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Mr . Len Collett 
Geological Survey of Canada 
601 Booth Street 
OTTAWA , Ontario 

Dear Mr. Collett: 

BARRINGER RESEARCH LIMITED 

304 CAR LIN GVI E W DRIVE 

M ETROPOLIT AN TORONTO 

RE X D AL E . ONTAR I O 

CANADA M 9W 5G2 

PHONE 416 675 3870 

T ELEX 06 - 989183 

January 19 , 1 982 

Furthe r to our r ecent telephone conversat ion, I wo uld like to 
con f irm that the technical in for mation contained in the 
document entitled, "Report on the COTRAN Survey Conducted in 
the Athabasca Bas in for t he Geological Survey of Canada", 
submitted by Barr inge r Rese a rch Li i ted to the Geological 
Survey of Canada as a fi nal report on the activi ties car ried 
ou t under the DSS Contrac t #0SQ79-00164 is no longe r considered 
to be of a confidential na ture. Subsequently, please consider 
this let te r as a f ormal permission f rom BRL t o GSC to release 
the above report f or dist ribution t o the public at yo ur 
discretion . 

I would like to poin t out t hat the COTRAN syst em hardware and 
sof tware, as well as the qua l ity of da ta, described i n the 
report repr esent the sta t e-of-the-art in COTRAN t echnology as 
it was in 1980. S ince that time , subs tantial i mpr ovements have 
been made in th e system hardware , and new , more powerful 
algorithms and s of twar e have been de veloped fo r post-time data 
reduction , which considerably improved th e quality of d ata. 
These improvements have been t horoughly tested du ring the past 
year on four separ a te t est s urveys, o ne of which wa s of 
considerable size. To tally, near ly 50 00 li ne miles were flown 
in Canada an d th e U.S . in 1981. The r esults are being 
evaluated now , and will be reported on in the near f uture. 

I trust the COTRAN system will be commercially available f or 
full pr o d uc tion surveys in Canada during thi s com ing 1982 
explorat ion season . 

Yours truly, 

BARRINGER RESEARCH LIM ITED 

LRD:ki L . R. Daubner 
General Manager, R & D 

AD VA [ (' T rS 1,,Nl I N S!RUMtrJTATIO N "OR TH [ EA~TH SCI E NCf:S 



1. INTRODUCTION 

•rhis report summarizes the results of the first operational 

survey carried out with the Barringer COTRAN airborne electro­

magnetic (AEM) system. The survey was an evaluation study of 

the COTRAN system sponsored by the Geological Survey of Canada 

(GSC). The objectives of the survey were twofold. The first 

objective was t o carry out an operational survey to assess the 

overall performance of the COTRAN sys t em . The second objective 

was to t2st the ability of the COTRAN system to detect deep, 

known conductors. 

The survey was carried out in the Athabasca Basin area of 

Northern Saskatchewan . The COTRAN survey area forms part of 

the general GSC study area where high sensitivity magnetometer 

and vertical gradiomet~r survey programs have been carried out 

previously. A numoer of known uranium deposits are located 

within the test survey area . These unc0nformi.ty-type uranium 

deposits are located at the contact between the overlying 

Athabasca sandstone formation and the Precambrian basement. 

The deposits are generally associated with extensive graphitic 

conductors located in the basement. Since the thickness of the 

overlying Athabasca sandstone varies f rom 50 to 250 m within 

the COTRAN survey area, the site provi des an ideal area to 

assess the depth penetration capabili t ies of an EM system . 

·rhis report gives a sen2r e:l over view of the COTRAN AEM system 

as well as analysis of the survey progr am and the resulting 

survey data. Since the COTRAN AEM system is totally new and a 

marked dep2rt •1re f!"om any previous AEM system, an ext en s ive 

description of the system concepts as well as its hardware and 

software implementation are provided in Section 2, 3 and 4 of 

th9 report. The system description is followed by a review of 

the survey area and the operational s urvey program. An analysis 

of the reduced EM data is then presented followed by a summary 

of the overall .::est.;.lts obtained with t he test surY~" i :-EF..99r .o/,!! · 
~O . ff. i.: . • 1 l:il_ '" " ·RMATI ON 

T !-ii ':i C C'C:J :·: ~H C:ONT •".J ~! S : ~l FOi?MAT I O ~l 
P RO~;: .:. T ~;,y TO 8:· ~r. l : t ..:;~ n ~:S!ZARCH 

Ll\,:7.: .;, A;.:u :;:; ... :..~ .~ : ·i :.. ~ :t :P r.'J: GUCED 

C :~ 7iu~.:S r :.'. n ,,:-: i:l 70 ,)7.!f:1 r:o '7::l.''.E;l i S • 

.:> ~ ~:: c~ c s.:: t:: 7C. C '! :: :::$ . . ~ .~ _·s~ o FC !'i 

J..N V PU:=:1'0S .: Cii- :::\ T'. I. N THA T re ~ 

\V H!C .1 : i IS FU n~:J :":i-f~ O \'/ JT µ,·~ !Ir Tli E: 
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2. COTRAN PRINCIPLES 

CONFIDENTIAL INFORMATION 

TH IS OOCl,;M!HT CONTAINS IHf"ORMATICN 

?ROPRIETARY TO SARRING£1i RESEARCH 

LIMITED AND SHALLHOT Bl RU'RODUCED 

OR TRAHSHRRED TO OTHER DOCUlolEHTS. 

OR OISCLOSCD TO OTHERS, 011 USED fOR 

ANY PIJRPOSE OTHElt THAN THAT FOR 

VIHICH Ii oS l'"\JRNISHUI WITHOUT THE 

l'RIOR WR liTEll PE !lM ISSIOH O' 
EiAR•!IHGER RtS<:.\RCH LIMITED. 

The COTRAN {Correlation of TRANsients) method is a significant 

departu:c e from the basic techniques used in existing EM 

systems. In the following, a brief summary of the basic 

concepts of the COTRAN method is given in order to provide a 

basis £or the description of the hardware implementat i on and 

data processing aspects of the COTRAN system. 

The basic objective of EM measurements is to ascertain the 

electrical conductivity of the ground. This measurement i s 

based on the basic laws of electromagnetic induction, namely, 

I\.mpere 1 s law and Faraday's law. With active EM systems, a 

localized time varying primary magnetic field source induces 
eddy currents to flow in the ground. The magnitude of the eddy 

current and its spatial extent is a complex function of the 

source geometry, the ground conducti '' i ty and the frequency of 

excitat i on. The eddy currents induced to flow i n the ground 
are sensed with electric and magnetic field sensors which 

detect ~he secondary electromagnetic fields associated with the 
eddy .currents. The observed secondary fields are then used to 

infer the spatial distribution of electrical conductivity of 
~he ground in the vicinity of the E.111 system. 

With ai~borne &~ s7stems, a relatively fixed t ransmitter­

recei•1er geometry is transported over the ground by a f .ixed or 

r ot ary wing aircraft. In order to maximize the information 

about ground conductivity, the transmitter must energize the 

ground over as wide a frequency band as possible. In a.ad i tion, 

measurements ~no uld be made sufficiently of ten ~o assure that 

the variations in conductivity are adequately resolved when the 
system is being transported at high speed over the ground. In 

practice, such measurements must be made in the prese~ce of 
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noise from various sources such as a tmospheric noise, aircraft 

noise, receiver motion in the earth's natural magnetic field 

and cultural noise from power lines, radio stat i ons , etc. 

Without getting into too many detail s, the EM problem c3n be 

vi ewed in the same manner as a measurement of a system transfer 

function or impulse response funct ion. With the aid of Fig. 

2-1, the field at a receiving sensor is the sup~rposition of 

the primary field from the transmitter and the ~econdary field 

f rom the ground. 

Denoting a particular field componen t at the receiver position 

by R, one has 

where RP is the · primary field component and Rs is the 

secondary field component. 

spatial position and time. 
RP and R

5 
are functions of 

Within the quasistatic assumption 

fo r low frequency electromagnetic fie lds in air, one can 

express R as 

R (t) = A (r , r
0

) P(t) + B(r , r
0

) \ G( f ) P(t-(3) d r3 + N( t ) 

where 

."A. ( r , r o ) -

-
B(r, r o ) ::: 

1"' - o 
r 

t 

p ( t) 

G ( t ) 

N ( t ) 

0 

geometrical coupling factor between transmitter 

and receiver 

geometrical coupling fa ctor between t he ground 

and the transmitter and receiver 

= position of ~he transmitter 

= position of ~he rece ive r 

= time 

= 
= 
= 

time variation of pr imary fie ld 

impulse response func ti on of t he ground 

noise 

CONFiDENTIAL iNFORr.1.n1 fl 
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OR OISCLC>S£0 TO OTHE'lS. OR USE!l FOR 

AN Y Pul!POSE '' THER THAN TH 4 T FOR 

V/HlCH tr !S FURSI SHEO VllTH OCf THE 
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The decomposition of R into the above form provides the basis 

cf the CO'rR/. . .N method. While the real problem is somewhat more 

complex than this formulation indicates, the follow i ng 

discussion of COTRAN is changed only in detail but not in 

principle by not going into the full complexity. The added 

complexi ty ccmes from the fact that A and B are functions of 

time . As a result one must treat the modulation ef fects. 

Suffice • +-
1- t o say that with adequate design of hardware, A and 

B are made to vary only slowly. with time compared with p ( t) 
_t: 

such that for short periods of time, A and B can be treated as 

constant. 

The above formulation is best understood by consideri ng the 

speci al cases of a single frequency 

system such as I NPUT. For a single 

e xc itation waveform is sinusoidal. 
P(t) = eiwt 

R(t) reduces to 

system and a tr ans i ent 

frequency system, the 

By setting 

R(t) = Aeiwt + (I+ iQ)eiwt + N(t) 

w:..th 

I + iQ = 
ea - ~ w(Z 
5 G- ( f-i ) e d{2 
0 

where I and Q are the in-phase and quadrature componen ts of the 

ground respon2e at frequency w. The main difficulty with 

s:..ngle frequency s ystems i s the problem in resolving variations 

i n A, the amplitude of the primary :ield, from var iations in I, 

the i n-phase ground response. Since A is often orders of 

magnitude larger than I, this is not a trivial problem. For 

t owed bird systems operating in thi s manner, normal ly no 

a t tempt is ~ad e to determine I and only quadrature signals are 

measured. 
CONFIDENTl:'\l IN FORMATIO N 

THIS OOCU,.~NT CONTAINS t:ffOR,,.AT ION 

,~OPl!IUARY TC eARRlr:GiR RESEAR CH 

LIMITED AP!O SH ALL NOT BE P. t?'IOOUCCD 

011 TRAu:;H i'!IU ;J TO OTHEr! COt:UM lHTS. 

OR Otsci rJS EO TO CTl·: ER S. OR USED FOR 

4HT • VRPOS! OTH•R rHA~ r HAT FOR 

Wf!tC . IT 1:; FU'1N ISHED WITHOUT THi: 

PP. I 0 R I'!~ I 7T ! N ? ( r. :~I~ SI 0 H Or 
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With a transient system such as INPUT, an alternative approach 

is applied. In this case P(t) the primary field is turned on 

and off and the ground response is measured during the time 

P{t) is zero. With INPUT, for example, the primary magnetic 

field has the form 

P(t) = 

= 
= 
= 

sin ,.,..J 
II 

0 

• -..J -sin r 11_ 

0 

( t/T) 

( t/T) 

o < t L:.. T 

T~ t<.V 

V ~ t <'... V+T 

V+T ~ t <. 2V 

for each transmit cycle. During the time when P(t) is zero. 

oO 

R ( t} =B(r,ro) r G ( (3 ) P ( t- (3 ) d (3 + N (t) 
0 

Measurements of R(t) during the transmitter off times provides 

a direct measure of ground r esponse provided the ground 

response is of a form to generate a response when the 

transmitter is off. The ground fails to produce a significant 

off- time response for very high or very low conductivity 

si tu~tions. The upper and lower bounds are a function of P(t) 

and t he manner in which R(t) is measured. 

.t: 

Fig. 2-2 schematically illustrates the general behaviour of the 

ground r esponse. The upper fig~re depicts the ground transfer 

£unction in-phase ~nd quadrature components as a function of 

frequency. The lower figure depicts the impulse response 

funct ion of the ground. The ground response behaves in the 

I 

same manner as a high pass filter. In fact the simple loop 

response discussed later is identical i n form to a first order I 
high pass filter with it s 3 dE point at a frequency £ == 1~-rr't' 

wher2 ~ i s the time constant of the loop eddy current. I 
C:ONF!DENTl.~l INFORMAT 

THI S DOCUM ENT t:ONUi HS IPIF0'1NI 

~RO!'!llETART ro 6Aq111HGT.R R.:sl 
L IM ITED ANO SHAU HOT ~E R~P "O D1 

OR TRAH $ HRREO TO OTHER COCUM! 

OR DISCLOSED TU CTH CllS, OR USE I 

AN T PURPOSE DTHcR THAN THA1 

WHrc:n IT !S F1JR t~IS H C U WIT HOU 'l 

P RIO!! WR I TT~>i FEf: .. 15 5101'1 
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With the COTRAN system, the overall ground impulse response 

function or transfer function is the quantity which is 

measured. The measured data is of finite precision, finite 

bandwidth and contains noise. 

the best estimate of the G ( (3 ) 

in mind the constraints of the 

The CO'rRAN concept is tc. obtain 
in the above formulation keeping 

measured data. The approach 
used is to match filter the data with a pre-defined set of 

basis functions. The received signal is decomposed as a 

superposition of the basis fun ctions on a minimum energy or 

least squares ·criteria. The signal decomposition provides a 
direct estimate of the impulse response function or the 

transfer function of the ground. 

In order to put the COTRAN concept into perspective, Fig. 2-3 

shows the response of spheres of different conductivity for a 

square wave primary field . The derivative of the primary and 

secondary field are shown since these use the signals seen by a 

receiving coil. For the range of conductivity-radius squared 

products shcwn, the secondary response varies from appearing 

like the derivative of the primary field to looking very 

simi l ar to the primary field. In al.l cases, there is a finite 

deca y time for the secondar y field . While ground responses 

vary in detail from the sphere response, t he general nat~re of 

the :response is the same. Fig. 2-4 shows the same sphere 

responses obtained using the band limited COTRAN square wave 
excitat i on. 

T~e COTRAN matching procedure is 

N 

G( (J ) = 
' :::. ' 

based on the premise 

CO NFIDENilA L IN FO 

TH15 DOCU"4€NT CCNUJNS II 

~RCP!!l(TARY TD BARRINGE:> 

that LIMIT!O •NO SH4LLNOT!IE R 

O R Tr! 4NSFE~R £0 ro OTl41ER 0 

O~ C'SCLOSC:O TC OTH€RS. O 

ANY •V RPOsr 0TH€R ·~ ~N 

WN IC·: IT 1$ FV RSl:;H [ O I'll 

P:; i OI? W~ l i'TEN PEil ,1iiq5 

~~11• · 1.·: i ;c-9 ;?-: s:- · '7 c:.. L;r.i rr 

where the Sn (P are a set of causal oasis func tions a lir.ear 
combination of which can app.roxi.mate o.ny ground response G ( (3 ; 
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to any required degree of accuracy. In theory, the nwnber N is 

infinite. In practice with data of finite precision and finite 

noise levels, the nwnber of matching functions is finite since 

the data can only be analysed to a finite level of accuracy. 

