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ABSTRACT

This imaging technique is used for approximale interpretation of TEM dala including ungrounded loop

sourcce and grounded line source soundings. Loop source dala can be collected as central-loop soundings or as

oul-ol-loap soundings with a short or long offsctl confliguration. The imaging method is based on the same princi-

1
plc as that cmployed by Fullagerl (1989), with apparent resistivitics computed directly from time-derivalive data,

dhb / d1, and then associated with depths according lo image theory.
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I THEORY

1.1 Central-loop

The bastc [ormula used in the image mcth-
od is the TEM rcsponsc [or a central loop confli-
guration over an homogencous hal{-spacc. Ward
and Hohmann (1987) give this responsc as
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and [=sourcc current (A); o =carth conduc-
livity (s / m); a=radius ol transmitler loop
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1.2  Apparent Resistivity

Wec would like to compulte apparent resi-
stivitics dircctly [rom the lime-derivative responsce
ab, / a1. Onc usclul approach to this problem 1s
to dcline the apparent resistivity scparatcly for
carly and lalc times according lo formulas (4)
and (5) respectively, However, neither of those
two resistivitics clearly shows by its shape the
propcrlics ol the geoclectrical scction in the in-
termediate time range. Another approach to the
problem, as dcscribed by Spics and Raiche
(1980), Raichc and Spics (1981), and Sheng
(1986), is to compule an “cxaclt” apparent resi-
stivity dircctly [rom cquation (1) insicad ol cqua-
tions (4) and (5). For computing the "exact”
resistivity, we need to solve the equation
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sz gbm
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where 95,/ 9t is based on cquation (1) and b,
/3t 1s the measured [icld at a given time. There
arc {wo possible apparent resistivily solutions at
cach timc [rom cquation (6). Onc of the solutions
approachecs the carly time resistivily at carly
times, and another once conforms with the late
lime resistivity at late times. In the general casc,
the two solutions will have a joint point al an in-
termediale time such that an “cxact” apparent
resistivity can be (ound by combining the two so-
lutions. Fig.l shows thc comparison of the
“exacl” apparent resistivities and the carly times
aud latc timcs apparcnt resistivitics. The solid
and dashed lings represent the two solutions
{from cquation (6), while the curves marked as
o « 7 and "00” arc the carly times and late
umes apparcent resistivities [rom cquations (4)
and (5) apparcnt
resistivily can be [ormed by combining the data

respeetively. The  “cxact”
before the joint point of one solution and the da-
1a alter the joint point of another solution. The
"exact” apparent resistivily is clearly better than
the results computed by the asymplotic lormulas.
Unflortunaicly, as Raichc {1983), Spics and
Eggers (1986), and Sheng (1986) have pointed
out, there still exist some problems in this “exact”
computing mcthod. In some particular cascs,
there 18 no meaninglul delinition in the interme-
diate
resislivity as shown in Fig.2 (a) and 3 (a). Alter
cxamining the problems, we found that they have
the same [eature as the static shilt. The fact that

time range for the “cxact” apparent

cquation (1) is lincar with respect to an arbitrary
multiplicative constant makes 11 possible to {ind
mcaninglul delinitions for the unmeaninglul ap-
parcnl resistivity curves in the intermediate time
range. To make the correction, the measured
licld data arc mulliplied by an arbitrary scaling
constant determined in the interpretation pro-
cessing. For example, multiplying a scaling con-

stant which is greater than onc makes the diver-
gent solutions in Fig.2 (a) shilt together to form a
joint point between the two solutions so that a
smooth transition can be defined between the
two solutions as shown in Fig.2 (b). For the data
in Fig.3 (a) the data is multiplicd by a constant
less than onc which shills the t(wo solutions apart
so that the “cxact” apparcent resistivity in the in-
termediate time is redefined as shown in Fig.3
(b). This technique is called calibration correc-
tion. The calibration corrcclion can yicld mca-
ninglul definitions for the unmeaninglul appar-
cnt resistivity in the intermediate times.
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Fig. I Comparison of the "exact” apparent resistivity

and the early and late time apparent resistivity
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1.3 Diffusion Depth

