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I 
I 1 ABSTRACT 

I (I 
I/ 

We, have ada edi a three-dimensinal (3D) volum i ntegral equation 

t o  magnletotel~ 1 ur (MT) model i ng . I ncorporat i ng a i ntegro-di fference /I 
I I 

scheme bncreases the1 accuracy somewhat. Uti1 i z i n g  the two symmetry 

planes of a buried prismatic body and a normally incident plane wave 

source greatly reduces the required computation time and storage. 

I 
11 

B 

I 

d comparisons w i t h  one-dimensi rial (ID) and 

models indicate t h a t  ou r  results are v a l i d .  

e show theoretical surface anomalies due t o  a 3D 

body buried i n  a half-space earth. 

il 

Instead of 

and magnetic fields,  we have obtained impedance 1 

ransfer functions by imposing two different 
D source 11 po la r i za t ions ;  I :  Manipula t ion  of the impedance tensor and 

J/ I 

'I 1 .i 
magnetic transfer functions yields the fo l lowing  MT 

appareni resist ivity ;and phase, impedance polar  d i a  
I 

I I 
1 ,  

11 direction and magnitude, principal directions, skewiand e l l ip t ic i ty .  I 

11 ' /I 

B 

b 

With oud p r e l i m i n a r y  [analyses o f  these MT q u a n t i t i e s ,  we'have found 
1 I, 
il 
// , 

I 

t h a t  thyee-dimensiondlity i s  usua l ly  revealed by a l l  o f  them. 
11 I /, 

Furthermore, we have lrecogni zed two pairs  of 'complementary parameters ; 
I I I 

apparentl and phase, and skew and el 1 i p t i c i  t y .  Because of 
I 1 11 I I  i I 

surface /charges a t  conduct iv i ty  boundaries, 1 ow-frequency 3D responses I 1 1, I 

are muc?; different from 1D and 2D responses. Thus, 1;in many cases 3D I 

/I I models a,re requir 

Al t lhough  an vera11 3D MT interpretation i s  s 

for  interpreting MT da ta .  
I I 

I I practicair, 'I combjned 2D 
and 3D modeling could be a p p l i e d  t o  yield a 

interpreting MT da ta .  

vera11 3D MT interpretation i s  s 

and 3D modeling could be a p p l i e d  t o  yield a 
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gross dD structure, w h i c h  i s  composed of a cross s 

strike !extent. I ing so; we suggest t h a t  the c 

obtained from h i g  frequency 2D E, mode modeling and t h a t  the 
it 

strike extent be derived by matching w i t h  lower f r  
/I 

resultsl/ due t o  c 
(I I 

indicated t h a t  s 
I 

conducti ve zone, 

( ' \  

esponding 3D models. I n  a d d i t i o n ,  we have 

simple 30 features, e.g., locatifion above 

I 
1 

recognized. I 

rners, and symetry 1 ines, can b 

I 

I 
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I NTRO D U  CT IO I'd 

l l lu r ic  (MT) method, which makes use of  na tura l ly  

occurin,'g electromagnetic fields i s  one of the most widely used 

electrfcal prospecting techniques due t o  i t s  potential for deep 

exploration. However, MT has been hampered severly by a lack of 

interpretational capability. 

two-dimensional (20) interpretation models are often used because the 

necessary three-dimensional (3D) models are not readily available. 

These simple interpretation algorithms are useful i n  some geological 

situations where 1 D  or  2D models apply.  However, the results can be 

quite misleading i n  cases where the earth i s  three-dimensional and the 

' E '  parallel I ( E , , ) ' a n d  ' E '  perpendicular (El) modes do not separate. 

1 1  

11 

I 

Inappropriate one-dimensional (10)  and 
11 

I! 

It 

, I  

, I  'I 

There are two basic approaches t o  numerical modeling: (1) 
'I 

on (DE) and ( 2 )  integral equation ( I E )  methods. 

Both medhods are usefiul and necessary. 

solutions are easier 

Differential equation 

1 I 

matrices. Because'the entire earth i s  modeled on a g r i d ,  DE methods 
1 

It 
) 

are pre6erable for m4del ing  complex geology. 

formulat/ions involve more diff icul t  mathematics, b u t  their  advantage 

i s  t h a t  !unknown f ields need be found only i n  anomalous regions. Thus, 

integral' equation elutions are less expensive f o r  simulating the 

response1 o f  one o r  a Yew small bodies and hence more useful for  
1 I 

eva lua t ing  field techniques, for  designing surveys, 'and for generating 
! 1 

catalogs/ o f  i nterpretktion curves. 

Integral equation 
1 

l 

1 

'I 

1 

!I 
We have refined and adapted  an integral equat ion  solution 

11 
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1 

In ' t he  pas t  fe years, 3D geophysical EM solutions have been 

0 

I 

I 

0 

I/ 1 

withouttadequate crosschecks. I n  a d d i t i o n ,  the accuracy of results 
It 

I) ;I I1 

I t o  
I 

I 

D , 
I 

t h i s i m a t t e r  i n  the published work. 

Inithis paper, we have done our  best t o  address the two problems 
/I 

I 

'I 

D ii 

B 

I 

are not 

a l l  the 
I 
I 

I 

I 
able t o  give  quantitatively the accuracy of our 3D s o l u t i o n ,  

130 models i n  his paper have been discretized fine enough t o  
/I 
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t o  be 2 

i nhomoc 

normal 1 

begin h 

f requen 

where w 

the  Sam1 

d i  spl  acl 

~ We 

desc r i  bc 
1 

and 

Substrac 

THEORY 

s i d e r  t h e f c o n f i g u r a t i o n  shown i n  F igure  1, the  ea r th  i s  taken 

half-space of; c o n d u c t i v i t y  01, except f o r  a rec tangu lar  

n e i t y  having ' v a r i a b l e  c o n d u c t i v i t y  a2 (3 

I - 
1 1  

Since a plane wave 

i n c i d e n t  upon the  ea r th  i s  u s u a l l y  assumed f o r  MT sounding we 
4 1  

t h  t he  source-free Maxwell 's equations ( i n  mks u n i t s )  i n  the  

f domain (.eidt t ime dependence): 
' I  

o x L u r = o  ( 2 )  
I 

have assumedl t h a t  t he  magnetic pe rmeab i l i t y  i n  t h e  ea r th  i s  

as i t  i s  i n  f ree space and where we have neglected 

lent cur ren ts i  i n  t h e  earth. 
I 

1 
j 

e f i n e  the  primary f i e l d s  as the  homogeneous-earth f i e l d s  
1 li 

V X H  -9 - u , F = o  , 

'/ 

i n g  ( 3 )  flromI(1) and ( 4 )  from ( 2 )  y i e l d s  
I! 

