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Introduction .

- The electromagnetic(EM) method has been used for ‘a wide variety of
applied geophysical problems,nbeginningIperhaps:and«achieving'wideat'uSage
in mining exploration. A cons;derable number of technzques for both airborne
and ground explorat1on have been developed end ut111zed in the search for )
‘conductxve (sulftde) mzneral depoazts (Ward 1967) | Some of these technaques
’and methodolog1es have also been adapted to groundwater exploratton, and
more recently to geothermal, uranxum and f08311 fuel exploratton. Stnce the
1ntroduct10n of the magnetotellur1c technzque 1n the 1950's and the large
moment, controlled-source EM technxques in the 1970 s,.the electromagnetxc
; method has been used 1ncreaslngly for bastc crustal 1nvest1gattons to deprhs

of 10 km or more, such as in deep sedxmentary basxns, orogenlc zones and at

act1ve plate margxns.

VAn 1mportant appl1ed problem studxed at LBL 1s the use of EM technxques
for geothermal reservoir exploratxon and delxneat1on. We have used both
“:controlled-source EM and magnetotellurxc technxques at a number of hydrorv
wthermal - geothermal prospects and reservolrs tn Nevada (W1lt et al., l98l)
Through thxs research we have been able to develop and demonstrate a number

of techn1ques that prov;de h1gh qualxty fleld data.‘ The problem rema1ns of
~how to 1nterpret these data where complex geologxc atructures exxst, and

4s1mple one-dxmensxonal (layered earth) 1nversxons cannot be safely applxed

.Fot these problems we rely on etther numer1ca1 solutxons or laboratory
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measurements made on carefully'consfructed scale models.  Only & limited
number of tank model results are available because of the difficulty of
constructing models with the appropriate conductivities and geometries for
each area,inQthigated. ,ﬁuherical,solution§ exist and are aﬁeﬁable to
simple two-and three-dimensional models. The problem with many numerical
techniques is the trade-off between accuracy and computation costs. ~There-
fore, we have addressed the problem of developing faster numerical algorithms

for EM interpretation without sacrificing accuracy.

éeoiogiélﬁbdels in ﬁhich theréiectric paraﬁeters are in##iiaﬁt'with

strike céns#itute an ﬁmpbrtant clas§ of targets for electromagnetic explor-
ation.rrA numérical solution for this class of modéls was obﬁaine& ﬁsing the
finite element method (Lee, 1978). In this technique the entite-model is
represented by a mesh composed of volume elements, each of which is assumed
to have constant electrical properties. Mainly due to the large number of
elements, the computing costs are usually prohibitive. Another disadvantage
of the technique is the lack of accuracy in the numerical solufion for models
in éhich the discontinuity of lateral conductivity distribution is located

close to the surface of the earth.

To overcome these limitations we have developed a new, efficient
numerical solution based on the hybrid technique (Lee et al., i981); a
techﬁiQue that makes use of both the finite element and the iniegréi‘equation
techniques. The finite element method is used fér the solution internal tb
a anomalous conductivity structure embedded in a layered earthrand the
integral equation is used for the external layer-boundary value probiem.

The sblutionbébt$ined in this manner tends to be more accurate than ﬁhe oné

obtained by the finite element method alone. The major improvement with this
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technique is in the computing speed; often an order of magnitude faster tham

the finite element solution.

Formulation of Numerical Integral Equatioms

I1f a two-dimensional (infinite strike length) conductor exists in
the lower half-space of an otherwise layered earth (Figure 1), one may
approximate the electromagnetic variational integral as the sum (Lee, 1978)
_ N
I(E) = 2 I {E(n_.)}, | | ¢))
4 1 i : :

i=]

where nj is the i-th discrete wave number in the strike direction, and

I, {E(ni)} = T

(2)

In equation (2), E is the electric field, k is the wave number
2 2 <
k - ~Ew Mob ™ Jomuo X

and L is the half strike length of the conductor chardctefizing,the perio-
dicity of the two-dimensional ‘structure. Using che-finite,element method

:(Zienkiewici, 1977) equation (2) may be evaluated as



1, {E(ni)}» = ETKE .

Following the variational principle, this reduces to a set of simultaneous

equations

e

KE=0, . .

which in turn may be partitiomed into

Ki Kb/ \ b

the upper portionrof which suggests

-1
B, = XKy Yp By

: | (3)

Here the subscripts i and b indicate “"internal"” and "boundary", respec-

tively.

