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ABSTRACT

The effect of receiver coil alignment errors 3 on the response of electromagnetic measurements in a layered earth model is studied.
The statistics of generalized least square inverse was employed to analyzed the errors on three different geophysical applications.
The following resuits were obtained: (i) The FEM eliipiticity is insensitive to orientation error;(ii) The TEM has an error less than 1%
for times greater than 0.5 msecs after tum off time. (iii) The standard errors of TEM anda_F EM for the important parameters of buried
conductor models yield approximately the séame eirors for TEM and FEM data sets; for models with a conductive overburden , the
FEM ellipticity gave substantially better parameter errors in comparison with TEM data; and all the data needed less time than the
FEM in their high frequency content while among TEM data sets with low frequency content, the averaging times for the FEM
ellipticity were shorter than the TEM quality. ~

KEYWORDS: Eflipticity, Frequency domain, Frequency Electromagnetic method, Model Parameter, Orientation. Error, Time
domain, Transient Electromagnetic method

INTRODUCTION

The relative merits of time-domain (TEM) and fraquency-domain (FEM) electromagnetic field measurements are topics of debate in
the geophysical literature. Several new configuration of transmitter-receiver combinations, for use in ground transient
electromagnetic surveys, are being investigated in different parts of the world. Prominent among these configurations are (a) one-
loop' arrangement, (b) displaced loop arrangement, (c) in-loop arrangement, (d) dual loop arrangement (Spies, 1975) , and (e) two-
loop arrangement.  Pioneering work in this subject is at present being carried out in Australia, at Common wealth Scientific and
individual Research Organization (CSIRO), Mcquarie University and Bureau of Mineral Resources (B.M.R). A matching effort in
this subject is the responses observed with receiver coil misorientation in a layered earth. This paper analyzes TEM and FEM
soundings calculated numericalily over layered earth structures in the presence of:

1. Receiver coil misorientation, and

2. Natural geomagnetic field noise.

MeCracken et al.(1980), has considered the problem of coil alignment error on the horizontal(Hy) and vertical (H;) magnetic fields in
both time and frequency domain . A Kaufman(1978a&b) has compared TEM and FEM measurements for closed conductors
- embedded in resistive host rock using an asymptotic expansions of the fields at early, at late.times and low and high frequencies.
TEM and FEM measurements are compared in terms of curve separation over layered models by Verma and Mallick(1979).

in this paper, we consider the effects of coil alignment on measured quantities such as  [H:(f)|l, and ||Hf)ll, as well as on

calculated quantities such as fotal field ellipticity. Our analysis of model parameter resolution uses the statistics of the generalized
least squares inverse which is in wide use in layered earth inversion schemes. (Vozoff, 1981). The natural geomagnetic noise
spectrum as measured by Labson(1980) is used to provide the TEM and FEM errors. :

Three layered models which are representative of geological situations of interest are considered. The first, modet A, has an
overburden of 6=0.01 S/m, 250 meter thick .overlying a 6,=0.3 S/m basement. Model B with 61-03=1.0 S/m, ¢2=0.02 S/m and
hi=hz=50m was chosen to examine the relative resolving power of TEM and FEM data when conduction overburden masks a
conductive basement. The third model, C, has ©1-63=0.02 S/m 02=1.0 S/m, hi=h,=50m was chosen t6é compare TEM and FEM
resolution of a thin conductor in resistive host rock.

Receiver Coil Alignment Errors

Figure 1 shows the transmitter-receiver geometry, TEM waveform, and defines the receiver coil misalignment angle 6. In most EM
field procedures sensor coils can be alighed to within 0.1 degree of vertical or horizontal. However, the necessity of laying a
transmitter loop on uneven ground results in an uncertainty in the direction of the transmitter moment. Thus, one degree of
misalignment between transmitter moment and the vertical receiver coil is more reasonable.

The percentage error in the possible measured and calculated TEM and FEM field quantities for model A, 61=0.01; hy =250m,
63=0.3 and TR, separation of 250m is shown in Figure 2. The frequency band is 1-20,000 hertz and the time-domain interval is
0.5-200m sec. In practice, transient signals: later than 50-100m sec after turn-off require more averaging time than is practical in
production survelys. However, for this theoretical study later times are used so that the low frequency content of the transiént
approaches the fundamental frequency of the FEM wave form of equivalent transmitter period.