I 

( 3 )  

( 4 )  
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'I 
1, 

i~ 
9 
I 

Note t h a t  u is  the actual value of conductivity anywhere below the 

surface!: i t  i s  equal t o  a z ( 8  i n  the inhomogeneity and a1 elsewhere 

in the earth. 

Now we bewrite ( 6 )  a s  

(7) 41 J x ( R -  Tip) - q ( F -  -9 E ) + (01 - O) E = O  . 
I: If the difference fields are treated as secondary fivelds and denoted 

by supetscript Is', ('5) and (7) become: I1 

and 

where 

Y 

(9) 

s - - -- ---.. - y .  . " I , l l " . Y  *I." 
I \  

components, ii denoted a s  primary and secondary fields. I The primary 
field isithe It f i e  

I 
1 

I 
homogeneous. I t  

It secondary f i el d 

d t h a r t  would be present i f  the earth! were 

can be obtained easily by so lv ing  (3;) and ( 4 ) .  
I 

The 
I 

s due t o  the p o l a r i z a t i o n  current I! i n  the 
'I i 
II I ! 

/I 
11 

inhomogeneity. 

converting (8)  and (9)) t o  a n  i n t eg ra l  equation, and solving 

I t  can be found by treating TS as a source current,  

I 
l i '  
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I 1 

I ,I 

numerically. 
'I 

The secondary electric field i s  given1 by 
1 

I 

1 
Y 

where r a n d  4 a r  vector and scalar potentials ( l iarr ington,  1968), 

given  i n  1 the earth by 
It 
I1 

ll I 
I1 

K (3 = Iv F(7)  G (F, 7 ' )  dv '  9 

11 o(F) I - - [ v'. ? (7 )  G (7, 7 )  d v '  , 
11 

11 
I1 

,01 " 
where Gil i s  a scalar Green's function, w h i c h  fo r  a whole space i s  given 

I I 

For a body i n  a h a l f  ispace, additional terms must be added t o  the 

potentials t o  account" for image currents i n  the air .  The secondary 

field i s  due t o  currents and charges, as defined by ( l l ) ,  ( 1 2 ) ,  and 

(13).  

body (due t o  the discretization scheme) and a t  the boundaries of the 

body. 

Addling the incident and secondary fields, we ob a in  an  integral  

1 
i~ 

I 1 1  

ljhe charges occur a t  discontinuities i n  JS, b o t h  inside the 

]I I 

II 
It 

equation'! , 1' 



where i s  t he  half-space dyadic Green's f u n c t i o n  ( T a i ,  1971) which 
1 1  

account's f o r  t he  e a r t h - a i r  i n te r face .  . 
For  a numerical so lu t ion ,  Hohmann ( 1975) , Weidel t (1975) , and 

Meyer ('1976) d i v i  

F igure  2, and use 

t h e  inhomogeneity i n t o  N cubic c e l l s  as shown i n  

1 se subsectional bas is  funct ions (Harr ington,  
1 

I 

represent  the  unknown e l e c t r i c  f i e l d  i n  the  inhomogeneity. 

v i t y  i s  taken t o  be constant  i n  each c e l l .  Th is  amounts t o  
I 

t h a t  t h e ' p o l a r i t a t i o n  cu r ren t  i s  constant throughout each 
'I 

c e l l .  The i n t e g r a t i o n  over t h e  dyadic Green's func t ion  i n  (16)  can be 

c a r r i e d  ' 1  ou t  numeri y (Meyer, 1976) o r  a n a l y t i c a l l y  Over the  volumes 

and surfaces o f  t d e  c e l l s  (Hohmann, 1975) t o  ob ta in  t h e  equat ion 

I 

I 

r jhere r" i s  t he  e l e c t  i c  f i e l d  and 0 2 ~  i s  t h e  c o n d u c t i v i t y  i n  c e l l  n. - r 

i s  t he  dyadic Gree 

which app l ies  t o  an i n f i n i t e s i m a l  cu r ren t  element. 

i n  d e r i v i n g  r ,  because G is s ingu la r  a t  r = r ' .  

B 

Care must be taken 
- -  1 -  - 

I 

We have der ived  (17) i n  a manner s i m i l a r  t o  tha  described by 

Hohmann '(1975) , except' t h a t  , f o l l o w i n g  Har r ing ton  (1968) , we 

approximate t h e  de r i va t i ves  o f  t he  sca la r  p o t e n t i a l  i:n (11) w i t h  

es. Also ( i ns tead  o f  concent ra t ing  t h e  charge ( t h e  V J S  - 
term in (13 ) )  a t  t h e  boundaries between c e l l s ,  we d i s b t r i b u t e  i t  

uniformly over a volume extending f r o m  t h e  center  o f  one c e l l  t o  the  

center  o f  t he  next ce1:l (Hohmann and Ting, 1978). 
1 

I 
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I1 ' 
AS var ious authors have i n d i c a t  d ,  

11 . 
P ox i ma i n g  d e r i v a t i v e s  w i t h  

d i f ferences provi'des' accuracy s i m i l a r  t o  t h a t  of smooth bas is  

funct ions bu t  i s  much eas ie r  t o  implement on a comp ter. 
11 

I1 

See, e.g*, 

and Deadrick (1974), and B u t l e r  and Wi l ton  (1975). 
I n  I more concise lnotat ion,  t h e  e l e c t r i c  f i e l d  a t  t h e  center  o f  

/ I  
c e l l  m (s given by w r i t i n g  (17) i n  t h e  form 

Rearranbing ( l a ) ,  c we iget 
I 1 N 1  

i n  which ,, 

I , m = n  

, m + n  I (20) 
9 

. I "  

, I  
where r i s  ': t he  3 xl 3 u n i t  dyadic and T i s  the  3 x 3 h u l l  dyadic. 