On the asswnption that P(t) is known, one postulates that 

N oo 

R(t) = a 0 P (t) + "'fan ~0 Sn( f?> )P(t-13 )df-. + e (t) 

where e(t) is the error induced by matching and the noise 

inherent in the data. The unknown coefficients ai , i = o to N 

are estimated by minimizing the error e(t). For data from a 

finite time window width A which is usually one cycle of P(t) 

if P ( t) is periodic, the error energy is defined as 

E = 
A 

( e 2 (t) dt 
) 
(;> 

The optimal matching coefficients are then obt~ined by requiring 

- 0 

Tte result is a set of linear equations in the unknown a . 
l 

which have to be solved. 

Fig. 2-5 ill strates the decomposition of a S?he re response 

using a set of ?Ure exponential basis functions. The 

exponential re sponse is tte response which ~s obta ined from a 

simple wire loop with resistance R and induc tance L. The decay 

time or time of a constant eddy current in t!-.e loop is the L/R 

ratio. In Fig. 2-5, the top waveform is the response of a 

sphere to the band limited, 9 O Hz- CO TRAN square wave. The 
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COTRAN SYSTEM-: SYNTHESIS OF SECONDARY FIELD FROM SPHERE 

I. SECDNCARY FIELD 
FROM S?HER£ 

_ ( rrZ = 4000 S-ml 

.<: 

_ YNTHESIS IN TERMS Cf:' SECONDARY FIELDS ~ROM CONDUCTING LOOPS 

TI ME CONSTANT 

2. T:: 30µs 

3. T = 90 µ s 

4. T = 27C µ s 

5. T = BIOµ s 

6. r = 2430 µ s 

REL.AMP. 

· 083 

·061 

. 529 

. 308 

. 017 

CONFIDENTIAL IN FORMATION 

T HIS OO CUMENT CO tlTA INS IN l'OSlMATION 

?RO PR l!:TARY iO 8A•lRINGE I! RESEARCH 

Ll"4 1T<:D M~O SHAL L NOT l!E REP!IODUC ED 

OR TRAN~F'Ei:flED TO O"fHt:R OOC:UMENT:;. , 

OR DISCLOSED Tv OTHoRS. OR U~ED FOR 

~NY rur.?OSE OTH~R THAN T~ AT fCR 

'NHIC' : :! I~ F :.u~:~ I SHED WITliOUT THE 

P!!IO~ W P.I T T -;: ~ PERMISSION Of l 
9.•R1<mGrR R;;s :: 1:ic · 1 LIMITED. 

FIG. 2 . 5 

I 



- 8 -

bottom set of waveforms is the set of COTR.Z:ill waveforms obtained 

by convolving the COTRAN waveform with exponential or loop 

responses with time constants of 30 , 90, 270, 810 and 2430 

microseconds. The amplitude of each component in the match is 

listed beside the waveform. 

Sn(t) = J (t) -
- t ! ,..,_,, 

I I n e 
"7'-' 
(h 

In this case, the functions are 

H ( t) 

where J (t) is the Dirac delta function, H(t) is the Heaviside 

step function, and ~ is the time constant of the loop 

response. Further discussion of these basis functions is given 

in section 4 of this report. 

When a data record has been processed, the optimal estimate of 

the ground over the entire frequency band of the , system becomes 

available. Since the whole waveform is used in the process the 

overall character of the ground response is parameterized into 

a readily useable form. The power of the matching procedu=e is 

that it strongly rejects noise which is not causably related to 

the transmitter. In the frequency domain, coherency from one 

frequency to another is achieved by the imposition of 

causability on the observed response. The ground response can 

be displayed in both the time or frequency domain by 

synthes i zing the g round response from a superposition cf the 

known basis functions. 

I n order to carry out the COTRAN matching there ar e two 

prerequisites. The first is the avai lability of c wide band EM 

har aware unit which will collect the data with sufficient 

accl..'!racy and reliability t o al].ow the COTRAN proc2dure ~o be 

applied. The second requirement is a set of specific computer 

software which can handle the collected data in a r outi~e and 

efficient manner. In general these two requirements are 

tightly interl~nked. In the following two sections, the 

implementation of the COTRAN concept as a viable pr~fiAL IN FORMATION 

hardware and data processing package is described. r,.,soocu"'ENTcoNu1Ns1NForHoTroN 

PPOP"IETARY TO BARRING[R R~SEARCH 
LIMIT~C AND SHAlLNOT BE llEPRODUCEO 
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3. COTRAN AEM SYSTEM DESCRIPTION 

The COTRAN AEM system is a wide bandwidth, fixed-wing towed­

bird system. F i g. 3-1 illustrates the system configuration. 

The system is mounted in a Super Canso operated by Geo~errex 

Ltd. A block diagram of the system is shown in Fig. 3- 2 . The 

following discussion gives a brief description of the system 

hardware and data acquisition procedure . 

3 .1 EM Hardware: 

The transmitter loop is suspended from the nose, wing t i ps and 

tail of the aircraft. The loop has a cross sectional area of 

260 m2 and has si x turns of wire. The transmitter 

electronics drive a square wave current with cosinuso idal 

switch i ng shape at the polarity changes through the loop . The 

peak-to-peak current i s 120 amps which produces a peak-to-9eak 

vertical dipole moment of 186000 Am 2 . The fundamental period 

of the transmitter current is selected to be 90 Hz. Th is 

fundamental frequency permits max i mum re j ect i on of 60 Hz 

interference in areas with cultural interference. The 

switch i ng time for polarity trans i tion is l millisecond . 

Fig . 3-3 illustr a tes the transmi tter current or dipol e moment 

and the voltage observed with a recei v i n g coil as a function of 

t ime for one ful l transmitter cycle. Fig . 3- 4 shows the 

ampl:tude spect rum of th e receivin g coil waveform. The voltage 

amplitude spectrum a nd waveform a r e par ti cularly impor tant 

since the eddy currents induced in the ground ar e ener giz ed by 

this signal which i s proportional to t~e rate of change o f 

magnetic flux den s ity. Fig. 3-5 il lus trates the direct i on of 

the pr i mar y magnet i c field in space abo ut the air craft. Thi s 

di 3gram is useful for understand ing the co pl i ng of the 

transmitted s ignal with d i screte conductors below the aircraft. 
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The response of the ground is sensed by two orthogonal 

receiving coils mounted in a towed-bird. The co~ls form a 

rigid unit which is gimbal mounted in the bird. One coil has 

its axis aligned in the flight direction while the other coil 

has its axis aligned in the vertical direction. The bird and 

coil suspension system have been designed to minimize coil 

motion and vibration. The high fidelity br oadband coil system 

feeds the received voltage to battery powe r ed preamps which are 

also mounted in the bird. The amplified signal is then fed to 

t h e COTRA!.\1 receiver in the air er aft 'Tia elect.r i cal conductors 

in the tow cable. 

The COTRAN r eceiver consists of 4 identical receiving 

channels. Each channel has an identical set of RF, high pass, 

and low pass (anti-aliasing) filters. The two channels 

assigned to the signals received at the bird also have a 

feedback r 60 Hz rejection filter . The four channels are then 

fed to a sample-hold and A/D conversion unit which samples the 

four channels at a rate of 128 times per transmitter cycle. 

Wi th a t.ransmitter fundamental frequency of 90 Hz, tl::is 

corresponds to a sampling i~terval rate of 86 . 7 microseconds 

and a Nyquist frequency of 5760 Hz. 

Two of the receiver channels are assigned to the signals from 

the two receiving coils in the bird. The other two channels 

a r e assisned to mcnitor i ng the transmi t ter waveform . One 

channel uses a toroidal ferrite current transducer mounted 

around the transmitter feed cable to monitor the act ua l cur r ent 

i n t~e t r ansmitter loop. The other channel measures : he rate 

of chan ge of t h e transmitter dipole moment by sensing the 

voltage i nduced in a single turn of wire which i s mounted in 

coincidence with the transmitting loop . 
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3.2 Auxiliary Hardware: 

In addition to the EM hardware, the COTRAN 
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Barringer proton precession magnetometer, a 35 mm strip camera 

for flight path recovery, a radar altimeter, a 60 Hz monitor, a 

spherics killer unit, a low speed real-time peripheral (RTP) 

interface unit and an aircraft orientation sensor. 

The magnetometer sensor is located in a fibreglass tail 

stinger. The signal processing and magnetometer control unit 

is mounted in the COTRAN receiver package. The magnetometer 

will only function when the COTRAN transmitter is turned off. 

As a result, the magnetometer and COTRAN transmitter are 

synchronized to operate in a time sharing arrangement. More 

detail on this time sharing arrangement will be given later in 

the section on data acquistion procedure. 

The 35 mm strip camera is a standard flight path recovery 

camera. The automatic fiducial number generated by the 

computer system is fed to the camera via the RTP unit. Every 

tenth fid number is superimposed on the film strip. 

The altimeter is a Sperry radar altimeter (FM-CW) which forms 

part of the aircraft instrumentation package. The altimeter 

out put is an analog s igr.al which goes to the cockpit 

instrumentation panel and i s fed in parallel t o the RTP 

interface un i t where it is digitized and passed to the HP2108. 

The 60 Hz monitor unit is designed to measure the am b:. ent 60 Hz 

powerline interference in the vicin it7 of the bird. The signal 

received from the vertical axis coil in the bird is tapped and 

passed through a tuned 60 Hz filter. The signal is then 

rectified and integrated. The slowly varying output of the 60 

Hz monitor is then passed to the RTP unit whe r e it is digitized 

and made available to the HP2108 computer. 
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The spherics killer unit is a module designed to eli~inate 

~Jcles of EM data which are contaminated by large local 

spherics. This unit cannot remove the ambient background 

spherics noise. The unit ping-pong buffers the digitized 

output of the COTF.AN receiver. The ful l 128 point waveform for 

all four channels is fed into one buffer. At the same time, an 
analog circuit f ed by either the horizontal axis receiver coil 

signal or a small v~ertical -..,hip antenna mounted on the aircraft 

·senses the presence of spheric transients above a variable 

threshold during the EM cycle. If a spheric is detected, the 

current EM data buf£er is dropped. If no spheric is detected 

the waveforms are passed on to the HP2108. While the decision 

to drop the previous cycle of data is being made or while the 

prev i ous cycle data is being passed to the HP2108, the EM data 
from the current cycle is stored in the other buff er of the 

spherics killer. In operation, the HP2108 expects a fixed 

number of cycles of data from the EM system. If a cycle is 

dropped, the EM system rw1s for an extra cycle to make up for 
the dropped data. In bad spherics conditions, or with a very 

low threshold setting, many or all cycles may be dropped. To 
eliminate hanging the whole system, the spherics killer counts 

the number of cycles dropped. When the count reaches 10 

cyclEs, the spher i cs killer deactivates itself and passes data 

conti.nually to the HP2108 until t he requi.red number of cycles 
of data have been obtained . The s pherics killer can be 

switched in and out of the system as desired. 

The RTF i nter::ace ~nit handles alJ. low speed analog and digital 

I/O to and from the nF2108. In the current configuration, the 

RTP digitizes 5 analog signals with 12 bit resolut i on. In 
addition, the RTP passes two 16 bit digital inputs to the 
HP2108 and passes the BCD encoded f id number to the :'.:light path 

recovery camera. CONFIDENTIAi. IN FOR , 1 .0.T:C~ 

THIS :lCC;J '4EHT COHUIN S INFORMA "'." IO IC 
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The aircraft orientation monitor is a t hree componend!.:t :fJ.uX:q<aiti&o. 

magnetometer which provides a 3 channel analog output of the 

ai r craft orientation using the ambient Earth field in the 

flight area. These three analog signals are passed to the RTP 

unit which digitizes the signals and passes them on to the 

HP2108. 

3~3 Computer Control and Data Acquisition: 

The overall operation of the system i s controlled by the HP2108 

and HP9825 computer system. The HP9825 is the master computer 

and the HP2108 acts as a slave and con t rols data acquisition. 

The operator interacts with the system via the H.P9825 keyboard 

and LED display. Tasks for the two systems are clearly 

divided. The HP2108 acquires the EM data and the l ow speed 

peripheral data. This data is put into a standard f ormat and 

wri tt en to tape and to the HP9825 by the HP2108 during data 

acquisition. During data replay, the HP2108 reads the data 

back from tape and passes it to the HP9825. 

The HP9825 controls the mode of operation of the HP2108. In 

addi tion, the HP9825 carries out the COTRAN processing of the 

EM d ata and lists and/or plots profiles of the EM data and the 

low speed data on the HP7245B printer/plotter. The real-time 

listing or plots permit monitoring of overall system 

performance d uring flight . 

The pertinent aspec t of the computer system i s the manner in 

which it controls and acquires data at a given fid. The 

procedure at each fid is as follows. First the computer 

automatically incr ements the f id counter on each data 

acquisition cycle. The computer then turns the COTRAN 

transmitte r on and the COTRAN receiver starts acqu i ring data 

after the transmitter has been tur ned on f or 8 full cycles. 

This delay permits stabilization of the sw i tc h-on transients. 
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T he HP2108 accepts the 4 sampled EM waveforms en ~uTK&~ 

receiver and stacks or coadds a software defined number of full 

cycles of EM data. The number of cycles coadded is an integer 

value between 0 ar.d 128. Normally, the number of cycles is 

chosen to be a multiple of 3 in order that a complete number of 

60 Hz interference noise is accomodated. For most work, the 

number of cycles stacked is 126. 

Once the HP2108 has acquired the desired number of cycles of EM 

data, the 1...0TRAN transmitter is turne·a off. The HP2108 next 

reads in the data from the slow speed peripherals which 

includes the magnetometer data which is acquired while the 

transmitter is off. All the data is stored in a buffer in a 

pre-defined format and output to the HP9825 and the tape 

drive. This information constitutes one fid of data. The time 

required to acquire the data is 

T = 400 + 11.llN milliseconds 

where N is the number of EM cycles stacked and 11.11 is the 

period of the COTRAN transmitter waveform assuming a 90 Hz 

f undarnental frequency. The constant 40 0 milliseconds is the 

dead time required f or housekeeping in the computers, reading 

of the mag data end settling of the EM system at ~witch-on. 

The time required for data acquisition is akin to the time 

r;o:istant of conve n tional analog EM sys-:ems. 

In da~a acqu~sition mode, the HP2108 continually repeats the 

sequence of e vents described above. The acquisition i s 

terminated by a ccmmand from the HP9825 when the operator 

indicates the end of ~ survey line. In addition to controlling 

data acquisition, the computer system also maintins a fl i ght 

directory and a log of the names of fl ight lines, t he initial 
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and final f id number for each line and a set of comments for 

each l ine. This i nformation is wri t ten onto t he begi nn i ng of 
eac h COTRAN data tape. The format of a COTRAN data t ape is 

s ummarized in Appendix A. 