Dillusion depths are computed (rom difTu-
sion velocity. For the case of an homogencous
ground of conduclivily ¢, as described by Nekut
(1987), the mean ficld penciration depth can be
writllen as '

h=4J2/ (/LUG') (7)

the time-domain cquivalent of the usual skin-
depth formula. From cquation (7) the mean [icld

|
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penctration velocity is given by
_dh_ 1 ®)
di 2o
or V=yp/Q2tp,) 9

For given times ¢; and #,,;, assume the depth
at umec ¢; is known as A, the depth al z,,is com-
putcd by
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Fig. 2 Calibration correction

of the "exact” apparent resistivity.

(a)—Since Lthe curves diverge, no smooth transition exists be-
tween the carly-time and lale-time curves; (b)— Afller calibr-
alion correcling, Lhere is a smooth transilion between the car-

ly-time and late-lime curves
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where

V;=*/p,-/(2r.-‘“o) )

. ' (11
Vi+1 =\/pi+l /(2t1'+1#0) !

and p; and p,,, are thc apparcnt resistivilics at
time ¢; and ¢, respectively which arc computed
from cquation (6).
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Fig. 3 Ca!'ibration correction of
“exact” spparent resistivity
(a)— The “exact” apparunal resistivity is undefined in the re-
gion 0.05 to 0.18 ms; (5)— Afler calibration corrceting, the

“gxact” apparenl resistivity i1 that region is redefined
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1.4 Alternate Apparent Resistivity Estimate

Apparent resislivity also can be cstimated
from the cumulative conductance, which is de-
fincd as the integrated total conductance [rom
the surlacc to a certain depth 4. Thus, [rom the

b
an =I0,uoadh (12)

the conductivity can be estimated dircctly by
taking a derivative with respect to the depth 4,

2
1 d¢
= | (13)
T R
The apparcnt resistivity then is defined by
pi=1/0; (14)

Since h; can be obtained [rom cquation (10) and
it is known, p; , is casily cstimated from equation
(14).

Using cquations {13} and (14) to cstimale
resislivity involves taking a sccond dcrivative
with respect 1o a dependent variable /i which 1s
dependent on the apparent resistivily estimated
from cquation (6). This opcration is therclore
unstable when the data contain much noisc. It is
reccommended that the user should be carclul
when using this paramcter as the final interpreta-
ion result. If the TEM data arc not distorted by
much noise, cven though variable A is dependent
on the aparent resistivity cstimated [rom cqua-
tion (6), the aliernate apparent resislivily p; 5 18
closer 1o the true resistivity than that apparent
resistivity estimated [rom cquation (6).

1.4.1 Non Central Loop

Non-central loop configurations include in-
side-loop as well as outside-loop conligurations.
TEM sounding data collected [rom a non- cen-
tral loop conliguration arc invericed by trans-
forming the data to an cquivalent central-loop
sounding response and interpreting the trans-
formed data by using the central-loop inlerpreta-
tion technique described above. The translorma-
tion method is simple, involving only the deter-

mination of two paramclers [rom two cxperi
mental [ormulas. The two parameters arc func
tions only ol the offsct (the distance [rom th
center of the transmitter loop to the receiver posi
tion) and the actual transmitter loop size. The
arc independcent of the geoclectric scetion.

