 ' 

as compared ~o the dLstance between~he transmitter a~4 
, ~ 
receivt!r stations. This would ensure that the transmitted 

~ -
wavefront would be effec'iv~ly planar at, the ~r~cei,v.r 

.. 
station and that the resolution of; the system wouid b. high 
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enough to locate features of interest within th~ntervening 

rock masse Considering that the distances betweén 

transmitter and receiver waul~ be on the order of 40 to 50 

MetreS' the wavelength should be 1ess than 2.5 mettes • 

. Second1y, the performance characteristics of the instrument 
, '-

should be high enough to allaw sufficient penetration (ie. 

r 4 " ta 5" met r es) of age 0 1 ogi cal, mat e ria 1 sot ha t a 

9~oPhysidally usefu1 survey cou1d be performed. Tfie losses 

incurred in the transi11umination mode are: 

" At = 8l"686 Cl • 
abs 

r 

Ât = 8.686 r Ul 1 ~b{ (1 + tan l 4l )r1 _ l} 
2 . 

+ f Gt + Gr ~,6"10g r. - 12910g f - ~.44} 

(2.6.1) 

--
(2.6.2) 

The.spreading 19ss, As, can b~ reduced by Increasing the 

ga.in of the anetennas ,used. 'Txpically this gain ls lilflited . 
by the need ta have a com,pact and portable antenna., The 

absorption 10ss, ~ bO "r , can be controlled by varying the . a s 

ope.rational frequency. As discussed in section 2.3 above, , , 

the absorption-v~rsus-frequency curves leve1 off after a 
i. /~ 

criti~a1 fre~uency. This crltica1 freQ4ency 15 dependent 
. . 

upon the electrical properties of the medium. The curves, 

typica11y, tend ta flat-ten out be,,~een 10 MHz and 1 GHz for 

many of the common matetia1s examined in Figures (2.3.3) ta 

(2.3.6) • For the 
\ - ~ 

extremely resistive' limeslane and 

granite, these absorption-losses level o~f at much lower 
11' 

frequency. At wavelengths of 2.5 Metres (1.29 MHz) or less 

" . 
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THE RADIO FREQUENCY BAND 

Freqt;ency 
3" 30 3 oro 3 30 300 3 . 3'0 300 
kHz kHz kHz MHz MHz MHz GHz ". GHz GHz 

IVLF '1 LF MF 'l, HF ,1 VHF UHF 

100 10 1 LOO 10 1 100 10 
km km km m m m cm cm cm 
Wavelength \ 

.. 
Figure 3.2.1 The radio frequeney bands (after Westman, 
1968). 

/ 

.0 

Figure 3.2.2 Division of thi glob~ in~o three regions for 
thé putpose of wor!d~ide frequency allotment (after Westman, 
1968). 
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the absorption rates vary between "'.5 and lit,,, dB/m. For the 

more highly absorbing materials the absorp_tion rate 

continues ~ increase with frequency' beyond 129 Mhz. 

Therefore, ~er sueh conqitjons, the frequency of operation 

should be kept as low as possible 50 that adequate 

penetration distances will be realizable. It i8' not 

unreasonable to expect the presence of conductive fluids 
• i 
,/ 

inifilling fqlctures in even the most resistiverock masse 
~ 
~iew of the constraints outlined immediately above, 

an operating frequency of between lI'l~ Mhz and 5e~ Mhz would 

provide a hi..g h enough deg iee 0 f re50l ut ion and sui tabl y low 

absorption losses so as to ôbtain geophysically use fuI 

results. Table A.l, Appendix A, shows that the frequencies 

w i thin th i5 su i tabl e range are a11 speci f i call y a11ocated. 
l>-

Oi scuss ions we re en tered i nto w i th the Fede r al Department of 

Communications (DOC) following which a frequency of 445 MHz 
~ 

w a s a Il 0 c a t e don a n exp e r i m en t a 1 bas i s. Sin cet h e r e w a s n 0 .~< 

ea-sily identi fiable catego ry for such geophysical equipment, 

an experi-mental licence in the amateur band (42e.0-45e.0 

MHZ) was issued. Tile high effective isotropie radiated 

power (equation 2.4.15) of the proposed transmitter system 
>;."Y 

(g reater than 2"" Watts) exceeded the limi ts of t;.he band so 
, .' ' 

the transmi tte r was licensed fo r unde rground use> only. The 

reeeiver could operate anywhere sinee it does not radiate. 
1 

The current licence number and call sign for the McGill UHF • , 

system are 5582159234 and VE9ILU re$pectively. 
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3.3 Instruaent Speci fications 

.. -L--

\ 
In designing the instrumentation, there was a desire to 

, 
use modul a r co mponen ts. These would serve t.o· keep .. the 

instrumentati~n multifunct1onal,. portable and paèkageable. 

Mo d i fic a t 1 0 n s cou 1 d the n b e m ad e t 0 e a..c h co m po n e n t 
, 

ind i vidually as requi red. Components could be inserted or 

removed according ,to survey' conditions. The rece-i ver 

shoùld be capable of s'table operation at 445 MHz and posse~ 

a gain that remains constant over a broad range of r.eceived 

signal amplitudes. Thf is, the receiver must be lineat. 

Its antenna should be able to receive the transmitt~· signal 

and send it te:) the input stage of the receiver with a 

minimal line loss. The transmitter. should provide a 

constant output-power signal into the transm i tter 1 ine and 
• 

the transmitter antenna should be capable of radiating ~~his 

signal wi th as small a ibS~ as possible. The system should 

possess a large enough gain-bandwidth product so that 

ope rat ion und e r a w ide ra n g e 0 f mat e ria 1 a b sor p t ion r-a tes 

and transmitter-reC?iver separat~on di .. ~tances 15 possible. 

The system per formance lèvel (equation 2.8.2) is 1 tm i ted to 

, a finite maximu,m vafue which constrains the upper l~imi t of 

the range of· measurable attenui;ltion~ (equation 2.6.1). The 

input saturation signal voltage, V rsat, determin~s the 

,minimum measurable attenuation.· ln the cas·e of extre'mely' 
. " 

non -a b sor b i n g m e dia and s h 0 r' t t r ans mit ter - r e ce i -v e. f." 

separations a. me,thod for lowering the system p~rform'an_ce 
1 
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level is required so that the receiver will not saturate. 

, . 
This can be achieved by lowering' the transmitted power, the 

antenna gain or the input saturation signal voltage. In 

practice, one would not want to change the 'antenna gai!1 as 

this would alter the radiated and received field patterns 

resu1.ting in a change in the volume of material being 
( 

sampled. 

3.4 Tbe transaltter and receiver 

The choice of the transmitter and receiver electronics • _ 

is limited by the specifications (section 3.3). -The 

proximity of the licensed test frequency (445.9 MHZ) to the 

45".", 

, 47"." 
479.9 MHz commercial communication band and the 

899.9 Mhz broadcasting band, which includes for 

example the UHF television channels, (see table A.I, 

Appendix A) means that commercial radio electronic 

components are readi 1 y ava i lable. UHF telev i sion recei vers 

could be modified to realize the required receiver. Power 

oscillators or erystal oscillators with subsequent POW)H 

amplification could serve as the transmitter. Despite the 
-

faet that the option of building the system eleatronies from 

small scale components would provide a greater degree of 

design flexibility, the us .. of larger modular components ' 

a Il 0 w e d t 0 rIe s s d e v e l 0 P -m e n J; t i me. Th eus e 0 f bas i c 

commercial, equipment components facilitated !the DOC licence 

appl~·cation. The DOC was, understandab'ly, reluctant to 

provide a test frequency without detailed equipment 
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YAESU MUS EN TRANSCEIVER PTC-4625 

Transmi tter: 

Output powen 25 Watts 

Frequency stability: > ± 5 ppm 

Antenna Impedance: 5".0 

Crystal multiplication: x12 

Power consumption: 6.fil Amperes-

Receiver: 

Sensitivity: > fil.5.J4V for 20 dB noise ~eting 
> fil.3 )l.V<>for 12 dB SINAD ' 

Input signal saturat ion 
voltage, VRSAT : appr6ximate1y l mV 

Receiver gain: 25 dB to point A 
55 dB to po int s-
128 dB to the discriminator 

Common: 

Input/output jack: tJBF female 

Power requirements: 13.8 V DC, ne9ative ground 

weight: 1.6 kg 

• 

Table 3.4.1 : Specifications for the FTC-4625 Transcelvar 
(Yaesu Musen, 198"). 
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specif ica·tions. Givan the difficulty of deslgning the 

instrumentation vi thout a· prior licensed frequency, i t vas 

clear that the modification of standard communication 

equipment vas the best approach to follow. Since the 

transmitter "and receiver must both operate at t,be licensed 

frequency, it seems reasonable to purchase them 'as a matched 

pa ire Several manufacturers ,of radio communIcation 

equipment vere approached with the problem of pro~iding 

transceivers for the 445." MHz frequency. Thei r equlp.ent 

is des igned to operate in the 459~0 - 479.9 MHz band v.l th a 

radiated power of from l to 39 Watts. The only manufacturer 

contacted-who vould ag~ee to the necessary modifications was 

the Yaesu Musen Cd. of Japan. Two Yaesu Musen F~C-462S 

tran~ceiver$ vere ~urchased with the intent of using orie as 

the transmitter and the front end stages of the other as the 

. receiver. Since these transceivers possess both a transmit 

and receive capability their functions' could be inter,changed 

to speed field oP1!rations or th~ spare transmit ând receive" 

channels could serve as backups. The DOC licence does not 

inëlude any allowance, for a modulated signal so the use of 

the tranceivers' àùdio comm'uniéation capabil i ty vould not be' 

permitted. 

The YAESU FTC-4625 tra-nsèeiver is pictured in Figure 

3.4.1. The transmIt and receive channel specificaJ:ions are 

listed in Table 3.4.1. Block diagrams of the transmit and 

receive channels are shown in Figures' 3.4.2 and 3.4.3 , ' 

respecti velYe The transceiv,er used as a transmltter will 
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he r eafte r be re fer red to as the t ransm i.t~r and the , 
tranacelver used as a receiver will hereafter be referred to 

as ,the receiver .. 

The transceiver electronics, shown in Figures 3.4.2 and 

3.4.3, has been left essentially unmodified f·rour its . . , 

or1ginal form,. The only c~anges made- by Yaesu Musen were in 

component values. These changes, over one hundred in total, 

were made at the factory in Japan at the ç-equest of .the 

author. The microphones were removed (by the author) in 

order to c;omply with the special DOC licensing régulations. 
/ 

A single::"'pole, single-th!='ow switch has been added to 

facilitate the- swltching on and off of the 445.0 MHz carrier 

frequency. The transceivers normally possess the ability to 

operate on any one of seven preselected channels ln th~ 

frequency range from 458." to 512.14 MHz. Only one channel 

is in tac't used and the range of possibl.e additional 

frequencies has been Soeverely limited by the component 

modi fications • 

. The transmitter channel (Figure 3.4.2) consists of a 

37.1 MHz fundamenta,l crystal oscillator whloh generates the 

carrier. The carrier it? subsequently phase ~odulated b'y the 

audio signal from the microphone and multlplied in. frequency 

by 12. The resulting signal Is ampl,ified and fed out 

through a female UHF' antenna jaCk. The output Impedance is 

-S0 o-hms. The FTC-4625 possesses an add-on power booster 

unit which increases the output power, from the standard UJW 
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~JlF 
AMPLIFIER 

.9 
mQUENCY 

MULTIPLIER 
X 12 

CRYSTAL 
OSCILLATOR 

AUDIO 
AMPLIFIERS 

.. 
RF 

AMPLlruR .. 

BUFFER 

UHF 
BOOSTER ANT 

UNIT 

PHASE 
MODULATOR 

LOW PASS 
FILTER 

FEKALE 
ENNA 

'.JACK 
OU 5 

Fllure 3.4.2 Block di.tram of the transml'tter section of 
the FTC-462S transcelver cl rcult •. 

ANTENN 
.JACK 

SOU 

18 dB 
RF AMP 

AUDIO 
SPEAKER 

DISCRIMINATOR 

p . -
Fllure 3.4.3 Block' diatram of the recelver .ectlon of the 
FTC-4625 trancelve,r circuit. 
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to 25W. '!'he output power is f lxed at 25 W. The translJlilter 

ls used as ls with no further m_odifications. 

The receiver channel (Figure 3.4.3) consists of a,'. 

sig~a1 input through the same female UHP antenra jack. .trhe 

frequency modulated input signal. ls filtered and amplified. 

It is firs~-stage mlxed with a nine tlmes mu1tiplied 47.1 

MHz ~lgnal produced by a crystal controlled Qscillator~ The . " 

resultant 21.4 MHz ,first int~rllediate f'requency (IF) is 

sUbseque.ntly\ampl.ified and fi·~tered prio,r to 7econd-sta9,e 

mixing ~Jth ~ 21.945 MHz sl9~al from a local oscll1ator. 

The resultant '445 kHz second IF is ampl·ifi"ed and crystal 

f 11 ter e d b e for e b eï n 9 d r t'ven t osa t u rat ion b yan 

amplifier/limiter. The audio sIgnal is ex.tracte~ fr~m the 

phase modulated clipped signal by a discrimlnator. A 445 

kHz n-otcb filter relÎlov.es the c-arrier. The audio signal ts' 

amplif ied, volume-controlled ~nd sent to a speaker. A tone­

squelch ci rcui t disables the audio ampl i fier in the absence 

of a carrier of preseleéted signal strength. 

The re'celved signal strength mUfit be measured at some 

point within the reaeive·r channel~ The recelver input 

signal must b.e linearly. related to the signal at the point 

of measurement •. 'N'lat is, the total gain between the input 

and the point _of m~asurement must be a'known finite 

c~nstant. The point of measurement must f,ollow a 

signi.f icant ampli fication of the input \ sign~l, but precede 
'. \ 

t,he siqnal dt:1ven to saturation by the amplifier/limite(. 

,. 

Ideally, it should be measured at a point where the sIgnal \, 
" 
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level itself will 'not be affected by. its measurement. 1 
" , 

p\o ints A and B', Figure vl.4.3, satisfy these measurement 
... 

criteria.~otal sig~al gaina to points A and B are 25 dB\ 
\ 

and ,55 dB respectively. AlI AC voltages referred to 

hereafter will be rms voltages. The minimpm,signal 

detec'table at thè input,Vrmin, is amplifled to a.9)l V and li' . ; 

.28 mV at p,oints A and 8 respectively. An input signal of 

amplitude "rsat ls a,PlifÙtd to, 17.S",V and .56:V at points A 

and' B respectively. rhe signaIs are extracted by connecting 

RG";;174 coaxial cablJs directly onto the printed circuit 

'board at points A and B. The cables are connected to female 

BNe panel ,connectors whlch are mounted to the exterior 

casing of 'the. transceiver. These th en 'Serve as signal 

output ports for the 445 kHz IF. In tact only the poInt B 

output ë::onnectlon was eventually used in the field. The RMS 

va].ue of th.e signal must subsequently be measured in order 

to determine the rec~ived signal l,evel. Three measurJng 

" ., techniques were developed although only one was èventua'l'ly 
i> 

uaed in the final fi,ld surveys • 

The first technlque involves the use of an RF probe. 
-,' 

An RF probe can usually be attached ta any ,OC vol tmeter of a 
, 1 

specifieeS inpu't Impedance. The RF probe rectifies an AC 

i !'lput s 1"gnal and èanverts i t ta the correspond i ng DC RMS 

value. The specifications of thè Fluke 8SRF high frequency 

probe, which was used for these measure~ents are l1sted in 

Table 3.4.2.The Fluke 85RF requires a OC. voltmet'er of 1" MQ 
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1 input resistance. The minimum vol tage measurable by 

probé i.s .25.V. Given that the saturation v'oltage at point 

B i5 .. 56 V, there" must be some manner of controlling the 

inpft- signal 1evel o~ on;,y ~ very 1im~te~ attenuatlon range 

WO&ld be measurable. "In fact the range of possible 

. attenuation measurements would be only 7 dB. The. lowest. 

attenuation value measurable can be calcu1ated" as fo110ws. , . 
- f 

G iven the transm i t ter output vol tage, Vt , and \he input 
J 

signal ,satura~tion voltage,vrsat, the lowest attenuation 

measur:able is: 

• 

.A: min ... 29 log Vt 
Vrsat 

• 91 dB (3.4.1) 

The system performance level ca1cu1ated fram equa~ion 2.7.2, 
\ .. 

~s 157 aB. The directly measurable attenuation range using . 
the RF probe is from 159 dB to 157 dB, scarcely adequa"te' (or 

the survey conditions which could be encountered and far 

short o~ the rec,eiver's range. A simple change in the 

'spre"ading 10ss due to a changè 1 in transmitter-receivel' 

• 
separat~on could easlly result ln a'7 dB variation in the 

signal 1evel. 