3 . 4 General Summar y : 

The preceding discussion gives a general overv i ew of the 
har dware and data acquisition as pect s of the COTRAN s ystem. An 

overall summary of the COTRAN hardware is given in Table 1. 
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TABLE 3-1 

COTRAN SYSTEM PARAMETERS 

Aircraft 

System Type 

Orientation 
Peak-- to-Peak Moment 

Current Waveform 

Fundamental Frequency 

Fundamental Period 

Switching Time 

Receiving Coils 

Coil Effective Area 

Tow C2ble Lens~ h 

Bird Position ( ~ominal) 

Peak- t o-Pea k ?rimar y at 

Bird (nominal ) 

General 

Super Canso 

Towed Bird 

Transmitter 

vertical Axis Dipole 

186000 Am2 

Square wave with cosinusoidal 
switching 

90 Hz 

11.11 ms 

1 ms 

Towed Bird 

1 ·vertical axis 

l hori zontal axis in flight 
di rection 

30 m2 

_60 m I 
110 m behind a i rcraft 
90 m below aircraft 

4 .9 nT I 
I 
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4 Channel 

Receiving Electronics (Analog) 

Low pass AA 

High pass 

RF 

Filters 

3.5 kHz active 

7 Hz active 
passive 

4 Channel 

Receiving Electronics (Digital) 

A/D 

Sampling Interval 

Sampling Rate 

Nyquist Frequency 

No. of Points/Cycle 

Spherics Killer 

Channel 1 

Channel 2 

Channel 3 

Channel 4 

Ce:mputer s 

Data Display 

Data Recording 

12 bit 

86. 8 us 

11520 Hz 
5760 Hz 

128 

Variable Threshold 

Channel Assignment 

Transmitter voltage reference 

Tr ansmitter current refe~ence 
Horizon~al axis receiver 

Vertical axis receiver 

Airborne Computi ng 

HP2108 m~ni computer 

HP9825 desk- top compute!: 

HP7245B thermal print/ plot 

9-track 800 bpi 7" tape 
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Magnetometer 

Heading Indicator 
Altimeter 

Fli ght Path Camera 

Auxiliary Equipment 

Barringer Proton precession 
3 component fluxgate 

Sperry Radar Altimeter 
Geocam 35 mm str i p camera 

System Cycle Time 

T = 400 + 11.11 N milliseconds 

N = number of transmit cycles stacked 
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4. COTRAN DATA PROCESSING 

4.1 FORMULATION OF THE LINEAR MATCHING PROCEDURE 

The COTRAN EM data consists of 4 waveforms each of 128 points 

when it arrives at the data reduction stage. Each waveform 

represents the average of a number of repetitions of the 

transmitter cycle. In this section, the general mathematical 

formulation for the matching procedure is developed for the 

specific COTRAN data f ormat. 

First, the waveforms are noted by 

p. 
l. 

h. 
l 

i = 1 to 128 

i = 1 to 128 

where p. denotes the transmitted primary waveform as a 
]. 

function of time, hi denotes t he waveform from the horizontal 

or vertical axis receiving coil. Both hf and P ; are considered 

as one cycle of a periodic t i me series with 128 po i nt period. 

S ince the waveforms are sampled at equally spaced t i me 

intervals 6 t, analysis of the signal can be carried out in 

e i ther the time doma i n or the frequency dcmain wit h t he aid of 

the Fast Fourier Transform (FFT). Depending upon the type of 

data manipulation to be carried out, one domain may prove more 

ef f icient than ~he other for data processinq. The result of 

the processing is independent of the dom3in chosen for 

operation. I n the following, the basic p rocessing for both 

domains is outlined. 

(a) Time Domain Formulation: 

The time domain matching requires definition and computation of 

the set of bas is impulse response functions whi ch are to be 
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used approximate the ground response . The digitized impulse 

resf,X)nse basis fun c tions are defined as 

5 -fo 

J 

l'-4. 
\ 

, ; 
I +-o i' I J :. I '1 

where g ; is the i th point of the j th impulse response basis 

function which has a length of Mj points. Details of the 
sele~~ion of the basis functions are given in the next section 
of this report. 

The next step is to carry out the periodic or circular 

convoluticn of the impulse response basis functions with the 

excitation or primary field waveform Pi. The waveforms 
obtained are defined as 

\ 

f ...; 

where 

whe r e 

...c .J 
I 

i = 1 to 128 

M' j 

- ~ 
j 

~o 
'I" 

j = 1 to N 

p. . 
(1 - q + I ) """o c/ 12. .3 .... 

A mod B - A - B inteser (A/ B) 

= A + B - B integer (A/B ) 
A ) 0 

'A < 0 

The s et of N waveforms f ~ represent t he basis for matching t he 
ground response waveforms. 

The observed waveform hi is now postulated to have the form 
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where aj are a set of unknown amplitude coefficients and ei 
is the matching and random noise error combined at time i. For 

convenience in the following deri vation it is best to define 

r D. 

T 1 fi 

such that 

h· \ a ' j 

(' J 
T - Cl. 

·-l 

The objective now is to ascertain the N + 1 unknown 

coefficients a., j = 0 to N. 
J 

There are nlli~erous criteria which may be applied to estimate 

the aj. The approach found most useful and reliable for 

handling COTRAN data has been the minimization of the error 

energy which is a least squares technique. The total error 

energy E is defined as 

!2 6 2 

E ' e-= / ...___ 
I 

i .:.. I 

In some instances , a weighted or bias error energy estimator is 
us eful , :-iamely 

12.8 2. 
E = ? w· r-> 

I .__ I 

I .::. I 

where w. is a positive definite weighting function (i .e., 
l 

w.? o ) such that 
I 

12.8 
r-
2-
i = I 

\Af ' 
I 
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The solution for the aj's is then selected as the set of aj 

which minimize E. The use of a weighting function permits 

emphasis o::: de- emphas i s of particular parts of the waveform in 

time . In practice, l i ttle is gained by non- uniform weighting 

unless a particular part of the time series is noisy and should 

be de-emphasized. 

I 
I 
I 

The set of aj which min i mize E are defined by the set of 

normal equations 

I 
I 

0 

The res ul ting set of l i near equations take the form 

c .. a . =D. 
lJ J l 

where 

c . . = lJ 

D . 
l 

C1 =.. I 
r 

a ::. • 
( 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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~he C .. are the weighted cross covariance of zero lag between 
l] 

the basis waveforms. The D. are the weighted cross 
l 

covariance of zero lag between the basis functions and the 

received waveform. Inversion of the N+l x N+l correlation 

matrix yields the solution of the a. with 
J 

-' 
a. = c f); 

J :JI 

with the corresponding error 

11~ 2. f_ E = 2: w't.- h OJ 0:; 
CJ, :I t 

-:J:O 

This constitutes the formal solution of the linear matching 

problem. The practical limitations of implement ing the 

procedure are discussed later in this section of the report. 

(b) Frequency Domain ~ormulation: 

The frequency domain formulation follows the same procedure as 

the time domain matching formulation. First the set of 

transfer functions corresponding to the set of basis impulse 

r esponse functions are defined as 

' 

G ~ 
I 

i = 1 to 65 j = 1 to N 

where t he G are complex numbers representing the i n-phase and 

quadrature components of the transfer f unctions at the harmonic 

f requencies .Df(i-1) ' 

where 
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The next step is to FFT the primary reference waveform and the 

observed waveforms with 
' I \ 

/ .:, ~ \ 

i ::. rr ''-1 i0 I 
p , = 

J 

H. = 
J 

' I ' · 
' ( ..i ~) 
I 2. n- lzZ, 

a , 
~ 

Of the 128 values of the spectra Pj and Hj only the first 

65 are unique. The fact that PK and h~ are real time 

series requires 

.:(, 

p, = p ' j = 66 to 128 
J I ~c) -j 

H. = H .:.I. I 

J :3 o- j 

where * denotes the complex conjugate operation . 

The FFT operation translates the circular convolution operation 

into a multiplicative operation. The basis functions for 

matching are defined as 

. 
j 

= G p. 
\ 

i = 1 to 65 

Each spectral component of the e~citation signal is mult iplied 

by the transfer basis function G } to obtain the set of 
! 

funct i ons for matching the ground response. 

• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CONFIDENTI AL IN FORMATION I 
THIS l>OCUME'fT C<.lN TAI NS INFORMATIO N 

I 
P'ROl''RIH.O.RY' iO 6Ai<RI NG£R R~Si:~RCH 

Ll~ 17t0 ANO SH ALL NOT !IE !!tl'ROO UCEO 

OR TRANSFERREll TO OTHER COCUl.fUITS. 

OR OISCLOSO:::l T:I OT!lER~ . OR USEC 'Olt 

ANT l'URPOS E OTllC:il THAN TH•; fO~ I 
WHIC :i IT IS FUF:NISHCO WITHO:; ; T;;E 

P'IO R W RITT C:-1 P!:R"'l~SION 01 

8ARFW~u!R flCS':H!CH L:.t:.llTt!l . 



- 22 -

In the matching process, the observed signal is postulated to 

be of the form 

N 
~ J ? ~ H. = af.) \_ I -1- Sj r + ~ I 

l \ '-- I 

J -::.. \ 

where e. is the combined error at frequency .6 f(I - 1) 
l 

generated by noise in the data and inadequacy of the matching 

funct ions. As in the time domain, it is convenient t o denote 

0 
F. = p. 

l l 

such that 

Hi = 

N 

~ 
" :::.o .... 

a · F7 I e· ,j 
I 

I 

The aj coefficients are determined by minimizing the error 

energy. Utilizing the weighted error energy estimate , the 

error energy is 
, ~-

\ e ; \ z 
~ ,,,_ 

~ ~ 
;:$. 

\,/\/• - 'N. c ' e·, E' = -
I I \.;:: \ 

I ::: I I ::. I 

Minimization of E with respect to the unknown coefficients 

yields the set of normal equations 
a. . 

J 

which have the form 

c . 
'1-

0 
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where 

Ca \ 
/-.. 

::: 

- .-r~~ 

< 
.L. 

; .:: I 

I :=_ I 

·N' 
I 

W · 
\ 
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' .;.&; 

(
_q,, J 
r-, r 

Cl ~ 

( \::. . I l-4' 
\ l l 

+-

+ 

1-. 
' I 

0 ..i 

r-( H:) 

) 

The error energy at the sol~ticn point has the form 

65° , 1 t--( 

~ 
I ii1'- J.. 2-E = VJ, ~·, 0.. J 

. 
I 2. j :. 0 

I :.. l 

where the solution vector of the a. is 
J 

a . = 
J 

' -· 

D · J 

• 
I 
I 
I 
I 
I 
I 
I 
I 
I 

The expression constitutes the formal solution in the frequency 

domain. The only difference between the two approaches is that 

the weight ing function in the error analysis is multiplicative. 

As a result, the two solutions are identical only if w. = 
l 

I 
I 

constant. I 
I 
I 
I 

CONFlDENTIAL IN FORMAT! 

T HIS DOCUMENT CONTAl N5 I FOFl/ol ~ TI • 

PRDPRl~TARY TO e~.1RING<R R!::;eArlCH 

L!Mll!D ANO S l<AllNOl BE llF:PRO;;ucl 
OR TRAN51"ERR•: !>TO C! THEn :ior t;;,f;;N 

OR 01!iC~OSEil TO OTHt:RS. Oi1 USEO F , 

ANY PU .~ ?OSE OTH ~R Tii~N in t,T FOR 

'NHI C: ... IT 1:: n1RNl:ili~U '.'llTMO: . j" r.· 
PRIOR YIRl7i!N P!~~'. l ~~ IU N 

fl• tH!l:-lG £::\ R\:s ::: ?C ; · u :. :i rr~ . 



- 24 -

4.2 SELECTION OF BASIS MATCHING FUNCTIONS 

A key part of the matching process is the selection of the 

impulse response basis functions. There is a wide range of 

possibilities to choose from with the only constraint being 

that cf causality. Ideally, the basis functions should 

resemble the ground responses normally observed to a reasonable 

degree. In addition, the basis functions should be easy to 

parameterize and easy to synthesize on a digital computer. 

Experience with INPUT data and other transient systems suggests 

that transient responses frequently are nearly pure exponential 

decays. Furthermore, the limiting long-time response of 

discrete, finite dimension conductors is known to be purely 

exponential from a theoretical basis. Wh ile the exponential 

res ponse is not valid for bodies of infinite extent, over a 

finite time window, it i s often very difficult to discern the 

differences betwe~n a superposition of exponential decays and 

the power-law fall off which is the true behaviour. From these 

considerations plus the practical advantages of simple 

parameterization and ease of computation, the basis functions 

for the bulk COTRAN matching were selected to be of exponential 

form. 

The specific form of the exponential basis function model is 

derived from the response of a simple wire loop. From Appendix 

C, the transfer function of a wire loop with induc~an ce L and 

resistance R has t he form 

H (w) = 
' . .''~ 

-1'"" I ,'.A) -
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where 

-! 
1... = L /R 

is the time constant of the loop and W is angular frequency. 

The corresponding i mpulse response function is 

h(t) = s (t) - )i(t) 
~ 

vhere 6' (t) i s the Dirac delta function and ~(t ) is the 

Heaviside step funct i on . 

The simple exponential or loop response model is a good choice 

for the basis functions because the eddy currents induced in 

distributed conductors in the ground frequently approximate the 

behaviour of current induced to flow in a wire loop . 

~herefore, there is a strong physical basis for understanding 

data decomposed in this manner. In fact, the time constant of 

a distributed eddy current f low in a conductor has the form 

where u is the magnetic permeability and () is the conductivity 

of the conductor. L1 and L2 are two spat i al dimensions 

which characterize the cross sectional area of the dist ributed 

curr ent flow. 

Upon acceptance that the loop model will provide a sound bas is 

function, the next step to addr ess is how to incorporate the 

model i nto the COTRAN match i ng procedure. A numoer of 

alternatives have been examined. One possibility i3 to attempt 

to model the ground response with a function of the above form 
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with an unknown amplitude and time constant which best 

approximates the data. Unfortunately, this approach leads to a 

non-linear problem which requires an iterative solution. 

Furthermore, observed ground responses seldom beha ve as simple 

exponential responses and are best characterized as a 

superposition of several exponential decay terms . While this 

approach has been studied in some detail, it was ruled out as a 

viable method for bulk data reduction. This decis i on, however, 
should not preclude future investigation and possible 

implementation of such a scheme. 

Since a superposition of exponential decays appears to be most 

appropriate for approximating ground responses, a model which 
yields a linear matching problem and incorporates superposition 

was selected, namely, 

CP 

(' A ( ~· h(t) = j · ~ 
0 

( ~ ( t) 
- t;'t' 
~~(t))d "r 

'Y 

Here the problem of estimating r-( is replaced by the 

determination of an amplitude spectrum for ('':!. This particular 
model possesses all the desired characteristics but has an 

infinite number of degrees of freedom. In order to employ this 
model, practical constraints must be imposed upon the a~plitude 

spectrum A ( C-C ) • 

The first constraint which must be addressed is the finite 

bandwidth of the EM system which is used to make the 

measurements of the ground response. This constraint requires 
that 

A (( ) = 0 
rY tY 
C / '- max and ('< < !(:' rnin 
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The system will only provide data which can resolve A(C'() over 
a finite range of time constants, namely, re-· min ~ (.s;, 1t:: max. 

