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ABSTRACT

During the summer of 1974 this Laboratory participa t ed in a j oint

study of the crust in northern Wisconsin with the Colorado School of

Mines , the University of Wisconsin at Madison and others . The Wisconsin

Arch region was selected for the large area 1 extent of outcrop of highly

resistive crystalline basement rocks considered most favorable for pos-

sible lithospheric propagation of low frequenc y electromagnetic waves.

The principa l obj ective of the Joint stud y was the determination of the

maximum resistivity and thickness of a hig h ly resistant zone underlying

a thin surface layer of glacia l t i l l  over most of the area . It was recognized

at the outset that a combination of deep DC resistivity sounding , which

can determine the resistivity-thickness product of the resistant zone , and

the magnetote lluric method , which can determ ine its thickness , would be

required . DC dipole—dipole measurements made at 21 site s in the area

encountered a highly conductive feature to the southeast of the fixed source

dipo le antenna s in the direct ion of the maximum lateral extent of the out-

crop . Thu feature , which is referred to as the Flambeau Anoma ly , atten-

uated the transmissions from the dipole antennas and thus distorted the

resistivity-thickness product results obtained by this  Laboratory . However ,

magnetote lluric soundings provided estimates for the th i ckness  of the

resistant zone in the reg ion southeast of the anom a ly  where DC dipole-

dipole results by the Colorado Schoo l of Mine s group ind icate very high

values b r  the res i s t ivi ty- thickness  products. By combining these results

ii
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it is possible to estimate the resistivity of the resis tant  zone and its

thickness. Results of this survey are presented along with some innovative

method s for the ana lysis and inversion of magnetotelluric data .
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INTR ODU CT iON

During the summer of 1974 , the Electrica l Geoscience La borator y of

The University of Texas at Austin (UTA) made a number of geoelectrtc meas-

urements over the are a of exposed crysta ll ine basement rocks of the Wisconsin

Arch. The measurements were pa rt of a Joint study ot the crust of the region

made by groups from the Colorado Schoo l of Mines (CSM) , Ke l ler and Furgorson ,

( 1977) , the University of Wisconsin at Madison ( t I ’.\ M), Sternberg and Clay,

(1977) , and The University of Texas at Dal las  UJTD) . In addit ion to the

genera l scientific objectives of the stud y spe~’1fic i nter est  was directed to

the measurement of the electrical res is t iv ity  versus depth in the uppe r crust

in order to evaluate the feasib i lity  ot using the l i th osphor e ’ as a p ath  for

electromagnetic communications.  Crit ical  to the succe ’sstu i operat ion of a

long range high data rate Iithosphertc communications system would be th e’

existence of resistivities in excess of io6 
~ - M. Mea surements from the

surface of resistivit ies of this order in the crustal rocks at depth provided

a challenge to the desig n of the experiment .
r

In most areas of the continental U nited States a conductive overbu rden

obscures the true maximum resistivity value s of the substrata from surface

measurement . However , the relatively thin and resistive cover of glacia l

t i l l  overlying the outcrop of basement rocks in northern Wisconsin offers a

favoreble setting for the measurement of larg e res is t iv i ty  values at depth.

This was a major consideration in the selection of northern Wisconsin as a

site for the experiment .

— - - —--—- .-—-~~~- ------~~---- —-~--J-.-
. —
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The choice of survey methods was based on a simple model of the

average characteristic s of the crusta l re sistivit tes of the region . The ele-

ments of the model were suggested by the result s of previous studie s ,

Davidson et a l . ,  ( 1974), Dowling , (1970) . A superficial  cover of glacia l

till  varies In thickness from 10 to 100 meters . Near surface resisttvitie s

range from one hundred to several hundred ohm meters. Beneath this cover

the bulk resistivity increases rapidly with depth as the pressure close s the

water filled voids in the insulating solid matrix of the basement rocks . The

resistivity increase continues to a maximum. Both the depth to the maximum

and the resistivity at that depth were unknown; however , estimates placed the

depth at between 5 km and 10 km.  Below the max imum , the resistivity begins

a slow monotonic decrease with depth as tonic conduction , stimulated by the

increa sing temperature , enhances the conductivity of the rocks. In summary ~

the average resistivity versu s depth curve shows a sing le mode , increasing

monotonically from a minimum at the surfact throu gh a maximum int o a uni for m

decrea se . Each of the survey technique s c~ ns1dered was tested by evalu-

ating its response to a horizontally uniform ea rth having this distribution of

resistivity with depth .

Even for thi s relative ly simple test model , no one sou nd ing technique

proved to be capable of resolving all of the significant parameters . A survey

involving a combination of methods with complementary response character-

istics was considered essential.  The IJ TA group chose to combine DC dipole-

dipole measurements with a magnetotelluric (MT) survey to achieve the desired

objectives. 