~ An alternativê measuring device Is an AC voltmeter. The 
'1\) -

--" 
"specifications for the Hewlett-packard 493B AC vol tmeter are 

listed in Table 3.4.3. Its measurement range '(1 mV t-0 389V) 
" 

is 'far superior to that of the RF probe. Although thè low , 

end mèasuring 11mit (hlgh attenuation rates) ls. adequate, 

the problèm of taking an attenuation measurement wh"en, the 
, 

attenuat ion 1.s extremely low st ill exists. The AC vol tmeter 

1.97 , 
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FLUltE 8SRF HIGH'FREQUENCY PRO~E 

AC to DC rat io: 1: 1 

. -Ratio accuracY:±".5 dB above ".5V (at 1 MHz with 18 Ma'~oad) 
±t~" dB be10w ".5V 

~requency response:+I.s~dB 1"" kHz' to, 1'" M~z' 
+1.9 dB 199 MHZ to 2". MHz +3." dB 3"" MHz to 5"" MHz 
(relati ve to 1." ',MHz) 

Voltage range: 9.25 to 39 V rms 

Maximum input voltage: '·39 V rms" 28"" Y dç: 

Input capacit~nce: approximatêTY 3 pF 

Response:responds to peak ,value of input; calibratéd to 
read rms value of a sinewave, 

, 
" 

Table 3.4.2 : Specifications for th~ Mod~l 8sRF H4g~ 
prequency Probe (Fluke, ,1~983). 

" 

HEWLE'1'T-P~CKARD 483B' AC .v'OL-TMETER .r-" 

. Range: 1 mV 

, r' 

• ~I, / 

to .3"" V 'rms fu}..l 'scale,~ 12 r~~ 
\, . 

Accuracy: +".2 dB 19Hz to 1 MHZ; +".4 dB '5 to 19 Hz a"d 1 to 
, 2 M~z (9-59- C) 

Frequency range: 5 Hz to' 2 MHz ' . 

Response: respond~ to the rms voltage 9f ~ sine vave input . . . ~ . . 

1 
! , , 

Input Impedanoe: 2Ji11D shunted by <68 pl' 1. lDV ta 31 "V ranges, 'i 
~unted ~y <38 pl' 18" IIlV to 388 V ranges 1 • 

Po~er: 49 rechargeablé batteries 

Table 3.4.3 : Spec-1 fications for~ the Model 4838 
AC voltmeter (tlewlett:-packard, l,981) ~ " .. 

'f 1 
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i$' capable of direct1,y mea~uri!,9 total attenuations of 

betwe,en 91 dB, the lowest attenuat'fon measurable, and 157 

dB. T.his, still limits, ta.some e~tent, the flexibility of 

the /slystem to, measur~ in a 10"" absorption env i ronlllent 
.. • 1 

and/or lit close. separations.. The spreading 10ss with a 5" m, 
'" 

transmitter-receivet separation 1s 59.4 dB. 'This' me~ns that 
, , 

for an attenuation to be'measûrable at this s~paration the 

absorption rate must be on the order,of 1 dBlm or greater at 

445 J4,Hz. Given the measured electr'icai parameters and the 
l.- , 

calculated absorp~ion rates iri commpn materials (see Table 

2.3.2), it Is obvious that m~ny common rock or soil types do 

not fulfil this measurabil i ty 'çr i terion. Furthermo re". the 

situation worsens as the separation is decreased or antenna 

-gaih is added. Cl~arIy, there exists a need to reduoe the 

transmitted power or to raise the receiver input saturation 

vol t'age. Both options have, in f a,.ct, beeT,l' i mp1emented i nj 

this resea rch. 
, , 

The J:hird si,gnal,measuring technique, an indirect 
----r:.' 

m'ethod, is discussed in section 3'.6 below • 

. 3.5 "rhe power and signal attenuato'l'S 

• 

Tbe'transm11;ter's output power Is fixeç at 25, w. 

Modification of the int~rnal electronics to reduce tl;le 

output power was consigere-d. 'l'heremova1 of t~e add-on 

pO,wer. booster' uni t wouÎd reduc,e tne ,output ,power from' 25 to 

19 W or by about 4 dq. 'This wouid require the modificat4on . , , . . 
of approxh'nately 1111 internaI. connections each time a power 

. . ' 
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r~duction would be· needed. Also, 4 dB ls not a sufficient 
? ' 

signal reduction, to just1fy the' effort reqühed to make this 
1 _ " ( 

modification. Another optioh w<lluld' be ta tap' 'off the output 

signal at an earlier stage. There' Is, however, no real 

location to tap off th~' sçnai,prld~ to the radio frequency, 

anwlifier (Figure 3.4Y Car!e would'have ta be taken that 

the l1ne Impedance w,as matched to 59 n. Again a .. 
cons,iderablè effort would,. be. required for only 4 dB of 

signal reduction. The rnost logiqal al te.rl)ative in reducing 
c , 

the transmitted power 18 to stay with t!?e modu~ar design 

concept and insert a commerc,lal power at'tenuator into the, 

t r ans mis s ion 1 i ne. The s e are a v a il a bOl e for a var i et y 0 f 
J 

f' r e que n cyr a n g e san d po w e r. dis s i pat 1 0 n 'v a lue s. ' The 

specifications for t1te Weinschel EnginOeering Model 33-19-34 

19 dB coaxial f .. ixed attenuaËor, whlch w'a$ used. her1, are 
0' ~ ~ 

listed in Table 3.5.1'. The attenuator ls effectively a non-

radiating resistive element;: which can be inserted into the 

transmission line
i 

between the transmitter and the 
'\1 

It has a nominal impedance of 50 Q oV'er the. frequency range 

OC to S.Cr} GHz. Maximu.m input powe'r ~'s 2'\ ·W. 'The power 

il t te nUl t 0 ~ ha s the fIe x i b i 1 i t Y th a ~~ i t ca n e a s. ~'l y b e 
o 

inserted into, th,e transmlssion line to provide 1" dB of 
J ,\ 

a'ttenuation when needec:r:- The sicJ-nal ",pow'er at the 

transmUter antenna' input terminaIs Is th en reduced to 2.5 
r . 

W." The minimum measur'ab~e' attenuation 13 cons~quently 

reduced to 81 dB. Clearly i t w.oul~ be more power ·.~ff1crerit 

, ( 

'lUI 

.r 

" 

.. 

, 1 

1 

f 

1/ 
, , 



1 . \ 

c 

WEINSCHEL 33-1~-34 POWER ATTENUATOR 

Frequency range: DC - 8.3 GHz 

Nom i nal impedance: Sc;, ohms 

Attenuation (dB): 13 + 3.3 

Max imum VSWR: 1.1 
1.2 
1.3 

DC to 1. 5 GHz 
1.5 to 4.~ GHz 
4. c;, to 8. ~ GHz 

Power rating: 25 Watts average, 5 kilowatts peak at 25' C 

Temperature range: -55' to 125' C 

Weight: 0.17 kg 

Table 3.5.1: Specifications for. the Mode1 33-1~-34 Power 
Attenuato r (We.Ï n~chel , 1982). 

WAVETEK 5~8 c;, SIGNAL ATTENUATOR 

Frequency range: DC - 2.~ GHz 

~omina1 impedà<nce: 5c;, ohms 

Attenuation: 0 to 8~ dB in" 1 dB steps 

Maximum VSWR: 

Power rating: 

1.2 DC to 1. c;, GHz 
1. 5 ~1. c;, to 2 ~ ~ GHz 

0. 5 ~at ts maximum .. 

, 
r~~< 

i 
1 

,-

! 

Ta b l e 3 • 5 • 2 : Sp e ci fic a t i 6 n s for the Mo d e 1 5 ~ 80S i 9 il a,l 1" 

Attenuator (W~vetek, 1982). 

< 
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to r.edl"lce the tran~rnitted power by reducing the po.wer 

ampl ification in the transm i tte r, however for the purposes 

,of ~his feaslbility study little importance was placed upon 

des1gn~ng an ideal production survey instru.me.nt. The goal 

'was ~lways to' produce an operational prototype system which 

fulfills the desired specification~ in the sho'rtest time 

poss ible. 

, The sécond option in lowering th.e minimum attenuation 

,m e a sur a b 1 e i s t 0 rai set h El r e c e ive r i n. put s a t u rat ion 

voltage • .. This can be achieved either directly or 

indirectly. The direct method requires a tirne-consuming, 

extensive modification of -tpe receiver circuitry. The 
~ 

indirect method requires the insertion of a modular 

com.ponent,. a cal ibrated signal attenuator, into the, recei ver:. 
\ 

trans~,ssion line. The specifications for the Wavetek 5a89 
~:r \. • \, 

.' ~irtal attenuator used, heret are listed in Table 3.5.2. 

-~e attenuator can be inserted into tne transmfssion line 

between'-the receiver antenna and the,receiver input stage. 

It provides for a total reduction in input signal level of 

8'~ iB in 1 dB steps over the frequency ra·nge OC to 1 GHz. 

Th~"'line imp'edance of the attenuator ls Sll Sl. Th.e slgnàl 
... 

attenuator reduces the sigl)a1,level passed.through to the 

input stage of the receivecf providlng a correspondfng 

e f f e € t ive ce duc tic;> n in the ,r e c e ive r, in put sa t u rat ion 

~~ltage. The m·inimum attenuation measurable using the 

'JJransmitter's la dB power attenuator and the full 88 dB, 

attenuation provided by the r&Ceiv~,r's signal atteriuator ls 

112 
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theoretically reduced to 1 dB~. Attenuation measurements can 

then be taken over the range of from 1 to 157 dB al10wing 

for a broad variety of material absorption rates and 

transmitter-re~eiver separations. In pra,ctice, the ~ini~um 
a,ttenuation measurable will be m.ach higher than l dB for the 

reasons discussed in the following section. 

~ 
3.6 Electro.agnetic shielding 

An accu,rate attel1uatiO!l measurement can only be made if 

the signal measured at the voltmeter co~es down the 

transmission' line uniquely from th~\ receiver antenna. Any 

signal which' enters the tr'ansmission line or receiver 

electronlcs dlrectly, bypasslng th\ recelver antenna, will 

alter the true wave attenuation measurement. Furthermore 

phase differences bétw~en signaIs from different .sources 

will result in the creation,of a series of maxima arid mini~a 

as the antenna ls rotated through space. The maximum-

coupled position will no longer necessarily yield the 

highest received sIgnal and the ditection of the true source 
" 

will be obscured. Normally this situation would rarely 

arise. The :;i9na1 collected b~ the antenna should be far 

greater ln amplitude than any other signal' entering the 

transm ission 11ne. The interconnecting cables are shielded 

and aIl in-line 'components possess shielded exteriors. Only 
<""c 

c~ 

a flnite amount of, shielding 1.s however obtainabl~) 

problems can arise 'when using a high attenuatiQ~ ~ettin9 on 

113 
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the in-line signal attenuator. Figure 3.6.1 illustrates the 
1 

cas.r. The s igné).! p~we r in f ree space a t the rece i ver i s P. . 
The ~ignal at~enuator reduces the the signal by ~ value G 

resultlng in a signal power of P - G a~ the receiver inpOt 

stag e. The same signal in air, P, can enter the 

transmission line subsequent to the ,signal attenuator. The 

shielding factor at the point of entry Is S. This signal 

then possesses the value P - S at tbe receiver input stage. 

The two signaIs will also di ffer in phas'e by some amount ; •. 

provided P - G » P - S the atte~uation measurement will be 

valide Should the case P - G ~ P - S exist, the measured 

attenuation will vary widely with antenna direction due to 

the phase di.fference between the two contributing sourc.s. 

If P - G « P - S, the direc~ion in which the antenna points· 

will have no effect on the measur~d attenuation; tbe signal 

from the antenna will be effectively attenuate9 away. The 

second and third conditions, described above, will only , . 
, 

arise when large levais of signal attenuc1lti,on are required 

in order to avoid the receiver saturation conditlon. This . 
will occur wh en the total signal atte'nu'ation is small. The 

. . 
j,<rwest attenuation measurable, wben using the II d~ power' 

attenuator in the transmitter transmission line, ~s 81 dB. 

1 GA i IF' 

\ 
f 
l 
1 

1 

Should the ~eal total attenuatlon fall below 81 dB, " . .. 
sa tu rat ion' M w i 1 r: 0 c c u r uni ,e s s the r e cel Ver' s sig na 1 , . 
attenuator is a190 use'q. The spreadi,ng 10ss -at 2S .metres 

s~paration 1.8 34.4 ~B. Clearly, cases will aris~ ln whlch' 

the abso,rptlon of the medium Is low enough that saturation', 
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ATTENUATOR 

GAIN 
-G 

P-G 
RECEIVER \ 

('-------'-' 
SHIELDING 

FACTOR 
S 

fllure 1.6.1 Illustration of the po~entlal problems which 
can arise due te) Inadequate shleldlna ,of the recelver. P 15 
the recelve.d sianal power. C 15 the slanal .ttenuator 
Utenuatlon value. 5 15 the recejver shieldina factor. 
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fia.r. 3.6.3 The comparator cl rcul t. 
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will occur. Calculated attenuation rates (Table 2.3.2) for 1 

several materials are !bwer than. l dB/m. 

A second path for an 'unwanted 44,S MHz signal to enter 

the receive~ electronics indirectly is by induction into the 

battery that supplies power to the recelver. 80th 

transm~tter and receiver were originally eq~ipped with yuasa 

868-12 28 Ampere-hour lead-acid bâtterie~. This was to 

provide for interch~ngeability of functions as discussed in 

. section 3.4 above.· The Yuasa battery sholÏld provide about 

4.5 hours of continuous transmi tter operation in the fie14 .. '" 
. . 

It was rec~nized that due to its rather large size and 

large number oi parallel plates, this battery' could act as 

an antenna and bring an unwanted 445 MHz'signal into the . . 
receiver through the power supply lines. At short 

. 
transmitter-receiver separations, the am~unt of signal 

picka~ up by the battery could'be considerable. The 
• , ç • • 

recei~er battery was replaced with a smaller Eveready dry­

• : cell lanter'n battery for this reason. The smaller battery 

is adequate for the receiver's limi~ed power consumption 

(9.3 Amps maxlnlum). 

Several'precautions were taken wlth the view that a 

measurement requiring 6" dB of receiver signal attenuation 

could be needed. The receiver, its battery, ~he signal: 

attenuator and the interconnecting cables have been placed 
. . 

in an al~minum canister (Figure 3.6.2). The canister is 

constructe4 from a 3/8 inch aluminum sheet rolled into a . 
cylinder •. The joint is welded together and a circular -
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bottom Is W'elded on. A l.id of slmiliar matel'ial is bolted 
~ 

on. A 3/8 inch thlckness of aluminum provldes for 285"" dB 

of attenuation at 445 MHz. AlI connections to the inside of 

the canlst~r are made through the l~d. The shaft of the 

attenuator protrudes through the lld providing external 

access to the rotaf~ dia1. The signal attenuator la rigidly 

flush-~ounted wi th a copper gasket to the underside of the 

1id. Two'bulkhead connec tors are mounted On the lid. An N-

type connector brings the s~gnal from the receiver antenna 

i'nto the canister and a SNe connector al10ws access to the 

445 kHz IF from the receiver. An Emerson and Cuming 

Eccoshield SV RF gasket is glued ta the top of the caniste~. 

The manufacturer's specifications for this gasket promise a 

1"" dB attenuatlon of an incIdent plane wave. The gasket 1~ 

composed of a .51 mm thlc~ coBductive silicon rubber 

compound. provided the 1id is flush-mounted to the canister l 

tightly enough to compress the gasket, tfie seal ~hould b~ 

\, 

,excellent.- The sum total ~f aIl the above precautions / 

provides about 5" dB of .shield ing as tested by the author.,/ 

That is, the signal ~rom the antenna can be reduce~ by 5" dB 

.before It.approache, th~ magnitude of any leakage signal 
. 

'reaching the receiver. This was measured in the laboratory 

as follows. 

The transmitter and receiver were placed at. a short 

separation so that the receiver saturated. The received 

signal le~el was monitored vith the Hewlett packard Aè 
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. 
voltmeter as the atte-nuation s~tting .on tbe recelve'r's . --~, .. 

signal attenuator was gradually increased in le dS·steps. 

Once the signàl was low~fed be~ow -the input signal 

saturation level it decreased in le db step~ in harmony with 

the attenuator setting unti1 59 db of attenuatiop was 

reached. Increasing the attenuation from se to 69 dB 

resulted in a decrease i·n the monitored si9na1 1evel of.less 

than 19 dB. Increasing the attenuation from 6e. to 7·9 d'B 

resulted in no appreciable change in the monitored signal 

level. The background received signal (at point B) is on 

the order of. 5 mV. The final measured signal with the 

signal attenuator set to 79 dB must be above this level for 

the resu1ts to be valid .for we cannot expect a furth~r 

dacrease in signal with attenuation once this point ls 

reached. \ 

'There wIll alwa\s be some finite leakage loto the 
-

canister through the two bulkhead connectors, the -attenuator 

shaft and the 11d sèal; ~he attenuator shaft se~l1 seems 

quite .sensitive to moveme~ Care has b~en taken -to rigidly 

Mount the attenuator. 