The [irst paramclcer determines the loop siz
of the equivalent central loop configuration, Thi
paramecler is only dependent on the actual olTsc
ol the non-central loop conliguration. The simpl
cxperimental flormula is

a=1.6 offsct (15
where @ is the side iength of the cquivalen
squarc central loop conliguration

The sccond paramcter, which is a [unctio
ol the actual loop size and olTsct, is calculated br
multiplying the sounding data. The experimenta
lormula, based on the regression method, 1s

Py=Pir/(r) ’ (16
where P, is defined by
lg,o(P)=2.041g,, (O / r+0.42 (17

and

P,—thc paramecter used to modily the nor
central loop sounding data;

O—olTset of actual non-central loop conli
uration;

r—the length ol the longer side of the actue
transmitlcr loop;

ri—thc length of the shorter side ol the a
tual transmitter loop

Fig.4 is an cxample comparing the time-d
rivalive rcsponsc ol a transformed non-centr.
loop conliguration with that of the equivaler
central-loop configuration. The non-central loo
time-derivative responsc is measured at an olls
of 707.1 m ((x, ¥)= (500, 500)) with a 100 m.
100 m transmitler loop.The dashed linc is
negative responsc while the solid line represen
the positive response. After multiplying by 1
sccond parameter 144.1, obtained [rom cqu
tions (16) and (17), the non-central loop respon
becomes the curve marked as ¢ and o which ¢
incides with a central loop response with a loo
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sizc 1 131.4 m x 1 131.4 m, consistent with cqua-
tion (15), except for the data in the arca ol the
sign change which arc climinated automalically
in the program. Hence, the non-central loop
ime-derivative response can.be inveried by im-
aging thc transiormed data (ic. the raw data
multiplicd by a paramelcr obtained from cqua-
" lions (16) and (17)) as a central loop data with
the changed loop-size [[rom cquation (15)].
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Fig. 4 Comparison of transformed long-offset
data and equivalent central-loop data
1—Translormed long-olfscl response;

2—Central loop response; 3—long ofTsel response
1.4.2 Grounded Sourcc

TEM sounding data collected [rom a gro-
unded line sourcc conliguration arc also inler-
preled by translorming the response 10 an cqui-
valent central-loop sounding and imaging the
transformed response by using the central-loop
interpretation technique described above. For a
grounded source conliguration, the homogenc-
ous hall-spacc voltage response can be expressced

as (Stoycr et al. 1983),
A’Lﬂ'ﬂ@ [3erf(u) — /i_ w3+ 2uMe 7 1 (18)
2nr o RO

v(l,lo) =

where

u=JtD/t=r\/;Toa/4t

and

A—clTeclive arca of the recciver (m?);

I—sourcc current(A);

L—length of source wirc{m);

r—source-receiver distance (m);

o— the homogeneous carth conductivity
(s/ m);

py—permeability of the carth taken 1o be 4n
x 107" H/ m;

—time (s);

¢—angle between the source dipole and r
(distance) ( ° );

17— uyr°e / 4 is the characteristic time (Tik-
honov, 1946)

Comparing cquation (18) with cquation (1),
we sce that the two cqualions arc cquivalent ex-
cept for the scale constant

¢ =2nr/ ALsing (19)

Thus alter mulliplying by the scalc constant ¢
given in cquation (19), the vollage responsc in
cquation (18) is cquivalent to the time-derivative
responsc ol a central-loop conliguration with a

loop radius r.
2 EXAMPLES
2.1 Layered Earth

In Fig.5, two-laycr model results arc pres-
cnled. TEM time-derivalive responscs were com-
puted for two models al dclay times ranging
[rom 6 us to 800 ms for a 200 m x 200 m loop.
The origin ol the coordinate of the system is lo-
cated at the center of the loop. In Fig.5 (a), the
truc resislivity abruptly incrcascs by a laclor of
10 at depth 400 mi. Tn Fig.5 (b), it abruptly de-
creascs by a facior of 10 at the same depth. Re-
ceiver (0, 0) is for a central-loop configuration,
while recciver (0, 500) is [or a long ollsct conligu-
ration. Both interpreted results approximate the
truc clectric variation with the depth bencath
cach sounding station.