- -~~~~~~~~~~~.-~~~~~~~~~ - - - -~~~~~~~
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The DC dipole-dipole method of resistivity sou nding involves the

mea surement of signals transmitted by a dipole antenna , Keller , ( 1966) .

The measurements are made with  a dipole receiving antenna and are obtained

as a function of separation between the transmitter and receiver. The meas-

ured signal levels are usually converted to apparent resistivities and plotted

versus separation . The apparent resis t ivi ty at a site is defined as the

resistivity va lue for a homogeneous half space that would produce the same

signal at the site from the dipole transmit ter  as was actually measured . Over

a horizonta lly uniform earth the dept h of penetration of the measurement

increases monotonically with t r ansmit ter  receiver separ ation. The sha pe of

the apparent resistivity versus separation curve corresponds in a genera l way

to the sha pe of the resistivity versus depth in the section . For this reason ,

the apparent resistivity curves are often used directly as a rough indication

of resistivity versus depth.  A section interpreted in th i s  way is called a

psuedo section .

For the single mode resistivity versus depth curve described above ,

the apparent resistivity versus separation curve also has a single mode . The

separation at which the maximu m occurs and the apparent resist ivi ty at the

maximum depend principa lly upon two pa rameters . One Is the surface con-

ductance , S , where

S(z~) J~ T(z ) dz , ( I)

° is the conductivity derived as the reciproca l of the resistivity , p ,  and z

is depth. The conductance , S(z) , increases monotonically with depth ,

L _ _ _ _ _
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rapidly at first , to become almost constant as ~‘ decrease s from a maximum

near the surface . The upper l imit , z~ , of the conductance integra l is any

va lue of z large enough to yie ld this  almost constant value for S(z) .  For

the conductivity functions expected to be typical of the shield area of northern

Wisconsin a1 should be considerably less tha n the depth to the mode , Z m *

The second parameter a f fec t ing  the mode of the app arent res is t iv i ty

curve Is the transverse r e si s tance , T , whot ~’

= J ~‘dz  ( 2 )

and z~ < z m < . Most of the ’ va lue ~ t the int cg~a 1 comes from the nei gh—

borhood of the mode. The l imi t s  of the in te gra l e ’x!~’nd e ither side of the mode

to points outside which the decreasing r o s i s t i v i t y  va lue s  are so smal l  tha t

th ey make no signif icant  contribution to the int eg r a l .

The exact value ot separation at which the mod e of ~he app arent

resi st ivi ty occurs depend s upon the bearing to the ‘~‘eivet s it e  relat ive to

the tr ansmitt ing dipole axis .  However , thi s sepa r at ion  is roughly given by

the simple expression

r 1~ .~. . ST .  (3)

The apparent resitivity, 
~AM , at  the mod e is expressed approximately by

°AM S (4)

These two relations are strictly applicable only to the case of a heari-

zontally unifor m ear th .  It was antic i pated tha t latera l resist ivi ty variations

would most certainly occur in the Wisconsin survey. However , it was hoped - 

L_ ~~ _ - - - 



~ -
~~~~~~~~~~~

-- - --
~~~ 

- - ---- -
~~~~~~~~

---
~~~~

- -- - --

&

tha t these variations wou ld be confined to the surface and would represent

loca l deviations from a regiona l average . If such were the ca se , scatter would

indeed be imparted to the measured a pparent resistivities , but smoothing tech-

niques could be used to extract the average trend s of the curve . In particu lar ,

it was hoped that  the significa nt feature s of the mode could be identified . If

so , the para meters S and T could be estimated from the DC dipole—dipole

mea surements.  These estimates wou ld be combined with the MT results to

provid e an indication of the subsurface resis t ivit ies .

A priori estima te s of the va lues of S and T that would be encountered

were used to design the coverage of the DC dipole-dipole measurements .  It

was felt that a va lue of S as large as 1 mho could exist. In addition , the

survey should be capable of measuring values of T ranging up to 10~ ohm-

square meters. Substituting these va lues into (3) show s that separations as

la rge as 300 km would be required to identify the mode.

A separation of 300 km between the transmitter and receiver could

result in very small signa l strengths at the receiver . ~~r~th is reason , it

was decided to use the la rge 22 km long crossed dipole antenna s at the U . S .

Navy ’s Wisconsin Test Facility (WTF) located near Cla m Lake , Wisconsin .

This had the advantage of prov iding a large dipole moment for the transmitter

and would increase the signa l levels at the receiver. It would have the dis-

advantage of fixing the location of the transmit ter . This di sadvant ~ ge la t er

proved to be costly in terms of applying the dipole-dipole measurements to the

origina l obj ectives of the experiment .