There 1s some concern that the 445
0 

kHz o~tput port on 

the cy1inder lid could bring a slgnificant lèakage signal 

into the canister or the receiver electronics. rhe thi~d 

measuring technique, alluded to in section ~.4 above, was 

developed so that no output port would be.necessary. Figure 
, . . /' ' 

3.6.3 illustrates a schématic of the measuring,c!rcuit. The' 
l 

445 kHz output signal from the receiver i·s first reètified 
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by the RF probe. The resultin, OC outp~t }s ~omp~r~d ~o a 
, , 

f' xed reference suppl1-ed by the LM34'" regulator,. Th~ LM339 
~ 

v;ltage 'comparator compares' the RF ~robe oùtput and the 

efeterir;:è sf.gnal. '. The Qutput. of th'e comparator: is ,é~nnected 
.( 

" , 
to the negativë ~erminal of a Sonaiert buzzer. The positive 
r ," , 
terminal' of the Son~lert 1s c~~n~c,t~d, t'o a 12 VQl t bf.attery. 

Sho~'ld the, refe~~nce' VOl,ta~e be less than h" e --Ir' ~rob; 
output, the outPut of the. compétrator, will tie s ted ,to i ts 

. . \."' 
negative supp'iy voltage (-3 Volts in this ca;e) 'and the 

buzzer will sound. The buzzer wili only turn off when"thé 

RF' probe output falls below the reference voltage" To take 
, " 

, " 

a m~asurement the att~nua~r ls 'adjus'ted in one d,cibel 

steps until the -t)uzzer shuts off. !l'he attenuation setting 
r , , 

when the buzz~r j~st shuts off is then rea~ off the dial. 

Typically the attenuation can be detJ;!rm,ined to about. one 
~ . 

'decibel of precision ~sing·thl~ technique. The RF probe and 
! , 

the comparator circui t ar~ both sealed wi thin the receiver 

canister.' Although originally intended for field use the 

comparator circuit ~as eventually only used ln tracklng down 

sources of signal leakage in th~~lab. 

", In "~event of" a: .... all t'ran' ... ltter-rec,efve' 

separation, there Is sorne concern a))out radiation from the 

transceiver casing.' The tra~smitter has been placed within 
( , 

a copper casing to avoid this possibility (Figure 3.6.4). A 
, 

bulkhead N-type connector on the side wall provides an 
• J 

,outpu't for the signal. An on~off switch is mounted, on the 

, -, 
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oppos(~e slQe wall o~'t~e casing. 'th e ~ co pp e r 1 i dis ' 

fastened on by eight', wing n'uts •. Although tbese pr'ecaution's 
, 

,did not prove n~cessary~ in the fierd thèy w~re pecessary in 
... • 'li \ 

peI' fC? rm,in9 many' cl ose~$epa r'a t i on tests i n' the 1 ab. The 
, ... .... 

,result of these modiflcati~ns ls that the transmitter and 
. , 

receiver ~are not eas,ily interchangeable in the field • 
. 

~ The actual minimum attenuati6n measurable is 31 dB. 

, Thus a range of total attenuatlon between 31 and 157 dB ls 

mecssurable,. 

/. 
3.7 .. ~tennas 

,. The-characteristics of a,n antenna (gain, Impedance"~ 

si~e, weight) will greatly effect the perfor',mance o'f the 

system. ,A !1tgher antenna gain (équation 2~3.l2) will r&duce' 

thè spreading loss and increas~ the directfvity (equation 

2.3.6) of the. antenna. The Impedance of the antenna must be 

mat'ched to the 'transmissio,n ].lne for maximum radi:ation of 

electromagneti.c energy. 'fhis can be, exp're~sed in terms of 

the V.SWR ratio (equation 2.5-.2) ... Ideally, -in 
, . t he..l 

transillumination mode, the antenna sho.uld possess a penci1-, ,) 

beam fiefd p,attern so tnat the wave attenuation in a 

specifie direction can be measured .. I,n a tomographie 

reconstruction, aIl th-e wave ener~y ls- assumed to be lost 

along the, wa,jepath joining the ,transmitter and. t"eceiver. 

CqmJ?act UHP antenna$ with' the direc.tivity o~ an Xl-ray 

medical ~omoq,raphy source are not feas,ible.. Size and weight 
. 

consideratJons limit the antenna.~ain to a fini te value. 
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Mo!?t UHF antennas in the 42~-47~ MHz frequency ranqe possess 

gains of between l and U~ dB. Th~_stacking of individual 

antennas into an array can result in gains of up to 39 dB at 

the cost of increased size and weight. A single UHF antenna 

will typically have dimensions on the order of the free 

space wavelength of i ts design center-frequency. At 445 MHz 

this would be about .67 metres. Several standard anternna 

designs are available in the UHF range. Examples of these 

. are s'hown in Figure 3.7,.1. The antenna typically consists' 
- r 

of a single dipolar or folded dipolar driven ey'm~nt and 

several passive reflectors which serve to focus the field. 

In addition, Individual antennas can be stacked into an 

array for increased gain. Unterberger (1978), for his 

"Charlie- underground pulse radar system, uses a four bay 

ar r ay Yag i-Uda antenna wh i ch pro v ides 17 dB of ga in at 440 ..... 
MHz. 

In choosing an antenna the radAi,ation pattern is 
, ( 

extremely important. The presence of pronounced back- or 

side-Iobes can create secondary inter'ference in< an enclosed 

ar"ea. In addition, any power not radiated in the direction 

- / -of the receiver can be regarded a,s lost. A large back-lobe 
1 

,could resul t in reflections off the instrument operéftor or 
1 

transmitter console and add ta the forward radiated field 
o 

resulting in an altered field pattern. This reflected\ 
. 

component will also vary with the position of conductlve 

background mater ia1. The S :f:ncla i r Rad io Labo rato ries model 

4raJÀ corner r~flector (Figure 3.7.lc) was chos~n ;fo,r Its 
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SINCLAIR 3B2A CORNER REFLECTOR 

Figure 3.7.2: The horizontal radiation patt.-ern of t)le SRL-
3B2A corner reflector antenna for a""vertical 
electric' po1ar~zation (after Sinc1~ir Radio 
Labora tories, 1981). 

SINCLAIR 3B2A CORNER REFLECTOR 

Frequency range: 496 -479 MHz 

Nominal impedance: se ohms 

Nominal gain: 9.5 dB 

Maximum VSWR: 1.5 

Power rating: leB Wat~s 

Po1arization: vertical or hOTizontal 

Weight: 7.7 kg 

.Dim~nsion. (m): .7628 x 1.27BW 

Table 3.7.1: Spècifications for the Model l.2A Corner. 
R-eflec~or (Sinclair Radio Laboratories, 
1981) • 
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SIRO 8~85 TERMALINE LOt\D RESISTER 

Frequency range: DC to 3.5 GHz 

Nominal impedance: 59 ohms 

Maximum 'iJSWR: 1.1 DC to 1 GHz , 
1.25 1 GHz. to 3.5 ~HZ 

Power rating: 25 Watts continuous dut Y 

" . Temperature range: -4~ to 4 ~ C 

Weight: 9.4 kq 

'Table 3.7.2: Speci fications for the Model 8"85 
Termaline RF Coaxial Load Re~istor (Bird, 
1982) • 

J 

SIRD MODEL 4) THRULI~E WATTMETER 

. . 

Freqbency range: "2.0 MHz to 1." GHz 

Nominal Impedance: sa ohms 
" 

.Maximum VSWR: 1. 05 

Power r~ting: 1 Watt to 5 kilowatts full scale 

Wéigbt: .1.8 kg 

. 
Table, ~.,8.1: Specifioations for the Model 43 Thruline 

Wattmeter '(Bird, 1982). 
\ , 

, 1 
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relatively high~in ~nd uniform'field radiation pattern. 
\, , 

The horizontal radirt,i.on, pattern for a vertical electric 

polarlzatlon is shown in Figure 3.7.2. The antenna 

specifications are l1sted in Table 3.7.1. The antenna has a 

nominal gain of Il.28 dB ajnd a half-power beamwidth of 59·°. 

The radiation pattern contains no large back-' or side-lQbes. 

The oorner reflector consists of a central folded dip~le and 

19 paral1el p~ssive reflectors. The antenna can be rotated 

about i ts horizontal axis to switeh from vertical electric 
".. 

to horizontal electric polarization. Bath transmitter and 

rec;lver an,tenna are mounted pn standard surv~y tripods that 

provide 360,0 of rotation about a vertical axis. 

It 

with DOC 

ntioned, here, that in order to comply 

ieencing requirements, aIl above ground and 

la~rator tests with the transmitter were carried out with 

the ~enna replaced by a non-radiating dummy load. Ttie 

specifications for the Bird Termaline Coaxial Resistor used, . 

here" for this purpese are listed in Table 3.7.2. 

, ' 

3.8 Coupl iDg el •• nta \ 
~ 

The i,.pedanee" match at d i'fferent junctiorhs a10n9 the , 

transmission 1ine is extremely important in a uap system. 

As discussed in section 2.4 above, an impedance mismatch C,an 
" , 

result in large ohmic los~es along the length of -the 

transmission line and refleptions from the end of the line. 

I:.ine reflections of a si9nifieant magnitude could result in 

transmi tter fail'ure. Large reflactions can alsd sti.ulate 

~--
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·frequency pulling W ,/resultlng in a variation in the 

operational frequency. The VSWR ratio (equations 2.5.1 and 
• 

2.5.2) is the standard measure of the impedance"mismatch. 

AlI the signal cartying ~omponents in Figure 3.1.5 possess 

59 ohm 1ine Impedances. ~espite.this n~mina1 matching, 

there will àlways exist some fiRite mismatch at each 

junction in the transmission 1lne. Generall~ each component 

iS,specified to have a maximum VSWR insertion ratio. The 

VSWR ratios of the individual ~omponents used are listed in 

their respective specification Tables (3.5.1~ 3.5.2,3.8.1). 

The Yaesu transceiver requires a VSWR of 1.5 or less in 

order to achieve i ts l1sted performance specifications. A 

VSWR of loS' is equivalent to about 4% reflected power. 
l) 

Given the transmitter's 25 W output, this translates into a 

re.flected power of 1 w. 

An impo(tant factor to consider is that any conductive 

materia1 near the antenna can, in fact, act as a comportent 

of the transmission 1ine and affect the radiated field. The 

VSWR can, in consequenc., be greatly changed. A copper 

plate placed directly in front of the antenna wïll reflect 

much of the radiation back into the antenna and transmitter. 

The VSWR ratio can, therefore ow indirectly indicate the 

·electromagnetic refiectivity· of the medium directly in 

front of the antenna. Should the reflection back into the , 

antenna raise the VSWR ta a substantial levei (greater than 
f 

1.5) the antenna must be moved back until the VSWR falls 
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within specifications. In one test performed by the author, 

the pres,ence of a person 1.5 meters from the antenna changed 
\ 

the VSWR from 1.25 to 1.5 (1.6 , to 4' ref1ected power) • 

. The standa'rd co~mer~ial instrument-for measur!ng the 

VSWR ratio' a10ng a transmission 1iné is the directiona1 

wattmeter. The wattmeter is inserted direotly into th~ 

transmission 1 ine and measures the forward and reflec'ted 

power. These powers are then ~onverted to a VSWR, uslng 

equat,ion 2.5.1.. The specifications, for the Bird Mode1 43 

Th ru 1 in'e Wattmete r used, - he re, are 1 i sted in 'Tabl e 3.8.1. 
ri. ' 

The Thru1ine Model 4-3 consists of a central cavity in which 

s~andard elements are inserted. The circuit is balanced so 

that i t is sens! ti va to the conducti've currents traveIl1ng 

,in only one direction.. This direction la reversed by 
, 

• • rotating the coupling element through' 189. The lnsertion 

VSWR prod ~ced by the me te r i tse 1 f ls'l èstl than 1.,,'5 or .86' 

rèffected power. Ttie full scale meter reading and frequency 

tan~e can be changed by insertion of different standard 

elements into the central cav~ty. 

• j 
1 .. 
i 

, ; 

, 
,1 

1 

1 
1 

o r 19 i n a Il y a Il i nt e 'r con nec tin 9 cab 1 es we r e 0 f th e 5" ,r .. ' 
ohm' RG-213 u type. The cabl es w i th 1 n the 1 nB tru~ef 'cas i ng 

we·re subsequently replaced by superior shlelded RG-214U 

cables for the ,final field Jsurveys. 
!I~ t-j- 1 , . 

" 3.9 av.rall syat •• cbaractèrlstlcs 

The overall eharacterlstics of the McGill UHF-EM system 

are summar ized in Table 3.9.1.. Figures 3.9.1 to 3.9.4 show 
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the instrumentation in Ita ""flhal forme The transmitter and, 
II[ , \ A 

rece1ver .each r-equire one operator. Each unit oan be 
u 

transported by Olle man although the laEge dimensions of the , , 

antenna Illake i t dif! lcul t to manouvre ln close quarters. 

The antenna can be disasse,.bled for easier transport. Thé 
, 

ma~imull URP of the transmitter, 'calculated from equation 

2.4.15 ab~ve, ia 223 w. 

The sy~~elll ha's an accuracy of appr~ximate).y tl.0 dB 

when lIleasurlng an Attenuation under a known geometry,. but 

one must expect a hlgher d,egree of Inaccuracy in actual 

field use. Any deviation of theliantennas from their 

maximum-coupled position will result in a decrease ln the 

accuracy'of the lIl~asurement. Referring to Figure 3.7.2 l't 

1s'eyld~nt that'a~ orientation ert'or of ± 1" a of either of 

the antennas reaulta :in a decrease of 0.5 dB in the received 

signal level. Rafleetion of ine ident energy ~rom a rock 

wall wUI also result in, a reduced' level of accur:aey ln the 

measuremen,t. Ideally, ~he antenna should be tûned at eac:;:h 
. 

, . position so that 'aIl the ener9Y is radiated into the rock 

mad i um.' The- wattmetet can monitor, to some extent, 4ny, 

backreflection encountered. 
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McGILL URF-EM SXSTEM 
'\0 

Transmftter: 

output power: 2.5 ,or 25 Watts 
Frequenèy stabillty: > +5. ppm 
Power c.onsumptlon: 6.9 AlDperes maximum 
EIRP: 22 or 2~3 Watts ' 

" . 

Console dimensions (mm): 635h x 4S7W x 338d, back.pack 
inounted 

Console weight: 19 Kg 

.".. . '. ' 

Receiver: 

Minimum. detectable signal: e.5)J. V nominal 
Input signal saturation: 1 mV nominal 
Gain: 5 to 55 dB- in 1 dB steps . 
Power consumption: ".~ ~p~Fes maximum . 
Console dimensions (mm): 5e,Sh x 3~6 diam~ter 
Console weight :19Kg 

Common: 

Ope.rating frequency: 445 MHz 
Antenna gai'ri: 9.5 dB . 

• 

Antenna dimensions: 762h x 1278w x 838d, tripod lIIounted 
Li ne impedance: \ 5" Ohms 
Power supply: 12 Volt, negative ground 

" 
Table 3.9.J.: Specifications, for the McGill URF-EM syst.a. 

" 
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134 

J. 

1 

1 
, j 

J 

1 
1 

1 
1 

'1 
1 

·1 



co 

c 
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Pield Suryeys 

4.1 General 

The geology of the test sites ls extremely impor~ant ln 

demonstrating the f.easlblllty of the UHF 'transillumination 

;s ys te m. The 9 en e raI sc 0 p e 0 f the pro j e c t ha s b e en t 0 

investigate the feasibi1ity of using continuous UHF waves in 

a typica1 Canad ian shield env i ronment. G i ven that goal i t 

is only reasonable to carry out the test, surveys in this 

environment. Several criteria are required of any test 

. site. It should be within an area which is locally 
~ 

geologically interesting. Given the nature of the ~q,ui pment 

and the DOC licencing req,uirements, th:e site must be 

underground. Site access should be free and unrestr1cted as 

the ti m~ requ i red to transpor t and a11gn the equ i pmen t a t 

each location can be significant. Sincê the transmitter and 

receiver must be synchroni sed to 'operate simul taneousl y and 

they May (be 10cat~d in separate passageways, freedom of 

movement aro~nd the ~ite for communications purposes is 

essential. po,ssi bl e cul tura l no i se sources shou l d be 

minimal. For example, the continuous motion of equipment or 

workers within the Siurvey area .could· seriously affect 

attenuation measurements. The underground openings and 

passa,geways must be 'of sufficient dimension and must be laid 

out so that useful t~rough-material measurements can be 
11 
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made. ,Several measurementa tbroug'n different distances of 

geo10gic material are nepessary in crder lo verify a 

calcu1ated absorpti-on rate. The ability to use fan-like 

arrays in order to detect inhomogenietles in the rock Maas 

would be desirable. The- site should be safe. Lightlng and 

electrical power are not needed on site and since. they could 

create unwanted noise sources, if present, it is preferable 

th a t . non e ex 1 st. A n ace u rat e min e sur vey s h'o u 1 d b e 

available or obtainable. 

An operating mine could properly provide these site 

requi rements. The major drawback in' surveying an operating 
, ' 

mine is t~at the survey would interfere with on-going mining 

operations such as blasting and vehicle movement. The 

survey would have to be carried out in a quiet 'ar~a of the . " 

mine to avoid such Interference. The pr~ximity of loaded 

èxplosive charges is also an i,Mportant consideration. At 

" least one mining company contacted indicateQ that radio 

frequency rad iation could i9n1 te thei r blastinq caps. The 

requlrement for ease Qf access is ~lso difficu).t to !u;tfill 

in an act ive mIne.. The survey would have t.o be t i med so as 

to accommodate -11ft schedules, for example. Given the fact 

that this prototype transillumination equipment was largèly 

un.tested, communication between the transmi tter and receiver 

location would be necessary. Considerable time CQuld be 

wasted due to logistical .problems of these kinds. 

