
Predicted model 

.. . 

2000 Y, meters 

Figure 10: A volume rendering of the resist ivity model obtained as result of 
the tensor component Z x y quasi-analytical inversion (Model 3). The cut-off 
level for this image is equal to 15 Ohm-m. This means that only the cells with 
a value ofresistivity less than 15 Ohm-m are displayed. The color represents 
the depth of the corresponding cells: the shallow cells are marked by red, 
while the deep cells are painted in blue. 

t ure, t he joint inversion may be preferable, however, the individual inversion 
of a different impedance tensor component may contain complimentary in­
formation abo ut the complex geological st ructure . 

Inversion of the Voisey's Bay M T data 

INCO Exploration conducted a three-dimensional MT survey. The goal of 
this survey was to st udy the app licat ion of the MT method to typical Ni-Cu­
Fe sulphide mineralization zone exploration in complex geological st ruc tures . 
An array magnetotelluric survey consists of eleven profiles covering an area 
of abo ut 28 km", collected by INCO Exploration at the Voisey's Bay area, 
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Figure 11: A volume rendering of the resistivity model obtained as a result of 
the tensor component Z yx quasi-analyti cal inversion (Model 3). The cut-off 
level for this image is equa l to 15 Ohm-m. The color represents the depth of 
the corresponding cells: the shallow cells are marked by red, while the deep 
cells are painted in blue. 
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Predicted model 

2000 Y. meters 

Figure 12: A volume rendering of the resistivity model obtained as a result 
of the joint inversion of off-diagonal te nsor components Z x y and Z yx using 
the quasi-analytical inversion method with image focusing (Model 3). The 
cut-off level for this image is equal to 15 Ohm-m, The color represents the 
depth of the corresponding cells: the shallow cells are marked by red, while 
the deep cells are painted in blue. 

27 



where massive sulfide deposits were discovered (Naldrett et al., 1996; Balch, 
2000). The frequency range of MT data is from 10 Hz to 350 Hz. We use for 
inversion two off-diagonal elements of the impedance tensor, Zxy and Zyx, 
at five different frequencies between 32 Hz and 288 Hz (288 Hz, 166 Hz, 95 
Hz, 55 Hz, and 32 Hz). The diagonal components of the impedance tensor, 
Zxx and Zyy, were not used in the inversion because they were typically 
much smaller and noisier than the off-diagonal components (similar to the 
model case discussed above). The simple analysis of the MT data showed 
the presence of an anomaly zone between profiles numb er six and eleven. 
The MT profiles are numb ered from the left to the right in Figure 13. For 
example, Figure 13 presents the maps of Zyx apparent resistivity (top panel) 
and phase (bottom panel) for a frequency of 96 Hz. We can see clearly the 
locat ion of the anomalous zone in these maps. 

For detailed investigation we used data from the six profiles in the eastern 
part crossing the anomalous zone. The background geoelectrical cross-sect ion 
in this area, according to the MT data, was represented by a seven-layer 
model with the following resistiv ity-sequence: Pl = 305, P2 = 283, P3 = 452, 
P4 = 461, Ps = 607, P6 = 452, P7 = 556 Ohm-m; h1 = 100, h2 = 200, h3 
= 200, h4 = 100, hs = 100, h6 = 200 m. This cross-section has been found 
using the parameter-estimation code developed by Portniaguine and Zhdanov 
(1995). The area of inversion consists of 33600 (56 x 50 x 12) cells. Figure 
14 presents the 3-D view of the area of inversion and its discretization. The 
structure of the MT station locations is a little bit irregular. T he MT data 
were interp olated in the six profiles shown in Figure 14. 

The rapid 3-D MT inversion method was applied to the off-diagonal MT 
impedances for the 276 interpo lated MT soundings at five frequencies. 

As a result of the inversion, we obtained a volume dist ribution of electri­
cal resistivity under the area of about 28 km2 to a depth of 1 km. In Figure 
15a we can see the vert ical cross-sections of the inverse results below the ob­
servat ion profiles. Figure 15b presents the general 3-D view of the predicted 
model. Figure 16 upper panel shows 3-D conduct ive bodies with resistivity 
below 25 ohm-m, while Figure 16 bottom panel presents the domains with 
resistivity below 50 ohm-m. One can see a conduct ive anomaly with a com­
plex shape in Figure 16, reaching a depth of several hund red meters. We 
have plot ted also the horizontal map at the different depths of the resistivity 
obtained as the result of the inversion. These maps are generated using the 
Geosoft package. An example of this map at a depth of 550 m is shown in 
Figure 17. 
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Figure 13: Maps of the observed Z yz apparent resistivities and phases at f 
= 95 Hz over the Voisey's Bay area . The dots mark t he observation sites . 
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Figure 14: Three-dimensional sketch of the inverted area and its discret iza­
t ion for the inversion of the Voisey's Bay area data. The locat ions of the MT 
profiles are mar ked by thick black lines. 
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Figure 15: a) Vertical cross-sections and b) volume image of the predicted 
inverse resist ivity model obtained by QA inversion of the Voisey's Bay area 
data set. 
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Figure 16: The volume image of the inversion results with resistiv ity below 
25 Ohm-m (upper panel) and below 50 Ohm-m (bottom panel). The color 
represents the depth of the corresponding cells: the shallow cells are marked 
by red, while the deep cells are painted in blue. 

32 



r~", I .--, w..--!-., I ~ g?•••.<. , .. , 

u 
u 
u~f3 --'<~" I{'::; '7 .\t n 

I, ) . -n. 