Measurements were planned along four raida l traverses extending

~



f rom the center of the WTF a n t en n a s .  As may be seen in Fi gure  1 , the WTF

is near the n~ rthwest bou nd a ry ct the basement ou tc t  op. One of the t r a v er s e s

would extend In a sou theas te r ly  d i rec tion  t owaid the geome~.ii c ce nter of the

outc rop. It was fe l t  t ha t  t h i s  t r avers e  of fe red the b es t  chance for measur ing

a large va lue of the parameter T . A separatio n at 300 km could be obtained

wi th out approaching the edge of the outcrop wher e  the presence of conductive

sedi ment s wou ld in f luenc e  the measureme n t s .  A second t rav erse  would run

s l ight ly  north of east  wi th  a third extending essent ia l ly  due south.  Thi s

would provide fan  covera ge of the reg ion ex tending  from the antenna s toward

the side of the outcrop opposite the WTF. One fina l radia l would be run

nort hwesterly across the bound a ry of the outcrop to define the latera l conduc-

t iv i ty  transit ion nearest the antenna . A total  ot 21 sit e s were to be occupied

wi th  most of them distributed along the four radia l  t r averses .  These same

sites would also be used for the MT survey.

Using natural  ~‘lectro megnet ic background noises as a source of energy

M r is capable of sou ndin g dee p into the ea r th ’ s c~~ st . The soundin g pr in c iple

i s based upon the fact  that  the depth of pen et ra t ion  at an  e le c t romagnet ic  wa ve

propagating vertically downward into a horizont a l ly uniform eart h bears a

recip rocal r e la t i onship to the frequency of the wave . The exact nature of

the relationsh ip depe nd s upon the distr ibution at resis t ivi ty w ith depth. A

measure of the subsurface res is t iv i ty  may be derived at any one frequency

f rom the wave impeda nce computed as the ratio of the Intensi ty  of the hen-

z ont~ l electric (E) f ield to the horizonta l magnetic  (H )  field at the surface .

More specifically, th e resist ivi ty measure Is def ined as th at  va lue of

_ _ _
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resistivity for a homogeneous half space that would produce the same mag-

nitude of the wave impedance as derived from the experimental data . This

mea sure is called the apparent resistivity . A frequency plot of the apparent

resistivy computed from Fourier analyzed E and H fie ld time series data

can be used as an indication of the resistivity versus depth beneath the

measurement site . It should be remembered that depth is reciprocally related

to frequency .

The sensitivity of the MT method was tested by computing the a pparent

resistivity vs frequency curve for a horizontally uniform eart h having resistivity

versus depth equa l to the single mode test function described above . The

resulting apparent resistivity curve also has a single mode . The principa l

diagnostic feature s of this computed curve are the skirts of the mode . The

skirt on the high frequency side of the maximum tend s to follow an asymptote

determ ined by the value of the surface conductance , S , defined above ,

Berdechevsky , (1968) . The depth , ID , to the significant thermally induced

conductivity increase below the mode determines the a symptote of the low

frequency skirt . The mea sure of S is redundant with the dipole-dipole
Ir~

results but the indicated value of D is complementary . It is complementary

in the sense that it can be used with the va lu e of T derived from the dipole- H

dipole measurement s to produce an estimate of the subsurface resistivity .

This is demonstrated as follows: using D for z~ the upper limit of the

integra l in (2) ,  one obta ins
D

T J ’ pdz (5)

________________ - - .~ ~~-.- -
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If ~ is smal l  for z Z a compared to its value in the neighborhood of the

m ode , then
D

T .~~ J p d z (6)