Figure 2 shows that 1 degree of misalignment produces major errors at some point in either the frequency or time band of all field
quantities except one: the total field ellipticity. The maximum eror in ellipticity between 1 and 20,000 hertz is 0.002% at 500 hertz.
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Figure 2 Percent error in field Guantities due to 1 degree misorientation of receiver coil.

This accuracy for ellipticity assumes that the H; and Hg coils are orthogonal, as could be obtained in a permanently mounted pair of

coils.

The error induced in the transient H; and Hg responses should be noted since it is often incorrectly assumed that measuring in the
“off-time” causes coil orientation errors to become negligible. (lL.ee 1982; Lee and Lewis 1974, Buselii 1974 )As Figure 2 shows, the
error in Hr(t) approaches 10% at late times and is never beiter than 2% in the interval(0.5-200m sec). However, at times less than-

1msec the error exceeds 1%.

Among the FEM field quantities ellipticity is clearly the least sensitive to orientation prbvided the two measuring coils are
orthogonal. For TEM measurements H,(t) is the least sensitive to orientation . It seems natural that a measurement of Hital(t) by
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two orthogonal coils in the time-domain would result in misalignment errors comparabﬁe to efiipticity measurements in the
frequency-domain. For a plot of total H as a function of time see Hoversten and Morrison (1981).

Statistics of the Generalized Least Sguare Inverse ‘

The theory of the generalized least squared inverse as applied to EM and DC resasiweﬁy soundings is well described by Glenn
(1973) and inman (1975), respectively. For this study we will consider the model parameter standard errors, S 1=1, M where M is
the number of parameters, the parameter corelation cosfficients Gy i=1, Mj=1, M, and the information density matrix. The
parameter standard errors and. correlation coefficients are used to evaluate the model resolution of different TEM and FEM data
sets. The information density matrix, D, is used to check the information distribution of the data sets to insure the quantities S; and
C;; i=1, M are not biased by improper data sampling.

The parameter standard errors, S;, are related to the observed data and iterated model through the system matrix, A, where:

A=0AC;
R 6P,-
where
Ci=ith calculated data
P;= jth model parameter j=1.N @

2
ul AG,
Onice the iterative least squares algorithm reaches the minimum value of AGmin= 2 ——
i=1 g,

1

where Gi={O-C}I=1,N

.and o= the measured error of the ith data the model parameter of the standard errors are calculated from

Where

v:.;z(AT )

Z (AG’ )’ "A(“’

i=1

For a description of the parameter correlation coefficients, see Ukaigwe (1998; Chapter 7).

Therefore, by considering the standard deviations in conjunction with parameter correlations a more reslistic parameter standard
deviation can be arrived at which is always less than or equal to the standard deviation computed from equation {2).

The information density matrix, D, is defined at the minimum sum of squares AGnn as 3 = A H where His the
. (NxM)  (NxM) (MxN)

generalized inverse of A. The reader is referred io Glenn and Ward (1976) and Ward et a/. (1976) for a detailing description of D
and its uses.

T
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Bﬂéﬁyg the inforrnation density matrix has the dimensions of the data, (NxN). The diagonal elements of D have peaks
in the range (0,1) at locations, which commespond to data that contribute the most in determining the model through the
least squares inverse. Large off diagonal elements indicate an inter-relationship between data. Table 1 presents the

data numbers and their corresponding times and frequencies.

The model parameter standard errors and correlation coefficients are used to compare the resolution of various field
quammes under the following assumptions:

' 1. There are equal rumber of TEM and FEM data; and

2. Al data have besn averaged fo reach a 1 percent error.

in order to evaluate the effect of data sampling on parameter standards errors, an arbitrary sampling scheme was
~ chosen for both FEM and TEM sampling. The arbitrary FEM sampling, equispaced points in logs, space, is given by:

Ag= mm_ﬁfﬁg (N migg-@g[!:rggg 1] 4
N-1
Freq(l) = wllogo Freq(1) + (1-1) As) ; I=LN
The arbitrary TEM sampling is given by
Avdogsal Time(N)] ~togof Time(1)] 5
N-1
Time(l)= wo(logse Time(l) + (1-1) Ay) 1=t,N
TABLE 4: Data numbers and thelr cormesponding times and frequencies
Fréquency Time Frequency Time Set
Equation 2 Equation 3 Set #2 . #2
1-2000 Hz | 25-20,000 Hz | 0.05-9 sec | 0.05- 1-2000 Hz 28-20,000 Hz | 25-20,000 0.05-9m
200m Hz sec ‘
seg
1. 1.0 25.0 0.050.05 0.5 1.0 25.0 0.05 0.5
2. 148 35.0 0.390.39 8.3 2.0 315 0.1 1.0
3. 2.2 60.5 0.750.75 16.1 35 50.0 0.15 1.5
4: 3.32 71.8 1.1 24.7 4.0 80.0 0.2 2.0
5. 4.95 102.12 1.49 33.1 6.3 100.0 0.25 25
6. 7.4 1451 1.88 42.2 8.0 125.0 0.3 3.0
7. 10.0 206.4 2.29 51.4 10.0 200.0 0.4 5.0
8. 16.45 . 293.4 2.71 60.8 16.0 3150 0.5 7.0
9. | 2454 417.2 3.14 70.57 20.0 400.0 0.7 10.0
10. | 366 £93.0 3.60 80.6 315 560.0 10 15.0
11. | 546 843.1 4.05 80.9 40.0 800.0 i.5 20.0
12. | 815 1198.6 4.53 101.6 80.0 1000.0 2.0 250
13. | 121.58 1704.0 5.02 112.6 100.0 1250.0 25 30.0
14. | 181.38 24225 5.54 124.0 125.0 2500.0 3.0 35.0
15. | 270.6 3444.0 6.07 135.7 200.0 4000.0 4.0 40.0
16. | 403.7 4896.1 6.62 147.8 400.0 5000.0 5.0 50.0
17. ] 602.3 6960.6 7.18 160.2 500.0 6300.0 6.0 75.0
18. | 888.6 9895.6 7.7 163.1 800.0 10000.0 7.0 100.0
19. | 13405 14068.1 8.37 176.4 1000.0 12500.0 8.0 150.0
20. | 2000.0 20000.0 9.0 200.0 2000.0 20000.0 9.0 200.0
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The samplings prwidéd by equations (4) and (5) were analyzed using the information density matrix, D, evaluated for the three
models used in this paper.

Figure 4 shows D, the parameler comelation cosfficients Gy, and the parameter standard errors of Hg(t) for times in the range 0.5-
200msec over model A with equation (5) used to calculate the time samples. In figure 4 there is a high concentration of contours
at early times and a lack of relief at the mid times. This indicates that the early times picked by using equation (5) contain more
useful information than the wid-times. Thus, a betier sampling would concentrate data in the time intervat with high relief in D,
Figure 4 (early times), and sample less densely in the mid-times where D showed little relief. A new time sampling, denoted “time
set 2," was chosen as described above which resuited in the information density matrix shown in Figure 5. The information is now
more evenly distributed over the data set, indicating that eliipticity (1-2000 hertz) and shows an even distribution of information over
the data set, indicaling that equation {4) provides a good sampling interval for FEM measurements. In the later analysis where
parameters are taken from the EM-G0, Morrison et af (1878), the frequencies were picked to coincide with actual filter settings
which were chosen as close 10 values from equation (4) as possible. The second frequency sampling, denoted “frequency set 2°
was aiso checked using D and showed little change from the sampling provided by equation (4).

Table 2 presents S; for FEM and TEM guantities. For model A the S; for ellipticity H-(t) and Hg(t) for both sampling sets are shown
for comparison. Both FEM sets provide approximately equal Si while TEM set 2 yields improved hy standard errors.

The model A results of Table 2 show that among the FEM guantities, amplitude of Hr and ellipticity provide the best overall mode!
resclistion. Congidering the suscepfibility of | He| to sensor orientation, elllipticity is the only FEM quantity with low sensor
orientation sensitivity and good parameter resclution. The TEM quantities H; (t) and Hr (t) have approximately equal parameter
ermvors but the sensitivity to coil alignment of Hr (T) ieaves H; (t) as the most desirable TEM quantity.