/I 
Wri i t ing (19) ' fo r leach o f  the  N values of m produces a p a r t i t i o n e d  

I Y 
1 1  

m a t r i x  equation 
1 I 

I 

'I 
// m [El = -CfI 

I 
1 1  I 

t o  solve1 f o r  t h e  e l e c t r i c  f i e l d  i n  t h e  c e l l s .  The eliements o f  the  

m a t r i x  are themselves 13 x 3 matrices, g iven by 
il I 

I 

I (22 )  

I ! 
I 

f j Mmn (U2n 01) rmn 0 6mn 
1 

1 

Once (21)  i s  solved f o r  the  f i e l d s  i n  t h e  c e l l s  1 t h e  e l e c t r i c  
I/ ' 1  
any p o i n t  outs ide the  inhomogeneity can be ca lcu la ted  f r o m  

I 
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11 

I 1 

( 17 ) ,  while the magnetic field can be obtained easily by applying 

equation (1) to (i7)<. 

/I 
'I 

r 



I a 

examine 

a 

par t  of the inhomogeneous body. 

a 

0 

D 

I 

two verFical planes of symmetry passing through the center of the 

body. 

number of unknowns in any quadrant .  

I/ 
Hence i t  i s  only necessary t o  solve for  one-fourth of the t o t a l  

ii 

I1 

II 
/I I !  

Unfortunately t e resulting ma t r ix ,  f o r  a.problem w i t h  symmetry 

pl  anes, 11 i s  not symme r ic  as  i t  is  i n  the general case, f o r  

equal -conductivity and equal -size cell s .  

storage j: and computation time are reduced considerably. In the general 

case 3N43N + 1 ) / 2 -  9N2/2 storage locations are required, where N i s  

the number of cells. 

requirement i s  (3N/4), x (3N/4) = 9N2/16 -- less by 

Furthedore, the conductivities and sizes of the cel ls  can be 

different. Figure 3 i l lust rates  the comparison i n  computer time. I n  

each case, f o n i n  and f ac to r ing  (LU decomposition) the matrix account 

for most'/ of the c puter time. Matrix factorization time is less by a 

Even so, the computer 

I 1 

!I I 

I' 'I 

1 
I 
1 
1 
/I factor of a b o u t  35 when symmetry i s  invoked. 

one-four,th of the matrix elements need t o  be computed. 
form 

The time required t o  
i 

s f o r  the symetric problem, because only 
I 

I 

I n  Fhe general case a maximum of 120 cells can be used on the 
- 

I 
! 
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CHECKS ON THE SOLUTION 

I 

Because o f  t h e  many p o s s i b i l i t i e s  f o r  t h e o r e t i c a l  and programming 

errors , ,  /I i t  i s  impor tan t  t o  v e r i f y  t h e  accuracy o f  any numerical 
I 

The best  check i s  w i t h  r e s u l t s  f rom another t ype  o f  
utior* numerical s o l u t i o n .  

r e s u l t s !  a re  those o f  Jones (1974), Weidel; (1975), and Reddy e t  a1 ., 
(1977) ,I a1 1 f o r  outcropping bodies which we cannot model accura te ly .  

However d, con v e r g e nc e checks as w e l l  as comparisons w i t h  1D and 2D 

Unfor tunate ly ,  t h e  o n l y  o t h e r  pub l i shed 3D MT 
It 

I: 
I 

(1 

which are'shown i n  t h e  f o l l o w i n g  sect ions,  l end  credence t o  
1 < 

our  r e s u l  t s .  

Convergence Check 
: I 

I' 

An 1 impor tan t  ;sei f-check i s  convergence: as t h e  d i s c r e t i z a t i o n  i s  

made f i n e r ,  t h e  r e s u l t s  should converge t o  some value. The model we 

have used t o  check convergence i s  a 1 km x 2 km x 2 km conduct ive 

pr ism b u r i e d  i n  a '100 n-rn ear th.  To see how t h e  r e s i s t i v i t y  and depth 

1; 

/I 

two pr ism r e s i s t i v i t i e s ,  0.5 0-m and 5 
I/ 

500 m. IThree d i s c r e t i z a t i o n s  used f o r  

4. The [hybr id  d i s c r e t i z a t i o n  i n  t h e  m 
// 

t h e  top  land bottom d i s c r e t i z a t i o n .  We 

1 

I 

of t h e  i r i s m  a f f e c t  our  r e s u l t s ,  we have chosen four  cases, by us ing  

P-m, and two,depths, 250 m and 

t h e  pr ism are  shown i n  F igu re  
I 

d d l e  i s  a t r a n s i t i o n  between 

have checked 'convergence a t  t h e  

e a r t h ' s  :!surface above' t h e  cen te r  and above t h e  lower  l e f t  corner  o f  

t he  pr ism as shown i n  F igures 5 and 6 respec t i ve l y .  Since a l l  

r e s i s t i v i t i e s  and phase angles de r i ved  f rom t h e  impedance 
I 

tensor  have about t h e  save convergence, we have only 'shown r e s u l t s  o f  
I 

en t  r e s i s t i v i t y ,  P 
I XY 
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i s  c l e a r  t h a t  our  r e s u l t s  a re  converging. I n  F igures 5a and 

see t h a t  t h e  convergence improves d r a s t i c a l l y  as t h e  
I 

r e s i s t i k i t y  o f  t h e  pr ism increases by a f a c t o r  o f  

convergence tends  to^ become worse as t h e  frequency ncreases, except 

a t  t h e  h ighes t  frequency where t h e  response due t o  t h e  p r i sm i s  dy ing  

out. 

s k i n  depth. As we decrease t h e  r e s i s t i v i t y  i n  t h e  pr ism o r  increase 

t h e  frequency, t h e ' s k i n  depth i n  t h e  pr ism becomes l e s s  which means 

t h a t  f i e 1  ds a re  va ry ing  more r a p i d l y .  

a f f e c t s 1  t h e  v a r i a  on of f i e l d s  w i t h i n  t h e  prism. 