The appropriate form of h(t) is 

I 

\ 

,,._, 
\,. ,...,Cl'< 

(' : ~( 
\ /~ ~ y\'\d ~ 
) . ' 

'-' 
l M; f'I 

_.-:..._ I 
- • 'V 

:2.. · ~_J / !...\\ d "-' 
/";--' I ' ,_ ' j 

The A0 term accounts for all responses with time constants 

less than _(:' min while the A 1 term accounts for all r esponses 
with time constants greater than °~ max. The A

0 
term just 

yields the derivative of the primary excitat i on or all 

quadrature response. Such a response is observed when an EM 

system operates at the resistive limit of a target. The A 1 
term yields a replica of the pr i mary excitation field or all 

in-phase response. This response is observed with an EM system 
which operates at the inductive limit of a target . 

The second constraint which must be addressed is the ~ini~e 

accuracy of t he data. The fini t e digital resolution and noise 

levels of the data limit the degree to which A(r-c'. ) can be 
resolved from the data. The practical approach to this 

limitation is to place an a priori constraint on the degrees of 
(V ""' ' ,.,~ < ~.J freedom permitted fer A ( 1....) in the range '"" m1n ~ , ...... :.. rnax. 

The simplest and most practical f orm for A( C't') is 

A (""') = 
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In other words, A( <( ) is digitized at a discrete set of 

values. Other more complex forms were considered for A( i(-' ), 
such as piece wise linear and power series expansions. The 

added complexity of such formulations yielded little benefit 
and was dropped from consideration for routine processing. The 

problem left to be addressed with the above model is the 

selection of the ~if values. Extensive examination of the 

stability of the COTRAN matching formulation resulted in a 
general rule that the Lf have the form 

p - 1 
3 p ~ I +o N 

In other words, real data was incapable of resolving responses 
where time constants were closer than a factor of 3 apart. 

Obviously the above result is empirical in nature and is very 
dependent on the system characteristics and noise levels. 

The final model for h(t) is a discrete set of exponential or 

loop response models. The model is regrouped in the form 

j ::. \ 

where 

and 

N -

J 
3 

. l.. ( I OC< .., I (';~ .,,,,,.. '/. '/ , 'A 1 e_c er l , l 
""' - _,. l Y1..1 11v \ / 
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The very short time constant responses characterized by the 

A0 term discussed previously are lumped into the "-'i term 
which has a time constant which is 1/3 of the minimum 

resolvable time constant. This is just a convenient method of 

incorporating the short time constant contribution into the 

postulated model. Energy in this component should not be 

construed as truly corresponding to a time constant \:' 1 but 

rather as the lumped effect of all ground responses 
t>-J <. (',.Jl . with l min. 

The very long time constant responses which were characterized 

by the Al term are not resolvable from primary field 
variations. As such, this term is dropped from the ground 

response model and picked up in the primary field estimation 
term. 

To conclude this section, the basis functions developed here 
are placed in a format compatible with the formal matching 

scheme outlined in section 4.1. In section 4.1, the digitized 
' 

time domain impulse response functions are denoted , as <j ~ 
J 

and the frequency domain transfer functions are 6- ~ Assuming 
a periodic excitation sampled at a rate of 128 points per cyct e 

which results in a sampling interval 6 t , the form of the :J ~ 
and the G-~ is as follows. 

Time Domain Digitized Basis Functions: 

- LJ t /2. it' ' 
e. J 

~ . 
J 

• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CONFIDENTIAL lNfORMl o , 

where Mj is chosen such that I < - .,. T HIS DO CU MENT CONTAINS INFORMATIO 

) PROPRIETARY TO BARRING ER REIRC 

LI MIT ED AND 5HALL:WT BE P. ~PR ' CE 

OR TRANS f ERRED TO OTH ER 00 \ , o NT . 

OR DISCLOSED TO C l' Ho RS. OR USED FO 

ANY PU~?OSE OTH::R THAN THI FO 

'WHICH I~ IS FURNISHED V/ ITHO TH 

: R I 0 R \'/RITT f: >l P ~ R "11 'i S I" • _. i;> 
'3ARPn1r.:-:? R-~ " i • h1;.:JT ED . 



- 30 -

Frequency Domain Basis Functions: 

.· 

\ 

For the current COTRAN system configuration, the values of er' min 

and N are .t: 

min = 90.)...ls 

N = 5 

which yields a set of rt values of 30, 90, 270, 810 and 2430 

microseconds. 

4.3· RECEIVING COIL MOTION EFFECTS 

The EM response of the ground is measured with a coil which 

senses the changes of magnetic flux which passes through the 

coil. For any airborne system, a receiving coil is in constant 

motion with magnitude of the motion being dependent on the 

system configuration. In order to account for motion effects 

in a rational manner, this section reviews the basics of 

induction of voltage in a coil. The open-circuit voltage of a 

small coil with effective area Ae and axis aligned in 

" direction n is 

V(t) = d 
dt 

- /\ 
(A B. n) e 

where B is the magnetic field at the ~eceiving coil. B is 
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assumed to be uniform over the spatial dimensions of the coil. 

Expanding V(t) in detail yields 

V(t) =A (C\ · ~~ 
e_ ~ :.... 

+ (V\· v ) ·r;: , -~ 

where the first term represents the vol t age induced by t emporal 

variation in B alone~ Ideally, this is the only signal which 

is to be detected. The second term represents the voltage 

induced in . the coil by translation of t he coil with velocity ~ 

through a magnetic field gradient. The third term repres ents 

the voltage i nduced in the coil by rotation of the axis of the 

receiving coil with time. The latter two terms represent 

motion noise in an EM system. 

One form of noise is Earth's field noise which is generated by 

the fact that the coil is moving in the Earth's static magnetic 

field Be. Earth's field noise is defined as 

\/"Q ( + '= . I 

To a very good approximation, the second term is the dominant 

component of Ve· -..c!l:, 

The other form of motion noise is th~movement of the coil in 

the primary EM field, BP. The primary field motion noise has 

the form 

+ 

The movement of the- co~l in- c·ne s .. ec:o:ndary field from· tbe­

ground, B
5 

also generate:_ motion noise but I B I is CONFIDENTIAL INFORMATIO 
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Wi th careful coil suspension system design, the motion terms 
- "'-!'..A. 

( L.< , ry) and o V\/ ot are very slowly varying functions of time 

compared with the EM signal. As a result, Ve is a very low 

frequency signal and can be filtered out of the received signal 

to a very large degree. This is not the case for VP even 

though the motion effects are slow . VP also reflects the 

high frequency content of the pr i mary field. 

To a very good approximation, the received voltage from the 

coil becomes 

whi:re 

r . I A I' "" 1- - ) ,..., '{\ • ::}__ V? + 12 
=- \ ''.:' ·p '~s "'?:> c '--

is the desired signal. From the COTRAN data processing point 

of view, the received signal can be expressed as 

v (t) = 

where P(t) is the primary field waveform, h(t) is the impulse 
response of the ground and Q(t ) i s defined as 

Q(t) -· 
, t-
1 

wh i c h is the waveshape of the primary magnetic f iel d. The 

coefficients A
0

(t ) and A1 (t) are slowly varying amplit ude 
modul ation factors which reflect the ( - . ·7 ) and -:J ~ /:it terms of 

VP and vs. CONF:OENTlAL IN FORMATION 

Ttt l::l DOCUMEN r C ONTAlil::l INF'ORM AT!ON 

PROPRIEHll Y TO 9 .\ilF:lNG<R RES<: AR:: H 

:.1M1Tto . ... 0 SH~LL HOT !IE R?;P~o:wc~ :> 

OR i R.t::~ rERR~O ro OT'4ER OCC:JMENT 3. 

()R !> ISCL C:;EO TO OTH ERS. on U3 EO ?'O R 

ANT ?URPO:;<: ::O THER TH AN Tri~T FO il 

WH:c . : IT 1$ F'JR~ I SH.C: O 'll lTMOuT TH Z 

P !O I Oil W R IT7Z.' P"i!MIS S IOH or 



- 33 -

In order to accomodate these effects in the COTRAN processing, 

one can use a Taylor series expansion of A
0 

and A1 to 

generate additional waveshapes to be matched. 

For periodic excitation with stacking or coadding as part of 

the data acquisition, one can treat the signals on a cycle-by­

cycle basis. Over one period of the data, 

C 1 l ! "2.. 
C.o + + c. z - +. . . 

'-

do +c, t 1- d2. t 2.. + - - . 

Using this approximation which is a valid assumption with good 

system design, the matching problem becomes the following 

v ( t) = + 

where 

X(t) = t P { t) 

Y(t) = t Q (t) 

l co 
C:-- '"' r r ( a. ) p 1 (3" 1 () 
'- _,"" ) ~ V\ , ...... "'\:'" - :5 / ci. I_;) 

V\ :: I ~ 

Higher order terms of the series expansion could be retained 

but such terms will have negligible value with good system 

design. In order to accomodate bird motion effects, the 

standar d matching procedure discussed previously is carried o~t 

but an additional 3 waveforms are added t o the basic waveshape 

set. 

Considerable testing of this approach has been carried out on 

selected par tions of COTRAN data with some success . CONFIDENTIAL !NFORM ATIO 
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Unfortunately, data quality is not in general limited by motion 

effects and only marginal improvement is observed when the 

motion removal procedure is applied to bulk data reduction. In 

general, the bird motion noise is not the limiting noise in the 

data. As system performance is improved, the need for removal 

of motion effects will become more important. 

4.4 PRACTICAL IMPLEMENTATION OF MATCHING PROCEDURE TO 

ACCOMODATE LIMITATIONS OF DATA AND HARDW~RE 

The previous discussions in this section provide the general 

basis for the COTRAN matching operations. In practice, the 

general theoretical formulation has to be tempered by the true 

realities of the data quality. This section addresses the 

compromises which have to be made to make theory and reality 

mesh to give useable results. There are two problems to be 

addressed when working with real data. First and foremost is 

the acquisition of the precise waveshape of the primary field. 

The second is the robustness of the matching operation on noisy 

data. Linked to this second problem is the effect of having an 

inaccurate estimation of the primary field waveshape. 

The COTRAN hardware records the waveshape of the transmitter 

current and rate of change of dipole moment. In principle, 

t hese waveshapes plus knowledge of the system transfer 

functions should permit very good estimation of the primary 

field waveshape. In practice, however, COTRAN data collected 

up until July of 1980 has not permitted utilization of the 

reference waveforms to estimate the primary waveshape. The 

reasons for this were two fold. First there was substantial 

differential drift between the four EM channels. This drift 

was far more severe than anticipated during hardware design and 
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construction. Secondly, there was a minor defect in the A/D -

HP2108 data transfer path which affected the reference channels 

only. As a result, the references were 

5000 to 10000 ppm level. 

(a) Primary Field Waveform Estimation 

usable only at the 

In order to circumvent this problem, the received data from the 

bird coils were utilized to obtain estimates of the primary 

waveform. This problem is in some r espects akin to the seismic 

wavelet estimation process in that the received signal is used 

to estimate the input into th~ system and the system response 

simultaneously. A wide variety of procedures were developed 

and tested for estimating the primary field. The details of 

the concepts tested would fill a book and will not be discussed 

at length here. The simplest procedure in the end was found to 

work the best for bulk data reduction and this procedure is 

described in the following. 

The primary field waveform was estimated on a line-by-line 

basis. The basic principles are as follows. Following the 

formalism of section 2, the received signal at fid j has the 

form 

tJ 
c.? ,,.. 

.J 
~ 

I 

~) P lt -r)d (3 f< J. ( -t ) - QD P( ~) I C\. -.J ' ,.., 
I I '--1' - Y"\ ) ..... " 

V\ :::. \ \.) 

The objective is to estimate P(t) from R_j (t) when ej (t ), 

gn(t) and an are all unknown. This i s obviously a 

+--:::. ' 1...::: , 
..... t ) 

difficult (imposs i ble ) p roblem. The approach taken t o estimate 

P(t) is crude but r elat i ve l y effective compared to the more 

elaborate schemes considered. Two primary field estimates 

Po(t) and P1 (t) are computed for each survey line. 

I 
I 

I 
CONFIDENTIAL IN FORMATION I 
T HIS DOCUMENT CO NTAINS INFORMATION 

PROP RIETARY TO 8 aRRIN GER i'lES~ARCH 

LIMITID AND SHALL NOT B~ REPR OD UCED 

0 11 TllANSF ERn ED TO OTHE~ DOC: UMC.NTS, 

OR 01 '3 CLOSE D TO OTHERS. OR USE!) ro R 

ANY PURPO SE OTH ER THAN TH aT FO R 

WHIC ~I 17 IS FURNISH ED WITli OUT THE 

P RI O R l':R IT TE N PE R1141S SION OF I 
B Anf; INGER R<:St:A~c :i LIM ITED . 



- 36 -

The first estimate of the primary field waveform is the mean of 

the received signal, namely, 

along a given survey line. 

Upon the assumption that 

and 

( E. ' ({-/) =-o 

one has 

,,-.. f ' '../ I ' -
I 0 '--.:: I <Q~) PC+) 

In practice, the ave~age ground response is not zero and the 

as sumpt i on that (a..~) ~ 6 is invalid. I n highly resistive 

areas with few anomalies, however, this assumpt ion i s not 

totally unreasonable. The assumption that the noise averages 

to zero has been found to be a reasonable one in most instances. 

In practice P
0

(t) is a reliable estimate of the primary field 

to better than 1 percent in most cases. P
0

( t) therefore 

provides a starting point for obtaining further primary field s 

estimates. The second primary field estimate P1 (t) is 

obtained with the aid of Po(t). P1 (t) is defined as 
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1 

,,., - is amplitude coefficient which minimizes 
l...; 0 

( t) - aJ 
~ 

in a least squares sense. This operation estimates the primary 

field waveform by cor~elating differences between adjacent f ids 

of data with the fluctuations in the estimated amplitude of the 

primary field. This estimator rejects ground response which is 

not correlated with primary field fluctuations. In general, 

the more receiver coil motion, the better estimator P1 (t) 

becomes. Tests of this estimate indicate that it gives a very 

good representation of the primary fie ld waveform . The 

procedure only becomes marginal in cases of very steady flight 

which yield very small variations in a
0

. 

The above developments for P
0 

and P1 have been shown using 

the time domain waveform. The identical procedure can be 

carried out equally well in the frequency domain by Fourier 

transfor~ing the time domain waveform as discussed in section 

4.1. COTRAN data is generally handled in the time domain wi th 

the field playback system and in the frequency domain when data 

is pr.ocessed on the large mainframe computer as the final data 

reduction is being carried out. The actual P
1

(t) estimate 

computed in the frequency domain during final data reduction is 

slightly different and somewhat simpler than th e one described 

abo ve. Instead of estimating 4 o for each fid of data, t h e sign 

of the f'.lndamental f requency , W'o , spectral component of the 

d if ference i s used as the weighting factor. 