In Fig.6, three-layer modcl results arc pre-
sented. As in the casc ol the two-layer modcls,
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central-loop and non-central loop responses were
computed lor the three-layer model at delay time
ranging [rom 6 us to 100 ms with a 100 m x 100
m transmitter loop. All of the inversion results
indicalc the resistivity characteristics of the truc
model. Note that when the truc resistivily
decrcases with depth the cstimated resistivity
shows an overshoot and when the true resistivity
increascs with depth the estimated resistivity cha-
nges much slower to the higher resistivity than
the truc resistivity changes. These problems
should be kept in mind to avoid intcrpretation

mistakes.
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Fig.S Two-layer earth models inversion results

1—Truc modcl; 2—Receiver (0,0); 3—Recciver (0,500}

2.1.1 3—-D Modcl

A 3-D model clectromagnetic response
suitc was computed for experiments 1o determine
the optimal usc of the imaging algorithm when a
3—D structure is present. The 3—D model is a 200
m wide X 200 m long X 100 m thick 10 Q—m con-
ductor in a 500 Q—m half-space. The source is a
100 m x 100 m transmitter loop. The first test is
the inversion ol multi-recciver data along the
x =0 axis from onc transmitter loop. Fig.7 illus
trates the casc of a prolile mcasurcment for a
transmilter loop centered at position (0, 0, 0).
The inversion resulls are symmetric with respect
to the 3—D body since the measurement conligu-
ration is symmectric. From this resistivity cross sc-
ction, onc can conlirm there is a conductive 3-D
body under the surface, although its resistivity is
not accurately determined.
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Fig. 6 Three-layer earth model inversion result

1—Receiver (0,100); 2—Receiver (0,0); 3—Truc model

Fig.8 shows a rcsistivily cross-scction [rom
the image program lor a model which is the same
as in Fig.7 cxcept that the transmitter lfoop is
centered at position x =-—200. This cross-scction
1s much more complex than the last onc since the
conliguration is nol symmectric with respect to
the 3—D body. From this cross-section, the inter-
prcter can suspect a shallow 3—D body under the
surlace butl cann’t conlirm its position. Further-
more, the higher resistivity anomaly beyond the
3—D body can Icad to misinicrpretation accord-
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ing to this cross-scction,

Is the higher resistivity anomaly in lacl cau-
scd by thc imaging tcchnique? To dclermine
whether this was true, we examined the responses
of another modcl. A laycred carth cross-scction
response suite was computed with the same
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Fig. 7 Inversion resistivity cross-section

(Transmiticr loop is centered at position 0)

conliguration as that in Fig.8. The resistivitics of

the layered carth arc p, =500 Qm, p,=10 Qm,
and p,=500 OQm, while the thicknesses of the
iaycrs arc #, =100 m and A,=100 m. Thc 100 m
X 100 m transmitter loop is centered at position
=200 m, and thc TEM responscs at scveral re-
ceivers along the prolile were calculated. The in-
version results shown in Fig.9 indicate a layered
carth structurc under the surface. Even though
there is still a higher resistivity anomaly ncar the
surfacc between positions 0 and 200, the anoma-
ly is much lower and much shallower than the
3-D body case when the sccond layer becomes
limited. As a resull, it can be concluded that the
higher resistivity anomaly beyond the 3—D body
s mainly caused by the 3—D body when an
asymmetric conliguration and a 1-D interpreta-
tion technique arc used to detect the 3—D body.
To avoid the misinterpretation of the 3—D
structurec when a 1-D interpretation program is
uscd, a central-loop or short-olTsct conliguration
is rccommended. Fig.10 shows a central- loop
cross-scetion. In this case, scven transmitter loops
werce uscd [or the prolile measurements, The scv-

¢n loops were centered at =300 m, =200 m, —100
m, 0 m, 100 m, 200 m, and 300 m rcspectively.
For cvery transmitter loop only one TEM re-
sponsc was mcasurcd at the center of the loop.
The inversion resuits clearly define a 3—D strue-
turc under the surface.
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Fig. 8 Inversion resistivity cross-section