Thu resist ivi ty 
~~~~ 

is def i ned as

r ave ~~ J’ pdz (7)

Since p is positive for al l  z it follows tha t

~max r ave (8)

where Pm ax is the largest va lue of P in the Interval o < z < D. The p

resistivity n ave can , therefore , be used as an estimate of the lower bound

for p .  Substituting from (6) and (7) Into (8) one obta ins

p > —
max D

where T is found from the d ipole-dipole measurements and D is derived

from the MT data .

DC DI POLE-DIPOLE RESULTS

Most of the twenty-one DC dipole-dipole sites in Figure 1 lIe along

four roughly radia l lines from the WTF antenna s . The Namekagon (Na ) ,  Lake

Owen (0) and Northwest Chequamegon (NC) sites form the northwest radial ;

Fla mbeau (F) , South Flambeau (SF) , and South Chequamegon (SC ) form the

south radial; Sptllerbe rg Lake (Sp) , Morse(M) , Island Lake (I ) ,  Chaney Lake

(C), Gogebic (G) , and Sidnaw (Si) comprise the northeast radial;  and the

Bea r Lake (B) , Flambeau (F) , Sailor Lake (Sa) ,  Guadalca na l (Gu) , Toma hawk

(T) ,  and Elton (E) sites make up the longest radia l to the  southeast . The

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ ___ 
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a pparent resistivities ca lculated for each site represent the maximum value

produced by a synthetic vector rotation of the source dipole , Keller and

Ferguson , (1977) . A plot of these apparent resistivities vs separation dis-

tance fro m the center of the WTF antenna s is shown in Figure 2. Line s are

drawn connecting the points to indicate three of the radia ls .  Va lues along

the south ra d ia l were similar to the southeast radia l and are not shown to

avoid undue complica t ion of the Figure .

The highest apparent resistivities were measured along the northea st

radial in Figure 2 except for the Sidnaw (Si) site which shows a sharp drop

in resistivity . It is possible that this decrease is due to a conductivity

anoma ly in the vicinity of that site since it lie s within the outcrop area

shown in Figure 1 where unifor m ly high resistivities were anticipated .

Measurements along the northwest radial were term inated after low

apparent resistivity was encountered at the Northwest Chequamegon (NC) site .

This result was expected since that site lies beyond the outcrop in Figure 1

where a thickening of the conductive sedimentary overburden occurs.

The southeast radia l in Figure 2 was expected to produce the highest

measured apparent resistivities. This hypothesis was based on the fa ct

tha t this direction is toward the center of the outcrop area and severe latera l

changes in resistivity were not antic ipated . However , a precipitou s drop in

the apparent resistivity is seen to occur at the Flambeau (F) site which is

caused by the presence of a la rge highly conductive feature encountered by

both the UMW and UTA groups and referred to as the Flambeau Anomaly .

- ~~~~~~~~~~~~~~~~ - - - -- - —~~~~~~~~~ - - --~~~~~~~~~~~~~~~ 
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This feature is evident in the DC dipole-dipole and MT resu lts  at a numb er

of sites and has been studied in detai l  by the UMW group,  Sternberg and

Clay ,  (1977) . The approx imate extent of the anomaly is Indi cated in Figure I .

Beyond the Flamboau (F) site , the apparent res is t iv i ty  in FIgure 2 clImbs

steadily at the successive site s a long thi s  radi al; Sailor Lake (Sa) , Cuadal  -

cana l (Gu), Tomahawk (T) , and f inal ly  Elton (E) at a distance of 185 km from

the WTF antennas .  However , it is apparent that the measured r esist iv it ie s

at these sites beyond the Flamboau Anomaly are greatly depressed by Its

presence . It Is also significa nt that the very low apparent resistivities at

the Flambeau (F) site were mea sured from bot h WTF antennas .  This fact ,

plu s the slow steady rise in resi st ivi ty wi th  separation dIst~~ ce beyond the

anoma ly suggests tha t the conductive teature extend s to consIderable depth

as well as latera l extent . Sternberg and Clay, (1977 ) reach the same con-

clusion .

One additiona l measurement also has s lgnt f i can t’ relative to the

above observations. By cha nce , during the recording of re latively weak

signals from the WTF antennas at our Guadalcana l  (Gu) site on the south-

east radial , we happe ned to receive clearly dist inct ive signals from the CSM

source dipole some 70 km away to the southwest . These CSM signals were ,

at least , an ord e t  of m agn i tu d e  greater than those from the WTF Antennas.

When adj ustments are made for the difference in dipole source moment s and

distances the apparent resistivity va lue calculated from the CSM dipole was

approximately 10~ ohm-meters , the highest value observed at any of our sites.

The appa rent resist ivity measured at thi s  same site from the WTF antenna s was

- ~~_ - ~~~~~~~~~~~~~~~~~~ -~
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a pproximately 500 ohm—meters . We attribute most of the factor of 200 dif-

ference in the two measured apparent resistivities to the signal attenuation

of the Flambeau Anoma ly which lies a cross the transmission path from the

WTF antennas. In contra st , the path fro m the CSM dipole lies well to the

south of the anomaly . Our measurement from the CSM dipole at this site is

consistent with the high reslstivltiy values observed by that group in the

same general area .