I 
I 
I 
I 
I 
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The essential difference between P{ estimated in this manner 

and P
1 

estimated in the previous manner is that the P1 
estimater is more heavily biased towards the data with large 

excursions in the primary field. There is little to choose 

between the two results other than that the second form is 

computationally simpler to evaluate. 

In practice, iterative procedures are used to estimate P
0 

and 

P1 . Initial est imates of P
0 

and P1 are made. The 

residual error as discussed in the matching procedure is then 

estimated for each fid. Data records with large residual 

errors are then excluded on the next pass at estimating P
0 

and P1 in order that very noisey or anomalous records do not 

contaminate P
0 

and P1 . 

In order to provide a good stable primary estimate for each 

line of data even when primary field fluctuations are small, a 

linear combination of P
0 

and P1 is used for P. 

P = (1 - b) P
0 

+ b P1 

where ·- b is a parameter empirically related to the amount of 

primary field fluctuation along a line. For large motion 

ind~ced primary field variations b = whereas for small 

vari at ions b = 0. For the data presented in this report, b is 

determined from the ratio d = Q(w
0

)/P
0

(w
0

) which reflects 

the magnitude of the signal fluctuations along the line being 

p r ocessed. The empirical formula for b which was employed is 

b = b I d/dO 

= sin 2 
c( (d- .:! 2 ) 

= 1 

d ( do 

do ~ d < d 1 
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where 

do = 0. 015 

dl = 0 .0554 

d2 = 0.00459 

bl = 0.1 

c< = 30.91 

Thus, for average fluctuation levels greater than about 5% of 

the average pr i mary field, P = P1 , whereas for small 
fluctuations some portion of Po is incl uded in the estimate. 

In most instances, fluct uations from bi rd motion yield b = 1 

and only on very stable lines with little turbulence is b = 0. 

(b) Matchinq Stabilization 

The general matching theory is outlined in section 4-1. In 

practice, the results of the mat ching process are frequently of 

poor quality because of imperfections in the estimation of the 

pr i mary field waveform and because of f i nite noise levels in 

the data . These real data l i mitati ons lead to solutions which 

are not physically meaningful. In this section, two methods of 

constraining t he matching process to give robust, physically 

meaningful results are outlined . 

The general matching problem reduces to determin i ng a set of 

amplitude coeff i c i ents ai, i = l to N for the basis functions 
descri bing the ground response. In the unconstrai ned 

f ormulation presented in section 4- 1, the a i can ta ke any 

value . Only a subset of all possible ai solution vectors are 

phys i cally plausible as a ground response. For t he exponential 

mode l s used here for example, a vector 

a. = (.01, .0 5, .001, .002, .005 ) 
l 
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is a realistic solution in that i t leads to a monot onically 

decreasing decay curve. On the other hand, a soluti on vector 

of the form 

a. = (0.1, -.01, .005, - .003, .002) 
l 

is not li kely to be a true ground r esponse since i t leads to an 

osc il latory decay curve. With excellent data and a good 

p r imary waveform estimate, such oscillatory sol utions are not 

o bserved. In order to accommoda t e situations where there are 

e xtra noise or imperfections in · the primary wavefo r m, the 

general matching process is augmented with constra i nts which 

b i as against such oscillatory solutions . 

Non-Linear Constraint 

One manner in which the solution vector can be constrained i s 

to r equire that an acceptable solu tion have coefficients of the 

s ame sign, namely, 

i = l to N 

or 

i = 1 to N 

This type of constraint results i n a non-linear problem. The 

manner i n which s uc h solutions are obtained was de veloped by A. 

Lo veless. The f o l lowing discuss i on summarizes the algorithm 

empl oy ed to generate such soluti uo ns. 

Fr om s ection 4 . 1 , the solution vector f or t he a,, J . 

s e t o f linear equa tions 

satisfy th e 
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with the corresponding solution 
-I 

Cj / D· I 

and associated error energy E. The approach to obtaining 

solutions vectors with components of the same polarity is to 

solve the above set of equations with all permutations of the 

ground response coefficients constrained to zero and compute 

the associated error in each case. The set of all solution 

vectors is then searched for solutions with a .~ O or a. ~ o. 
1 1 

The subset of satisfactory solutions are then weighted 

according to the inverse of their associated error and the 

final solution vector is the superposition of these weighted 

solutions. 

To quantify this concept it is best to define the various 

solution vector permutations. First a solution vector F is 

defined as 

a · f ' .. .. a,;) 

where p is an indication of which of the a. i = 1 to N have 
1 

been constrained to zero. For example, let p = o correspond to 

the case where no a. are set to zero; p = 1 correspond to the 
1 

case where a 1 = o; p = 2 correspond to the case where 

a 2 = O; p = N + ~ correspond to the case a 1 = a 2 = O and 

so on. There N possible solution vectors. The ap satisfy 

the linear equation 
p 

c ij 
p 

7) . 
I 

where the appropriate rows and columns of the covariance matrix 

and the excitation vector relating to the ~ : which are zero 

have been deleted. The corresponding error energy is Ep. 
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The matching program first computes a . If the solution is 
0 

acceptable in the sense that all ai ~ O or ai ~ O for 
i = 1 to N, the solution is accepted and processing stops. If 

the solution is unacceptable, the program now passes through 

each of the p values which set only one of a. to zero of 
l 

which there are possible solutions. Should all the N solutions 

be acceptable, the final solution is defined as 

If any of these N solutions are unacceptable, the ones which 

are unacceptable are continued into the higher order of setting 

additional coefficients to zero. This process continues until 

all possible solutions have been assessed. All acceptable 

solutions are then selected and the weighted average computed 

as above. 

This algorithm has been found to work quite well and has been 

used extensively. Considerable analysis has still to be 

carried out in order to understand what biasing effect this 

type of solution has on the final solution. With good data and 

a good primary waveform estimate, the solution is the same as 

the unconstrained solution. In instances where there i s a 

systematic error in the primary field waveform the outcome is 

less clear and becomes very dependent on the nature of the 

error in the primary field; this is a subject for fu t ure 

analysis. 

Linear Constraint 

An alternative and considerably simpler algorithm has been 

developed for quick analysis and is incorporated in the field 

replay system processing software . The approach is to solve 
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the set of linear equations subject to the constraint that the 

magnitude of the solution vector is minimized in a manner which 

biases against oscillatory solutions. The manner in which this 

is done is to define a second quantity, Q, as 

M •Z.3 . " 
Q = ~ ~ 'N .' / 1::{ t 

f ~ \ -
, ~ I 

I I 
I ::_ I 

Q is related to the energy of the secondar y field . The 

secondary field energy i s given by 
I )z •.Z & t ·J 

B > W' I > C(' = ,_ I -;- J I 
. ' 

I ::... l 

= Q + c 

where 

c- /'\ ,,. t' 1-
V1...''.) , '-

~ • ,«.. 

. (' ~ \ 
.... 
I ' ' 1/ 

The choice of Q as a quantity to minimize comes from the fact 

that Q i s a positive quantity (i.e.; O > 0). To put this in 

perspect i ve, co~sider two solutions al and a2 which yield 

the same secondary field energy B1 = B2 but where a 1 has 

all secondary field coeffici ents of the same polarity while 

a 2 consists of coefficients of mixed polarity. The sum of 

the valut~s of Q and C are equal but the Q and C v alues di ff er 

for the two solutions. Thus 
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Examination of the C operation shows that c
1 

> c
2 

and 

therefore o
2 
~ o

1
. Minimization of Q therefore biases 

against oscillatory solutions. 

Th i s constraint is applied by returning to the initial 

minimizati on step of the matching process. The set of normal 

equations were defined as 

()6 
=0 

o aj 
The constrained solution is obtained by requiring that a linear 

comblnation of E and Q be a minimum, namely, 

~ { f+ij Q} 
~ aj 

where ~ is a free parameter. The resulting set of normal 

equations take the form 
/ 

where / 

C IJ : 

The degree of constraint is controlled by the magnitude of the 

free parameter '( . The larger the value of o the greater the 

degree of constraint placed on the solution. The final 

solut i on is defined as 

a-; -
The behaviour of the constrained solution is relatively easy to 

understand. The solution tends t o bias energy into the shorter 

time constant part of the spectrum. Erroneous estimates of the 

primary field waveform shape affect the solution i n a 

relatively pred i ctable manner. Application of this constraint 

does stabilize the overall match i ng procedure and p roduces 

ground responses which are physically plausible. The choice 

of "f is ar bi tr ary but optimal results have been ~~fhl:Fmhl ~}~ION 
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To date the procedures for optimally constraining the COTRAN 

matching process have been developed on an intuitive basis. 
The need for constraint has arisen primarily because of 

limitations in the COTRAN data acquisition stage. Inadequate 
estimates of the primary waveform arising from the inability to 

use the transmitter reference signals forced the consideration 
of the constraint problem. Further assessment of this problem 

will be required as hardware improvements are installed in the 
system. A coherent study of the overall COTRAN matching 

procedure with a view to developing physically based 
constraints is essential. 

4.5 Data Display 

The COTRAN system collects a very large volume of data. 

Display of the data in a format which is convenient to the user 

and also contains all the COTRAN information is a difficult 
problem. The data display for bulk processing was chosen to be 

a set of "stacked" profiles. In this section, an overview of 
the manner in which the data is prepared for stacked profiles 

is presented. In order to put the following discussion in 

perspective, an example of a stacked profile section is shown 

in Fig. 4-1. 

Starting from the top of the stacked profile section 

illustrated in Fig. 4-1, the top pair of traces are denoted 

RMSERR. These two traces give the RMS error for the vertical 
and horizontal signals at each f id after the data has been 

processed through the COTRAN matching algorithm. The RMS error 

is related to the total error energy E discussed in section 4.1 
by the formula 

RMSERR = ~ 
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where T is the number of points on the waveform (i.e., 128). 

These two error channels are extremely diagnostic. Spurious 

anomalies generated by external noise of any sort are readily 

identified by abrupt changes in the ambient error amplitudes. 

Long term drifts i n the system are reflected by long term 

variations in the error traces. 

The next three traces are the amplitude of the primary field at 

the bird. The traces are the a
0 

coefficients which are 

derived in matching the horizontal and vertical received 

wa vefcrms. D<moting the horizontal primary fi eld amplitude 

as a: and the vertical primary field ampli~ude as q; , a thi r d 

trace which is the "total" primary field a~ is generated 

from a: and tl : as follows 

- 1 y'2.-
(/ ~~ ~ ( t1 : ~ +- a; ) 

Since the coil system flies in a position where the transver se 

primary field is small, 4 ~ is a reasonabl e approximation to 

the true total primary field. Yaw and roll of the coil system 

produce flu c tuations in a; while pitching motions leave ;?f 
unchanged. Examination of relative variations of the three 

traces is indicative of bird and coil motion during flight . 

The center part of the record consists of several gr oups of 

profiles labe~led step response and time constant spectrum . 

The output of the matching process is two sets of 5 

coefficients which char2cterize the ground response o bserved on 
'/ /'I 

the 11er ti ea.:. and her i zon tal axis coils tl ,: and c~; i = 1 to 

5. These coefficients are the amplitude coefficients for the 

exponential or loop response functions which are used to model 

the ground response. The time constant spectrum is the 

composite plot of each of these coefficients along a flight 
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line. The group of five traces is referred to as the time 

constant spectrum since it represents the sampled version of 

the time constant spectrum outlined in section 4.2. Two time 

constant spectra are displayed; one for the vertical field and 

one for the horizontal field. This data displ ay is very useful 

in that it permits a ready identification of the dominant time 

constant in an anomalous area. 

For plotting purposes, different scales are required for the 

different time constant amplitude coefficients. In general 

a 1 ) a 2 , / a 3 > a 4 ;>as where ~ are in the sequence 30, 

90, 270, 810, 3430 microseconds. A common convention was 

establ ished for the plotting scales which worked reasonably 

well. The basic vertical scale is defined for the as trace 

which corresponds t o the longest (2430 microsecond) time 

constant as A ppm/inch. The vertical scale for all other a. 
l 

is defined as 

r-;;/l 
A ; ·;;-

' {I 

ppm/ i nch 

The result is that the 

is 3A ppm/inch, for a 2 
ppm/inch. 

scale for a 4 is y-;A ppm/ inch, for a 3 
is 3 /3'A ppm/inch and fo r a ~ is 9A 

I ~ 

In addition t o displaying the secondary fields in a 

time-constant spectrum form at, the step function response f or 

both the hor izontal and vertical ground response i s also 

generated. The step function responses are 
,,. 

( t ? 
JI z_ H ( t ) = g ({J)J~ = 

,J , _, 

r ; 
v(t) = q.; (;~ )(l/ 0 ~ ~ 

0 I - I 

'rl 
a· I 

I/ 

a· ,, I 

-t lr.· e I 

e_ - t/r 
CONFlQENTI AL INFORM ATION 

THIS DO CUMENT CONTAlllS INFOllMAT !ON 

~ROPRIE7Al!Y TO 3 .IRRINGEi! Ki'.SE.\RC H 

LIMIT ED ANO SH ~l~llOT aE RE?'lOi: U C~D 

OR TRAN~HR'.?rD TO OT HER OO CU Me:!'ITS. 

OR Dl~CLOS~ ~ T•J t) T~i .::RS. OR USEO FO R 

~NT PU'.? ?OSE OTH:.K THAN TH~T 10R 

WHIC:i I i 1"5 FU Rr~ IS H~~ WITllOUT nu: 

PR I 0 R '. '; R ! 7 T £:11 P ~ iHll S S I O ~ Q F 

8;.!-l Rt NC £R RtS!:AP.CH l.l:.; 1rt:o~ 



- 48 -

The step functicn response is just the integral of the impulse 

response function. The step function response was chosen for 

d i splay rather t han the decay portion of the i mpulse reponse 

because the step function response spans smaller dynamic range 

over a widely spaced delay time . The step f unct i on responses 

are dis played by sampling H ( t) and v(t) at a set of 

geometrically spaced delay t imes and plotting the amplitude at 

each delay time a s a trace. Data in thi s format permits 

compari son ~ith other transient s y stem r esponses. H and V are 

computed at delay times of 1 00, 200, 400, 800, 1600, 3200 and 

6400 microseconds. The vertical and horizontal step function 

responses are displayed immediately above the ~orresponding 

t i me constant spectrum. In additi o n to the individual step 

function response, the "total" secondary fie ld step response is 

also s ynthesized and plotted at the same s et o f delays. The 

"total" secondary f i eld step response is defined as 

It was felt that T(t) would provide a display which would 

r educe the bird mot i on modulation eff ec t in a r eas of high 

ground conductivi ty . 