assumed I t h e  e l  e c t  c ; f i e ld  i s  constant  w i t h i n  each c e l l  , more r a p i d  

f i e l d  v a r i a t i o n  r u j r e s  smal le r  c e l l s .  Smooth bas i s  func t ions  would 

be more jdesi r a b l  e 

. Fur themore ,  

I 

I/ 

'I I 

l 
The above phenomena can be exp la ined p a r t l y  by t h e  concept o f  

I 

II 

d 
Conduc t i v i t y  c o n t r a s t  a1 so 

Because we have 1 1 1  

1 ' I  

jl I 

d i f f i c u l l t  i t o  implement i n  t h r e e  dimensions. 
it l 

Another f a c t o r  which a f f e c t s  convergence i s  t h  
/I 11 

prism. :\When t h e  pr ism i s  made shal lower, f rom 500 1 

convergehe gets  worse, I as shown i n  F igu re  5. The poor convergence a t  
'I 
1 I 

l l o w  depth i s l m a i n l y  a t t r i b u t e d  t o  t h e  inaccyracy o f  t h e  

cons tan t - ce l l  appr x imat ion  when t h e  observa t ion  po i  

t h e  c e l l s  and when t h e  secondary f i e l d s  a re  g rea ter .  On t h e  o the r  
t 

'i 

have obta ined r e s u l t s  ( n o t  shown here)  f o r  t h e  pr ism bu r ied  

t e r  depth, 1000 m, and have no t i ced  t h a t ,  a 

i t y  con t ras ts  and a t  a l l  t h e  frequencies, r 

a t i o n s  l i e  w i t h i n  54: o f  each other .  

1 

I 

f o r  a l l  t h e  

The essence o f  above 

observa t ion  i s  t o  t e l l  us t o  use smal le r  c e l l s  i n  t h e  shal low pa r t ,  
I1 

r c e l l s  i n '  t h e  deeper p a r t  o f  t h e  prism. As we can see, t h e  

1 

I1 I 
I 



Q * 

I) 

I, 

I/ I 

f i el d s . 
From the above 

results I depends on m 

surrounding t h e  i nhoi 

which are coupled 

many factors, we are 

c r i te r ia  among 'those 

I' 

f 
II 
I \ 

I/ 

I 
It  

resu' ts 1 
11 

iscussion, we note t h a t  the convergence of our 

ny factors:  cell size, conduc t iv i ty  w i t h i n  and 

ogeneity, frequency, depth of burial, a l l  of 

ether. Because convergence i 

not able t o  quantify accurate 

factors t o  assure a certain a 

Comparison with' One-dimensional Model I 

'I I 

II (I 

To /examine; the v a l i d i t y  of 1D interpretation over ~t a 3D body, we 

compared theoretical results fo r  a three layer model w i t h  those for 

horizontal 3D square slabs i n  place of the middle layer. 

consists1 of an pnomalous layer w i t h  resist ivity 5 a-,m and thickness 

li 
The 1D model 

I 

(1 I 

100 m buried 200 rn deep i n  a h a l f  space of resistiviity Ii 100 a-m. To 
I I 

compare 'with 30 models, we replace the infinite anodalous layer by a 

f in i te  square slab hay ing  different lateral extents. The apparent 

resist ivjty i s  calculated over the center of the slabs and p l o t t e d  as 

a function o f  frequency. The comparison i s  shown in Figure 7 f o r  

1 I 

11 

' IJ , 



I, 

s labs 400, 800, 1200 and 1600 meters on a s de. A l l  t h e  s labs 

r e t i z e d  i n t o ;  100 m cubes. We b e l i e v e  t h e  

reasonably accurate based on t h e  convergence check. 

Duk t o  t h e  s t o r  ge l i m i t a t i o n  on our  computer, t h e  l a r g e s t  s lab  - 

il 
'I 

( I  1 

I1 

we can run  i s  1600 rn by 1600 m. Our 3D. r e s u l t s  appear t o  be 

convergflng t o  t h e  1 D  curve, bu t  t h e  convergence i s  very slow a t  t h e  

lower  f requencies.  

o f  sur face  charges a 

very  l a r g e  f o r  1 D  i n  e r p r e t a t i o n  t o  apply. 

t o  t h e  r e s u l t s  obta ined f o r  our  l a r g e s t  slab, t h e  r e s u l t s  w i l l  be 

11 

11 Th is  i l l u s t r a t e s  t h e  impor tant  p o i n t  t h a t  because 

i t s  boundaries a re  impor tant ,  a 3D s l a b  must be 

If 1 D  i n v e r s i o n  i s  app l i ed  
II /I 
II 
I 

erroneous. 

i c h  i s  e n l i g h t  

een r e s u l t s  f 

prisms a,nd those f o r  a 2D model w i t h  t h e  same cross 
I I, 

I, 
I 

three-di'mensional case the currents are not confined t o  f l o w  para 0 
1; 

y /  

1 

as i n  t d e  I two-dimensi rial ( T E )  case, bu t  may be defl iected l a t e r a l  

reg ions I1 o f  d i f f e r e n t  c o n d u c t i v i t y .  Th is  l a t e r a l  f l o w  o f  c u r r e n t  

a l l  t h ree  1 dimensions, and these e f f e c t s  are r e f l e c t e d  i n  t h e  

11 I 
a f f e c t s  t h e  na ture  oflbthe f i e l d s  near s t r u c t u r e s  o f  f i n i t e  ex ten t  

I I/ 

1 e l  

Y by 

i n  

t h e o r e t i c a l l y  c a l c u l a t e d  apparent r e s i s t i v i t y  values 

mind, i t l i s  u s e f u l ' t o  compare apparent r e s i s t i v i t y  c 

some indhca t ion  o f  t h q  e f f e c t  t h e  f i n i t e  ex ten t  o f  t h e  

three-dimensional s t r u c t u r e  makes i n  t h e  c a l c u l a t i o n s .  