A comparison of the comelation coefiicient given in Figure 5 and 6 shows that ellipticity generally produces lower correiation
betwsen parameters than does Hr (t). This is also true of a comparison between ellipticity and H; (t) for model A.

FIMAL MODEL PARAMETERS
PARAMETER NO. 1 = 1.000E+02 STANDARD ERROR =2.111E +00
PARAMETER NO. 2 =2 500E+02 STANDARD ERROR = 1.571E +00
PARAMETER NO. 3 = 3.333E+00 STANDARD ERROR = 1.493C +00
FARAMETER CORRELATION MATRIX

RES] THK1 " RES2
RESH 1.00 67 54
THK | w1 i00 -91
RES2 54 -9 1.00

INFORMATION DENSITY MATRIX

DAYA POINTS

& 8 10 12 14 16 18 20
{]’l[ir’f""_f—"‘T‘(r1rll

DATA POINTS

&
4 0'000//“

= -

Fé@um 4 information density matri;e, parameter stand_ard ernocrs apd oorrelatio:d and
Coefiicients for H, for model A, time interval 0.5-200 msec with sample times calculated.
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FINAL REPORT MODEL

PARAMETER NO. 1 = 1.000E+02 STANDARD ERROR = 1.850E +00
PARAMETER NO. 2 = 2.5060E+02 STANDARD ERROR =T7.470E -01
PARAMETER NO. 3 = 3.333E+00 STANDARD ERROR =1.251E-02

PARAMETER CORRELATION MATRIX

RESI THK1 RES2
RES1 1.60 -.55 35
THK .63 1.00 =76

RES2 .35 =76 1.60

Figure &:  information density malrix, parameter standard errors, and correiation coefficients for H, for model A,
O0msec.(lime set 2).
: FINAL MODEL PARAMETER

PARAMETER NO. 1 = 1.00OE+02 STANDARD ERROR =3.770E +00
PARAMETER NO. 2 = 2.500E+02 STANDARD ERROR = 1..5686E -01
PARAMETER NO. 3 = 3.333E+00 STANDARD ERROR = 5..9986E- 02

PARAMETER CORRELATION MATRIX

RES1 THK1 RES2
RES1 - 1.00 ~.38 28
THK ~45 .00 ~.88
RES2 28 -98 1.00
DATA POINTS
2 4 & 8 1o 2 14 g & 20

DATA POINTS

o

Figure 6 Information density matiilx, parameter standard ervors, and correlation
coefficients for ellipticity in frequency band 1-2000 hertz with sample frequencies
calculated by Equation. 4.

The model standard errors for model B show ifiat both the FEM and T‘EM‘rneasdféﬁi‘enlé (esbhief‘thggiubpger‘.%nd lower conductivities
equally well. However, the ellipticity produced substantially lower S{® for hy,a2, and hy, than did either Hg(t) or Hx(t). The increased
uncertainty of parameters exhibited by the TEM data compared to FEM data also manifests itself in the correlation coefficients
given in Table 3. In general, the TEM correlation coefficients are much larger than their FEM counterparis. In particular, note the
high corelation between o2 and hy for all TEM data sets compared to the FEM coirelations between o, and hy,
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/,

Tables 2 and 3 indicate superior parameter iesolutlon for ellipticity cm'npar@d to Ha () or My (¢ and, smong TEW data Hr{l) is
superior to H(t) in producing small S and C;® for model B.

An initial concern when making this comparison is that the TEM sampling provided by time set 2 somehow biases the parameler
resolution. In order to check this an alternative TEM data set was chosen using D calculated for model B using set 2. Figure 7
shows D for model B with the peaks labeled according to the parameters most affected by the data with the comesponding

number.

Using D from Figure 7, a set data from 0.540 msec was chosen so that sampiing concentrated around times which corresponded
to peaks in D. This altemate set did not improve the parameter standard errors or correlation coefficients listed in Table 2. From
this we conclude that the TEM S{® listed in Table 2 for model B are not unfavorably affected by the TEM data sampiing and are an

accurate representation of the parameter resolution provided by TEM data for mode! B.

in the case of a thin conductor embedded in a resistive host, model C, the standard arrors of the most important parameters, by o

& h are essentially equal for FEM and TEM measurements.