In consideration of th .. site, requirernents, the 8ig 
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Nic' k el' M i' ne ï n Sud bu r y ,On t.a rio w a s sel e c t e d as the 

feasibility test ilte. Figure 4.1.1 shows the location of 

tois mine. The is operated 6 months per year as 

a mining-r~sear h and tour'lst facility by ~cience North.' It 

\. 0 ff ers a s·i te i an Ideal geolog 'i c $et t i fig where ,access and 

movement would he unimpeded. The absence, of any ~real mining 

activity reduced the possible l'ével of cultural noise and 

potential safety problem,s. The geometry of the mine 
• 

p e r mit t e d a var i et y 0 f d i f fer en t t r ans mit t'e r and r e c e ive [ 

10 ca t ion san d con f i g'u rat ion 5 . . The min e i 5 es sen t i aIl Y 

barren of any economlc minerali.sation.· Ttiis is a distinct 

advantage as the absence 0 f pockets 0 f ext remel y absorb i ng 

material ensures that the tran5mitted wave will sufficiently 

penetrate the rock mass suèh that sorne geophysica'lly 

interesting attenùation measurements could be obta ined. 

The mine, shown in plan, view in Figure 4.1.2 ts 

partially rail-tracked and contains extensive overnead 

protective fencing in the area'S visJted' by tourists. These 

co u l d pro v ide for a cha n n é Il i n g 0 f the t·[ ans mit t e d sig n a l 

down the d rifts and cause un inte rpretabl e measurements. The 

main areas of the mine are marked ln Figure 4.1.2. The 

floors of the north and central stope are partially c:overed 

by small pools of water. Drifts are of the common 8 feet by 

8 f eet des ign. 

'4.2 GeolOCJY of thé Big Nickel Mine and surroundin9 area 

The Big Nickel Mine 15 located just south of the 
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Location map for the Big Nickel-Mine. 
Sc~1e: 1:5892480 
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Sudbury Basin in the Southern Province of the Canadian 

Shield. Figure 4.2.1 shows the -local geology of the area. 

The rocks surrounding the mine site belong to the Elliot 

Lake Group of the Huronian Supergroup. These consist of 

sediments l.id down approximately 2158 to 2581 million years 

ago._ The Big Nickel Mine lies within the McKim Formation 

which consists of metamor.phosed pelites and poorly sorted 

sand stones. The HcKlm Formation Is d istinguished by three 

main facies: a greywacke, a laminated argillite-siltstone 

and a quartz-feldspar sandstone. Bedding Is observed to dip 

6&"+ to the southwest in the mine area. The mine itself Is 

located in a small hill rising rO\tghly 34 metres above the 

surrounding area (Figure 4.2.2). The surface above the mIne 

is completely exposed except where gravel infill has been 

placed to create a parking lot. The thin sections made fro. 

samples collected by the author in and above the mine show 

the mine to consist of rOCKS of the arqillite-siltstone ... 
facies or mere accurately to be quartz-serlclte greywackes. 

of a sample of th~s rock type by Knight (1965) showed a 

mineralogieal content of SI' quartz, 27.5' muscovite and -- . - ~ 

17.5' chlorite. Figure 4.2.3 shows a sample of the rock. A 

thin section description of three of the samples follows. 

The thin sections show the salllples to constst of 

angular quartz grains matrixed by abundant serlcite .lca. 

Bedding is observed as a variation in the grain size. 
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La~ge sub~.ctangula~ alterad porPbYr~blast~s.ricite mica 

and quartz, or1gin&11y deriv~ed from staurolite or 

anda~u. ite, are common. A small quantiQi (l,ess, than ".51) 

of small pyrite grains is fou~d to tie ~venly distributed 

throughout the matrlx. The pyrite content remains fairly 

constant in direction~ bath paraI leI to and across the 

bedding·. Qàartz content var l'es across the bedd Ing planes. 

Figures 4.2.4 and 4.2.5 show, representatiVe thin sections of 
A 

the rock. 

Jointing ls observed underground on the walls of aIl 

the drifts. No ragular pattern to the jolnting Is evident. 

A minor amount of ground water 5eepage exists along some 

joint planes. 

4.3 ~.st survey Il. 81g Nickel Mine. 1983 

·The initial. test 'survey with the pro~otype equipment 

was carried out in the summer of 1983 at th~ Big Nickel M_ine 

si te. The equlpment used was essentialy t~e say as 

described in Chapter 3, abova, with the important exception 
1 . 

that none of the described snielding precautions were 

incorporated, The transmitter and receiver instrumentatiOfi 

wetre mounted on open backpack fr,ames, the interconnectin"g " 
. 

cables whlch carried the 445 MH~ signal were of the RG-2I3U 

type and the receiver was powered by t;he large 'tuasa 

battery. The 1" dB Weinschel power attenuater was not 
;J \. 

available at the time, so no provision had been made for 

reducing the transmltted power. 
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Measur •• ents were taten at several locatIons wlth bath 

the transmltter and recelver underground and the trans.ltter 

underground and the, recelver ,on the, surface above the mine. 

Figure 4.3.1 shows, a 1 ayout 0 f the Big NI ekei Mine w 1 th the 

f{lrst year's transmltter and recelver survey locations 
, . 

marked as Tx and Rx respective1y. 'Inltially bo~h the 

transmitter and recelver were placed underground in separate 
, 

drifts and a measurement 9f the 'wall roèk attenuatlon for 

the. ,materia1 between the two drifts was attempted. Tx1 and 

Rxl indicate the flrst survey site. The receivad signal at 

thls loeat~ was sueh that the r~eelver saturated. The 

changing of attenuation'settings on the 8S dB signal 

attenuator had no detectable -effeet 'on the observed signal. 

Th~ dIrection ln whidh the antenna pointed a1so had no 

d ete c ta b 1 e e f f e e t ,0 n the r e c e ive d sig na Ile v el. 

Furthermore, replactng the antenna with the reslstlv~ dummy 
\ ' 

,.........J/oad di-d not al,ter t,he results. The amount 'of sIgnal 

byp~ss 1 ng the' an tenna yrput and en~er i n9 the rece i ver 

electrontes directly by an alternative route, such as the 

power supply lines, was enough to cause saturation. 

Similtar ,results were obtained at' survey location Tx2-Rx2. 

Obvlously two p'roblems were encountered. First, the' 

shielding of the receiver W8S Inadequate. Second, either the 

rock attenuatio-n was -considerabl,y less than or1g1na11y 
1 

considerad when design1ng the instrum~nt or the signal was 

propagating , wlth very little attenuation throughout the 

intereonnecting dx 1 fts. 'It was J'lot or ig Inally env isaged, 
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,,~~ite erron.ouBly as i,t turns out, that recel ver saturation 

due to Inadequate 81gn.al attenuatfon would present problems. , 

A temporary correc~ion for the receiver shielding probrem 

was attempted ,using aluminum foil. ~h~s however proved to 

be ineffectlve. The only immediate on-site solution was to . 
find a transmi t.ter-recelver geometry where the signal 

atténuation was suffic{ent to allow for a non-saturated 
, ' 

signal to be measured. This would require that either the 

spreading 10ss (equation 2.4.14). or absorption 10ss 

(equation 2.2.12) be increased substantlally. It would be 

necessary to ensure that the interconnectinq drifts would 

not act as conductive wavegu,1des whl'ch carLf-'t!te signal fr,om 

the transmitter to the receiver. If the wall rock were 

sufficlent1y nonabsorbing this should not be a problem. An' 

indirect measurement of the wall rock conductivity can be 

made by mea,uring the reflected power in the transmission 

line (Se~tion 3.8). The average VSWR (equation 2.5.1), 

measured at severa1 locations within the, mine with the Bird 

wattmeter was only 1.2", 11ndicatinq a refleceed power of 
. . 

only ".8' or 8.2 W.. As.suming tbat ~l~ the energy reflected_ 

from 'the wall rock is recollected by the transllli tter antenna7~ 

and dan be measured as a reverse power in the transmission 

line, a reflection coefficien~ can be app~oximated. A. 

transmission reflection coefficient of 8.8', at normal 

incidence, corresponds to a refractive index ratio of 

less than 1."5 (Figure 2.7.2) between the air and immediate 
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wall rock. This indicates .(equation 2.2.21) that a 18 

approximately equal tb w/€OJ.lO or a~ 0 , J.l ::;,uo and & ~ €o. It 

can therfore be assumed that very little waveguide 

channelling of the transmitted wave could occur due to the 

wall rock itself. Other possible waveguides could, however, 
\ .. 

arise due to the Metal rails, overhead protective fencing or 

water and mud on the mine floor found in many locations 

throughout\ the mine. In order' to investigate this 

p6b i b i lit Y the r e c .Ii ver wa spI ace don the sur fa c e a t 

location Rx3 and the transmitter was placed at the end of 
-fi' 

the Big Nickel drift at Tx3. The transmitter antenna was 

beamed directly upward while the receiver antenna was 

e1evated slight1y off the ground and directed downward. The 

antennas were oriented for maximum coupling. At this point 

in time thére existed approximately 7 metees of rock between 

the roof of the, mine and the surfa~e. Since the transmitter 

antenna was p1aced on the floor of the mine the actual 

,.trans~-receiver separation was 1" metres. There was no 

possible alternative wavepath between th.e transmitter and 

receiver. In this instance the receiv~r did not immediately 

saturate when 3" dB of attenuation was used on the signal 

attenuator. When the ant~nna, however, was pointed directly 

upward the receiver saturated. fhis corresponds to the case 

P -G ~ P - S described in Section 3.6. The measured 

attenuation varies with antenna direction due to a signal of 

different phase bypassing the antenna and entering the 

receiver cirçuitry directly. Given that one should expect 
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the antenna to be the preferentia1 route for the sIgnal to 

enter the receiver, increasing the total attenuation untl1 

the aS-dB signal attenuator is not required to obtain a non­

saturated reading, shou1d allow one to take a proper 

me~"surement. The receiver vas subsequently removed to 

position Rx4 and again oriented for maximum coupling_ A 

received signal level of 9.4 V with the attenuator set to Il 

dB was measured. orienting the antenna away from the 

maximum-coupled position substantially reduced the received 

sIgnal level. Unfortunately locating exactly the posl tion 

of the receiver with respect to the transmitter was 

difficult in this instance. The equipment was removed to 

posltio~ Tx5-Rx5. The distance between the transmitter and 

receiver was 49.5 metres of whi~h 45 metres was rock. There 

were no interconnecting tunnels between the two measurement 

stations and the two sets of metallic doors on the south 

adit exit were closed. The rail llne whlch exits the south 

adit does not enter the South Stope. The roof of the south 

stope was not covered in protective metal fencing. The 

received signal varied vith antenna direction and the 

max i mum-coupled antenna pos i t ion yi elded the max 1 mum 

received signal, indicatlng that the sIgnal travelled from 

the transmitter to the receiver through the wall rock. 

Rotation of the receiver antenna about its horizontal axis 

Indlcated that the maximum recelved signal occured when the 

antenna was vertically polarized. There were no· promlnant 

15" 



-
, 

Relative 1. 5. HL 39. 8l. 
Permittivity 
-----------------------------------------------------~-------

Conductivity .718E-t/J3 .161E-t/J2 .22ÎE-t/J2 .393E-t/J2.646E-"2 
( S) 

Resistivity 
(ohm-m) 

Index of 
Refraction 

1392.t/Jra 622.57 

2.24 

44".23 254.17 154.68 

3.16 5.48 9.01 

~able 4.3.1 Resistivities, conductivities and indices of 
refraction, as a function of the relative permittivity, for 
test survey tl, site Tx5-Rx5. The relative perm~ability ls 
assum-ed to be equal to uni ty. - -- ___ ~ 

\ 
\ 

- J -
) 
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9 e con d a r y m a x i ma 0 f t h ~ ~r e c e ive d fie 1 d de t" e c t e d. . The ' 

'"r e ce ive d sig n a 1 w a s - 3.8 dB V .. CQrrecting. for" 'tne 

transmitter output power, spreading 109s and receive~ ~ain, 

one obtains an absorption of 52.9 da ~ver 44.5 ~et.re~.or an 
1 

abso rption rate of l.lê dB/m. Table 14•3•1 l i~ts re.s i-sti ~~d ty 

values and indices of refraction,' calculated from eQuation 

2 • 2 • 8 , for s.!! ver ale s t i mat e d p e r mit t i vit i es. The 

permeability was assumed to be equal to that of ·fre~·space. 
lA" 

Figures 4.3.2 and 4.3.3.show the transmitter and receiver in 

operation at locations Tx5 and Rx5 respectively. 

Given the results of the initial field trials, it was 

recognized that the shié1ding of the receiver must be 

substantia11y improved befo're continuing with any furtn.er 

surveys". Figure 4.3.1 shows the mine plan as it existed the 

first year. The sewer drift, from which several successful 

measurements were completed in the second year (1984), was 

and extended. Indeed in the process of being widened 

.several areas of the min~ site were under extensive 

expansion by drilling and blasting. The a r ea be t ween the 
~ 

south stope and the .south adit was the on1y area where 
II 

meaningful measurements could be taken given the initial 

nature of the e9~ipment. 

4.4 Test survey 12, Bi9 Nickel Mine, 1984 

The second field survey was conducted at the Big Nickel 

Mine-site in the summer of 1984. l't was not possible to 

return earlier since the mine was closed for the winter. 
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Filure 4.3.3 The MeCili UHF reeelver at location Rx5. 
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Extens ive changes had been implemented anc!_ \ the newly 

expanded area accessible for surveying is shown in Figure 

4.4.1. The majo r i mprovements, so far as ava i lable survey 

sites are considered, is the addition of the sewer drift 

which is located to the southeast of the mine. Presently 

there exists no direct connection betveen the sever drift 

and the mine itself, although a futur~ connection is 

planned. The entrance to the drift is located approximately 

13 metres below the elevation of the south adit. Another 

addition vas the commencement o'f an east adit vhich will 
// 

eventually connect with the north stope. , Thi-s---provides 
--\..- ~~ 

another underground location which does not directly connect 

to the mine site. The central stope; which had been 

- inaccessible during the previous year, vas now enlarged and 

extended. 

Six survey sites are shown on Figure 4.4.-1. Tvo areas 
\ f 

of i1q~erest for subsequent exami~ation are also indicated as 

mine areas Il and '2. The individua1 transmitter (Tx) and 

receiver (Rx) locations for each site are shown on Figures 

4.4.2 to 4.4.7. Tables 4.4.1 to 4.4.6 list the transmitter-

receiver separations, .. through-rock distances, reauced 

attenuation measurements and calculated absQr,ption rates 

obtained for each $urvey. The calculated absorption rates 

have been determine,d by correcting the measured attenuation 

at each location for the spreading loss and, dividing 

resultant abso~ption~ J~, t!he through-rock distance. , 1:( _.--~ 
di scuss ion 0 f .ach ,survey\ .. y te' f 011 0 WS. 
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Receiver Stn. 
distance (m) 
total rock 

Received 
Signal (dBv) 

-----~---------~--------------------------------------------

Rxl.l 

Rx1.2 

Rxl.3 

Rxl.4 

Rxl.5 

Rxl.6 

Rx1.7 

Rxl.8 

Rx1.9 

'fable 4.4.1 

Rece i ver Stn. 

7.9 4.9- -3.4 

8.5 4.5 -21.1 

14.9 8.9 -27.3 

21.9 15.9 -24.1 

21.5 18. a -51.1 

22.~ 17,.5 -31.9 

2".5 13.5 -25.5 

16.5 8 ;5 -45.4 

8.9 3.5 -28.3 

Réduced attenuation results for sU,rvey ,1. 

, ' 

d i,stance (m>' Reduced 
total rock Attenuation (dB) 

Absorption 
Rate' (dB/m) 

---------------------------------------~--------------------... 

Rx2.l 45. " 49.9 58.9 1.47 

Rx2.2 31.0 30.9 36.6 1.22 

\ Rx2,.3 54.5 48.5 44.1 9.91 
/ 

Rx2.4 72.0 63.9 79.9 1.11 
~ 

.;' 

-:-
,. 

Table 4.4.2 Reduéed absorption rate results for survey t 2. 
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4.4.1 Survey '1 
Survey Il (Figure 4.4.2 and Table 4.4.1) consisted of a 

transmitter location. in the central st-ope an.d nine receiver 

locations around the U-shaped tunnel connecting the east and 

west drifts at the northwest end of the mine. The received 

sig~al was found to be saturated at Txl-Rx~.l. Given the 

short transm i tter-recei ver separat ion a t th! s loca t ion the 

resul t was expected. The Weinschel HJ dB power attenu,ator 

was inserted in the transm i tter 1 ine for aIl measurements. 