~~j tiJ~
 
e: ;J J -~ 

I~;f II I",'

'j ,~ «.:j~' 
.-.:.!i~/J)/, 

'.r- . l'ti,{F-; .: - _. .. jll!\. ~1-~} : I'V,,;,\ (jrV } "'~" 

v
v
v
v
v
v
v
v
v
v 

• Iyj&/l- ..c;j:f/ 
1''0 l"' \ ~L,_._ .. . __

\" >~

"'" 300J 

Resist iv ity of VB mode l d9plh =S50m,,. 
~11 1000 l !>l1 l1 + 

Figure 17: A map of the resistivity dist rib ution at a depth of 550 m, obtained 
by inversion of t he MT data collected in t he Voisey's Bay area. 
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a) Observed apparent resistivity 
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c) Predicted apparentresistivity 
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Figur e 18: A comp arison of the observed and predicted apparent resistivities 
and phases, computed for the Z xy imp edance using the rigorous IE forward 
modeling code INTEM3D. 

It is important to note that, in order to cont rol t he accuracy of the in­
version , our method allows application of rigorous forward modeling in t he 
int ermediate st eps of the inversion procedure and for the final inverse model. 
In particular, we have computed the theoretical predicted MT data for the 
model shown in Figure 15, using t he rigorous forward modeling code IN­
TEM3D. A comparison of the observed and predicted apparent resistivities 
and phases, computed for the Z xy imp edance, is shown in Figure 18a-d. Gen­
erally, the apparent resistivities show better agreement t han the phases. 

Note that the rapid 3-D MT inversion code runs for just about 14 minutes, 
and t he inversion resu lt has been achieved at approximate ly 30 iterations. 
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Conclusions 

We have developed a new 3-D MT inversion method and computer code based 
on full nonlinear conjugate gradient inversion and quasi-analytical approxi­
mation for the forward modeling solut ion. Application of the QA approxi­
mation for forward mod eling and Frechet derivative computat ions speeds up 
the calculation dramatically. However, in order to cont rol the accuracy of t he 
inversion, our method allows application of rigorous forward modeling in the 
intermediate steps of the inversion procedure and for the final inverse mod el. 
This modeling is based on the Contraction Integral Equation method de­
veloped by Hursan and Zhdanov (2001). The 3-D magnetotelluric inversion 
code QAINV3D based on QA approximation, developed by CEMI, has been 
test ed on synthetic models and applied to the pr actical MT data collected in 
an area with complex geology. This code is based on the re-weighted regular­
ized conjugate gradient method and can produce both smooth and focused 
images of the geoelect rical st ructures. The 3-D MT inversion code works 
extremely fast and produces the reasonable images of subsurface geological 
formations. The rapid inversion of the array magnetotelluric data (observed 
with hundreds of mult i-frequency observation stations) can be done within a 
few minutes on a PC to generate t he full 3-D image of subsurface format ions 
on a large grid with tens of thousands of cells. 
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Appendix A: The matrix form of quasi-analytical 
approximation 

The quasi-analytical approximations (3) and (4) of the anomalous elect ric 
and magnet ic fields in a discrete form can be writ ten as (Zhdanov, 2002) 

eQA = G Ee~ [d iag (I - g(lT))r 1 IT , (48) 

and 
hQA = G H e~ [d iag (I - g (lT ) )r 

1lT
. (49) 

We used the following notations in the last formulae. The vectors eQAand 
hQA represent the discrete quasi-analytical approximations of the anomalous 
electric and magnetic fields at the observation points. Vector 1 is a N x l 
column vector whose elements are all unity. The N x 1 column vector g (IT ) 
represents the function 9 (r) (equation (5)) at t he center of each cell: 

E b'h . E B ,1 E b,2* . E B ,2 E b,N * . E B 'N ] T 
(50) g(lT) = [ E b,h . E b,l ' E b,2* . E b,2 , . .. .. , E b,N * . E b,N ' 

where E B ,j and E b,j (j = 1, 2, ...N) denote the Born approximation and the 
background elect ric field in each cell within the anomalous domain. 

Direct calculations show that vector g (IT ) can be expressed by matrix 
multiplication: 

~b* ) - 1 ~b* Bg(lT) = (~ b (51) eDe D eDeD, 

where the vector of the Born approximation inside the anomalous domain, 
e~ , can be expressed by the formula: 

B - -xb 
eD = G De DlT . (52) 

Subst itut ing (52) into (51), we obtain 

(~b ~b* )-l -z-b» B (~b ~b* ) - l ~b*- ~b ~ g(lT) = eDe D eDeD = eDeD eDGDeDlT = C lT, (53) 

where 
~ ( ~b * )-1 - ~b-z-b ~b*GC = eDe D eD DeD· (54) 

Thus, we can represent equations (52), (48) and (49) in the form 

B - ~b ­e = G EeDlT = AElT, 
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eOA= A E [d iag (I- Cu)r l 
a = AE B(u ) a , 

hOA = A H [d iag (I- Cu)r l 
a = AH B (u ) a , (55) 

where 
- - ~b - - -z-bA E = G EeD' A H = GHeD , (56) 

and the diagonal matrix is expressed as 

B (u ) = [d iag (I - Cu)r l
. (57) 

Let us int roduce a notation d for an elect ric or magnetic vector of t he 
anomalous part of t he observed data. This vector contains t he components of 
t he anomalous electric and/or magnetic fields at t he receivers. The discrete 
forward modeling problem for the elect romagnetic field based on t he QA 
approximation can be expressed by the following matrix operations: 

d = A [d iag (I- Cu)r l 
a = A B (u ) a , (58) 

where Astands for the electric or magnetic matrices, A E = GE e~ or A H = 
~b . 1G HeD , respect ive y. 
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