Wi th  t h i s  i n  
I 

1 
1 
!I F igures  8 and 9 show comparisons between our 3D r e s u l t s  and 2D 
I 



I, 

r! 

i 

I I 

r e s u l t s  computed ' w i t h  R i j o ' s  (1977) f i n i t e  elernent a lgo r i t hm a t  0.1 Hz 
1 I 

and 10 Hz. Three d i l f f e r e n t  s t r i k e  ex ten ts  a re  shown i n  t h e  f i gu res .  
I 

I 

t he  cross sec t i on  of t he  3D prisms i s  the  same as 
I I 

F igure  4. Since we are  o n l y  i n t e r e s t e d  i n  t h e  
I 

r g e r  c e l l s  (500 m cubes) were used near the  long 

ends o f i  t he  prism! which not  o n l y  saves s i g n i f i c a n t  computer t ime bu t  

a l so  a1,lows us t o  

prisms has been c 

convergence check 

F igu re  8 sho 

1 -  I I 
a 12-km-long prism. D i s c r e t i z a t i o n  o f  t he  30 

u l l y  designed and checked on t h e  bas is  o f  our 

assure a l l  t he  r e s u l t s  are reasonably accurate.  

he comparison f o r  t h e  i n c i d e n t  e l e c t r i c  f i e l d  
I/ I 

p a r a l l e l  t o  the  ke d i r e c t i o n  (E,, mode). Apparent r e s i s t i v i t y  i s  

p l  o t t d  I a1 ong a 

e l e c t r i c  f i e l d  d 

impor tant  a t  low 
'I 
'I 

decreases w i t h  d 

a t  t he  llower f r e  

d i f f e r e n c e  s t i l l  

Th is  i s  ' p r i m a r i l  

boundariks perpe cuflar t o  c u r r e n t  f l o w  i n  t h e  3D &ism, which do no t  

appear iln t he  2D sel. 

those of11 the  2D m e l !  because sur face charges do no 

s i  gn i  f i ciant r o l  e pared t o  volume cu r ren ts  and t h  

the  f a r  bnds o f  t he  pr ism has been severe ly  a t tenuat~ed.  ' 

i l e  across the  cen te r  o f  t h e  prism. The secondary 
11 

II sur face charges a t  t h e  ends of t h e  body becomes 

equencies w h i l e  t h a t  due t o  volume cu r ren ts  

s i n g  frequency. 3D r e s u l t s  approach the  2D curve 

as t h e  l e n g t h  increases, bu t  s i g n i f i c a n t  

I 

i 
s between the  longes t  pr ism and the  20 model. 

i 

ue: t o  the  sur face charges which accumulate a t  t he  
I I 

1 
A t  10 Hz a l l  t h e  r e s u l t s  a re  very c lose  t o  

'I 4 

I 
I' 

f 
I 

/I 
I I1 

c i L e n t  e l e c t r i c  f i e l d  be perpendi 'cul a r  t o  s t r i k e  

mode) we/ ob ta in  another comparison, shown i n  F igure  9. Surface 

charges are inc luded i m p l i c i t l y  i n  the  2D E, formulat ion,  and two 
11 

1 1  I 



0 

8 s 

e 

e 

B 

D 

b 

I 
I 
I 

ns do not diverge as much as they do f o r  the E mode a t  the low 

cy. 
I I I  

Near thel center of the, profile, note t a t  our results are 

converging, b u t  not toward the 2D curve. 

be: (1'~) our  longest~ prism is s t i l l  not long enoug t o  resemble the 2D 

The poss 

unfortunately, we are not able t o  make the prism any longer 
I 

torage i n  our computer), or ( 2 )  

approximat ion ,  or (3)  error i n  the 2D results. 

rror introduced by 

We 
II 

t h i n k  the most probable reason i s  i 2 ) .  

looking a t  the 2D-3D comparison i n  Figures 8 and 9 ,  we notice 

t h a t ,  a t  least for our  simple prismatic model, 20 E modeling could 
~ 1 

be applied t o  the'3D1El mode results t o  reveal the ear th  cross section 

a t  the center profile (Wannamaker, 1979) Low frequency 3D E mode 
1 

I I I  
are much different from their  corresponding, 2D results. 

e ,  2D Ell mode interpretation can be misleadling i f  the d a t a  are 

three dimensional On the other hand, since 30 El, mode results a t  the 

i t  should not 

be diff icul t  t o  resolve the strike extent of a gross three dimensional 

mode d a t a  i f  we assume t h a t  

I l 0 

*I 

lower frequency are very sensitive t o  the strike extent, E~ 4 

I > I  

e by s tudy ing  i t s  low frequency E 

s section doe s not vary a long  the strike.  
~ I I  ii 

I n  do ing  so, we 
1 

suggest , t h a t  the cro s section be obtained from higtjer *I frequency 2D EL " 

I 

mode mod,eling, and t h  t the strike extent be derived by matching w i t h  
equency E l l  mo e results due' t o  corresponding It 3D models. 

t 1 ;I 
!I 

One important question i s :  How long must an elliongated 30 prism 
I1 l 

t s  response to resemble a 2D structure? From Figures 8 and 9 ,  

I , .  I 

I I I  

11 
I 

we notice t h a t  -the answer t o  the above question not ilonly depends on 

the mode' ( E  or El), b u t  also i s  heavily influenced by the frequency. 
'! 

, .  

1 

'I 
I 

. I  

'I 



I 

I 

1 $ 1  

I 

ns in Figures 8 and 9 are useful for two reasons: 

he validity of the 3D solution, and (2) they point 

n linterpreting data with 2D models. Because there t 

are lateral conductivity boundaries in all directi ns for a typical 

three-dimensional adplication of MT, all fields ar i nterrel ated and 

can not be separated. As deduced by Wannamaker (1 

identification i 

11 

I I 

I 
in'cdlid, and 3D models are required for interpretation. 

I 

i 



PRESENTATION OF VARIOUS :IT PARAMETERS FOR A SIMPLE 30 E A R T H  MODEL 
/I 

I n  MT work, we usually do not interpret  the e l ec t r i c  and magnetic 

f ie lds  themselves'because they depend on the source ie lds ,  over which 

we haveino control. 

: 
, 

b 

, these f i e lds ,  such as impedance tensor and magnetic )transfer 

I/ 
Instead, we look a t  the relatidnships between 

I 

functions. They a l l  contain information about the subsurface; 
however, It i t  i s  very d i f f i cu l t  t o  make any physical interpretation by * 

I 

looking 'idirectly a t  them. Therefore, some manipulat on of these two 
I *  I 

quantiti,es I is necessary to  yield more recognizable p 
I n  /I itthis secti'on, we show surface contour maps 0 i 

parameters due t o  a 30 prism buried i n  a half-space ear th ,  w h i c h  i s  
, shown inl  I Figure 10. The prism is  discretized into 250 m cubes which 

I 

'I 
I 

should make the re u l t s  very accurate. Because there are two vertical  

symmetry11 planes, r suits are shown for the lorver rig$t quadrant only. 