The ellipticity gives-a large S;, on o3, and both H; (t) and Hr (t) yield Iarge erors on o1, The parameter correlations for mode! C are

given in Table 4 and as was the case for model B, the TEM c. 3 are in general larger than FEM counterparts. The TEM
" correlations between o2 and h, are again much larger than those for the FEM data.

From the results presented in Tables 2, 3, and 4, it is apparent that FEM ellipticity provides parameter resolution which is as good
as (model A) or better than (models B and C) that provided by either TEM data set.

TABLE 2: Model A: Equations 2&3, Time & Freguency Set 2

Equation 2(1-2000 hz) Frequency Sat 2 {1-2000 hz)
_p hy P2 O LR -
{H.| 57 13.7 0.9
" 45 485 38
| He| 0.6 16 0.06
" 438 79 03
Eilipt. 07 18 0.07 .06 1.6 0.06
Tilt 1.8 220 1.9
, Equation 3(0.5-200msec) Time Set 2
H(t) 2.3 1.9 0.02 2.2 1.0 G6.02
Hr(t) 21 1.6 0.01 1.8 0.7 0.01

Model B: Time & Frequency Set 2

{1-2000 Hz, 0.5-200 m sec) {1-20,000 Hz, 0.5-200 m gm?
p1 h P2 h, P3 P []] Pz bz pa
Ellip. .007 1.2 1148 | 3.7 .08 .005 1.7 87.8 11.0 0.3
| Hx(Y) 0.03 3.6 7341 | 13.7 .01 .0 10.3 1176.0 | 30.9 .08
Hrit) | .002 5.3 615.0 | 11.7 .009 .009 3.7 521 12.7 .08

Model C: Time & Frequency Set 2

Ellip |09 03 001 115 40.0 05 |02 .0 2.2 108.4
H:(t) 29.9 1.2 0.02 1.5 14 1.5 04 .01 18 80.0 -
Hgr(t) [ 68.3 33 .04 25 13 6.7 0.9 .05 4.7 106.0
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TABLE 3 #odel B: Comelation Cosflicients
; FEM
{1-2000 bz} : {25-20,000 Hz=}

o9 by P2 bz pa Py by P2 fig 3
P 1.0 -.35 e 50 -03 - 1.0 =10 -.63 .16 =01
(% 1.0 78 23 -58 1.0 .36 .83 -78

2 10 [-33 [-15 10 [-18  [-11
hz 1.0 -, 83 1.0 -.95
- 1.0 1.0

{0.5-200 s see Ha) TEM ~ {0.05-9m sec Hz)

P by P2 hz s 1 m P2 hy P
o2y 1.0 -81 .94 94 =50 1.0 1-93 -.98 98 -16
hy 1.0 06 94 -.32 1.0 .98 94 =07
P2 1.0 -10 - 45 1.0 -.99 -.09
{7 1.0 =53 1.0 -, 26
Pa 1.0 1.0

{0.5-200 mi sec Hg) TEM {0.05-9m sec Hg)

£ hy o7 hg i) o by P2 hy P3
P 1.0 0.09 -2 A7 -.26 1.0 -46 -.60 .50 -31
hy 1.0 94 -92 08 1.0 91 T4 -,26
P2 10 | -99 .15 1.0 -.94 -.60
hz 1.0 -23 1.0 -.83
ps 1.0 1.0

TABLE 4
Model C: Corelation Coefiicients
{1-2000 Hz) FEM {25-20,000 Hz)

P L] P2 hy g 2 h pz ha o3
o1 1.0 =34 .39 22 -07 1.0 865 31 22 .26
hy 1.0 - 44 -.41 -,31 1.0 -.08 10 =27
P2 1.0 71| 21 10 [-35 [-1a
ha 1.0 -.81 1.0 -93
o2 1.0 1.0

{0.5-200 w sec Hy) TER {0.05-9 m sec Hg)

£ fq P2 b P2 P by P2 bz P3
o4 1.0 -.898 -89 -, 94 42 1.0 -.01 44 15 - 29
hy 1.0 .86 -.98 -.48 1.0 11 -,04 -87
P2 10 .99 |56 10 [-16 | -53
he 1.0 80 1.0 .92
ps 1.0 1.0

(6.5-200 m sec Hg) TEM (0.05-8 m sec Hg)