In order that aIl the receiver stations obtain valid non-

s~~rated measurements the transmltter antenna had to be 

r placed by the resistive dummy load. The position of tbe 
1 

du y load was rotated with receiver position such that its 

long axis was always oriented toward the.receiver. As the 

'i radiation .... pattern or gain of the -dummy load is not known, 
/jf 

th i s w a s t h-e 0 n 1 y w a y t 0 en s 1:1 r eth a t the t ra n s mit ter -

recei ver antenna coupling remain id.ent i cal fo raIl r;-eceiver 

sta~ ions. 
( 

The absorption rates are not directly calculable 
" , 

the power transmitted is, unknown. A. tunnel-here as . , . 
propagated wave was detected as a second ~ or in some. cases a 

. 
third lobe in the received field pattern. At Rx1.8 one 

secondary max~,mum, ie. r"a received signal lobe detected in a 

receiver antenna position other than the free space ma~imum-
1 

coupled position, was detected vith the antenna pointfn'g " 

directly south ~own th~\.r.st drift. This secondary maximu.:, 

in fact, exceeded the direct raypath (maximum coup-led) 

maximum in ampl i tude. At Rx1.9 the sarne secondary maximum 
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position resulted in receiver saturation. 

4.4.2 Survey '2 ! 
J 

Survey '2 (Figure 4.4.3 and Table 4.4.2) consisted of a 

transmitter located at the end of the Sewer Drift and four 

receiver stations located within the mine. The following 

procedure for taking a measurement was used for survey site 

t 2 and aIl subsequent survey loca t ions. 

The t ransm i t ter and rece i ver antennas we re or i en ted for 

maximum coupling at each recelver station. The receiver 

locations were predètermihéd before starting the survey and, 
\, 

transmitter antenna directions were marked on the wall at 

the end of the sewer d rift. The t ransm i tter operator would 

change the di rect ion 0 f his a'Jtenna at predeterm i ned ti mes 

so that its horizontal axis was aligned with the direct-line 

raypa th be.t ween the t ransm i t ter and rece i ver locat ions. The 

receiver operator would then' point his antenna in the 

di rec t ion 0 f the t ransln i tte r as determ i ned from the map 0 f 

the mine area. ' A final receiver antenna orientation would 
, ~' 

then be determined by &$anning about this estimated 
l 

direction for the maximum received signal. ...... ' 
,1 

station the receiver antenna was aiso 

At each ~eceiver 

quickly scanned 

through 369
0 

in the horizontal plane to fheck for a second 

m,aximum position which could indicate a tunnel guided or 

diffracted wave arriving from anothet' direction. The 

antenna w-as also rota ted abo ut i ts hor i zontal axis to chec k 

for a rotation of the plane of propagatiod of the .. wave. 

\ 
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Receiver Stn. 
distance (m) 
total rock 

Reduced 
Attenuat ion (d,B) 

Absorption 
Rate (dB/m) 

-------------------------------------------------~----------
Rx3.1 

Rx3.2 

Rx3.3 

Rx3.4 

R~3. 5 

Rx3.6 

Rx3.7 

Rx3.8 

Rx3.9 

Rx3.19 

Rx3.11 

Rx3.12 

Rx3.13 

Rx3.14 

Rx3.15 

Table 4.4.3 

51.5 

5f1J.0 

48.5 

29.5 

32.0 

. 37 • 0 

39.0 

38.1' 

46.5 

49.0 

52.0 

5f1J.5 

49.fil 

47.5 

47.fil 

49.fil 

27.5 

31.0 

36.0 

38.0 

36.0 

43.5 

46.0 

43.0 

55.0 49.'0 

57.5 ,. 51.5 

62.9 

60.9 

60.5 

50.7 

52.7 

40.8 

30.6 

41.7 

63.9 

40.6 

61.3,. 

54.9 

67.4 

77.9 

72.0 

1.25 

1.24 

1.27 

1.08 

1.08 

1.48 

0.99 

1.16 

1.68 

1.13 

1.41 

1.19 

1.57 

1.59 

1.4~~ 

Reduced absorption rab$ results for survey t3. 

. distance (m) Reduced ~bsorpt.ion 
Rleceiver Stn. total rock Attenuati"On (dB) Ra.te (dB/m) , 
-~------------------------~-------_._-----------------------f 

Rx4.1 42.0 38.0 56.7 1.49 

Rx4.2 51.0 42.0 46.0 1.10 
'" 

Rx4.3 66.0 59.~ ,.J8 .8 1~ 34 
l t 

Rx4.4 58.5 42.5 -t.s .8 1.15 
• 

Rx4.5 54.0 ( 38.0 56.5 1.49 . 

"--
/~ , results 

/' 
Table 4.4.4 Redu~ed bsorption rate for survey U. . / \.. 
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Five receiver sites, in addition to those listed in 1 

Table 4'.4.2, were occupied. These are labelled as Rx2.5 to 

Rx2.9 in Figure 4.4.3. Valid readings were taken at Rx2.5 

and Rx2.6 but the antennas were unfortunately not oriented 

for maximum coupling. These positions were subsequently 

repeated with maximum ante'nna coupling as stations Rx3.1e 

and Rx3.1l. Extremely low or non existant received signal 

levels were obtained at stations Rx2.7 and Rx2.8. The 

receiver was saturated ~t si te Rx2.9. 

4.4.3 Survey '3, 

Survey 13 (Figure 4.4.4 and Table 4.4.3) consisted of a 

transmitter located at the end of the sewer drift and 

fifteen receiver stations located within the mine. The 

transmitter and receiver antennas weç,e oriented for maximum 
fi 

coupling at each receiver location as discussed ln section 

4.4.2, above. 

A weak secondary maxim~m, appro~imately 21iJ dB below the 

direct wave, was obtained at station Rx3.16. The reading 

was found to be unrel i able at this locat ion due to the high 

level of signal attenuation needed, 6e dB, 1ro obtain a 
! 

measurement. 

4.4.4 Survey '4 

Survey '4 (Figure 4.4.5 and Table 4.4.4) consisted of a 

transmitter located at the end of the,Big NicJtel drift and 

five receiver locations located throughout the mine. 
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distance (m) Reduced Absorptio~ 
Receiver Stn. total rock At tenuat ion (dB) Rate (dB/m) 
-------... ----------------_ .. ----------------------------------

1 

RxS.1 .." 

Rx5.2 

Rx5.3 

Rx5.4 

Rx5.5 

Rx5.6 

Rx5.7 

'l'able 4.4.5 

Receiver Stn. 

33.5 29.5' 49.7 1.38 

41./21 ,c 37.5 r 64.9 1.73 

48 • /21 41.9 
..... '1 • 

49.-6,. 1.21 
~ 1 . 

47.5 38.9 59.6 1.5-7 

47.5 42.5 6~. 7 1.43 
t 

48 • /21 49.5 55.1 1.36 

52. " 45.5 61.9 1.36 
v 

Reduced absorptio~ rate resu1 ts for su-rvey 'S. 

distance (m) 
total rock 

Reduced . 
Attenuation (dB) 

Absorption 
Rate (dB/m) _____________________________ ....L ________________________ -----

,,' 

- '.-" 

. . 

Rx6 .ll'-"' .. 
~~ ')0::" ... .,-,...1 - ,r .-9'9'-' -0-- - -': :. _". , 5'6.5 44.5 44.1. . 

, 
Rx6.2 65. " 56.9 68.9 1.23 

Rx6.3 71.5 64.5 73.1 1.13 

Rx6.4 79.5 62.5 71.7 1.15 

Rx6.5 69. " 66.9 93.4 1.42 

Rx6.6 67.5 62.9 78.6 1.27 

Rx6.7 69.5 67.9 .83.4 1.24 

-- , 
" 

Table 4.4.6 Reduced absorption rate resu1 ts for survey '6. 
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•••• 5 Survey '5 

Survey 15 (Figure 4,4.6 and Table 4.4.5) consisted of a . 
transmitter located in the south stop'~ a.nd several 

receiver locations iocated just to the north of the rail 

line that exits the South Adit. 

4.4.6 Surv~y site '6 •. 
Survey site t6 (Ftgure 4.4.7 and Table 4.4.6) consisted 

.. ' 

of a transmitter located within the Big Nickel drift and the 
à 
equivalent recei~er positions ~osurvey , 5, _bove. 

4.5 Analysis of the resùlts of test survey '2 

Received signal levels for thEt thirty-eight receiver-.. 
stations from which valid ,measuremen'ê's were obtained are 

plotted versus transmitter-re.i=eiver separation in Figures 

4.5.1 and 4.5.2. As there was a considerable spread in 

transmitter-receiver sepa~ations available in the d'ata an 

attempt was made to 'compare the slope of a lea-st-squares 

"fl'tted.li1he. ~9 tl)e 5H.,r~c_t,~l calculated absorption rates. 
'" .,,- <1 

This would provide a confirmation of the directly calculated 

ab sor pt ion .. rat es. As pre v i 0 US 1 y dis eus s e d i n sec t ion s 2 • 7 
, 

and 3,S r above, "the calculated absorption rates can be in 

errqr due to the' reflection of a finit! amount of 

transmitted power from the rock wall surface.' A portion of 

this reflected power will be recaptured by the transmittter 

an tenna and i s m'easurabl e in te rms 0 f a reve rse power in the 

transmission line. The indices of refraction of the wall 

rock material provide a measure of the amount of t,ransm i tted 
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Figure 4.5.2 Received .signal versus distance plot for the 
results of test survey '2. The' distances have been 
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power which 1s bei,ng reflected back, off the air-rock 
~ 

interface. These are presented in Table 4"' ... 3.1 for station 

TxS-Rx5i test survey Il. The coefficients of reflection and 

transmission, for a ,wave at 

indices of refraction can be 

normal ~dence, for these 

read oh,..r Figure 2.7.2. Tle 

indices o·f re-fraction, and thus the coefficients of 

refleétion are observed to increase wi~h increasingrelative 

permittivity for a constant value o.f the atten,uation factor. 

Given t~at the measured reverse"powe.r in the ,transmission 

1ine is only 0.4% of the transmitted power, and even 

allowing for the fact that 'the transm i tter antenna will not ~ 

recollect aIl of the wave ,energy refl~cted off the wall 

rock, it must be assumed that the measurement ls not 

indicative of the true wall rock permittivity as the 
'1 

calcu1ated value is unreal is'tically low. The reverse power 

in the trànsmission line remains quite constant for aIl the 

transm i t-ter stations. In the worst ca'se, ai m ing the 

transmitter antenna directlyat a mo i s~ rock face from a 
-

short distance a~ay., the reverse power was onlj\ 0.5 w. 
The least-square~ fit of a straight Une to the data in 

1 

Figure 4.5.1, which considers the transmitter-receiver 

separation as being equ!valenl: to the true rock distance, . 
yields an absorption rate of 0.908 d8/m with a standard 

deviation of g.116 • . Figure 4.5.2 11lustrates the 
, 

improvement ,in fit ,which occurs wfÏen the transmitter-

receiver separation i·s replaced by the true distance of rock 

.between the the transmitter and rE!ceiver. This allows for 
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the' known in~erv~ing air passageways., but neg1ects the 

effects of ref1ection at their interfaces. The absorption 
, , 

r'ate is 1.09 ~B/m and the standard deviation is reduced to 

9.1"9. Th is ind icàtes that the ~ spaces due to op~n-air 

passageways 'a1'ong, the stralghlJ.line raypath between 

transmltter and receivec are detectabJ:e. The' latter figure 
- " 

compares' well with the average value for the absorption rate 

of 1.313, as determined from the direct calculation method. 

Figures 4.5.3 and 4.5.4 sho~ the absorption rate as a' 
~ 

funetion of distance for the two mine areas designated in 

Figure 4.4.1. A sufficient spread of distances, for a least 

squares-fit, ls only available in the case of mine area 12. 

The absorption rate determined is 1.91 (+9.171) dB/m. Table 

4.5.1 lists the absorption rates for mine aç-eas tl-and #2. 

, Mine area 12 has been subdivided into area #2a and fl:2b. The-;;1 

average absorption ~rate for the survey stations 'which cover 

a 
both' area t2a rand t2b are lower than those which encompasg.. -

onl y area #~a, i ndica ting a Iowe r abso rption rate over a rea 

t2b. The average absorption z::ate for area #1 is also' 

slightly lower than that determined in area #2a., Calc"ulated 

efe5=t
o
rlcal' parameters based upon the average absorption 

rates for the three mine areas are listed in Table 4.5.2. 

The index of r:efracti9.~_ fo'r, such Iow conductivities ls 
. 

wholely dependent upon the relative perm~ttivity. This 
, 

ari ses because the loss tangent, i si very much less th an un i ty .. • 
in equation 2.2.21. The index of refractlon can therefore 

~ ~ 1 
be consldered independent of absorption 10ss over the range 
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p1 . "'" r.. ..MI J~ , r. , 
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" " 

. " Mine area Station. . ABsorption rate" (dB/m) , 

---_._----~--~-----~----~--------~-------------~--------
.' 1 

l \,\ 

\1 

"' .... 1 

li 

A'Aer..age 
f' 

ï 

2a 

• 

Average 

" 
2a+2b 

ç 

.. 

Average 

Rx3.1 
Rx3.2 
Rx3.3 
Rx3.4 
Rx3.S 
Rx2.1 

RxS.1 
RxS.2 
Rx5.3 

"Rx5.4 
,Rx5.5 
Rx5.6 
Rx5.7 

\R~.l 
R'x6.2 
Rx6.3 
Rx6.4 
Rx6.S 
Rx6.6 
Rx6.7 

~ 

r 

r 

; 
~ 1.25 

1.24 
1.27 
1.88 
1.88 J 

1.47 

1.23 

., ~ 

1.38 
1.73 
1.21 
1.57 
1.43 
1.36 
1.36 

II' 

1~43 

1.99 
1.23 
1.13 
1.1!5 
1.42 
1.27 
1.24 

1.28 

'fable 4.5.1 - Absorption rates for the three different 
areas of the mine indicated in Figure 4.4.1. " 
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of absorption losses encountered' in the test surveys. Thé 

\permittivity can be inç1irectiy.estimated fr?m the index of 

'refraction. rf the rever:se power in the transmission line 

is considered to represent fully the amount of power 

reflect~~d off the air-rock interface, the index of 

refraction of the tock would' approximate 1.0, corresl>onding 
, 

to a permittivity\of approximately unity. This 'l..éllue·ls 
, 

signiflcantly lowt:r t:ha~ those typically reported ln the 

literature. Relative permitt.ivities, asymeas~red by other 
.. "'- • 0' .. 

", researche,rs! commonly vary between 5 and 10 for similiar 

materla1s ,Çlt: VHF;UHF fre<!4uehcies-.----The measurelQent, 
" 

therefore, ls not useful 4.n estimating the relative 

p'e r ~ i ~ t i vit Y • The r~ative permittivi-ties for the dry 
. '!. 

samples 1 isted in Table 2.3.1 are le.0 or' less. Makin<1 the 

'above assum'ptions, i t can be estimated that ttie ~average, in 

situ resistivity of\, the rock in the mine area 'is 

approKimately·~ 50~-150~ ohm-m at 445 MHz. 

"U n for t un q tel l'th e m, a j 0 rit l'of the r a y pat h S we E' e 

parallel to bedding making it d~fficult to determine whether 

or not the variatf~n in ~rafn size across the beddlng plane - ~ 

/ 

a f f e ete d the ab sor pt ion rat e • Nos trI !ci{ n 9 di f fer e n cel n 

absorption rate is 9b!;êrved between the raypatt\.s t.hat cross 
1 

'" i 

bedd!ng' and those th"at are roughly paTall~1 to i t. 
, " 

This is' . 
expected since the th!n sëc~ior;l examlnation shows) the rock 

/ 

to be extremely impetmeable '.to fluid in -, aIl d~rections and 

~ -... the that ,the p'yrlte" grain distribution is' roughly 5J.sotrop'l~'. 
, 

The only faétor that wou1d affect the abs'qrp,tion rat~s' is '.-

" 
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( . . 
Relative 1. 5~, ~Hl. 3". , 81. 
!~~~::::~::~ _______ ~ ___ ~ __ :, ___ . __________________ .f ______________ ~ 

~Mlne area Il 
.\ .?38E-02 . Conduct~vity • 752E-S3 .168E-S2 .412E-"2 .676E-S2 

(S) 1 

r . 
\ - • Resistivity 1330.37 595.91 \.420.74 242.92 147.84 

. (ohm-m) 
" 

Index of 1,.'''' 2.24 3.16 5.48 9.91 
Refraction 

't~",,--, .--~ 

( 

\ . ~ 

'Mtine area f2a 
Conducti v!ty 
(S) 

Rèsisti v ij:y 
(ohm-m) 

Index· of 
Refraction 

Mine area t2b 
Conduc't i vi'ty 
(5) 

Resis~ivity 
(ohm-m) 

Inde'x of 
Refraction 

.. 
'1>.,. 

.. ' 

.874E-93 • 195E-92 

1144 ~ 26 511.79 

1.ge 2.24 

of' , 
.733E-83 .164~-92 

1363.64 . 699.89 

1. "e '2.24 

.. 

.276E""2 

361.99 

... 3.16 

.. 
.232E-"2 .. 

e 

43~.26 

3.-16 

~ , 

... 479E-02 .786E-92 

298.94' 127.16 

5.48 9.91 

.4"2-E-"2 .66"E-02 

248.99, 151.53 

\ 

5.48 

'\ 
---......... 