The lower port i on of the profiled data shows the magnetometer, 

al t imeter a nd powe r line monitor si gnals. The mag data is 

plotted twice with a difference of a factor of 10 in th e 

vertical scale. Two power line mon itor signa s are also 

plotted The trace denoted RTM 60Hz 2 is the real time power 

lL e moni tor si <; nal digitized in fl i ght. The trace d enoted PTM 

60Hz 1 i s a second power line interference indicator extracted 

from t he even harmonics of the horizontal and vertical EM data. 
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As a final point, all data traces are plotted using a cubic 

spline algorithm to generate smooth curves between the discrete 

sample points. The interpolated cur ve always passes directly 

through the data values. The splined curve gives the discrete 

data the same continui ty as would be sketched by hand. The 

spl ine routine does generate some edge effects or ringing when 

extremely l arge jumps i n data values are encountered. This is 

some times visible in the data at the edge of a big anomaly or 

at grossly noisy records. Further work into the optimal 

interpolating technique for the data is being carried out 

although the cubic s pline is probably as good as can be 

ach ieved on a bulk processing basis. 

4.6 DATA LAG CORRECTION 

In order to accurately position the EM data on the flight pa t h 

recovery, it is necessary to lead or lag the EM data. The 

manner in which the COTRAN data is shifted is outlined in the 

following. 

The manner in which the INPUT system data is aligned with 

flight path recovery is t o make the peak anomaly response from · 

thin vertical conductors occur directly over the conductor. 

For a shallow target and the COTRAN coil system configuration, 

the maxim~~ response is obtained on the horizontal axis 

receiving coil and occurs when the bird is located directly 

over the conductor. Since th e flight path recovery camera is 

mounted in the aircraft, the EM response is displaced wi th 

respect to the aircraft location indicated by the film. In 

addition to displacement which i s caused by bird-aircraf t 

separ ation, most EM systems also have finite time lags in the 

electronics of the data collection system which cause even 

further anomaly displacement. 
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The lag in the COTRAN is primarily caused by the aircraft-bird 

separat i on. The COTRAN data is normally adjusted in a manner 

which causes the horizontal axis peak response for localized 

shallow conductors such as power lines to occur directly over 

t he target position as picked from the flight path recovery 

fi lm. For all COTRAN data collected prior to July 1980, a lag 
of one f id uc i al spacing was found to give optimal alignment of 

horizontal axis ancmali es. This lag is automatically carr i ed 

out when the data is plotted in ?rof ile form. In data 

li stings , however, no such shifting is performed. 
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5. SURVEY AREA DESCRIPTION 

The survey area was located just to the west of Wollaston Lake 

over an area which contains the Midwest Lake, the Asamera and 

the Canadian Occidental uranium deposits. The main test area 

was bounded by latitudes 58° 16'N and 58° ~'N and 

longitudes 103° 50'W and 104° 07'W. Within this area, 32 

east-west lines spaced 300 m apart were designated for survey 

flying. The lines are numbered 52 through 83 starting at the 

southern edge of the area. The line numbering system was 

previously defined by the high sensitivity mag and gradiometer 

survey conducted by the Geological survey of Canada. The lines 

were approximately 17 km in length. A location map showing the 

survey area is given in Fig. 5.1. 

In addition to the test survey grid, a long test line was flown 

into the deeper areas of the Athabasca Basin. The test line 

angled northwest across the survey grid and turned almost 

straight west over Midwest Lake. Midway out to Pasfield Lake, 

the line was swung southward to terminate at the southern edge 

of Pasfield Lake. 
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6. SURVEY OPERATION DESCRIPTION 
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The survey was carr ied out in March 1980. The COTRAIQ".:iraii<l!lcna . .fct L i•11 • ~0 . · 

was based in Toronto before system installation and mobilization 

to the survey area commenced. Mobilization to the survey area 

was initiated on March 12. Aircraft certification problems 

followed by poor weather conditions delayed the departure of 

the aircraft from the Toronto area until March 25. During the 

testing period in the Toronto area, the COTRAN system was given 

a thorough shakedown over Lake Ontario. In addition t o testing 

the system, height fall-off tests were carried out over Lake 

Ontario. A brief test over a bedrock conductor was made at the 

Cavendish test site. 

The base for survey operat i ons was established at Lynn Lake, 

Manitoba. Lynn Lake was chosen as the operations base since it 

provided the best support facilities for the aircraft within a 

reasonable distance of the survey area. 

The aircraft arrived in Lynn Lake late on March 26th. A 

preliminary test flight was carried out immediately after the 

aircraft's arrival in Lynn Lake. On March 27th, all the grid 

lines were flown. On March 28th, the long test line was flown 

and some of the gr i d lines were reflown. Demobilization 

commenced on March 29th. 

Subsequent data reduction yielded 854 line km of useable data. 

The COTRAN system operated quite well for the bulk of the 

s urvey. Since this was the initial survey with the system, the 

sur vey operation was not without its probleres. A major problem 

cropped up during the first day of operations. Overheating in 

the COTRAN data A/D section upset the data transfer timing to 

the HP2108 computer. This problem was resolved in flight and 

the survey lines affected by the faul t were reflown. Wh i le the 

problem was el i minated, a few bad f ids of data still occurred 
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on one or two lines which were not reflown. These bad records 

were not found unti l post flight data reduction. Only the 
horizontal axis data was affected. 

In the second day of flying, problems were encountered with the 

coil suspension system i n the bird. During the early part of 
the fligh t , the system wor ked f i ne. Later in the flight, the 

r ece ivi~g coils began to bang against the suspension frame 

i ns i de the bird. As a result, large noise transients were 

s cattered t hroughout the data. Since much of the data most 

s eve r ely a f f ected represented reflights of previously surveyed 

lines, only a small amo unt of useable data was contan1i nated 

wi t h this problem. 

The only other problem encountered was interference from a 

ground EM system; a large t r ansmitter loop laid out on Mc'Clean 
Lake in t he vi cinity of the Canadian Occidental deposit. 

Porti ons of lines 53 through 59 in the area of t he Canadian 
Occ i dental were contru~inated with this interference. 
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7. FLIGHT PATH RECOVERY 

The operational flying and initial flight path reccvery {FPR) 

were made using a photo mosaic provided by Geological Survey. 

Upon returning to the office, the flight path recovery was 

reviewed and corrected. The final FPR was then transferred 

onto a 1:25,000 topographic map and printed on a stable base. 

The FPR for the survey grid appears on drawings 265- 42-1,2,3, I. 

A separate, three section base at 1:50,000 was prepared for the 

long flight line at Pasfield Lake. The three section FPR is 

shown on drawing 265-42-R. 

The fiducial numbers are labelled every 50 f ids and the flight 

lines are ticked at every tenth f id. The FPR f ids are 

signified by solid circles. For the survey grid, two series of 

f id numbers are used. For lines 52 through 66 f id numbers from 

300 through 4439 are used. A system restart in flight ~aused 

the fid count to be reset to l between line 66 and 67. As a 

result, duplicate fid numbers are found on the FPR for the 

s ur ve y gr i d . 
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8. DISCUSSION OF SURVEY RESULTS 

Analysis and discussion of the survey results can be far 

rangi n g in view of the fact that the data comes from a new 

system being flown in a rather unique geologic environment. In 

or der to keep the analysis to the point, discuss i on is 

addressed to the da t a in three stages. I n stage one, the data 

and how i t is presented are discussed in order to make the 

reader fam i lar with the data. In stage two, a g eneral overview 

of t he resalts i s g i ven from both a s ys t em perf o rmance viewpoint 

and f rom t he geolo gic s i gnificance viewpoint. I n stage three, 

individual details of the data are presented. 

8.1 SYNOPSIS OF DATA PRESENTATION 

The COTRAN da t a is presented in t he stacked prof il~ form 

discussed in Section 4 for primary analysis. The stacked 

profiles accompany this report as a separate volume. The 

volume contains a stacked profile for each flight line from 52 

t hrough 83 as well as the long test line to the west. While 

this data format is fine f or examination of data on an 

individual line, it is very diffi c ult to put the resulting data 

into perspective on a l ine-to-l i ne basis. 

In order t o give a general overview of the data, a subset of 

t he s t ack e d prof l le d ata was selected f or plot tn g in a pl an 

f ormat . The selected EM par ameter i s pl o tt e d on the stable 

base wi th the fl i ght path r ecover y . The f~ i ght line forms the 

base l ine or zer o level for the selec t ed paramet er. The 

p a rameter i s t hen pl o t ted alon g e ac h fl i g h t li ne with t he 

magnitude of t he r esponse bei ng i ndicated by the d i s tance f rom 

t he plotted fl i ght lin e . · This forms an alte r native stacked 

prcf i le format wh i ch present s some o f t he data f or al l fli g ht 

l ines s i mult aneously in the correc t spat i al position. 
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Three sets of stacked flight line profiles were generated. On 

the first one, the vertical secondary field step response is 

plotted for delay times of 400 and 1600 microseconds. In the 

second plot, the horizontal secondary field step response is 

plotted for delay times of 400 and 1600 microseconds. In the 

third plot, the horizontal and vertical axis step response at a 

delay of 400 microseconds are combined to permit intercompari.son 

of the vertical and horizontal response. These three sets of 

stacked flight line data accompany this report as drawings 

265-42-1, 2 and 3. 

In viewing the data, there are three problem areas which will 

immediately draw the eye. T~ese are segments of data which 

have ground EM interference, A/D timing problems and receiving 

coil mechanical problems. The interference makes a hash of the 

COTRAN data on lines 52 through 59 in the vicinity of Mc.'Clean 

Lake. The A/D problem generates occasional spikes in the 

horizontal axis data on lines 62 and ~3. The coil suspension 

problems affect only data at higher f id numbers on the long 

line west. The data should be scanned several times in order 

that one knows what to expect when tracing anomalies into poor 

data areas. 

8.2 GENERAL OVERVIEW OF THE DATA 

The COTRAN data is difficult to assess from a quality point of 

view. Since this survey represented the first operational 

survey and the first t i me that the whole system package had 

been flown with all elements functional, there is no background 

data to compare aga i nst. The data certainly generates 

considerable interest. The dual axis receiving coil system 

opens up a new wealth of information. The data obtained with 

the vertical axis coil are quite exciting and far more 

informative than was originally anticipated. ~O~·· '-.~}.-~C '..·~::_~_!_7~~ r. ;.:.T10N 
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The following items are the most characteristic features of the 

data. 

a) In general, the vertical axis coil data were far more 

diagnostic than the horizontal axis coil data. 

b) The vertical axis coil anomalies are generally bigger than 

the horizontal axis coil anomalies. The vertical axis data 

also shows much greater line to line correlation. 

c ) All the major anomalies in the survey area tend to strike 

southwest and northeast . The only exception to this occurs 

in t he northeastern quadrant of the survey area. This area 

lS full of anomalies which seem to be almost continuous. 

In the early phase of data examination, it was felt that 

the continuous anomaly was caused by a conductor with a 

strike parallel to the flight direction. While this would 

be plausible for a single line anomaly, it does not explain 

the general continuation of such features over several 

adjacent lines which the stacked survey line data clearly 

iJ.lustrates. 

d) From an EM response point of view, the survey area could be 

divided cleanly into two separate parts. A line drawn in a 

northwester l y di r ection from f id 650 on line 52 through f id 

2900 on li n e 83 divides the area as far as the EM response 
' is concerned. Al l the major anomalies are l ocat ed to the 

east of t his separating or dividing line. There are two 

poss i ble explanations for thi s behaviour. The first i s 

t hat the ma j or anomalies are located in the basement and 

a.re covered by an increasing t hickness of sandston e cover. 

The dividing line would, therefore, suggest that this is 

t he demarcation line where the sandstone thickens to a 

point where many of the EM responses are too weak to be 
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detectable. A major change in the subsurface geology is 

al so an alternative explanation for this sudden a brupt 

change in EM response character. 

e) An overall perspective of the EM response of t he area is 

obtained best by ' examination of the stacked fligh t line 

profile data for the vertical axis coil. This da t a gives 

the best line to line correlation and therefore continuity 

of anomalies f r om line to line •.. The stacked flight line 

profiles of the horizontal axis data are not near l y as 

useful. When used in conjunction with the vertic'al' axis 

coil data; however, the horizontal axis coil data is quite 

often diagnost i c of the shape of the conductor. 

f) The anomalies i n the area all tend to be very broad. 

Anomaly widths of up to 2 to 3 km are not uncommon. Within 

the broad conductive zones the time constants of ground 

response can vary considerably. In general, the broad 

anomaly _is usually characterized predominantly by a . 
relatively short time constant response. Within this broad 

zone of short time constant response, 1, .. 2 or even 3 longer 

time constant zones will appear. In general, trying to 

characterize the ground response in terms of discrete 

conductors is quite often unrealistic. 

g) The EM response seems to show a very strong correlation. 

with the general character of the magnetic r esponse over 

the area. The east-west demarcation line is also a 

s ignificant feature on the airborne gradiometer data 

collected by the Geological Survey of Canaqa . Many of t-he··. 

anomalies in the eastern half of the map sheet have a 

direct, magnetic expression. EM conductors frequently 

appear to lie on the flanks or in the bottom magnetic lows. 
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h) Aside from the problems with the data regarding noise and 

external interference, the overall quality of the results 

is quite good. In viewing all the data, some care must be 

taken in accepting the actual decomposition into the time 

constant spectra at face value. As mentioned earlier in 

this report, system drifts and changes in the reference can 

cause some bias in the time constant spectra. A systematic 

error in the shape of the primary field waveform often 

results in a syst ematic shift of the step response as 

observed in the horizontal axis receiving coil. The 

responses appear as if somebody has shifted the DC level 

for the whole trace. If there has been a systematic change 

in the primary field waveform, this can usually be detected 

by looking at the RMS ERR trace. This trace will usually 

sho~ a characteristic increase or decrease in the quality 

of the match. Line 68 is a particularly good example of 

the behaviour of the horizontal axis coil when a systematic 

error creeps into the primary field waveshape. An error in 

the pri~ary field waveshape on the vertical axis coil ~eads 

to very noisy and chattery data. An example of this type 

of problem is shown on line 73 for the vertical axis coil. 