The field equations on the surface 3V can also be derived indepen-
dently from the finite element equation. The result is an integro-differ-
ential equation governing the tangential electric field and the rotation

of the electric fields as r approaches the surface 9V:

SOLOREERONE {GEJ(r/r‘) . axH(r")
3y - . (4)
- GEM(r/t') . an(r')} ds

where ¥(r) is the normalized angle at r subtended by the volume to be

integrated in that vicinity, and subscript "p" refers to the incident
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electric field at r that would exist in the absence of the inhomogeneity. -
GEJ(r/r*) and GEM(r/r?) are temsor-electric Green's functions due to
electric and'magnetic:currentreources‘at r’." For-& two-dimensional earth,
Fourier transform of equation (4) in the strike direction for discrete
harmonics nj yields =

aGXEGn) - EGa) = [{cMeretn) ¢ mxBGr n )

(5)

- Gm(plpf M;)  uxE(p”,n i)} dse

where p and p are posxtxon vectors def1ned on the two-dlmens1ona1 cross—

sectlon S.

The’hybrid*technique?is;ini;ieced by transforming equation (5) into ‘a
numerical'integraliequaticniby~rewriting?:he=tangentiel magnetic field in
terms of:the'tangentielveleCttic5fie1d by»meking?hse'df‘numerical relation
.given by equatton (3) and Maxwell's: equatxon VxE -= -quoﬂ.. The magnetic
_field extenal to the conductor may ‘be computed by takxng curl ‘of equatlon (s),
«where Q(p) becomes unzty. k | |

~ HCp,n) é‘"né<p;ni)';'"‘!{é“J(blp';a;)‘-‘Aia<p>;ﬁi)'

x ) | " N . f;v '.,,. S » - ) (6) "
- ¢™ererin) - mxEGr i far L
Aftet'ob;eining chese'colutions at p for a number of harmonies (nj, i =1,

N; :ypically-N'=ﬁ15),ﬁinverse?Foutierﬂtrhnsform is carried out to yiei&'

solutions at r in the 'spatial domain, = i




Numerical Example

The algorithm has been coded on the CDC 7600 compute;;'énd the code was
tested against a simple model for which we have tank modelvtesults. The
model is a vertical slab of resistivity 2.63 ohm-m, 12 m wide and 60 m long
in the vertical extent. The slab is buried 10 m below the surface of
the earth of 100 ohm-m resistiyity.,'A vertical t:ansmittet-receiver‘pait
separated by 12 m is flown 20 ] aﬁove thé surface of the earth. The magnetic
field computed at the receiver (Hy) is plotted at array center in ppm
(Figure 2). The numerical solution ié‘bompared with tank model results
obtained at the Richmond Field Station, University of California. At the
same time ; modified version of fihite‘element solution israiso”plotted,

The straight forward finite element method prpduces an electric field
everywhere. Instead of taking the numerical derivatives of the electric
field, we obtain a better result for the magnetic field by integrating the
scattering current multiplied by the Green's function over the conductor.
This is called the finite element - Green's function solution. The numerical
results show good agreement for the 30 Hz response with the tank model
result. With the frequency increased to 263 Hz both numerical solutioms

show smaller peak anomalies than the tank model results. For the in-phase
component in particular, the hybrid solution differs by 100X from the tank

model result, and the finite element - Green's function solution becomes

somewhat unstable,
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FIGURE CAPTIONS

Figure 1 A conductor (V) buried in the lower half-space of a layered earth.

Current and magnetic sources are outside the conductor whose surface
is 9V. S is the cross—-section of V if it is two-dimensional.

Figure 2. A coaxial transmitter-receiver pair separated by 12 m is flown 20 m
o ’ above the surface of the earth in which a vertical tabular conductor

is embedded (top). The responses in ppm for Hy are plotted for
30 Hz (middle) and 263 Hz (bottom).



— | Air, 0 =0

Layer, 0= 0

Half space
0=0op

v XBLB2I2- 438)



~10-

- 2M e
| T rRx
20m
o 1 l L] ¥ ny o’ 1 L L
10m
-0} + 7
<20+ 7

= -30} £ 7

2.40_ g 60m p=|00.ﬂ.-m .

a 2]

&1 ¥ ]
-60 - Q. -
-70 N
-80 1 4 1 —+ lzlm . L L 1!

0 LA S A B st L ks siuh duts S E E—
5l Real

SR ¢ ~S-el . —?..--- [ R
-0} L e drat

§ 30Hz \‘ ’/ Quadrature -

f 15 \\\ ”/ -
.20k 4 __s i
-25 I | 1 g 1 1 i

0 _---L‘--~l‘. T . T . T "_L....-——l-_
-50 - - _ .’“ ————— :
z e ,-¥ Quodrature
& .00 263Hz ¥ i
i‘ \\ //
\ /
150k N, 'I/ «~ —Tank mode!
\ s & Finite slement + Green's Functiod]
\_,’ ® HYBRID
-2 1 1 1 1 1 [ |
°-°eo -60 -40 -20 (o) 20 40 60 80

Distance (m)
XBL§212-4382

Fig, 2

a