MAGNETOTELLU RIC PRINCIPLES

The Magnetote lluric (MT) method has been described by Cagniard

(1953) , Ca ntwell and Madden (196 0) , Watt ( 1962), SwIft (1969), Vozoff (1972)

and many others . For a layered eart h , an apparent resistivity is computed

from the ratio of the horizonta l electric fie ld (E) to the orthogona l horizontal

magnetic field (H)

0.2 
1

E
1
2 (9)

where f is frequency . While adequ ate for a layered eart h , Equation (9) may

give distorted results in regions where the eart h has a more complicated

structure . An Impedance tensor model , Cantwell (1960) , Bostick and Smith

(1962) , and Swift (1967), Is required for two dimensiona l structures. Here the

tensor re lations between the E and H field may be expressed as

[El = (Z) (H) (10)

or

E = Z  H + Z  H (11)x xx x xy y

E = z  H + Z  Hy yx ~ ~~

~~~~ r ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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wh ere the ten sor impedance is

rz
~ xx xy

[2] — I (12)
I z  z[ yx

For two dimensional structure s the principa l impedance values

2’ and Z ’ ,~ are ca lculated with axes pa rallel and perpendicular to the

strike of the two dimensiona l inhomogene ity . If the data a ppear to indicate

three dimensional qualitie s , the same model t s u sed In an attempt to extract

from the result s a two dimensiona l f i t .  The principa l Impedance tensor , [Z’l,

Is related to the original one , [2] , by the following equation:

(2’] = [T] (ZI (Ti ’ (13)

where

0 sIn
[TI — I I (14 )

sin 8 cos

Moreover , the principa l impedance tensor is re lated to the measure d E and

H fie lds as follows:

[TI [El [z ’l (T] [H] (15)

In this paper , Equation (15) ra t he r than Equation (13) is used to ca l-

culate the principal impeda nce tensor , that Is , instead of rotating the impedance

tensor to the principa l axes , Sims and Bostick ( 1969), 1-lermance (1973) , the

C and H field s are rotated to the princip al axes and then the tensor esti-

mates are computed . The rotation angle , ~~~, which maximizes 1 2 1
2 + ,~ I 2

is given by Swift (1967) as

_ _  ----H
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(Z - z  ) ( Z  + Z  ) * + ( z + 2  ) * ( ~ + 2
tan 4q, ‘~‘~ ~“ iz ’- Z~~~ 2 - Iz’ + z’~~lz 

XY YX (16)

For a strictly two dimensiona l structure V and Z’ are zero , and the tensorxx yy

decouple s into two modes represented by:

E’ = Z ’  H’x xy y
(17)

E’ -Z’ H’y vx x
where

(E’] = (TI (El (18)

and

(H’) = [TI [HI

From the principal impedance values Z’xy and Z’ , the principa l apparent

resistivity va lues are computed as

= ~~ lZ ’ 1
2

xy f xy
(19)

= Li 
~~~ 

~2
yx f yx

Associated with the principa l impedance s are the respective pha ses
Is

= 
-1 xytan R’xy

(20 )

‘I!’ tan 1
~~~.y~

R’yx

where the R’ s and I’ s are the real and imaginary parts , respectively of the Z’s.

Once the two principal axes have been determined there remains the

task of identifying which one of the two represents the strike direction .
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This is typically done by correlat ing the vert ica l component of the magnet ic

field with a horizonta l component as a funct ion of a z im u t h  i o tat ion.  The

strike direction Is ident ified as the direction of the principa l axes most

nearly perpendicular to the az imuth  showing maximum corre lation , Vorott ( 197~ )

Whe n performing one d~mensiona l inversions of appar ent res i s t iv i t y

vs frequency curves to product’ r e s i s t iv i ty  vs depth sounding s , i t is common

pra ctice to use the pr in cip a l  axis  curve which re presents the case ot the

eLectric field par aLL e l (C — paral lel )  to the s t r ike  dir ect ion . This choice Is

based largely on the behavior ot the C-parallel and C-perpendicular cases

in simple two—dimensi ona l models such as verti ca l f a u l t s  and dikes whot  o

it is observed that the C—paral le l  i nversion curve is con t inu ous  across the

boundary for these models and the r e s i st iv i t y  values at depth are Less

a ffected by shallow features , Sw t t t  (l~ 6~ ) , \‘ozott  ( l9 7 .’~

MT M E AS U R E MLNTS ANfl  AN A l  YS1S

MT and AMT measurement  wore made in th e freque ucy t angos

extend ing from . 03 to 10 Hz and from 10 l Iz  to 800 1 Iz , espec t ively . The

method s used for processing the dat a  may be summar ized b r i e f ly  as follows:

(I) The f i rs t  step In the proced~tre was to obt ain the frequency

ci oma In tra u sformatt on ot the electric (C and magnet ic (H

field data . The hardware ot the AMT iece1vv~ di rectly provided

the necessary frequency decomposition throughout the higher

of the two frequency l~a nd s . Those real and Imag (n ary compo-

nent S of the C and H spectra at  selected frequencies wete 