P e P2 hs s P b P2 hy P
p1 1.0 -.96 71 87 =16 1.0 -39 .26 41 A6
tig 1.0 -.86 -, 96 =02 10 |-90 -67 .32
p2 1.0 - 97 A4 1.0 .86 -53
7] 1.0 28 1.0 .88
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FINAL MODEL PARAMETERS

PARAMETER NO.1 =1.000E+00
PARAMETER NO.1 =5.000E+01
PARAMETER NO.1 =5.0008+01
PARAMETER NO.1 =5.000E+01
PARAMETER NO.1 =5.000E4+00

STANDARD ERROR= 2.693E- (2
STANDARD ERROR= 3.693E+00
STANDARD ERROR= 7.341E+02
STANDARD ERROR= 1.375E+01
STANDARD ERROR= 1.397E- 02

PARAMETER CORRELATION MATRIX

REST THKI RES2

RESI 10D 81 .94
THKI =21 1.00 96
RESz  -94 56 1.00
THKZ %4 -54 -1.00
RES3  -50 32 45
INFORMATION

THKZ RES3
94 .50
-94 .32
-1.00 435
100 -33
~.53 1.00

DENSITY MATRIX
DATA POINTS

DATA POINTS

Figure 7 Information density matriz, parameter standard errors, and
correlation coefiicients for H, in time interval 6.5-200msec.(time set 2).

The comparison of FEWM and TEM data now centers on the foliowing question: given 2 measured nalural field noise spectrum, and

fts equivalent time seriss variance, to derive emors on calculated FEM and TEM data respectively, what is the averaging tim@
. mded to reach a given percent ervor o all data in the two domains?

SMﬁcﬁcal Basis for Uas of Natural Fisld Spectrum as Nolse
From Bendat and Piersoi(1971) the varnancs of time serdes is

wiiere

e &

£ (P

i g ,
2&: i comian 2
b & ;grz fo {#)di

1
2 1%
,—-;nn_c ﬁ x(t)dt

We will assume that for the geomagnetic noise =0, From Bendat and Piersol (1971):

,whé;e Gx(f) is the power spectrum of x(t) and B, is the bandwidih of the measuring devics. Figure 8
présents the amplitude spectrum of the Horizontal magnetic field ( }G( §a) o

i

v.'(f3B,) _

B

e

=G, (/)

)per square root of frequency from 1 to 25,000
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hertz taken from Labson (1980). Since ( ;(]( f )as per square oot of frequency plekmg( )G( f ) from figure 8
yields the standard dewatcon dlrecﬂy, where the standard deviation o x(f) is given by:

o=V ()= )G(j) .. . 8

H
in field operation the signal is passed through a uneable filter nolched at the operating frequency. The bandwidth of the notched
filter would then become B, in equation (‘7’) $0 that when the effects of a fiker are considered:

o= )G(N) ) B.(f) . . 9

s

For the time domain error we make use of equation (6.83, p. 188. Bendat and Piersol { 971) the mean
square vaiue of x(t) between any two frequencies fiand f is:

ESVURAT f G, (fdi - . 10

Equation (10) was used 1o calculate o, (f,f)=9%(f f2) where ;=1 and f2 = 25,000 hertz. Using equaﬁon (10) as the eror on the
transient signals assumes that transients are low passed at f-=2.5 x10°hertz and high passed at fs= 1 hertz. ,

- NATURAL FIELD FROM GROSS POWER

1072 : | \ l
0> IMM _
QO * !
T } ] :
_..4 :
N (0] 8 S m d
S | | 3
£ J .
E N
=5 s ;
G 10 o —
B | }
0 | Xeo} loa 03 104 10°
Hertz

Figure 8 Natural field noise spectrum from Labson (1980)

In the analysis to follow, all parameters such as filter bandwidths, transmitter moment as a function of frequency, and time domain
sampling interval are taken from the LBL EM-60 system, Morrison ef af (1978).

To calculate the FEM error bars we assumed that ” G(fvertical ” ” G{norizontal “ and that vertical components were uncorelated.