For the benefit ofTothers who migh t  want t o  compare \!it, our  resu l t s ,  

I/ 1, 

I 1  11 

ncluded numerical d a t a  a t  some selected points tl 
on a l l  the B 

I I contour Piagrams. 

and Phase A 1  onq Ori q i  nal Coordinate I System 

ear th ' s  
L 

magnetic and e l ec t r i c  f i e lds  a t  bhe 11 
I 

B 

d by the frequency domain expresaion 
1 .  

b 9 ( 2 3 )  

9 ( 2 4 )  
I '  

I = Z  H + Z  H 
Y X  x YY Y 

b 

, 



i 

i l  

'I 

9 ( 2 5 )  

( 2 6 )  
\ 

by ( E x ,  EY) and ( H x ,  H Y )  respectively, and 

To solve for the fou r  unknowns i n  7, we 

have totiimpose another source po la r i za t ion  t o  o b t a i n  two more 
I 1 

equations 

have used subscript ' 2 '  t o  designate fields generated by the 

ource po la r i za t ion .  T h i s  second set of fields can be easily 
\ I )  

by changing only the r i g h t  hand side of  equation ( 2 1 ) .  
I 

sor obtained t h r o u g h  the above equations (23), 

(24 ) ,  ( 2 7 ) ,  and (281), 1; i s  transformed t o  apparent resi,sti v i  t y  and phase 
by the following simple I. formulae 

1 

l ' i j  = tan-' \ I  1 m ( Z .  1J .)/Re(Zij)] 
It 

b 
i , j  I= x , y  , (30) 

I/ I1 
#I 

I1 ', 

;i 
where I m ( Z i j )  and Re(Z i j )  are the imaginary and real \parts of Zij 

respectively, and where the phase e i j  i s  the angle measured 
11 I 

lockwise i n  the complex plane. Because the trnpedance tensor 

t h  respect 'to1 the coordinate system, apparent resistivity and 

ived f r o m  ilt also vary w i t h  the coordinate system. 

11 

$ 1  



I 
I 
I 

Fi~gures i 11 and 
II 

resisti:vity a long  tt- 

respectively. On t h  

res is t ivi t ies ,  Pxx a 

decomposed i n t o  the 

a coincidence becaus 

i 
.I 

'~ 

I1 

lines of the earth m 

maximuml wh ich  i s  pur 

three dimensionality 

much greater 

of the symnetry of tt 

pattern lexcept for a 

I 1 'i i 

i 

The 'I correspondi r 

I 
xx and jYy are neglec 

impedance elements, 2 

Unl  i ke alpparent resi s 

three dibensionality . 
means h i  Lher resol v i  n 

contrast; t o  the small 

the h i  gher frequency . 
phase are really two 

treated simul taneousl 

Impedance Po la r  Di a g r  

Once the impedanl 

( x  ,y ,z)  coordinate sy 

'1 

il 
I 

I) 

I 

1 
! 
I 

2 show surface contours of the apparent 

original coordinate system a t  0.1 Hz and 10 Hz 

coordinate axes, on-diagonal apparent 

d pYy are zero, w h i c h  means the fields c o u l d  be 

and E mode as i n  the 2D case. This happens as 

our  coordinate system i s  r i g h t  on the symmetry 

k l  

ly due t o  the three dimensionality. Because 

i s  more important  a t  the lower;frequency, Pxx and 

I t  0.1 Hz t h a n  they are a t  10 Hz. Also because 

Near the corner, Pxx and Pyy approach their  

! model , contours of Pxy and pyx have a similar 

IO-degree ro t a t ion .  

I phase contours are shown i n  Figures 13 and 14. 

.ed on the coordinate axes where the on-diagonal 

and Zyy are near-zero unstable numbers. 

i v i t y ,  phase contours do not  e x p l i c i t l y  show the 

Furthermore, we see stronger variation, which 

power, of phase a t  the higher;' frequency in 1 
variation diagnost ic  of apparent resist ivity a t  

This suggests t h a t  apparent resi s t i  v i  t y  and 

i n  the broad band MT i nterprelat i on. 

1 

Dmpl ementary parameters. Henck, they should be 

II 
i 

ns ~1 

2 tensor Z has been f o u n d  i n  ohr  o r i g i n a l  

tem, i t  can be rotated hor i zon ta l ly  t o  any other 

- !! 



Q 
c 

h 

, I  
1 1  

by an  angle e i n  the  c lockwise d i r e c t i o n .  The 

rotatedl  impedance elements are given as: 
It 

I 

I 



i )  

@ a 

c 

3 

& 

/ 
The pol.ar dliagrams f o r  / Z x x l  always a t t a i n  t h e  shape o f  a 

c l o v e r  ; leaf .  

s y m e t r i c ,  a c h a r a c t e r i s t i c  of a two-dimensional e a r t h  (Reddy e t  al., 

Away from t h e  symmetry l i n e s ,  these diagrams s t a r t  t o  have an 

on, and t h e i r  magnitudes become grea ter ,  p a r t i c u l a r l y  a t  t h e  

Along t h e  symmetry l i n e s  o f  t h e  model these lobes are 

I 

lower  frequency. Therefore, w i t h  a p o l a r  diagram, lone can immediately 

recognize a t h r e e  dimensional s t r u c t u r e  f rom a singi le measuring s i t e ,  

unless it i s  loca ted ion  a l i n e  o f  symmetry above t h e  s t r u c t u r e .  O f  

frequency as shown by t h e  comparison o f  F igures 15 

T ipper  I 

I I 

d I 
t h i s  r e c o g n i t i o n  can be more e a s i l y  achieve 

1 

A r e l a t i o n s h i p  s i m i l a r  t o  (23)  o r  (24)  can be r i t t e n  between t h e  

magnetic f i e l d  component, H,, and t h e  h o r i z o n t a l  magnetic 

mponents H, and Hy. 