~~~~~ _ _ _ _ - -~~~~- 
_1
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periodically sampled and digitized . A programmable calculator

was the n used to compute and store the auto and cross power

spectru m estimates needed for subsequent analys is

The AMT receiver used in Wisconsin was not capable of

being tuned to frequencies below 10 Hz .  In order to utilize

the receiver for Fourier decomposition of the data in lower

frequency ba nd , an ana log recording was made of the rea l-

time C and H field components. The tape was then replayed

into the AMT receiver at a higher speed . The real-time fre-

quencies were thus mu ltiplied up to points within the range

of the receiver. The power spectru m estimates were the n

accumulated as outlined above . Thirteen frequencie s were

chosen to define the spectra fro m .03 to 800 Hz.  From this

point on in the analys is  process , both bands of frequencies

are hand led in the same manner and we wil l  use the term MT

data to refer to the ent ire frequency range .

(2 ) The auto and cross power spectrum estima te s were corrected

for all system responses.

(3) The principa l impedance est imates were calculated after ro-

tating the spectra to the principa l axes , where the rotation

an gle , ~,, is determined from Equation (16). The geometric

mean of four stable least squared estimates of the principal

impedances , Sims , et al , (197 1) was chosen .

L _ _ _  
_ _ _ _ _
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(4) The principa l resistivities and phases were computed from

the correspond ing estimates as indicated in Equations (19)

and (20) .

(5) A phase smoothing operation (Appendix II) was app l ied to the

apparent resistiv ity est imates.

(6) Finally , the one dimensional resistivity vs depth soundings

were obtained by a simplified inversion algorithm , Bostick

(1977) , also (Appendix I) .

Equipment limitations at the time of this survey did not perm it the

measurement of the vertica l magnetic fie ld (Hz ) component and , hence , we

are unable to determine the strike direction of apparent two dimenstonalitios

which were evident in varying degree s at most sites . Also , we cannot

determine which of the apparent resistivity curve s in the principa l axes

represent the C-parallel case so that one dimensiona l inversions are made

for both curves.

MT RESULTS

Since the average spacing between adjacent MT sites is more than

20 km . this investigation can only be regarded as a broad reconnaissance

survey of the region . Results at eight of the nineteen MT sites occupied

during the survey are considered to be the most significant relative to the

main objective s of this study and wil l  be presented in this paper. It wi l l

be seen that this choice of site s , shown by circles in Figure 1, suggests

a highly resistive subsurface to the northeast and southeast of the WTF 

-~~~~ _ _  _ _ _ _
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antennas and gives evidence of the presence of the highly conductive

Flambeau Anoma ly . Some of the sites which are omitted , i . o . ,  North-

west Chequamegon (NC) , La ke Owen (0) , and Sidna w (Si) are more con-

ductive than those pre sented . In the ca se of the Northwest Chequa megon

(NC) and La ke Owen (0) , the Increased conductivity proba bly indicate s a

thickening of the sedimentary overburden outside of the ind icated extent

of the outcrop area in Figure 1. As previously mentioned , the Sid na w (Si)

site may,  however , be situated in a local conductivity anomaly in a more

resistive area .

Phase smoothed apparent resistivity vs frequency curves in the

principal axes are shown in Figure s 3 through 10. IndIcated on these

figure s are line s which represent the asymptote s of consta nt longitudina l

conductance , S , of the surfa ce layer in mhos. In other word s , the

apparent resistivity curves would asymptote these constant S line s if

the surface layer were uniform and had the specific S va lue shown . As

seen from these figures , the extremes of al l  S va lues lie between 0.1

and 0.7 mhos. A typica l value of S = 0 .2  to 0.4 mhos seems to be

representative .

The simplified one dimens iona l inversions of both curves in Figure s

3 through 10 produce the resistivity vs depth soundings shown in Figure s

11 through 18. There is not a one to one corre spondence between individual

points on the sets of curves representing apparent resistivity vs frequency

and resistivity vs depth . This results from a curve fitting and interpola-

tion routine used in the inversion process.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ____ _
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The depths in Figures II through 18 ~re measured from the surface

and the shallowest points shown vary with the va lue  of the measured appa rent

resist ivity as well as the highest frequency at  each site. Our uppe r frequency

of 800 Hz limited the MT response to depths below 0.3 to 1 km at most sites

and the mea surement s were com pletely ins cnslt lve  to the surface layer of

glacial  t i l l  covering most of the region .