9.01 

'" Table 4~5.2 
,', \ .. 

: Cal'culated electricà1 properties for mine. areas 'l, 
12a and '12b. The relative permeabll:ity ls assuméd 
to be equal' to unity. " -
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the presence of'fluid fil1ed çracks or metallic strin9~rs 

~ . 
within the rock m-ass. 

. 
The presenc~' 0 f th.ese could 9 re~tly .. 

al ter the absorpt ion ra te, an effec't which ls not 'appa rent 
, 

in the data. ~t).e sligntly higher absorption rates mea~l!r-ed 
, , .IJ 

in mine area #2a can be accounte'd for if one allows for 'sorne .' 
. ;' ,,\, 

.error in estimating the shape of t'he irregular wall 'rock 
. 

surface on the exterioi of the mine. \ . 
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Chapter 5 

Core Resistivi ty Measureaents 

5.1 General 
! 

It is desirable to confirm the resistlyity values 

obtained from the in-situ UHF me~surements using another, 
\ 

more conventional, technique. Severai approaches are 

available. Most directIy,- a OC or Iow frequency AC (1-

l !il '" Hz) gal V' a nie sur vey cou 1 d b e II 5 e d , t 0_ 0 b t a i n me a 5 ure s 0 f 

appa rent ea rth r esist i vi ty. r A common survey config urat i on 

is shown in Figure 5.1.1. The apparent resistivity of the 

subsurface ls defined as, , 

where: 

p =G' VII (i-m) (5.1.1) 
a 

v= measured potential difference between the 
two" potent i al probes (vo'Its) ... , 

I= transmitted current through the current 
electrodes (amperes) 

G= geometrical factor dependant upon the\ 
geometrica 1 rel.a t ionship bet ween the • 
potential and current electrodes and a ." 
reslstive halfspace. ) 

<', "'--- ~ The geometrica1' constant for the Wenner array shown l.n 

Figure 5.1.1 ls 

G=2"TT·a (5.1.2) 

Commonly ln geophyslcal resistivity su~veys the electrod~ 

separation is chosen according to the volume of interest ."in 
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l.. 
the investigation. The survey penetration depth i5 scaled 

in proportion to the geometr ical factor. The model assumed 

for the subsurface is essentially that of a uniformily 

" resistive halfspace and consequently the presence 'of nearby 

tunnels, fencing, railroad tracks, mine vehicles, etc. can 

greatly preJudice a galvanic apparent resistivity 

measltrement of the rock. The VHF/UHF electromagnet ic 

(t e c h n i que ·h afi the a d van t age 0 f 9 r e a ter d ire c-t ion al i t Y , 

thereby allowing one to avoid effects arising .. fro~ such 

condi tions in the, measurement. , . 
Apart from the in-situ methods 'mentioned above, 

laboratory measurements can be made on hand samples' or 

cor es. Al t hou 9 h th i 5 te c h n i que 0 f fer s a h i 9 h de 9 r.e e 0 f 
, " 

control through the selection of the sample measured, the 
f 

f a c t t ha t _,th e sam pIe i s n Q t m e a sur e d i, n pla c e i s a 

dis a d van t age. The sam pIe ca non 1 y ber e pre sen ta t ive o.,f a 

small volume of rock in the region from which i t was taken. 

The fluid content of a lithologie unit can vary 

$k • 

j 
1 

l 
i 
J 

significantly fr0!U place to place. Nat"'ural fluids wrthin 1 
the interstitial spaces of the sample can escape during 

transport and sto rage. A variation in the fluid content of 

a roc k can resu 1 t in very large changes in the rock 1 s 

electrical properties (see Table 2.3.5). Despi te this 
.. 

l" 

drawback, a laboratory measurement does allow ~ne to measure 

the variation in re'sistivity over the survey area by 

selecting samples frôm different $i tes. 
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• 
PiCJure 5.1.1 The Wenner resistivl ty spread. A current, l, 
isinjected into the ground through current electrodes C1 
and C2 • The resulting potential dlf,ference, V, ls measured 
between P, and P2 • 

.. 

T 

fiCJure 5.2.1 Th'e commutatecl oc current output of the CTU-2 
induced polar lzati on transmi tter. . 
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5.2 De reslstivlty .easurillCj apparatu8 and procedure 

Sc 1 ntrex Ltd. of Concord, Onta r 10 provlded labo ratory 

facilitles and the use of their CTU-2 P,hyslcal Property 

Testlng Syst.em. The CTO-2 ls a portable system designed to 
, 

measure the magnetic susceptibl1ity, AC electrlca1 

con d,u c t i vit y, D Cel e c tri cal con duc t 1 vit yan d i n duc e d 

po1arization (IP) chargeabi1ity of rock samp1es or drill 

core. The susceptibility and AC conductivity are measured 

inductively while the OC reslstivity and chargeability are 

m easu~d in a manner ana10g"0 us to the standa rd gal vanic 

resistivity survey techniqu~ descrlbed above. The author 

performed only the DC resistlvity measurements. The CTU-2 

i5 not designed to make' AC inductive measurements on samp1es 

who se conductivities are be10w 5~ S. The samp1es co11e.ted 

show no . ev i~ence 0 f( inte rc~nnected ,metallJic m i ne~al i sation 

und e r th i n sec t ion e x ami n a t ion 'a n d are rel a t ive l.y 

impermeab1e to flu i-ds. As the rock samp1és obta,ined from the 

Big Nickel Mine are c1ear1y less cQnductive than 5~ S, this 

instrument i5 incapable of inaking va1id AC conductivlty 

measurements. 

The DC resist1vity of a core samp1e 1s mea&u-red by 

means of the induced polarlzation module .which can' be 

incorporated as an option in the CTU-2. A\ commutated DC 

current (Figure 5.2.1) is injected into the sample by a low 

power transmitter. The resulting on-time potentia1 

difference Is measured between t~o potential electrodes • 
. 
The recommended electrode configuration 15 the symetrlcal 
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rigure 5.2.2 The symetr ical Schlumberger array used ln the 
core resistivi ty measurements. .. 
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rigure 5.2.3 . The CTU-2 measurelDent j 19. 
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Schlumbe~ger array shown, in Figure 5.2.2. A standard 

Scintrex 
1 

IPR-ll time-domain - induced pol ari za tion (IP) 

receivér was used to record the on-time potentTil-----------

difference .. 

Ideally', for use in the CTU-2 system, samples should be 

cyl indrical cores approximate1y '15 cm. long and less than 5 

cm. in,. dia met el;'. The cores ,can be whole or split 

(longitudinally) in two. The'equivalÊrnt geometrical facto~s 

of equation 5.1.1 are then, 

fo r <: y lin d r i cal. cor es: Gzz '11" (d/2)3'1 (5.2.1) 

and for split cores: G:II: '11" (d/2 )'121 (5.2.2) 

where d is'the diameter of the core and 1 is the potential 

electrode separation in metres. The apparent resistivity of 

8 cylindrical core sample is then, 

= 1T (d/2)2 V 
--r- T 

• (5.2.3) 

The cor.s are placed in a plastic measuring jig (Figure 

5.2 • .3) and are held firmly in place, at each ~nd, by spring­

loaded clam'ps. Cloth pads saturated wi th a 'copper-sulfate 

solution are firmIy pressed against the ends of the core by 

the fIat cla'mping d isks. Thes~ provide the eiectricai 

contact between the sample and a current electrode located 

in the center of the clamping disk directly behind the pad. 

The pads must be kept saturated and lie fIat ag~linst the 

ends of the core to achieve good electrical contact 'and a 

uni form current dens i ty, JI'his ls especially cri tlcal when 
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measuring a non-porous, poorly-conductive r k. The tw.o 

central potent;ial electrodes are attached to t~e sampl~ by 

cloth-covered copper wires which are wrapped around the 

" eenter of the core and separated by approximately 2.5 cm. "-

The clothO coverlng the copper wire is kept satur:ated with a 
. 

copper-sul fate solution. If the sample is poorly'conducting 

severaI tightly packed < turns of the ,wire 
" . 

to provide for a suffi c ientl y low contact 

the electrodes and the s,ampl e. 

mi1ght be necessary 

rlslstance b,twe~n, " 

! . 
"", A variation in the wàter content of the sam'ples can 

greatIy affect the conductivity measured. For:J this reason 

It' ls important to avotd any -drying out of the sample 

between the time it is collected and measured. As a 

standard precaution sampI es are resaturated with water 

before they are measured. The samples are placed in a 
• <-

part laI vacuum for 12 hours to xemove the ai r in the pores 

and subsequent1y soaked in water for at least another 12 

hours to allow full saturation. Generally it 15 best- to 

leave the sampI es soaking until the time o,f ,measurement. 

5.3 Results of the De core .easur~.ents 

"Ten cy1indrical cores and one rock sample taken from 

the mine wall were measured. The core sampl~s were taken 

from si tes in ,and ara und the mine wi th a' 5ma Il ga sol ine-
r 

powered drill which ~as provided by the Geologicai Survey of 

.Canada. Figure 5.3.1 indicates the area frorn which each 

sample was taken. The cores produced vary in length from lB 
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Figure 5.3.1 Locations of the core, samples taken from the 
Big Nickel Mine site. 
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to 15 cm. and are 2.5' cm. in diameter. The one rock samp1e 

measured was cut into a 2.5 cm. square by 15 cm. long prisme 

The sam pl es we r e co Il e c te dan d i m m e dia tel y t r ans po r t e-d . t 0 

Scintrex's 1aboratory for measurement. The vacuum 

resaturation procedure descr1t?ed in Section 5:2", above, was 

cariied out. 
li 

The measured reslstivities for the Hl core samples (11-

f10)fand the rock sample (#11) are 1isted in Table 5.3.1. 

The lowest' potential 'electrode resistances achieved were .in 

Most cases only sI ightly below that .,requi red by the receiver 

according ,to specifi.cations (50 k!1 ). Good po tent ia1 

electrode contact was difficult to achieve and in most cases 

several attempts had to be made using numerous wlndings of 

the cloth-covered copper wire around the cores to 1ncrease 

the con tact' sur face a rea of the po tent 1 al electrodes. If 

the potential electrode reslstance approaches an appreciable 

fraction of the receiver input ~mpedance (4 M fl ), the 

measured apparent resistivity will be reduced. The error in 

the apparent res1stivity should not, in p'rinciple, be more 

than 2% for a potential e1ectrode resistance of 5" k fl • 

8igh potent,lal e1ectrode res1stance could, however, result 
C>. 

in the receiver p'icking up extraneous noise due to nearby 

operating instrumentation or power 11nes. Furthermore \n 

uncertainty in the potentia1 electrode separation arises due 
<r 

to the broad areas of contact required to obtain low 

potential e1ectrode resistance. Extreme care had to be taken 

that excess coppe r-sul f ate so 1 ut 1 on d id not sho rt out the 
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Cur rent _ ( A) Vol tage (aV) Reslstivity ( a) 
.'--~-----"-----~---"'---------------------.-----, 

" 1 '52 2619 H"H2 

2, 46 2377 . "ÜHH, . , 
3 39 3936 ; .. 2"9" . 
4 4'" A108 2HH' 

8" ' 1679 4"". 

5 
.,., 32 ~4"5 21B" 

41' 279B 14"B 
72 29"B SèB 

6 lB 1974 13B" 
24 ",1- 943 8BB 

'l, 

" ., 7 44 3147 14BB 
~46 4278 " 19B" 

, 

8' ~B lB27 1""~ 26 1966 89 
t'! ~ 

9 t S8 3497 149" 
e • 

1" -\ 38 2896 Î 

15"" 

11 ' 3" 2239 1~"" 

'l 

Average reslstivl ty - 13"'~ a-m 

/~~ / . 
/' '1'ab1 5.3.1 

. measu ements 

/ 

, 

Apparent resistlvi ties calculated from the DC 
of rock cores from the Big Nickel Mine st te. , 
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potential electFodes. For the reasons outlined above the DC 

,resistivity measurements on the coreS must be'considered , , 

somewhat susp~ct. Repeai meas~rements were performed on 

s.everal s,amples. In no case did remeasurement exactly 

reproduce the ini tial iesult. Repeated readings varied as 

much as.8"%. The limitations of the inst.rumentation are 

such that the measurement of resistivities, for cylindrical 
.' 

cores, of over 5,""" Il -m is not practical. 

The average DC resisti'vity of 13"" n -!ri co"mpares weIl 

f.' 

J 

1· 
1 

1 

!ith the avera,ge resistivity of 5"" - 15"" Il -m obtained (",y' 

using the 445 MHz transillumination equipment as calculated -, 

( from the absorption rate data il! Chapter 4. The effective 

~esistivity of a rock sample'would normally be expected to 

decrease with frequency between "DC and 1 GHz. ,The effect is 

, " eSPtoecially' apparent if fluid is pr~sent in the pore spaces 
1 

of the rock (see Table 2.3.5)~ The extremel'y low porosity 

of the sample could account for the small decrease in 
, " 

resistivity observed over the DC to 445 MHz frequency range. 
. , 

Telford (1976) lists DC resistivity values for two greywacke . ~ 

s a lb pIe s 0 f 47" " n '- man d 58" " " Il - m • The e f f e ct ive 
- . 

resistivity as a <functi'on of frequency between H1'" Hz and 1 

MHz for the basaIt and gra,nite samples (Figures 2.3.1 and 

2J3.2) measured by 'Saint Amant and Strangway (197"> can be 

d ete r min e dus 1. n g , e qua t i 0 n' 2. 2 • 3 2 • In thts case the 

r e sis ~i vit Y i s fou n d t 0 de cre as e f rom 7.1 xl" 711 - m t p 3.3 x , 
1" 4 Il -m and from 3. x Hl8 n -m t,o 1 x 1" 5 fl-m over the above , , 

frequency range for the basaIt and granite sampI.es 
:::" 

I9fIJ 

" 

1 

1 

1 

i 
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) 
respectlvely. The above measure~nts were made on dry 

samples. As a consequence of the.incon~lusive·results of 

the OC reststiv~ty measurements, the author initiated a 
\. 

series of AC resistivity measurements on the 'cores. 
1 

5.4 AC reslstivlty aeasurlngJ apparatu~tand procedure 

The circuit schematic used in taking AC resist~vity 

measurements on the co,re samples is illus·trated in Figure 

5.4.1. "The measuremen,t j ig and eléc~rode configura-tion ls 
'.If 

identical ta that described in section S.2, above, f'Or the 
, 

DC resistivlty measurements. The AC signal source ~s a. 

Wavetek model 114 ~ignal generator which has been set for a 

sine 'wave output • The potential difference across the 

potential electrodes ls measured with a Princeton Applied 

Resea rch model lS6A d fffe ren ti a 1 input lock-in a m.pl i fier. 
" , 

The transm i tter current is obtained by lIieasùring,o'the vol tage 
, ..' 0 1 

, , , 

~drop a?ross a l.~ M n resistor, placed in series with the 
. . 

signal gérierator and rock-core,' with an identical lock-in 

o ampl~fiei. The sign~l generator provides a ,reference output 
~' 

for both lock-in amplifiers so that ~xtremely low-Ievel, 

signaIs (1~~ nV) ,can be measured. The .frequency range of 

the" lock-in amplifiers used is from 3.5 Hz to laa kHz~ 

5.5 Results of the AC core .easureaents , 

Me a sur e men t s 0 f the a m pli t u de aJll'd ph a seo f .. the 

poten'tial differenc~ between the' potential electrodes' with 

respect to the amplitude and· phase of the transmitted signal 
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were taken for three core samp1es. These measurements were 

subsequent1y converted into inphase (rea1) and quadrature 

(imaginary) components whlch correspond to the effective 

comp1ex-valued resistivity (equation 2.2.27) and 

permit-tivity (equatlon 2.2.26) respectively. The resuIts 

are pre.sented as log-log plots ln Fl9.,ures \5.5.1 ta 5'.5.3. 

In aIl three case the effective resistivity and effectiv~ 

perm i t t i vi ty exhi bi t the classical relaxation phenomenon. 

Zab10cki (1964) measured the effective permittivities and 
. ' 1 

conductivities of several serpen~tinite samples as a function 

of temperature and frequency (Figure 5.5.4a and 5.5.4b). 

Keller (see Carm 1 chael, 1982; Wai t, 1959) made measurements 

of the relative effective permittivity versus frequency for 

severa1 sandstone cores from the Harrison formation (Figure 

5.5.5). "The results presented in Figures 5.5.4a and 5.5.5 

i'llustrate a dielectric relaxation phenomenon hot unlike 

that observed in the three cores from the Big Nickel Mine. 

Several physical and emplrical models have been proposed ta 

describe these relaxation phenomena, the most popu1ar o'f 

whlch ls the em~,i r Ical Cole-Cole perml tt i vit Y model (Cole-

Cole, 1941). Baranyi (1984) has so1ved for the real and 

imaginary components of the permittivity and conductivity by 

a j 0 i nt CoI e - Col e i n ver s ion o· f the e f f e c t ive con duc t 1 vIt Y 

and permittivity data for the abavé serpentinite at 2~H~ 0 c. 