H, = AHi + BHy 
I 

Y ( 3 5 )  

I 

where A land B are unknown complex c o e f f i c i e n t s ,  whi h a re  c a l l e d  
I I 

I ! t r a n s f e r  func t ions .  To so lve  f o r  A and B )  we again need two 
I I I/ 

d i f f e r e n i t  source p o l a r i z a t i o n s .  Th is  p a i r  o f  coeff idcients can be 
I 1 

thought : of as opera t ing  on t h e  h o r i z o n t a l  wagnetic f i l ie ld Fl and t i p p i n g  
I li 

i t  i n t o  t h e  v e r t i c a l .  
I I I 

For  t h a t  reason, (A, !B) i s  a l s o  c a l l e d  

I' 
[I t h e  " t i p p e r "  (Vozoff ,  1 1972). I t s  magnitude i s  

1 11 ' ~ /I 
I , (36) 

~ 

I 1 
I I I T /  = { ] A I 2  + 1B1211'2 

/I 
I 

T h e ' t i p p e r  d i r e c t i o n ,  + , here i s  de f ined as t h e  angle rneasuring 



respect? 

/j 

vely. On the coordinate axes, on-diagonal 

li 
i/ 
I 

e. 

' -,a coincjdence because our  coordinate systenr i s  r i g h t  on the symmetry II 
1 ' I  

j 

- 

lines o f  the earth model Near the corner, Pxx and pYy approach their 

three dimensionality i s  more important a t  the lower frequency, pXx and 

pYy areimuch greater . a t  0.1 Hz t h a n  they are a t  10 Hz. Also because 

o f  the symnetry of the model , contours of Pxy and Pyx have a similar 

i maximum~/which  i s  purely due t o  the three dimensionality. Because 
' 

'1 

I ;I 
I 

I I 
'I 

/I 

1 pattern llexcept I for a 90-degree rotation. 

The corresponding phase contours are shown i n  Figures 13 and 14. 
I 

i 

xx and by are neglected on the coordinate axes wher 
I impedance elements, zxx and Zyy are near-zero unstab I 

Unlike a p p a r e n t  resistivity, phase contours do n o t  e p l  i c i t ly  show the 

three dimensionality. Furthermore, we see stronger a r i a t i o n ,  which 

means hibher resolving power, o f  phase a t  the higher /frequency i n  

the on-di agonal 

/I 

! 

contrast1 t o  the small var ia t ion diagnostic of apparent I/ resi s t i  v i  t y  a t  

the h i g h e r  1 1  frequency. This suggests t h a t  apparent resistivity [I and 
I/ 

phase ar-1 really two complementary parameters. Hence, they should be 

treated simultaneously i n  the broad band MT interpre 

Impedance Pol ar D i  agrams 

1 1 
\ 41 

kl 

Onca the impedance tensor Z has been f o u n d  i n  oulr 11 o r i g i n a l  
/I 

(x ,y,z)  coordinate ,system, i t  can be rotated h o r i z o n t a l l y  t o  any other 
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I 
1 

~ 

r) 

I 

I 

t 

I 
I 

II 

I1 

f rom t h e  x 

I 
Welhave drawn t h e  t i p p e r  d i r e c t i o n  as an arrow i n  t h e  p o l a r  

f i e l d  (Vozof f ,  1972). I t s  values along "x" a x i s  a r e  l a r g e r  than those 
1 1  



I 
along t h e  cor resp  

f l o w  a long t h e  e longa t ion  d i r e c t i o n  o f  t h e  prism. 

frequency, t i p p e r  magnitude i s  much grea ter ,  and i t s  con tour  tends t o  

ng "y" ax is .  Th is  i s  because cu r ren ts  tend t o  
I 

I It 

!I 
I 

I 
' 

A t  t h e  h igher  

t h e  boundary of t h e  prism. 
I 

/I I 
1 

P r i n c i p a l  D i r e c t i o n s  
I 

I 

There are many ways t o  d e f i n e  t h e  p r i n c i p a l  d 
I 

~ I 

I 

from t h e  impedance tensor. 

min imize IZxx I + IzGY I , maximize IzGyl o r  Iz;XI, 
For  example, maximize 

11 * 2 2 I 
I 

I 

r e c t  i ons  d e r i  ved 

min imize lZGxl  o r  

I 1 ~ 5 ~ 1 ,  maximize 'I lzxy / '  t Z;xI, etc.  They a l l  g i v e  t h e  p r i n c i p a l  
I 

4 d i r e c t i o n s  o f  t h e  s t  u c t u r e  if t h e  e a r t h  i s  two dimensional. I n  our  

30 case, 1/ though, these methods do not  g i v e  t h e  same r e s u l t s .  Th is  i s  

because i , ' the t r a c e  o f  a l l  t h e  impedance elements on t h e  complex plane 

i s  an ei ' l ipse, a l l  h i n g  t h e  same o r i e n t a t i o n ,  i ns tead  of a l i n e  o r  a 

p o i n t  as i n  t h e  2D o 1D case r e s p e c t i v e l y  (Word e t .  a1 . , 1970) . We 

have chosen t h e  meth of Sims e t .  a l .  (1969) of maximizing t h e  

I 

/I 
I 

absolute t va lue o f  t h  sum of t h e  off-diagonal elements, ma in l y  because 

I/ 

;I 

11 

t h e i r  method always g ives  two perpend icu la r  d i r e c t i o n s  which 

correspond t o  t h e  maj r a x i s  of t h e  e l l i p s e  - a unidue c h a r a c t e r i s t i c  

o f  t h e  i'mpedance tensor. 

1 I 

j 

I 

il I /I 
jt # 

$1 , I 

The, angle, e o ,  a t  which k l y  + Zyx I has zero f i ' l r s t  d e r i v a t i v e  can 

be der ived  a n a l y t i c a l l y  (Sims et .  a1 , 1969). I 
11 i 

1 1s 
I 

(38) :I 
t 

'I I 

! 

w i t h  R l , r R 2  and 11, I 

and (Zxy + Zyx) r espec t i ve l y .  

a re  t h e  r e a l  and imaginary p a r t s  of ( Z x x  - Zyy) 

Between zero and 360 degrees, t h e r e  are  
I I 



I I 

e i gh t  0's which can : s a t i s f y  equation (38 ) ,  but  on l y  f o u r  o f  them g ive  

the  maximum value of 11 Z& + Zy)x I and they form two 

d i r e c t i o n s  perpendicu lar  t o  each other .  