As Indicated in the section on DC dip ole—dip o le r e su l t s , the Fiambea u

(F) and Park Fal ls  (P) S1te~ clearly lie within  or to the southeast of the F l ambe au

Anomaly with respect to the WTF an tennas .  Their resistivity vs depth sound—

ing s shown in Figures 9 and 10 drop to low values at shallower depths than

any of the  rest. From the est imated extent of F lamb eau Anomal y ,  Sternberg

and Clay (1977), it is possible that  the Flambe au (F) site Is a few km to the

south of the anomaly and the Park Fal ls  (P) site lies withi n i t .  The higher

conductivity at the latter site would support this  conclusion .

The remaining resistivity vs depth soundings in Figures 13 through

18 indicate resisti vi ties in the range from l0 3to l0~ ohm—meters at the shal-

lower depths decreasing to levels between ten and a few hundred ohm—met ers

at the maximum depths. We interpret these results  as evidence of a high

resistivity zone extending to the northeast and to the southeast of the WTF

antennas .  On each resistivity vs depth sounding in Figures 13 through 18 we

assign a thickness value , t , to this resistive zone for both the maximum and

minimum sounding curves. To obtain these thickness values we use the total

depth from the surface to the point on the curves where the arbitra ry level of 

~~~—.~.— -~~--- . ——
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1000 ohm—mete rs is reached . We neglect the superficial  layer  of glacial till

es timated to be less than 100 in thick over most  of the region .

Table I summarizes  the es t imates  for the thickness of the resistive

zone . Average maximum and minimum values for the six sites are 42 km and

14 kin , respectively.

DISCUSSION

The UTA DC dipole-dipole sounding s did not produce the very high

apparent resisti vities values which were expected , particula rly for the large

dipole separations along the southeast radial .  We attribute these results

along that radial to the presence of the Flambeau Anomaly . The lone exception

was the high apparent resistivity measured from the CSM source dipole at the

Guadalcanai  (Gu) site where the transmission path lies to the south of the

a nomaly . Thus ,  our DC dipole—di p ole soundings do riot contr l ubte slqnhfl—

cantly to the determination of the max imum reslsti vlt ies of the resistant zone.

They are Included , h owever , because they help define the Flambea u Anomal y

and because they also yield resistivity inform a tion relative to the area to the

north of the anomaly.  It is fortunate for objectives of the co-operative exper-

iment , however , that the CSM DC dipole—dipole re sults well to the south of

the F lambeau Anomaly indicate very high values for the transverse resistance,

T. Com bi ning their results with our thickness values from the MT me asure—

ments they estimate resistivity values of at least several million ohm—meters

for the high resistivity zone , Keller and Furgerson ( 1977) .

The MT results are somewhat restricted by the lack of vertical
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Tabl e 1

SUMMARY ESTIMA TES FOR THE THICKNESS
OF THE HIGH RESIS TIVITY Zo NE

Resis tive Resistive
Site Name Layer Thickness Layer Thickness

t (kin) t (km)
max mm

Elton 40 9

Glidden 40 20

Gogebic 70 30

Guadalcanal 30 8

Stevens Lake 10 5

Tomahawk 60 10

1

Average 39 14

I
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magnetic field data , the upper frequency limit , and the wide separa tion

between sites. Another problem which is more sever in high resistivity

regions is the occurence of nearly parallel maximum a rid minimum apparent

resistivity curves over most or all of the frequency range. Dowling (1970)

encountered this same problem at most of his MT sites in the Wisconsin

Arch. The Guadalcana l (Gu) , Tomahawk (T) , Elton (E) and Stevens Lake (St)

sites in Figure s 5 through 8 , respectively, are examples of this phenomenon .

This situation is not uncommon in MT surveys and is attributed to latera l

changes in resistivity at sha llow depths in the Immediate vicinity of elec-

trodes (DC effect) , Keller (1970) .

The probable cause for this effect is the fact that the magnetic

fie ld respond s to the tota l flow of current over a volume with dimensions

of the order of a skin depth , whereas the electric fie ld can respond to

changes in resistivity In the immediate vicinity of the electrodes. If

recognized in time the DC effect can usually be corrected or minimized by

longer electrode lines or with a multipl icity of closely spaced sites. Un-

fortunately , the DC effect was not discovered until the survey was completed .

Thus , one or both a pparent resistivity curves in Figure s 5 through 8

cou ld have been shifted up or dow n by the DC effe ct ., and without addi-

tional information we ha ve no way of knowing which curve mig ht be closer

to the true level of apparent resistivity . Since the curves remain essentially

para llel throughout the frequency range there is no difference in their fre-

quency behavior except for the separation. Thus , if these DC effects

-- ~~~~~~—J—
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could be removed we wou ld expect the results to be essentia lly one

dimensional yielding a single resistivity vs depth sound ing .