8.3 DETAILED ANOMALY DISCUSSION 

No attempt is made in this section to discuss all of the 

anomalous features in detail. What has been done is that the 

major EM anomalies have been identified and their general trend 

is followed from line to line. A detailed interpretation of 

individual features is best carried out in conjunction with 

people who know the detailed geology in the area. As a result, 

anomaly discussions in this section are constrained to 

primarily .deal with the general features of the anomaly shape 

and characteristics 
cor~ FIDHfflAL INFORMATION 

T HIS DOCU ~I CNT C ONTI.INS INFOR t.IATIOH 

PP.OPRIETARY TO BA r. RING Eil RESEARC H 

ll r~ ITE :J ANC st:.<LUi OT B~ REPRODUCE D 

OR TRMlSFCR~ED TO o n; r a DOCt;M ~ r>rs,: 

O il DISCLOSED TO Ol'llEilS, OR USCD FO R 

ANY P UR POSE OTHc R THA~ THAT FOR 

WHICH IT 15 FUR!il5HED WITHOuT THE 

PRIOR WRITTEN PERMISS I O N Of 

B ARRINGER RESEARCH L IMITED; 



- 60 -

In order to provide some indication as to the nature of the 

source of anomalies , the relative vertical and horizontal axis 

responses for a flat lying and vertical ribbon conductor are 

sketched in Fig. 8-1. No claim is made that these s hapes are 

perfectly correct for either of the models. What has been done 

here is to put together the general nature of the anomaly which 

would appear over either of the targets. The main feature to 

note is the vertical axis coil has a crossover over the 

vertical ribbon and the horizontar axis coil has a maximum 

response directly 0~1er the verticJl ribbon. Exactly the 

opposite is the case for the flat lying ribbon. For the flat 

lying ribbon, the vertical axis response is a maximum directly 

over the flat lying ribbon while the horizontal axis coil peaks 

at the front edge of the ribbon. While this tends to be an 

over simplified discussion, judicious use of these curves is 

very helpful in understanding the general character of the 

anomaly observed in the stacked profile data. The major point 

t o note from these anomaly shapes is that a vert i cal ribbon 

fl own in al t ernate flight directions will give a maxim um on the 

horizontal axis coil which is cont i nuous from line to l ine. 

The vertical axis coil on the other hand will show staggers as 

back and forth or herringbone effects as the flight lines 

alternate in direction. The exact reverse is true for the flat 

lying ribbon cond uctor ; in this case , line to line correlation 

sho uld be seen primarily on a vertical axis coil and staggering 

of anomalies should be observed on the horizontal axis coil. 

Another general point to be noted before going i n to discussion 

of detailed f eatures is the rel at ive magnitu~e o f vertical and 

the horizontal axis responses from flat lying co~ducto r s. In 

general, the deeper the flat lying target, the more vert ical 

the secondary response becomes. As a result, seeing an anomaly 

which is primarily on the vertical axis coil and only weakly 
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Schematic Illustration of Anomaly Shape for 
Vertical & Horizontal Ribbon Conductors 
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(a.) Verti cal Rib bon 

(b ) Hor izo nta l Ribbon 
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observed on the horizontal axis coil, is a general indication 

that the response is corning f rorn a flat lying conductor at 
considerable depth. One need only treat the conductive half 

space model using simple image theory to see that this is the 
case. This point is particularly noteworthy for the COTRAN 

data observed in the Athabasca Basin. Quite often the vertical 
axis anomaly is substantially larger than the hor:zontal axis 

anomaly. If the response were overburden response one would 
tend to suspect~roughly equivalent magnitudes for the 

horizontal and ~ertical axis responses. 

For the purposes of detailed discussion, major features in the 
survey area have oeen identified as alphabetically designated 

zones. These zones are designated A through H. In some 
instances, these zones correspond to a distinct anomaly; in 

other instances, these zones indicate a broad area of anomalous 

behaviour. 

zone A 

Zone A is actually a distinct conductive feature which has the 

most extensive strike extent of any anomaly in the area. zone 

A runs down the very eastern edge of the survey area. Some of 
t he s urvey lines are extended to the east in order to track 

t his anomaly. This anomaly follows a major structural feature 
i ndicated by aerornagnetic surveys carried out in the area. 

The anomaly i s continuous r unning to the southwest until lines 
56 and 57. At this point, the anomaly is abruptly terminated 

and appears to be shifted to the eastward and continued on to 

the south. Two separate conductors des i gnated A' and A'' are 

identified as continuation of Zone A. ~t is conjectured that a 

major fault cuts this feature and has shifted it to the 

southeas t. 
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The source of this anomaly is thought to be fairly shallow. 

The reason for this is that both the vertical and horizontal 

responses are relatively large in amplitude. The shallow 

source is consistent with the fact that the sandstone formation 

is thinning rapidly to the eastward. At the very southern end 

of A' and A'', the conductor seems to be a very broad conductor 

in terms of the short time constant responses but segregated 

into two distinct zones in terms of the long time constant 

response. 

zone B 

zone B represents a major conductive feature which runs down 

the eastern side of Torwalt Lake. The anomaly generally tends 

to have a fairly sharp western edge then tail out gradually to 

the eastward. This i s suggestive of a conductor which is 

dipping at a very shallow angle to the eastward. This major 

feature i s most apparent in the short time constant response. 

The long time con~tant response tends to show zoning within the 

conductor itself. The conductor extends northward from the top 

of McClean Lake and terminates abruptly northeast of Torwalt 

Lake. The southern end of the anomal y is lost in the zone of 

interference caused by the ground EM system operating in the 

area. ·As a result, it is difficult to infer exactly where the 

anomaly goes at the southern end. It is certain that the 

anomaly does not terminate. It can either swing slightly 

t owards the east and cross through McClean Lake-Candy Lake area 

or it could swin g slightly southwest and go through zone B'. 

zone B' 

The area designated Zone B' appears t o merge with the southern 

end of zone B. As a result, it is tentatively connected to 

Zone B to form a conti nuous anomalous area. zone B' tends to 

show very broad anomalies. While this may be partially due to 
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t he fact that most of the flying is parallel to the t rend of 

the conductor, th i s is not the total explanation of t he width. 

The anomaly source itself must be a very broad conduct i ve 

zone. 

S i n ce zone B also l i es almost straight down the extension of 

zone C, there is also the possibility that zone B could be a 

conti nuation of Zone C which is discussed next. From the 

general behaviour of the response, however, it would be more 

li ke l y that zone B' links into Zone B and the anomalous area 

und e r zone G wh i ch will be discussed later. 

zone C 

Zon e C contains a major conductive anomaly which runs down t he 

wes t ern f l an k of Torwalt Lake. The northern end of the 

conductor merges wi t h the scrambled Zone H which is discussed 

later . At the sout hern end, the anomaly terminates a bruptly 

j us t s outh o f Torwal t Lake. The anomaly response tends to 

p e ter out both north and south from l i nes 67 and 68. The 

anomaly is str ongest along line 67 and 68 and appears to be 

e x tended to t he westward. The westward extension ma y r epresent 

just a broadening of the conductive zone or i t may r epresent a 

discrete conductor lying to the west of zone C. The zone seems 

t o be continuous ove r a wide area o n the short t i me constant 

r esponses but tends t o be more segr egated when t h e l on ger time 

constant res ponses ar e ex9mined. 

zone D 

zon e D is not s o much a particular anomal y but r ather a 

demar cation l ine between the eastern anomalous area and the 

wes t e r n qu i et ar ea of t he survey grid. The northern end of 

zone D is the location of the Asrunera Dawn Lake depos i t. The 

deposit itsel f is located roughly o n zone D at l ines 81 and 82. 
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At the northern end of zone D, D is not a distinct conductor 

but rather the edge of the broadly anomalous Zone H, to be 

discussed later. Tracking the anomaly or anomalous zone to the 

southwest, one f inds that the anomalies along D tend to fade 

out . While the anomalous area tends to fade, it does not 

totally disappear and it seems to be patchy but continuous and 

zones D' and D' 1 would appear to be along the extension of the 

strike of Zone D. 
.-

It has been suggested that the v~riat.ion of anomalous response 

along t he line designated D could be attributed to variations 

in the thickness of the sandstone cover. In areas of thick 

sandstone cover, the anomaly weakens and almost disappears. In 

areas where the sandstone thins and the basement comes closer 

t o surface, the anomal y responses pick up . Again, this is very 

conjectural and onl y more deta i led knowledge of the geology 

wi ll confirm any such conjecture . 

zone D' 

zone D' i s thought to be a continuation of zone D. This is 
speculative, however, since the trend of this feature tends to 

be almost straight north which is not consistent with the trend 
in zone D. In general, zone D' shows a very broad short time 

constant response which is almost elliptical in shape when 

l ooked at in plan view. zone D 1 has a localized central long 

time constant response which is most evident Qn l i ne 58 around 

f id 1604. The response tends towards shorter t i me constants a s 

one moves away from t hi s central core in any d irection. 

zon e D' • 

zone D'' is again conjectured to be on the cont i nuation of zone 

D. The majority of the anomaly occurs ovEr a l ake. The 

horizontal and vert i cal axis responses are both f airly large. 

This behaviour would suggest the so urce could be la ke bottom 
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sediments. The only possible argument against this is that the 

anomaly carries onto the shore nor t heast of the lake and trends 

towards Zone D' and D. 

Zone D, D' and D'' all tend to be lined along a distinct 

boundary indicated by the aeromagnetic data. As such, the zone 

D and its continuation are related to a major change in 

subsurface conditions. One possibility is that th i s is a major 

fault zone and the sandstone thickens substantially to the west 

of this line. An alternate possibility is that this line 

demarks a major change in the composition of the basement 

material. 

zone E 

zone E is a weak anomaly which trends northwest-southeast. It 

is observed primarily on the vertical axis data. The anomaly 

itself is not continuous over all lines in which it is 

indicated on the map. The anomaly is missing on some lines and 

continuity has been ascribed by conjecture and not on the basis 

of fact. This anomaly has been identified primarily because it 

is one of the few features which appear west of the demarcation 

line D. 

zone F 

zone F is over the Midwest Lake deposit. The anomaly itself is 

weak and not very convincing in the profile data. Extensive 

examination of the raw data shows that this area is indeed 

anomalous and further data processing might enhance the 

response in this area. In general, line by line processing 

tends to bias the data somewhat and suppress very weak 

anomalies. While this is not a major problem, it is something 
which will have to be addressed in the future if the reference 

problem for the COTRAN system is not resolved. 
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In order to illustrate the response over Midwest Lake, a 

section of what are denoted as wiggle traces is presented in 

Fig. 8-3. The wiggle traces represent the EM response waveform 

at each fid after the primary field has been removed with the 

least squares matching procedure. In the plot, each fid of 

data is represented as traces plotted horizontally across the 

page. The EM response amplitude is vertical. Each wiggle 

trace is the average half cycle (5.5 milliseconds) COTRAN 

waveform observed at each fid. As such, each wiggle trace is 

the average of 252 successive half cycle of data. One can see 

that both the vertical and the horizontal responses show 

characteristic signatures which correspond to those postulated 

in the earlier sections of this report. 

zone G 

Zone G is the area over McClean Lake and Candy Lake where the 

Canadian Occidental deposit is located. This zone is quite 

anomalous and appears that it could be an extension of zone B. 

It is very difficult to analyse the information shown in the 

stacked profile data or on the stacked flight line map because 

of the interference caused by the ground EM system operating in 

the area. Extensive examination of the wiggle trace data 

associated with this area shows that the area is indeed 

anomalous. Part of the EM response might be attributable to 

the inductive response of the ground loop. In order to get a 

rough idea what is a happening in the area, an average line can 

be drawn through the noisy traces to give a crude indication of 

the anomalous response. 

zone G is hatched on the map in order to indicate the data is 

subject to interference from an external source. 
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zone H 

zone H encompasses the northeastern cor ner of the survey area. 

This area is rather a chaotic mess. The whole area appears to 

be conductive. While there is some line to line correlation, 

higher responses occur in patchy areas. No strike or trend can 

be ascribed to the anomalies. ·rhe area is bounded to the west 

by zone D and forms a continuation of zone C. In gen er al, 

short time constant responses persist over the whole area with 

patches of long time constant response d!spersed throughout. 

It has proved very difficult to try and subdivide this area 

into discrete conductors. 

An explanation for this behaviour is a major zone of flat lying 

conductive material. The longer time constant responses may be 

attributed to zones where this material thickens and thins. An 

alternate explanation of the longer time constant responses is 

to associate these zones with vertical conductors which may 

underlie this flat lying zone of conductive mater i al. 

8.4 POSSIBLE ANOMALY SOURCE MECHANISM 

Since the vertical axis response dominates in most anomalous 

areas, a model which might be consistent with the observed data 

is shown in Fig. 8-3. · The model consists of a resistive 

sandstone cover overlying a flat lying conductive regolith. 

This flat lying conducti ve zone will vary in thickness and 

lateral extent . The conductivity of thi s zone may also vary 

substantially depen ding on the alteration in the area. This 

f lat lying conductive zone is underlain by steeply dipping 

gr aphitic conductors. Such a model is the simplest one which 

can be postulated to explain the types of responses observed 

with the COTRAN system. The persistent short time constant 

responses would be attributed to the flat lying conductive 

regolith. zones of thickening of the regolith or underl y ing 

vsrtical conductors could give rise to che localized zones of 

longer time constant response. 
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The above model is very crude and simplistic but it does 

explain the major features of the responses observed. Only 

more detailed interpretation in conjunction with geological 

control information will really resolve the exact nature of the 

s ource of the EM responses, 
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9. SUMMARY AND DISCUSSION 

The COTRAN survey carried out for the Geological Survey in the 

Athabasca Basin has proven to be a very succefrnful operation. 

As a first survey for the COTRAN system, the results are quite 

impressive. On-going developnents with the system should 

remove some of the problems which were encountered during this 

survey. Even though some instrumentation difficulties caused 

problems in the analysis of the data, the data is of relatively 

good quality and sheds new light on the overall Athabasca Basin 

picture. 

This report has attempted to give a general overview of the 

COTRAN system and to give a detailed discussion of the data 

collected during the survey. The data warrants considerably 

more analysis and work should be carried out in this regard by 

the Geological Survey in conjunction with the people who own 

property in the survey area. For even more detailed diagnostic 

interpretations, detailed wiggle section format records could 

be generated in order to help with the interpretation. A great 

deal of time has not been expended on this type of data display 

at this juncture in time. This is an area which could be 

frui tfully pursued should such detailed information be felt to 

enhance the interpretation. 

In conclusion, it is important to note that the COTRAN system 

r epresents a new evolution in airborne EM. The whole concept 

of t otally digital airborne EM is a revolution to the general 

business community. To carry out EM in a totally digital 

manner, there are many pitfalls and difficulties which are 

encountered. This survey shows that it is possible to carry 

out such work and do it with reasonable reliability. As the 

system developnents progress, the efficiency and the utility of 
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the data will improve steadily. The results of this survey 

should really be viewed as the start of a revolution. Airborne 

EM t<1ill jump into the digital era very quickly and more 

sophistication will then enter the EM business in the near 

future. 
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APPENDIX A 

COTRAN DATA TAPE FORMAT 

This section describes the format of COTRAN raw data as it is 
put on digital magnetic tape during data acquisition. All 

COTRAN data tapes are 9 - track and recorded at a density of 

800 PBI. Each tape has a standard format in which a directory 

file is written at the beginning of the tape. The directory 
contains all information relevant to the flight on which the 

tape was recorded and a flight log breaking down the actual 
contents of data on the tape. The directory record has a 

length of 960 bytes. The format of the directory r ecord is 

given in Table A-1. 

For housekeeping purposes, the directory file is actually 

withi n the tape twice and is followed by two EOF or tape marks 

which are separated by a short section of random garbage. The 
COTRAN data commences after the second tape f i le mark. Each 

system cycle generates a tape record with a unique Fid number. 
The data records are written sequentially as a single tape file 

until the end of data acquisition for the tape. At the end of 
data acquisition, a double file mark is written on the tape to 

indicate the end of the data for the tape. The format for each 
data record is outlined in Table A-2. 