I 
'I 

II 1 

It 

j1 I 

I n  iFigures 15 and 16, t h e  s i n g l e  s t r a i g h t  l i n e  a t  each g r i d  p o i n t  
11 

:I 
'I 

represents t h e  p r i n c i p a l  d i r e c t i o n  f a r t h e s t  f rom t h e  d i r e c t i o n  o f  
I I 

t i ppe r .  I' I f  t h e  ea r th  were two dimensional , t h i s  d i r e c t i o n  would 
It 

co inc ide  w i t h  t h e  s t rpke  d i r e c t i o n .  

d i r e c t i o n  va r ies  arouind t h e  pr ism and tends t o  p a r a l l e l  t h e  nearest 

s ide  o f  t h e  prism. 

d i r e c t i o n  from a singile measuring s i t e  f o r  an elongated 3D body could 

be mis leading s ince it depends upon where t h e  observer i s  located. 
1 

Once again, j u s t  l i k e '  t h e  t i p p e r  d i r e c t i o n ,  p r i n c i p a l  d i r e c t i o n s  are 

not  a f fec ted  much by changing t h e  frequency. 

I 

I 

For our  30 p r i sma t i c  model, t h i s  

Hence, es t imat ion  o f  t h e  e l e c t r i c a l  s t r i k e  : I 

I 

1 1  . I  
- Skew ~ 

1 1  
I 

I' 

1 
The! three-dimensional i t y  parameter 'skew' i s  de f ined as 

from equation (31)  t o  ( 3 4 ) ,  both (Zxx + Zyy) and (Zxy - ZYX) 

I 

are independent of , l1 l-skew does no t  depend on t h e  mea/suring axes. 

shows t h e  sur face contours o f  skew a t  0.1 Hz and 10 Hz. 
i 
I 

Ji 
'I 

be zero f o r  I one and two dimensional structuires. But i t  i s  
I 

a long the  l i ,nes o f  symmetry o f  our 30 model';. 

contours o f  on-diagonal apparent r e s i s t i v i t i e s ,  Pxx  and pYy 

o r i g i n a l  l coord ina te  system, three-dimensional i t y  has been 

Consistent 
j l  I 

'I 

I 1  revealed'lmore obviouslly a t  t he  lower frequency. However, i t s  maximum 



il e 1 

i 

P 

occurs somewhat o f f  t h e  corner  as opposed t o  t h e  on diagonal apparent 

r e s i s t i l i t i e s  which have t h e i r  maximum r i g h t  above t h e  corner .  We 

t h i n k  t h i s  i s  due t o  t h e  asymmetry between Zxy and Zyx which were 
/I 

ed i n  t h e  c a l c u l a t i o n  o f  skew. 

I 
E l  1 i p t  i c i  t y  

I 1 

Aslwe have sa id,  a l l  t h e  impedance elements t r a c e  ou t  s i m i l a r  

e l l i p s e s  on a complex p lane as we h o r i z o n t a l l y  vary  t h e  o r i e n t a t i o n  o f  

t h e  coord ina te  system. 

II 

'I 
The e l l i p t i c i t y ,  which i s  t h e  r a t i o  o f  minor 

i 

t o  major  a x i s  o f  t h e  e l l i p s e ,  can be obta ined a n a l y t i c a l l y  

a1 ., 1970). 

I 
d l  

1 

I ( Z x x - ~ y y ) ~ o s  20 0 + (z,,+z ,)Sing 2e 0 I 
20 0 + (Z,,-Z~,,)S~~ 20 0 I E l l i p t i c i t y  = 

(IJord e t .  

where ed can be any o f  t h e  p r i n c i p a l  d i r e c t i o n s  de r i ved  pr,viously. 

I, 

E l l l i p t i c i t y ,  l i k e  skew, i s  a l so  a three-dimensional i t y  i n d i c a t o r  
I 
It I 

because i ' t  i s  zero f o r  one- and two-dimensional mod 

shows t h e  sur face  contour  o f  e l l i p t i c i t y  a t  0.1 Hz 
(1'  

contour  /o f  e l l i p t i c i t y  has a very s i m i l a r  p a t t e r n  a 

except t h a t  they  vary  d i f f e r e n t l y  w i t h  frequency. 

three-di'mensional i t y  more obv ious ly  a t  t h e  h ighe r  f 

e l l i p t i c l i t y  does t h a t  a t  t h e  lower  frequency. Henc 

paramete,rs a re  a p a i r  o f  complementary three-dimens 

I I 

'/ 

P 

1s. F igu re  19 

nd 10 Hz. The 

t h a t  o f  skew 

h i l e  skew shows 

equency , 

, these two 

onal i t y  
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ii 

requ i re :  a g rea t  number o f  c e l l s  which our  computer 'can no t  handle a t  

ii 

BY 1 

D 

present ing  v r i o u s  MT parameters due t o  a simple 3D model', we 

b 

/I jl 
combined 2D and 30 model i n g  cou ld  be appl i e d  t o  y i e l d  a gross 30 

/I I1 

s t ruc tu r /e ,  which i s  composed o f  a cross s e c t i o n  and [ i t s  s t r i k e  ex ten t .  

I n  do ing  so, we suggest t h a t  t h e  cross s e c t i o n  be odta ined f rom h igher  
it I 
I II 

f requency I/ 2D E, mode modeling, and t h a t  t h e  s t r i k e  ex ten t  be der ived  
11 I 

by matching w i t h  lowe'r frequency E mode r e s u l t s  due t o  corresponding 
J I II 

I .  

I' 



(5; 

D 

D 

? 

I 

I I 

I 

I 

3D mode,\ s .  I n  ad i t i o n ,  we have ind i ca ted  t h a t  some simple 30 1 
c a t i o n  above conduct ive zone, corners,  and symmetry 

l i n e s ,  &an be e a s i l y '  recognized. 

I 

I 

I 
I 

I 
I 

I , 
I 

'! 
I 
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