/ The AC resistivity results obtained, her,e, are entirely 

~nsistent with the resu1ts obtain~d by p~evious 
researchers. Likewlse the resistivity measured at the 
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Pigure 5.5.5 Effective permittivity as a function 
of frequency for natural state Horrison cores (after 
Wai t, 1959 ) .• 
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as a function of frequency measured in situ (after Grubb ~ 
-al., 1976). 
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Figure 5.5.7 Laboratory measured effective conductivity 
and permittivity as function of frequency for- a loamy sail 
sample (after Smith-Rose, 1934). 
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highest measuring frequency (!~H' kHz) is simi1iar to that 

obtained at 445 MHz from the transillumination results. It 

is not unreasonable, then, to expect the effective 
• 

resistivity to be relatively constant or decrease on1y 

. slight1y with increasing frequenc'y between HH~ kHz and 445 

MHz. The conductivity of water (Table 2.3.5) changes very 

little between HHJ kHz and 10 MH.z. Grubb et al. (1976) 

obtained in-situ measurements between boreholes of the 

effective conductivlty and permittivity between 3~0 kHz and-
\ 

25 MHZ. Figu're 5.~.6 shows - that. the conductivity is 
. 

~e1ative1y constant over the. range of frequencies measured. 

Sm i th-Rose (1934) conducted laboratory measurements 0 f the 

e1ectrical properties of various soi1s as' a function of 

frequency. Fig ure 5.5.7 shows the resul ts for the effective 

permittivity and the effective conductivity of a loamy soi1 

measured over the frequency range 50 Hz to 10 MHz. The 

conductivity ifS' again observed to be fair1y independent of 

frequency in this range. These ear1y measurem~nts are 

consistent with those obtained by many 'other researchers who 

have studied other 'ma'teriais (Keller, 1963'; .CarmichaeI, 

1982; Co11ett and Katsube, 1973; 'Cook, 197"). 

'. 
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Conclusions and Reco .. endatlons 

\ 6.1 Sua.ary of tht? work 

'The original intention <of this re"Search wprk was to 

condoct a f~asibility study into the use of c0tltinuous ,UHF 

electromagnetic fields and waves in geophys(cal surveys. 

The author has approached this goal by demonstrati!'lg t"hat 

UHF-EM waves can inaeed sufficiently penetrate a rock mass 

and that useful measurements that are indicative of the 

geophysical properties of the rock mass can be-made. 

Changes in these proper"t ies w i thin a rock mass can be 

in ter pre te d in ter m s 0 fan 0 m a'l 0 us Z 0 ne s. In the 

transillum ination survey configurat'i\on more than 60 metres 
-. 

of rock mass was penetrat.ed at the 445 MHz operating 

frequency. The absorption rates,' calculated directly from 

the per fo r mange spec i f Ica t ions 0 f the proto type equi pm ent 

used in the field surveys, agreed weIl with the bulk 

, absorption rates calculated from the analysis of the 

received signal strength ~s a function of transmitter-

receiver separation. The effective resistivities at 445 

MHz, calculated from this absorption rate data, varied from 

59" to 15"" f2 -m, depending upon the estimated value for the 

effective permittivity. These results are consisten,t with 

the conductivities measured by other researchers at UHF 
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f,r::equencies using. several dïfferent\ techniqu~s. AC and De 

measu,rements of effective conductivi'ty and pern:aittivity 1 

taken on core samples, collected at the Big Nickel Mine site 

exhibited the classical relaxation phenomenon and 

cdrroborated the UHF-EM transillumination survey results. 

6.2 Conclusions and reco .. endations for furtber work 

This projéct waJ) initiated to 
~ 

investigate the / 
1 

feasibility of making geophysical electromagnetic 

measuremerits at UHF frequencies. The prototype equipment 

designed and subsequently used in the field surveys is not 

• 
meant to represent an ideal 'survey instrument. Furthermore 

th~ surve~ configuration employed was not necessarily meant 

to represent the best configuration under aIl condition~' 

lik~ely to be encountered in the field. The research was 
, 

meant to provide in,sight into the- potential limitations on 
,u 

the use of UHF-EM continuous-wave techniq,ues in geophysics 

and the type of equipment required for' taking high quali ty, 

informative and cost effective' measurements. It is clear 

~that no effort hai been made to fully exploit the potential 

of the trans ill um inat ion technique; for log i stical reasons 

ft was only possible to take a few measu~ts of rock-mass 

abso~.ption rate~, at the sin9le frequency' with several 

scattered transmitter and receiv'er locations. In a more 

elaborate survey, the construction of a series of fan-like 

arrays, as described in section 2.9, would allow one to 

treat the absorption rate data using the well-developed 
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tomographie inversion proeessing techniques. This would 

pr9vide a two dimensional -absorption image- of the rock 

~ass between the transmitter and receiver. Unfortunately, as 

discussed in section 2.9, the data collected during this 
, ' 

research by the author was Inadequate for', a complete 
~ ) 

tomographie reconstruction. Using this prototype system, one 
" . 

measurement could easily take m~re than twenty minutes. The 
, 

time which could have been required to collected-enough data 

for a true tomographie survey would have been impossibly 

long: free aceess to the Big Nickel Mine site was limlted to 

about one week each summer at a time when the normal 

" preparat~on of the site and the major tourist traffic was 

-minimal. The more efficient packaging of the el'ectronies_ in· 

a sec-ond-generat ion field survey system and the use 0 f 

éJntenha mounts allowing for rotation about both horizontal 

and verticel axes could result in a considerably improved 

survey productivity. 

The transillumination type survey Is expected to be'" 

best sui ted for inter-borehole worok where strièt geometric 
' .. 

control and automated transmitter/receiver move~ent and data 

collection is possible. Under $uch~ iaeal c~nditiops the 
( 

tomographie imaging technique should find direct use in 

analysing the data obtained in Qnderground rock-mass 

surveys. en the other hand th'e development 0 f an, iriter- ' 
- . 

borehole system will bring new and difficult problems. The 

-antennas that can be used underground-in mine ~topes 4nd . , 

.~ 
'of, • 
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drifts poss~ss advantages over any co~ceivable borehole 
, " 

, , 
anterina design. St~ictly speaking, thè standard-tomographie 

inversions as commonly. 'per;-formed in Il'(edical ~-ray diagnostic 

·procedure. requi~e antenna beamwidths which çan be 

a~sumedO'to b'è negligib,le. In these UHJf-EM tral)sillumination 

studies, one must be conten~ to w,ork with' finite ·t>Jamwidths. 

- ' 
Th.e larger antennas or arrays allowed in the underground 

work, reported above, have advan~age in this regard over any ... 
antenna which'l.-must be placed down à -s~al1 diameter borehole. 

Simillsrly as the antenna is located in air in an 
o 

underground survey, a higher degree of control of the energy .. 
r.adiated into the wall rock is achievable. In the borehole 

mode, , the 'presence 0 f bo rehol e fluid crea tes an add i t io-nal 
ti 

interface at which the radiated energy can be reflected and 

refracted. Annàn (1985) indica tes tha t he has t r ied tuning 
, , , 

underground pulse radar antennas to match the wall-rock 

Impedance and found it to be impraètable to perfa,rm this .. ., 
tuning on a continuo us basis. 

, 
It waSt fôund during 'the Big Nickel sùrveys that 

interconnection Qf the underground drifts in which the 

1:ransm i tter and recéi ve; were located oiten crea ted se r ious' . 

problems in determining the signal path.' Secondary 
. 

propa.gation paths can exist and signaIs received by these 

r 0 ut e seo u l d r e sul tin t·h e r e b e i n 9 . a m aj 0 r d i f fic u l t Y "i n 

isolating the through-rock, path component. This problem ca.n 
, , 

be reâuce.d to sorne extent, bhrough t.he use of highly 

directional antennas although mos~ UaF-EM antennas of a 
, ' 

.. 
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manageable physiçal dimension typically pos~ess'finite back 

and side lobes. , , 

The wide variation of electrical properties that can 
-

be encQuntered in crustal ro,?ks ~équires that ser.ious 

consideration must be 9 iven to provid ing for a sufficiently 
\, . 

lar~ dynamic range of measurement· •. Tpe mast .practical 

manner of achieving thi.s is ta incorporate adjustable ~.ain 

settings on" the recei,ve,r while allowing for a variable 
l 

transmi tter output. The s.ignal s'aturatian' conpi tian ratber 

th an the insufficiency of the rec-eived signal level cal:1sed 

the initial problems encountered during the fi~st Big Nickel 

M~ne survey. A variable transmitter output po\Jer would 
, 

reduce the need for the elabora,te receiver shielding 

precautions which were found necessary in the prototype 

i.nstrument. 

UHF continuous-wave EMo techniques should be useful in a 

restricted geo10gic conditlon. The I."ock mass must be 
,'" '~ d 

relatively nonabso~bing so that sufficient penetration 

distanc~s are achievable. Furthermore, the effective 
, \ ' 

permittivity of the wall rock must be low enough that large 

reflections and refractions at the ai,r-wall rock interf.ace 

c;lo nÇ>t aris,. The rock mass, must, in general, be relatively 
- ....------, \ 

\ ~ q 

/homogeneous along the direction of measurement such that ~ny 

inhomgeneities of interest within this homogene~us mass can 

l?~ detected. 

A measurement of the .ppase- shift between< the 

.297 , 
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transmitted and received signal would be desirable. Thi's 

would allow for the separation of effective conductivities 

and permittivities. A phase'and amplitude reference link 
... 

could be established t'hrough. the use of an optical-fiber 

cable connecting the transmitte~ and receiver. A phase 

measurement would also allow for a holographie 

reconstruction of the imaged area (Lo rrain, 1985). Such a, 

reconstruct ion could provide an immense advantage in test ing 

the subsurface for structural integrity in advance of 

radioactive waste disposaI or mine drifting in that only one 

borehole would be necessary. 

It would be desirable to measurë the electrical 
.. 

properties of a rock mass over a - broad range of frequenc ies 

within the VHF/UHF bands. Given the character of the 

electrical properties of most earth materials as a function 

of f requency, di scr im i nation of the ma t erial 0 f an anoll)alous 
• < 

volume, could, inprinciple, be achieved under favorable J 

, 
~ditions. perhaps, unf?rtunately, if more' than a few 

watts of output power is required, federa~ licencing of 

- operating frequencies will be necessary and the choice- of 

available frequencies will be severely limited. The effort 

required to obt,fin a licence is not insignificant. 
t 

International agreements govern,ing frequency allotmeht and 

licencing require that detailed performance and requirement 

specifications be submitted with all applications for an 

operating frequency. Since' Cl UHF-EM' system can be expected 

to be used aIl across Canada a very flexible permit is 

1 

'1 
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requ 1 red. Internatlomü approval can be n,ecessaty if more 
~ 

th an l ~ Wa t t s 0 f po w e ris r e que ste d • In th 1 s cas e i t ca n 

take between six months and one year to obtaln t.he requi red 

internationally valid 1 icence. 

6.3 Claims for ori9i~ity 
. 

The research work upon which this thesis 15 based 

accomplished three principal original contributions to 

geophy~ical research: 

a) The underground UHF-EM transillumination technique 

has been shown to be a geophys'ically , feasible and use'ful 

survey ,method. 

9) l n -,s i t ume a s 4 rem en t s 0 f ab sor p t ion rat e and 

estimat~.el'. conductivities have 'been calculated in a typical 

, . ca~a/;an geological setting. A paucity of in-situ 
r-'~'....J 

measurements have been previously made at VHF/UHF 

f r e que n c ïe san d a l m 0 ste xcI u s ive l yin ver y d i f fer e n t 

geo10g ical and 9 1 aciolog ical envi ronments. 

" c) A path has been la,id for the further development' of 

the transillumination technique, which through incorporation' 
, 

of several of the suggestio.ns :made abol/e, -could yield 
...., 
significant benefits to undergrolind mining and exploration, 

to the 'Search for roc.k masses o,f sufficie~'t integrity to 

contain radioactive waste for geological times, to the 

delineation of structural features within a rock mass, to' 

the search for thin mineraI ized 'zone.,s and to the detèctlon 
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Kllohertl Service 2000-20t)5 FIXED 

Below 10 00 (not allocated)" HOJJILE 

10.00-14.00 RADIO NAVIGATION" 2065-2107 MARITIME MOBILE 

Radio location" (radiotelegraphy only) 

14 00-19.95 FIXED· 2107-2170 -FIXED 

MARITIME MOBILE," AlODlLl'l 

1995-20.05 STANDARD FREQUENCY· .\ 2170-2194 MOBILE· 

20 05-70 00 FIXED* 2194-~ (i:!istré88 and cnlliog} 

MARITIME IdOBILE" • nXED 

70 otHJo QO FIXED NOBILE .. 
UARITUIF! MOBILE 2300-~95 FlXED 

UARmME RADIO :fAVIGATION MOBILE 

Radl/' location BROADCA8TING '. \lU 1JU-1Hl U RADIO NAVIGATlO:f 2495-2005 STAN~ARD ,.ÎEQUENCT --... 
2505-2850 FIXED FIXED ,,-

Maritime mobile 
- ~ 

• HOBIU! 

110 0-130 0 FIXED 285013025 AERONAUTICAL MOBILE (R)· - ... ? 
MARITIME HOBILE 

MARITIME RADIO NAVIGATION Megaherta Service 
Radio location 

130.0-160 0 FlXED 3025-3.155 AERONAUTICAL MOBILE (OR)· 
MARITIME tlOBIU: 3 155-3.200 nXED" 

160 0-200.0 FlXED MOBILE E;'I!:CEPT'AERONAUTICAL (R)" 
• 200 0-285.0 AERONAUTICAL RADIO NAVIOATlO)1 3200-3.400 FlXED" 

Aeronaubcal mobile llOBILE EXCEFT AERONAUTICAL" 
2850-325 0 IIARlTlllE RADIO ~VIGATlO)of BROADCASTINO" 

(radiO beacons) 3.400-3.500 AJ:.RONAUTICAL KOBILE (R)" 
Aeronautlcal radio naVIgatIOn 3.500;-4 000 AMAT,EUIl 

FIXED 

!.IODILE EXCEl'1'AJ:RONAUTICAL (R) 

Ki10hem Service 
4000-4.063 l"lXI:D· 

, -1,063-4.438 HAHITlME MOBILII" 

325.0-405.0 AERONAUTlCAL RADIO NAVIGATlON· 4.438-4.650 FlnD 

Aeronautical mobIle" ~ 
llOBILE EXC:tP1' AERONAUTlCAL (R) 

405.()--415.0 UARITUIE RAooo NAVIGATION " 650-4. iOQ AJ:RONAUTlCAL JlOBJU: (R)" 

(radio dlrechon-qndmg) 
~ 

r"{ 
Aeronaulical radio navigation 

'" . Aeronautlcal mobile ~legnhertz Service 
415,0-400.0 MARITJIIE 1I0BILE" 

(radiotelegraphy ooly) 4 iOO-4 750 AERONAUTICAL MO~ULE (OR)" 
490.~5]() .. 0 MOBILE" 4750-4.850 nXED 

; d istres9 and calling) BROADCASTlSG 

510.0-525.0 .. fODILE 4 S50-4. 095 FlXED" 

Aerollalllu:a1 radio. haV1gatlOn LAND AfOBILE' 

525.0-5350 MODILE BROADCASTlSG" 

Broadcœl!ng '" .'995-5 . 005 STANDARD FREQUENCY· 

A erollautu:a(.$dlO navigation 5 0!l5-5 000 FIXED" 

I\.~"i 0-160,'; BROADCA8TlNO" BROADCABTlNG" é' 

1605-1800 
\ .. 