In general, more t han one data tape is used during a flight. 

Barring s ystem f ai l ures, each tape is assigned a sequence 

number by the HP2108 computer which is written in the tape 
directory . The fid numbers continue to increase and tapes 

recorded adjacent i n time have contiguous fid num ber 
sequences. In t he initial stages of COTRAN development in 

1980, the system occasionally failed to increment the tape 

sequence number. In addition, the flight log port i on of the 

di rectory was occasional ly left blank. The housekeeping 

software in this area was subsequently modified in October 1980 

and such problems have been eliminated. CONFIDENTIAL INFORMAT10 N 
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Word Byte 

1-2 1-4 

3-6 5-12 

7 13-14 

8 15- .1 6 

9 17-18 

10 19-20 

11 21-22 

12 23-24 

13 25-26 

14-16 27-32 

17-21 33- 42 

22-26 43-52 

27-28 53-56 

29-30 57-60 

TABLE A-1 

COTRAN MAG TAPE 

DIRECTORY SPECIFICATIONS 

Length 480 Integer x 2 Words or 960 Bytes 

Identity 

IFLHT ( 2) 

ITAPL (4) 

I TAPE 

IYR 

IMN 

IDAY 

lHR 

IMIN 

I SEC· 

IJOB ( 3) 

I BASE ( 5) 

IAREA {S) 

LSPC ( 2) 

IHGHT(2) 

Contents/Description 

4 character flight designation 

8 character tape label 

Tape sequence number 

year 2 characters 

month 2 characters 

day 2 characters 

hour 2 characters 

minute 2 characters 

second 2 characters 

6 character job name 

10 characters designating flying base 

1 0 character s designat i ng flying area 

line space 4 characters 

flying height of aircraft 4 characters 
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Word Byte Iden tity Contents/Description 

31- 33 61-66 ICRFT(3) 6 character aircraft designation 

34-36 67-72 IFREQ(3) 6 character fundamental frequency 

3 7-42 73-84 ICHEF(6) 12 character name of crew chief 

43-48 85-96 I PILT ( 6) 12 character name of pilot 

49-54 97- 108 INAV (6 ) 12 character name of naviga t or 

55-60 109-120 IOPTR ( 6) 12 character nru~e of operator 

61-1 80 

181- 220 

221-48 0 

Each tape directory contains a f light log of 20 

indi vidual flight sections/tape. The number of 

selections filled with information is determined 

by t he number times data acquis i tion i s started 

and stopped during the use of a tape. 

I LI NE ( 20,6) 20- 1 2 character f l ight l ine names 

IFIDR(20,2) star t and end f id num bers for 20 

fl ight lines 

IRMRK (20 ,13) 20 - 26 character commen t s f or 

i ndividual f l i ght lines 

NOTE : Characters a r e Asc II character code. ( bot h upper a nd 

lower case + n umerics ) 

CONFIDENTIAL IN FORM ATION 
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Table A-2 

COTRAN M.~G TAPE 

DATA RECORD SPECIFICATIONS 

I 

I 
Length 3085 Integer x 2 Words or 6170 Bytes I 

Word Identity 

1 IFID 

2 MFID 

3 IPNTR 

4-8 IA! ( 5) 

9-10 ID! ( 2) 

11-12 MAG ( 1) 

13 IASC 

1 4-

103 7 IG (4,128) 

Content 

Record fiducial number 

Manual f id counter 

Section of flight log in directory which · 

relates to this record 

5 integer x 2 words containing low .speed 

analog signals (2 - 60 Hz 1 - Alt 3,4,5 -

Fluxgatej 

Digital data from low speed RTP. Contains 
mag in BCD plus manual fiducial flag 

Contains magnetic field 

MAG(l) - mag field/10000 

MAG(2) - mag field mod 10000 

Pointer indicates whi ch EM channel is 

multiplexed through A/D channel 1 for the 

current record, currently disabled . 

Array containing 4 EM waveforms in 32 bit 

integer format. (Integer x 4) . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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word 

1038-

2061 

20 62-

3085 

Ident i ty 

E(4,128) 

H(4,128) 

- 2 -

Content 

Array containing 4 EM waveform half 
cycle sums in 32 bit integer format 

Array containing 4 EM wave f orm ha l f 
cycle differences in 32 bit integer 

format 
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LINE HEIGHT 

52W 450 

53E 450 

54W 450 

55E 450 

56W 450 

57E 450 

saw 450 

59E 450 

60W 450 

61E 450 

62W 450 

63E 450 

64W 450 

65E 450 

66W 450 

67E 450 

ATHABASCA FLIGHT LOG - FLIGHT 1 - 27/3/80 

FID FID 

START STOP TAPE 

1 132 BRL323 

133 363 BRL323 

354 384 BRL323 

385 591 BRL323 

592 762 BRL323 

763 953 BRL323 

954 1132 BRL323 

1133 1318 BRL323 

1319 1472 BRL333 

1473 1671 BRL333 

1672 1812 BRL333 

1813 1997 BRL333 

1998 2170 BRL33 3 

2174 2355 BRL333 

2356 BRL333 

2758 BRL333 

2759 BRL338 

BRL338 

3080 BRL338 

3611 BRL338 

COMMENTS 

Hi s & L - Mag adj 

Hi s & L - swoop 

Test replay 

SL 404 

Tur am 460 

SL 605 

Tur am 711-730 

· sL 780 

Tur am 812-83 0 

SL 920 

Tur am 1080 peak 

1093-1098 

Tur am 1180 

Tur am 1425-14 

SL 1490 

Tur am 1520-1540 

T-1770 1780 

SL 1825 

T - 1860-1870 

T - 2130-2150 

T - 2230-2240 

T - 2480-2510 

T - 2625-2650 

Sys tern de bug 

CONFFl ZN"!"l t .L !MFORM/:\T!ON 

Trns CCC:.H•' '::I'.T t.::)~!: .\:~1$ t:,,:ro:l M-1TIC~I 

PR C? 1£1' .\ .. 'f ~o c~. ~\ ~:~:J E R R~ S;'. \:! CH 

L t:i!:EJ n: o ~.i-'L :.~~ .... -=- s:: r.::-ir:JJ'lC EO 

Ai~Y rv~rc.:. . : .:. r ,_ 1 ; 1 ' t : . .:· T r :,~ 

WH!c :: 1-:- :.3 ;:' "('?;~1.;; : ::: o '::i- .: ,;:.., T 'h ~ 

p ;-, ! o :'I '\' f: t TT '.:: ' , ? ~ ;:. . ! ~ ~I 0 N 0 f'. 
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APPENDIX B 

Flight Log 

The following table gi ves an account of the in-flight 

comm e n tar y. This infor mation is appended to the report to 

assure that a copy of t he first hand notes is always available 

sho uld someone wish to re-examine the raw data at some later 

time. 

CONFiD C: NTrAL INFORMATION 

T HIS oacuw.:t;T CONTAINS INFORMATIDJ( 

PRO P l> lCTl.!lY TO 8ARlllll G ER RESEARC H 

L1 :~:1rc:o 1-.r;o SHAL!.. NOT BE REPRODUC ED 

OP. TRANZFER~C.O TOOTH~:? DOCt.:MENTS, 

O R DISCOSED TO OTHE~S. OR U~ ED FOR 

ANY PU RPOSE OTHEn TH AN TH AT FOR 

WHICH IT 15 FU~ :.;1:;H=:D ~'.TiHOUT TH E 

PR I 0 R WRITTEN PE ll MISS I 0 ll 0 f 

BAR RI NGER R~SEARCH LIMITE<l. 



LINE 

S2W 

S3E 

S4W 

SSE 

S6W 

S7E 

saw 

S9E 

60W 

61E 

62W 

63E 

64W 

6SE 

66W 

67E 

HEIGHT 

4SO 

450 

450 

4SO 

4SO 

450 

450 

450 

450 

450 

450 

450 

450 

450 

450 

450 

ATHABASCA FLIGHT LOG - FLIGHT 1 - 27/3/80 

F ID FID 

START 

1 

133 

354 

385 

S92 

763 

954 

1133 

1319 

1473 

1672 

1813 

1998 

2174 

23S6 

2759 

3080 

STOP 

132 

363 

384 

591 

762 

953 

1132 

1318 

1472 

1671 

1812 

1997 

2170 

2355 

2758 

3611 

TAPE COMMENTS 

BRL323 Hi S & L - Mag adj 

BRL323 Hi S & L - swoop 

BRL323 Test replay 

BRL323 SL 404 

Tur am 460 

BRL323 SL 605 

Tur am 711- 7 3 0 

BRL323 SL 780 

Turam 812-830 

BRL323 SL 920 

Tur am 1080 peak 

1093- 1098 

BRL323 Tur am 1180 

BRL333 

BRL333 

BRL333 

BRL333 

BRL333 

BRL333 

Turam 1425-14 

SL 1490 

Tur am 152 0-154 0 

T-1770 1780 

SL 1825 

T - 1860-1870 

T - 2130-2150 

T - 2230-2240 

BRL333 T - 2480-2510 

BRL333 T - 2625-2650 

BRL338 

BRL338 

BRL338 

BRL338 System debug 

CONFIDENTIAL INFORMATION 

T HIS DC CUM[NT C OSTAISS INFORM ATI ON 

PROPRIETARY TO C.\llRING ER RE S EAR CH 

Ll :,JIT ED ANO SH•LLNOT SE R::PRODUC ED 

OR TR/,NSFERRED TO OTH(R DO'::JKEHTS; 

o a DISCLOSED 70 OTHi:SS . OP. USED FO R 

ANY PURPO~E OTHER TM N TH AT FOR 

WHIC K IT IS ru;11; 1 s:~c o 1'/17 ll 0~T THE 

P RIOR WRITTE PER:~ISS ION Of. 

S"'nr. 1·.JGER R :-S T: "l.CH LIMITED. 
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FID FID 

LINE HEIGHT START STOP TAPE COMMENTS 

62W 450 3611 3801 BRL339 

63E 450 3802 3959 BRL329 

64W 450 3960 4134 BRL329 Minor A/D (gold?) 

65 E 450 4135 4278 BRL329 

66W 450 4279 4449 BRL329 

System drop - change to new tape - System Restart 

LLB - 1-37 

67E 450 38 203 BRL342 

68W 450 204 376 BRL342 

69E 450 377 536 BRL342 

70W 450 53 7 722 BRL342 

71E 450 723 879 BRL342 

72W 450 880 1069 BRL342 . 

73E 450 1070 BRL342 Nav. refly 

73W 450 1393 BRL342 

74E 450 1394 1543 BRL342 

76W 450 1544 1720 BRL309 

76E 450 1721 1871 BRL309 

77W 450 1872 2041 BRL309 

78E 450 2042 2190 BRL309 

79W 450 2191 2367 BRL309 

BOE 450 2368 2508 BRL309 

81W 450 2509 2671 BRL309 

82E 450 2672 2819 BRL309 

83W 4;>0 2820 2985 BRL309 

CLIMB 2986 3185 BRL309 
CONFIDENTIAL INFORMATION 

T HIS DOCUMENT CO NTAINS INFO~l>!ATIOK 

PR OPRI ETARY TO IJAr.Rl:'iGER RESEARC H' 

LI MITED AN O SHnLNOT BE P.!:PROOUCED 

OR TRAHSFER r.E!:> TO OTHC!l co:~ :.:i:NT:i.' 

OR DISCLOSED TC Cl HERS, Oil USEu fO R 

ANY PU ~POSE OTH:R TH AN THAT FOR 

WHICH IT IS FUil;llSH~D WITHOUT TH E 

PRIOR Wr.I TTE N PER M I SS I ON Of. 

B,,Rm:J~ER Rrs~.'\RC !I L1 ;11Tc: o . 



LINE HEIGHT 

Test Line 

West 450 

Test Line 

West 450 

Test Line 

East 600 

64W 450 

65E 450 

66W 450 

67E 450 

68W 450 

69E 450 

70W 450 

71E 450 

ATHABASCA FLIGHT 2 LOG - 28/3/80 

SOL EOL TAPE 

1 108 BRL310 

109 421 BRL310 

422 549 BRL310 

550 1335 BRL310 

1366 2065 BRL346 

2079 2226 BRL346 

2227 2376 BRL346 

2388 2562 BRL346 

2563 2640 BRL346 

2650 2748 BRL346 

2750 2807 BRL346 

2808 2952 BRL346 

2953 3003 BRL346 

COMMENTS 

Hi background 4000' 

Hi test and decent 

SL 481 Scrub 

SL 569 Coil banging 

in turb 

Coil hit turbulence 

Coil hit turbulence 

Coil hit turbulence 

Scrub 2817 restart 2877 

Scrub 2817 restart 2877 

CO NFIDENTIAL INFORMATION 

T n lS OCCUMENT CONTJ\ISS INFO!iM ATIOM 

PROPl:IETAP.Y TO 8-'lilRl :l GER P.ESEARC I( 

l1 :~ iHO A:-10 SH;LL NOT BE R!: PRO:>UCED 

OR TRAtlSFERRE!) 10 OTHEn C:JCUM!:NT S,: 

O R DISCLDS:!O TO CTtlERS, OR US Eil FO R 

ANY ?U;;?O~E OTHi:R T HA:i T!:AT FOR 

WH ICH IT IS FUP.NIS!lEO WITH OUT TH E 

PRIOR WRITTEN PERMISSI ON OP. 

B ARR INGE R R c S EARCH LH41 TED. 



TESTING 

ATHABASCA FLIGHT 2B LOG - 28/3/80 

LINE H.EIGHT SOL EOL 

Speed Tests 

4000' 18 87 

4000' 107 157 

4000' 187 247 

4000' 257 317 

4000' 337 377 

4000' 387 437 

4000' 587 607 

4000' 667 697 

Altimeter Calibration 

1500' 698 737 

1000' 777 807 

750' 837 867 

500' 877 917 

450' 927 1027 

TAPE 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

BRL320 

COMMENTS 

100 knots 

110 knots 

120 knots 

130 knots 

Circle ccw 
Circle cw 
Pitch 

clock 

Pitch 

s & L 

s & L 

s & L 

s & L 

s & L 

- Tx off - Sample 

off 

- Tx off 

CON FIDENTIAL INFORM ATION 

Tws DOCUMEr-;T CONTAINS I NFORMATIO N 

PR OPRIETARY TO !? r.::R!;";GER RESCAilCH 

ll ~iiTED Ai\:> ~H! LL f~ OT BE R::F ROOU CEO 

O R TRAtJ~fC::RRE:'.l 10 07HEn DOCUl-1!: NTS, 

O!l DI SCLOSED TO Cl liEilS, 0 !1 U>ED FO R 

ANY PURPOSE OT:i<:R TH~N T; : u FOR 

WHICH IT IS FU RNISHED WITHOUT THE 

PRIOR WRITTEN P~Rl<llSSION Of 

81\ RRlNGrn R ES ~.' RCH LI MITED. 
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