This might be considered as a worst case since“ Gy || -1 ” G(f)n ” A normaily distributed random number geperaton with zemo

mean and variance equal to ()G(f)x)l,{, (/) was vsed to add to the calculated real and imaginary H. and T components,

these were then combined to form the calculated FEM quantities. This operation was performed until the calculated variances of
each quantity asymptoted to a constant value. The asymptotic value was then taken as the vanance on each calvvlated field
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quantity such as ellipticity. The number of periods of the transmitter needed to average the variances to 1% of the known field -
quantity was calculated. For the TEM data is straightforward, but the number of periods needed for the TEM data depends on both
averaging window width and sampling interval within each window.

The number of samples per window was determined by the equation (11)

NSi= 20wt 1.. 14
where:

N = number of data(20)

4 = sampling interval (40 u sec)

T; = time of transmitter turnoff

T1 = center time of (i-1)™ window i=2, N + 1

NS = nurnber of samples for nth window

m= (Ti-Ti4)/ A

2 = (Tier-T) A

Aimies = Minimum (04, nz)

if NS is the number of samples per ith window and NW, is the number of ith windows averaged and % is the square root of
equation (10), then the error of the average from the ith window is given as T -

%1 14/ NS, and the emor after NW; window have been averaged is X1 total =,/ NW, -

For a given I and a chosen I3 total, (1% in this case)

s Y (S Y

th;tal "\ total | NS,

So the number of windows needed is inversely proportional to the number of samples per window. The time necessary to reach 7
total = 1% of the ith averaged field value using two transmitter per period is T=(wave form period xNW)/2. The times quoted for the

. TEM data are for 1% or beiter on ali windows since by the time the noisiest window reaches 1% error all other errors are less than
1%. «

Averaging Times for TEM and FEM Data ,

The times, in seconds, needed to average all data to 1 percent or better for the three models considerad are given in Table 5. The
transmitter receiver separation is 250m and the transmitter moment(NIA) is 10°. For the FEM data the transmitter current
(moment), is frequency dependent due to the induction and capacitance of the transmilter loop. The LBL EM-80 transmitter current
decreases approximately linearly with frequency above 1 heitz. For this study the transmitter current is assumed to decrease from
100 amps at 1 hertz fo 1 amp to 1000 -hertz. The cument is assumed to be 1 amp at frequencies abov,eﬂo” since most high
frequency systems tune the transmitter for maxirum curvent at a given frequency. '

Time for S/N>100 on all Data
NIA=10", R=250m

TEM Data
Figure 9 presents Hu(t) or the (0.05-0)m sec time interval, the squars root of the TEM variance equals 7.8x10° gammas and is
shown as a dashed line on the figure. For the TEM data sets the time required to average the noise on all windows 1o less than or
equal to a given percentage of the signal is controlled by two factors: y

1. the signal to noise ratio, S/N of the noisiest averaging window; and

2. the numiber of samples taken sample window.

The number of sample window as determined by equation (11) are lisied in Table 6. it will be useful to define the net signal to
noise ratio of the ith window as

(SN nai=(S'x | NS, . . - 12
For Hr(t)0.5-9m sec model C requires the least averaging time and model! B requires the most.
The short time required for the model C is apparent in figure 9 since the worst (S/N) net cccurs for the 207 window where
» 20
{S/N}) ngt =10.3x7=72.1

Recalling that two transients are stacked per wave form period, only a single 40 msec period is needed for modet C.

The difference in averaging times for modeis A and B is illustrative of the effect of the number of samples

In the noisiest window. Upon first inspection of Figure 9 one might expect the averaging time for model B io be less than that of
model A. The noisiest window for model B is #7 with S/N = 0.59 . However, the zero crossing between 0.3 and 0.4msec in H(t)
for model B causes the lowest S/N window to be one of the early time windows with only a few samples. For model A the lowest
S/N oceurs in the last window where 49 samples are taken. The resulting net signal to noise ratios are:

7
(S/N) met = 1.65x J5 =364
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20
(S/N) nft = 0.59x +/49 =4.13
The net signal to noise ratios of the noisiest windows for models A and B reveal why model A réguires less time, fewer periods,
-than model B to reach 1% or baiter errors on ali windows.