5060-5 250 FIXED" F1XED 

MOBILE 5.250-5 450 nXED 

AERONAUTICAL RADIO NAVIGATION LAND MOBILE 

Radio location 5 4rJO-5 (j80 AEltoNAUTICAL MOBILE (R) 
1800-2000 • 56S0-5 730 AERONAUTrCAL MOBILI: (OR)" AMATEUR 

r FIXED 5730-5.950 FIXED· 

MOBILE J:XCZPT AERONAUTl~AL 5 950-6 ~ BROADCASTINO" 

RADIO NAVIGATION 6 200-6.525 llARITlME MOBILE" 

Table~ A.la The International TeleCjQmmu'nications Union 
frequéncy allocatiolls, 1~ kHz to '6.525 MHz, for reglon 2, 
the Western hemisphere (after Westman, 1968). 
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fi .,):!.'Hl ÛSo.'5 
fi OS.'i-(j 765 
(, 7(,,')-7 000 

7 000-7 300 
-; ;l00-8 lOS 
S H15-8 81S 
x S1!;-S 965 
S 'lG5-9 0-10 
9040-9500 

.AERONALTlC.\L MOBILt: (R)' 

.\ERON ~UTlCAL .,ODILE (011)' 

lIU:O' 

AMATEUR 

FI"EO" 

MARITIME MOBILE' 

AERONAUTlC\L i'ODILE (R)' 

AERONAUTICAL .,OBILE (OR)' 

FlXEO" 

!J ')()()-o ïïS DROAOCASTINO' 

!J 7i5-0 ons FlXEO" 

fi fl95-1O 005 ST~NOARO FREQt'ENCY" 

10 005-10 10 AERONAUTICAL MODIl.!: (R)' 

10 1Il-11 175 FlXEO" 

11 175-Il 275 AERONAUTICAI. MODILE (OR)' 
11 275-11 .w AERONAUTICAL i'OBILE (R)' 
11 40-11 70 F1xw" 
Il 7{)--11 !liS DROADC.\f>T1NO' 

P 975-12.33 FlXEO" 

12 33-13 20 MARITINE MOBILE' 

13 20-13 26 AERONAUTrCAL 1I0DILE (OR)' 
13 2t}-.13 36 AERONAUTICAL MOBILE (R)' 
13 :l6-1t 00 FlUO' 

1-1 00-14 35 
14 35-14 9!J 
11 99-15 01 
15 01-15 10 

AMATEUR' 

FlXEO' 

STANDARD FREQUl:NCY' 

AERONAUTICAL MOBILE (OR)' 

15 10-15 4S OROADCASTINO' 

15 45-15 762 FlXEo" 

15 762-15 768 FlXEO' 

15' 768--16 .. ~ 
16 -!t}-.li 36 
li 3&-17 70 
li 70-1{OO 
17 9O-li 97 
1797-1803 
1803-18 036 

1803&-19 '99 
19 99--20 01 
20 01-21 00 

Megahertz 

21 00-21 45 
21 45-21 15 
21.75-21.85 
21.&5-22 00 

Space research' 

FlXEO' 

itARITIKE MOBIU:" 

FlXED' 

BROADCASTINO' 

A.ERON AUWAL MOBILE (R) • 
AtRO;''''U';'CAL 1oI0BILE (OR)'_ 
FlXEO" 

Space research' 
FlXEO" " 

STANDARD FREQUENCY· 

FlUD" 

Service 

AMATEua' 
BRIlADCASTINO' 

.nuo' 

.uaONAUTICA.L rIXED" 

.uRONAUTlCAL MOBILE (R)' 
22.00-22.12 IlA.RITIIB MOBILE" 

22.72-23 al J'lUo' 
23 20-23 35" Al:1I0NAUTICAL FIXEV' 

URONAUTICAL MOBILI: (OR)· 
23.36-24.99 nXE»' "-

LI.!fD KOBJU' 

24.99--25_01 Il'I'oUfDABD J'REQtTENCY· 

2501-25 07 , 

25J)7-25 11 
25 11-25 60 

25 60-26 10 
26 1()-27 50 

2800-29 70 
29 i()-30 dos 

30 00&-3001 

30 01-37 75 

- r fJ /' 37 75--38 25 

FlXED' 

• , 

MOBILE EXCEPT AERO~AUTICAL' 

MARITIME MOBILE" 

rIXJ:D" 

MOBILE EXCEPT AERONAUTICAL' 

BROA~T1NG" 

FlXED" 

MOBILE EXCEPT AERONAUTICALo 

METEOROLOGICAL AlOS 

l'IXEO" 

MO,IILE 

AMATEUR' 

rIXEO· 

MOBILE· 

l'IXEO· 

MOBILE" 

!PACE RE8EARCH' 

SPACE' 

(satelhte Identification) 

rIXED" 

MOBILE" 

FlXED" 

MOBILE· 

Ra~ho IllItronomy" 

38 2'>-50 00 FlXEO 

MOBILE 

50 00-54 00 AMATEUR 

M 00-73 00 'IXEO 

!oIOBILE 

BROADCASTINO 

RADIO ASTRONO!\lT 73 00-74 60 
74 60-75 40 
75.j()-88 00 

AERONAUTICAL RAOIO NAVIOATIO:f 

flXED 

I(OBI!.E 

BROAOCASTI'iO 

88 00-108 0 DROAOCASTINO 

lOS 0-11 ï 9i5 AERONAUTICAL RAOIO NAVIOATION' 

11i 975-132 0 AERONAUTICAL !\lOBILE (R)' 

132 0-136 0 TIXEV 

WOBILE 

136 0-137 0 SPACE RESEARCH 

(telemetenng and traclong) 
137 ()-138 0 I(ETEOROLOOICAL--llATtLL~TE" 

srAcE' RESEARCH' 

(telemetertng and traclong) 
srAcE" 

(telemetertng and trackmg) 

138 ()-143 6' rIXEo 

MOBILE 

Radia 1oca410n 
143 fH43 65 rIxEv: 

MDIII LE 

BrAC!: IlUSABCH '. 

(telemeterin, and trac kir> 
RtuIio locatIon 

143 65-14-1 0 'IXED-

MoalU 

Rama locatIOn 

/ 

Ta b 1 e A. l.b The, l nt e r na t ion aIT e 1 e c 0 m m uni c a t ion sUn ion 
frequencyallocations, 6.525 MHz to 144.~ MHz, for region- 2, 
the West~ rn hem i sphere (afte r Westman, 1968)" 
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lfep.berU Service 
" 

IH.0-J.l80 &JoIA-rrlR -450 Q-.l60 0 nXED" 

148 0-149 9 nXEII )10811.&· 

,M0811.& 400. Q-.I;O 0 "liED' 

149 9-150 OS 1lAD10 NAVIOATlOIf-1ATE1.I.IT&" )10811.1:' 

150 M-174 0 nXEII l\Ieteorological_tellite-

MO.IU .fiO 0-890.0 BROADCAS~G 

174.0-2160 nxxo 890.0-942.0 FIXEII 

MOlll1.& RAIIIO LOCATION 

BIlOADCASTINO 942.0-960 FlXED 

216.0-220 0 nXEO 960.0-1215 AEROSACT'ICAL RADIO NAVIGATIO"· 

MOBII.& 1215-1~ RADIO LOCATION' 

LU)IO LOCATION ) Amateur· 1 

2'J) 0-225 0 AMAnuw. 1~1350 AERONAUTICAL RADIO NAVIGATION· 

LU)IO LOCATION RadIO location' 

225.0-2670 nxEO 1~1400 RADIO LOCATION 

MOBILE 1400-142i RADIO ASTROSOMT' 

267.0-272 0 nxED' 142i-1429 FlXED' 

M081U" MODILE EXCEPT AERONAU1'ICAL' 

SPACE· SPACE' 

(telemeterin,) ( telerommand) 

272 0-273 0 nXED' 1429-1435 FlXEO 

M081LE" IIOBILE 

SPACZ' ( 1435-1525 MOBILE 

( telemeteri",) Fixtd 
273 0-328 6 nXED' 1525-1535 SUCE 

IIOIIIU' (telemetmng) 

328 6-335 of AERO:fAUTICAL .... 1110 NAVlOATlOIf' Fixtd 
(ghde-path sy.tems) Mobile 

3.'154-399 9 rlXEoo 1535-1540 SUCE' 'r 

IIOBILE' (telcmetmng ) 

399 9-400 05 RADIO NAVlGATlO:f-8ATELLI1'E" 15-W-1660 AERONAUTICAL IlADIQ "","IGATlO'" 

400.05-401 0 METEOIlQLOGICAL AlOS' 1600-1664 4 IIETEOIl01.OGIC.U. AIDe· 

~OROLOGICAL_ATELLrrE· IIIJ:TEoa01.OG1c:.\L-1ATIl:LUTI:" 

(mAlDtenance telemetering) 1661.4-1668.4 III1:T&OROLOOICAL AIDa" 

SPA=: !"'.:::=~~. METlOROLOOlc:.u.-1IA TELLlTIi' 

(te1emetermg and lnlclullg) Radio utl'Onomy· 
401 ()--W2 0 METEOaOLQGICAL AlOS' 166S.4-16j0 UJ:TEOROLOOIC.u. AIDII· 

SPACE" METEOROLOGICAL-SATELLlTl:' 

( telemetenng) ]670-1600 "'E~OROLOOICAL AlOS' 

Fixed:' nXEDO 

Mobùe except aeronaullcal· U<?,RILE EXCEPT AEIIONAUTlCAL~ 
402 ()-4()6 0 METEOROLQGICAL Ams" 1690-t.1OO UETEOROLOOICAL A1D11 

Fixed' rOROLOOICAIr-IIA TELLlTI: 

Mobile except aeronautica.l· ];00-1710 SPAC:': RE8EAl1C11 

400.G-420 0 rIXEOO 
(telemeterin, and traclWM> 

.,OBILE EXczrr UIlOIUUTlCAL' 1710-1770 nUD 

4~.0-450 0 JlAlIIO LOCATlO!f KOIILE 

Amateur 177tH790 nxZD 

KOlru 

Aleteorolocical_teIlite 
, , 

Table A.lc The InternatJonal Telecommunicati~$ Union' 

t
fhreqwuenctY allhocaitions, 144.9 MHz to J;.7ge GHz, for region 2" 

e es ern em sphere (after Westma'h, 1968). 
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1;90-2290 

~2590 

2900-3100 

nJn:n 

MOllru 

SPACJ! 1ŒSE4IlCR 

(telemettring and traelon, ln deep 

'Pace) 
RADIO LOC .... TlOlf 

Amateur 
F"lXed 
Mobile 

nXED 

MOBILI: 

RADIO LOCATION 

nxED· 

1I0BIU· 

RADIO ASTIlONOIIT· 

AEItONAUTlCAL RADIO NAVIGATlOlll· 

Radio location" 
RADIO NAVlGATlON· 

(ground-based radars) 
RadIO locatIon· 

Glgaherù ServIce 

3 100-3 300 "ADIO LOCATlOlf" 

3 31.lO-~ -SIlO UOIO TI\(""Olf 

Amateur 
3 401}-3. 500 RADIO LOC.,.TlOlf 

3500-3'700 

3700-1 200 

;' 
.. 20()-!. 400 
.. 4()()-4 700 

A 700-4. 9!)() 

4 !I9O-S 000 
5000-S 2:iO 
5 250-S."255 

5 '2.15-5 3SO 

COM MUNICA TlON-8A nLLm 
(satellite 10 earth) 
AmAteur 
nXEO 

NOBIU 

1L\D10 LOCATION ... 

COMMUNICATlON-flATEWTI: 

(satellite to earth) 
rlXED 

MOUILÉ 

CO"1dUNICATlO,N-flATELLIi'E 

(satellite ln f'uth) 
AERONAUTlC4L RADIO NAVIGATION· 

FlltEO" 

MOBILE· 

, COMlIUNICATlON-flATELLlTI:· 

(earth to sateUite) 
rlXEO· 

IIOBIU-

~I\ADIO AST1IONOIIT 

AEItONAUTlC .... L ~DIO N .... VlOATlOJf· 

UDIO LOCATlOX-

Spaee re.earch-
RADIO LOCATlOX-

, .:~l ; 4fil 

5 460-S 470 

54;0-5 650 

.5 6SO-S.6i0 

.5 670-S ;25 

:; i2S<-5 ~ 

5 9~ 425 

AERONAUTlC .... L RADIO NAVlOATlO"­

R "dio locattOll-
RADIO NAVIO .... TlO~ 

RadIO location-
IoIAIUTlME RADIO lf .... T10 .... "O.· 

Radio locatIon· 
R .... DIO LO\.ATlO.-

Amateur· 
RADIO LOCAno'­
Amateur-
Spa el! l'I!$earch­
(deep lpIœ) 
RADIO LOC .... TlOJf 

Amateur 
FIXE»· 
1oI01lru:· 

COIol)lUNlCATlO.-il4ft~ 

(earth to aatellitel 

nXED· 

MOllrl,x· 

COIOlUNICATlON-8AftLUTE· 

(satelltte to earth) 
7 300-7.750 FlXED· 

MOBILE· 

COIOlUNICATrON-SATEt.Ll"J'1I:· 

(satelliu 10 ~) 

7 ';50-7 900 nXED· 

7900-7.975 

7 975--8.025 

1oI0a1LE· 

nxED" 

1oI01l1U" 1) 

COIlMUJflCATION-SATE!.U'n: " 

(earth to utelli te) 
C;O)l1IUlfICA1!ON-flAttwn· 

(earth to satellite) 
li 025-8 400 rttED· 

8400-8 500 
8.500-8 750 
8750-8 850 

8 851>-9 000 
9,000-!J 2011 

9 200-9.300 
9300-9 500 

95!»-9 jjQ() 

<) ~OO-lO 00 

MOJItu· 

CO~1IUN1CATION-SATELJ.[1T. • 

(earth te satellite) 
IIPACE' REalAIlCR 

RADIO LOcATIOit-· 

RADIO LOCATION-
" 

AERONAUTICAL RADIO NAV/OA'tIOlf· 

(aU'borne doppler aida) 
RADIO LOCATION· 

AJ:flON AUTICh.L .aADIO lfAVIOATlOlf· 

(grol1(lJ-~ radarj) 

~Jbo !ôcatlOlI-
RADIO LOCATION-

RADIO NAVItlATlON· 

~dlo location· 
RA~ LOCATION-

RADIO LOCATION· 

Flxeù" 
10 00-10 50 RADIO LOCATIO"· 

Amateur· 

'l'able A.ld The International Telecommunications Union 

/ 

\ 

frequency ~~~ca·tion's, 1.799 GHz to 1~"5~ GHi, for region 2, 
the wester .. \emiSPher~ Cafter Westma,n, 1968). ~ 

224 

1 
J 

- , 



-

10 5U-HI Ôo'i Il.\DIO 'LOCATIO'f 

(conlinuolD-wll\"~ syaœmsonlyl 
la '»-10.68 "UD" 

MOIIIU· 

Radio JoeatlOnO 
la 68-10 70 RADIO A8TROz..r~lT. 
10.io-ll 70 FIXED" 

MOBILE" 

Il iO-l2 70 FlXED· 

MOBILE EXCEPT AERO"l'AL"nCAL" _ 

BROADCASTlKO· -~~----

12. io-I3 2.j FIXE!)" 

1oI0BILE" 

13.2.'>-13 -to AEao!ÇÀuncAL RADIO l'IAVrGAnOMo 

13 -lô-1-l 00 II.\DIO LOCATIOX" 

14.00-14 30 IlADIO NAVIGATIOY" 

".. 14 30-14.40 1I.I.DI0 !':A\"IGATION-5ATELLITE· 

14.40-15.25 FlXED" 

IIOBlLE" 

UL25-1S.35 srACE IUllEARCH" 

1535-15.40 &ADIP AlITRONon* 

15.40-15.70 .u:1lO!'fAUnCAL RADIO NAVIGATION" 

15. ;0..17.70 RADIO LOCATION" 

17 70-19 30 nxE!)" 

IIOBIU· 

19.30-19.40 RADIO MTRONOIIT· 

19.40-21 OQ fIUD" 

11,01111.& " 

21. 00-22.00 AMATEOJ" 

22.00-23.00 fIXED" 

IIORru" 

23.00-24. 2S RADIO LOCAnON" 

24.25-25.2S &ADIO l'fATTGAno.· 

25.25-31.00 flXED" 

IIORIU· 

3100-31.30 fiXE!)· 

lIoaru· 

8pt.ce ....-eh. 
31 30-31..50 RAIIIO A.STaO:O;o~ 
31 50-31 8) l'AC1I: IlUUACB 

3t.M-32.30 &ADIO l'fA VlCATION" 

Spaee~h· 

. 32 :n-:J3. 40 . RADIO MAnGATlO. 

D.40-34.2O ... DIO LOCA.nON· 

34.2l-35.2O RADIO LOCATION· 

Space raeuch· 
35 3)-36.00 ...,1110 LOCA.TJcm-

38. IXHO. 00 FlIn-
lIoau.a" 

Abon40.QO (Dot aDoeated)· 
,'t 

"..-

~ 

'l'able Lle The Int~rnational Telecommunications Union 
frequency allocations, 19.59 GHz to 49.9 GHz, for region2, 
the Western,hemisphere Cafter 'Westman, 1968). 
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TELEVISION CHANNEL FREQUENCIES 

VHF 

Frcquenq Frequcnq 

Channel ranee Channel range; 

no. (MHz) DO (MHz) 
6 

2 54-60 8 180-186 

3 6(}...66 9 186-192 • 

4 66-72 10 192-198 

S 76-82 Il 198-204 

6 82-88 12 204-210 

7 174-180 13 210-216 

UHF 
0 

[) 
Frequ~cy Frequenq Frequency 

Channel range Channel range Channel range 
no (MHz) d'o (MHz) no (MHz) 

14 470--476 30 566-572 46 662-668 
15 476-482 31 572-578 47 668-674 
16 482-488 J2 578-584 48 674-680 
17 488-494 33 584-590 49 680-686 
18 494-500 34 590-596 50 686-692 
19 soo.506 35 596-602 51 692-698 
20 506-512 J6 602-608 52 698-704 
21 S12-518 J7 608-614 53 704-710 
22 518-524 38 614-6;20 54 710-n6 
23 524-530 39 620-626 55 716-722 
24 S30-536 40 626--632 56 722-728 Î 25 536-542 41 632-638 57 728-734 
26 542-548 42 638-644 58 734-740 
27 548-554 43 644-6.50 59 740-746 
28 5S4-560 44 650-656 

'" 29 560-566 45 656--662 83 884-890 

Not~ The camer frequency for the Video porllon 15 the lower frequency plus 
1 25 MHl nie audiO carner frequency IS the upper frequenq minus 025 MHz. AU 
channeb have a 6-MHz banllwlIlth For eumple. Channel 2 Video carner 15 al 

5525 MHz and the audiO carner 15 at S975 MHz. 

J 
Table A.2 The standard television frequencies (after 
Stutzman and Thiele, 1981). 
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