(Transmitter foop is centered 2t posilion—200)
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Fig.9 Lavyered carth inversion results

(Transmiticr foop is cenlered at position—200)

Fig.10 is a short-ollsct inversion result. In
this casc, three transmiticr loops (fewer than in
the centrai-loop casc) were used to mceasure the
TEM rcsponscs. The three loops were eeniered at
—200 m, 100 m, and 300 m respectively. The
TEM responses atl rceciver positions —300 m,
—200 m, and —100 m wcrc mcasured by using
transmitter loop 1 (=200 m). Loop 2 (100 m) is
used for receivers at O m, 100 m, and 200 m,
whilc the last recciver position at 300 m was
mcasurcd {or central-loop configuration loop 3.
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The inversion results arc compatable with the
central-loop results (Fig.11). This conligurauon is
morc cflicient than the central-loop conligura-
tion in collecting data in {icld work.

Onc problem arnising {rom thc image inter-
prctation mcthod is that the interpreted depth is
deeper than the actual depth. This 1s caused by
the diffusion velocity of the image current in an
inhomogencous circumstance. The cstimated de-
pth can be modilied by a scaling lactor to con-
firm the actual depth.

Another problem for this technique in in-
terpreting 3—1D structure is that it can not rcach

the true resistivity. Even the 3—D body in a 500
Q—m hall-spacc has a 10 Q—m 1n the 3—D struc-
turc example described above (Fig.10 and 11),
the estimated resistivity can only reach 100 Q—m
duc to the larger contrast in the resistivitics of the
3—D body and thec homogencous half-space. Co-
mparing with the layered carth inversion results
(Fig.9), it is found that the undershoot of the cs-
timated resistivity probably results from the 3—D
body dimensions. A larger 3—D body leads to
beticr resistivily resolution.

2.1.2 Grounded Source Example (LOTEM)
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Fig. 10 Short-offset configuration inversion results
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Fig. 11 Central-loop configuration inversion resutls
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Fig. 12  Geothermal synthetic model
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The grounded source cxample is a synthe-
tic geothermal model. The model gcomelry,
shown in Fig.12 (a) and (b), consists ol a § Q—m
clay cap over a gecothermal rescrvoir of resistivity
25 Q—m in a 200 Q—m hall-spacc. The 1 km long
fransmitling source 15 7.2 km away [rom the
center of the 3—D body (sec Fig.12 (b)). Synthetic
data were computed by Louisc Pellerin with her
EM3D program. The cstimaled resistivily cross-
scction shown in Fig. 13 computed [rom the im-
age program cleariy dclines the clay cap and the
geothermal rescrvoir which is"supcrimposcd on
the cross-scction. |
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—2 400 Q

6000 —3000 0 3000 6000 9000
Horizontal distance 7/ m

Fig. 13 Grounded source configuration

inversion results

3 CONCLUSIONS AND RECOMMENDA-
TIONS

From the examples described above, it can
be concluded that this image program can appro-

ximatcly interpret TEM data including ungro-

unded loop source and grounded ling source
soundings. Loop sourcc data can be the rc
sponscs of centrallloop soundings or out-of-loop
soundings with short or long-olfsct confligura-
tions. For dctecting 3—D structurcs with a loop
sourcc confliguration, 1l 18 rccommended that
central-loop or short-ollsct conligurations be
used 1o avoid misinierpretation. The inversion
results ol the grounded source conliguration arc
not disturbed too much by ofTsct and arc better
than the results of the long-olfsct loop source
conligurations. The reason 1s that the grounded
sourcc response is “exactly” cquivalent by a scal-
ing lactor Lo the central-loop sourcec responsc,
while the responsc of a long-oflsct loop source is
“experimentally” cquivalent to a central-loop re-
sponsc.
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