The HZ({t) transient for the 0.05-8msec interval are shm»m in figure 10. The net signal to noise ratios for the noisiest windows are:

o 13
(S/N) ngt =362x+/25 = 18.1

‘ ;
(SIN) et = 3.42x J3 =502

1”7
(SN) ngt =0.706x V49 =494

These are the (S/N)' which determine the imes in Tabie 5.
The Hg(t) and Hy(f) late time transient, 0.5-200mesc, are shown to Figures 11 and 12, respectively. The averaging times for these
signals are determined by the low S/N of the latest time windows. Therefore, the order of the averaging times from small to large

is the same as the order of the amplitudes at 200msec, namely B,A,C.

Because field systems rarely record fransients later than 50 msec after tum off the averaging times for data out to 50msec is
included in Table 5. it should be remembered, however, that these data sets do not contain the iow frequency present in FEM data

for the same transmitter pericd.

TABLES
| Model A Model B | ModeiC
| He(0.05-8m sec) 11.64 10.08 0.04
Hz(0.05-0m sec) 5.68 8.18 1.78 ,
‘Hr{0. 5-200m sec) 11227.0/4568.8 | 41.5/.5 | 1.7306/206.5
| Hr(0. 5-200m sec) 257.5/31.5 3.5/.5 . 6548.0/20.5
Ellip.(1-2000 H;) 1814.9 91.11 32.81
Ellip.(25-20000 H;) | 289 11.27.12 14.63

TABLE 8: Number of Sample Windows

{0.C5-8 msec) (0.08-200 msec)
Window # | # of Samples Window # #of
Samples
1 3 1 25
2 3 2 25
3 3 3 25
4 3 4 25
5 3 5 25
8 3 6 25
7 5 7 )
8 5 8 99
9 15 9 149
10 25 10 249
11 25 11 249
12 25 12 249
13 25 13 249
14 25 14 249
15 49 15 249
16 49 16 499
17 49 17 1249
18 49 18 1249
19 49 19 2499
20 49 ]" 20 2499
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FEM Data
Figure 13 presents ellipticity from 1 to 20,000 heriz along witii the standard errors at each frequency in the two FEM data sets.

in the low frequency band, 1 to 2000 hertz, model C requires fhe least averaging time and modei A requires the most. if the FEM
band were 1.to 100 hertz model B would be faster than C, but from 100 to 2000 hertz the mode! B signal is beneath the noise level,
while the model C signal does not fall below the noise level until the frequency is above 8000 hertz.
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For the high frequency band, 25 to 20,000 heriz, the order of the time required changes to A, C, B. This reflects the response
characteristics of the models in that the model wuth the highest average resistivity has better S/N ratios at high frequencies where
lts response peaks.

The results of these two frequency bands ilustrates the desirability of picking a data set in accordance with any apriori knowledge

" of the conductivity structure. it should be noted that a major source of the FEM errors at high frequencies is due to the bandwidth of

the filters used. For the four-pole Butterworth ﬁlters used in the EM-80 systems the bandwidth is approximately one half of the
frequency at which the filter is notched. Thus, at 10* hertz equation (8) shows the FEMm error is increased by a factor of 70 due
solely to the filters. Newer filter design with faster roll-off characteristics would improve this source of noise. In addition, it should be
notéd that the FEM times quoted neglect any operational time needed in changing frequencies and associated changes in
instrument settings. Actual field time for a FEM sounding would be greater.

CONCLUSION
We have considered three areas of comparison between FEM and TEM data sets. First, in terms of sensitivity to sensor coil

orientation the FEM quantity ellipticity is the most insensitive to orientation error. The TEM H,(1) has orientation errors less than 1%
for times after tum-off greater than 0.5 msec. Secondly, in terms of model parameter standard errors TEM and FEM data sets yield

;- approximately the same errors for important parameters of buried conductor models such as A and C. However for Model B, with &

conductive overburden, the FEM ellipticity gave substantially better errors when compared to TEM data. Finally, in terms of the
ave ing times required, the TEM data with a high frequency content needed less time than the FEM high frequency data sets.

le along the TEM and FEM data sets with low frequency content (0.5 to 200 msec and 1 to 2000 hertz) the averaging times for
the FEM ellipticity are shorter than for either TEM quantity.

This comparison indicates that FEM ellipticity should be considered as an alternative to TEM data, particularly in conductive
environments and/or for situations where low frequency information is necessary.
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