We can argue as others ha ve done , Keller (1970) , tha t since the

MT method is more responsive to conductive bodies in the vicinity of the

electrodes the minimum curve wou ld be lowered more by a conductive

a nomaly than the maximum curve wou ld be raised by a resistive anoma ly.

In other word s, there might be a statistical bia s in favor of the maximum

curve , but for any specific case the uncertainty rema ins. If averages

over the region are tru ly represent&Ive , this argument would favor the

average thickness va lues from the maximum resistivity—depth soundingr

in T a b e 2 .

The capability of the MT method to investigate large scale crusta l

structure with specia l emphasis on the detection of conductive a nomalies

is well known. We believe that it is also capable of measuring the

thickness of high resistivity zones with less ambiguity if some of the prob-

lems encouri~ered in the present survey are corrected . This survey represents

the first field trial of our AMT system which has subsequently been modi-

fled extensively , including the addition of a vertical magnetic field channel.

In add ition , we now compute all of the MT result s , including the simplified

inversion while at the site or soon thereafter. Thus , the troublesome DC

effect s , poor quality data , and a variety of other ills can be recognized in

time to take remedial action . A more recent MT survey by our group,

Stanley, et al , (1977) incorporates these feature s to eliminate most of the

difficulties encountered in Wisconsin survey.
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APPENDIX I

A SIMPLIFIE D ONE-DIMENSIONAL MAGNETOTELLUR IC

INVERSION METHOD

The resistivity vs dept h curves presented In this report were

obta ined by using a simplified one-dimensiona l direct inversion method

which was developed by Professor F.X.  Bostick , Jr. of this laboratory .

This inversion method utilized concepts from the theory of electromag-

netic wave propagation in a waveguide . Gene ralization was made from

the results of two special two layer model cases to multiple layer models .

It has been shown tha t , for a two layer formation with the substratum

being very resistive compared with the first layer , the Impedance Z at

the high frequepcie s is equal to /j ~w~1 , whereas it is a pproximately

equal t~~—4~
- for the low frequencies , Keller (1970) . Thus at low frequencie s

~a ~ 
(1)

where S1 a 1h1 and h 1 is the thickness of the first layer. From

Equation (I) , we may obta in

log 1
~a ~ -log w — log ~‘ 

- 2 log S1 
(2)

and

d log p 8 (3)d log w

In another case , where the substratum of a two layer formation Is

very cond uctive compare d with the first one , It has been show n , Keller , (1973)

V-V . _

~

___

~

_

~~
V_ _
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tha t at high frequencie s and at low frequencies

2
~ ws~ h1 (4)

From Equation (4) we obtain

log p log w + log ~ + log h 1
2 

(5)

and

d log p

d lo g w  (6)

These approximations lead to an apparent resistivity log p curve

which is a smooth function of log w and the derivative of the log with

respect to log w has an absolute value less tha n or equal to 1, that is ,

d log p
‘1d log w

for any horizonta l layered model.

Equations (2) and (5) may be combined to obtain the following

equation which generates resistivity distribution p as a function of depth .

d log p 81- d loq w : 1p = p -, (7)a , u iog p
i-,- a

d log w

The corresponding depth is

p -
‘

D =  (8)
WI ”

Equations (7) and (8) together give en estimation of the one-dimensional

resistivity (or conductivity) distribution .

Since the apparent resistivity is the average resistivity over dept h , V

- V. .— - ~~~~~~~~~~~~~~~~~~~~~~ -- V
. 
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we expect log to be a smooth function of log w .  In ca se s where the

data are contaminated by no i se there wi l l  be scatter In the log ~
t vs

log ~u curve . Often the ’ appl icat i on ot Equat ion (7) requires that smoothing

tech nique s h~ performed on the log p vs log w curves bef~’wt’ inversion isa
made . Recently Professor F . X .  Bo stick , J r . ,  and John E.  Boehi , of this

Laboratory have devised a smoothing technique which is ba sed on the fact

that  the pha se of the a pparent res istivity estimate can also  be used to

determine the magnitudes of the a pparent resistivities if a min imum pha se

condition Is reasonably well satisfied for the data under consideration .

Through the Hilbert Transform the slope of the mdgnt tude of the apparent  
H

resistivity at each point may be obtained from the phase . The level of the

curve is determ ined by a least square fit  with the magni tude of the origina l

log apparent resist ivi ty curv e , wi th  a weight ing constant  c~tven to each

point accord i ng to the statistical confidence calculated t or th a t  point . This

smoothing technique was used in this report to smooth the apparent res i s t iv i ty

curves before the inversion was ca rried out . The details  of the process ti re V

given in Appendix II.

- -
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APPEND IX II

PHASE SMOOTHING

Noise is inevitably encountered throughout the MT data acquisition

and analysis process. As a result  of this noise , the calculated value s ol

apparent resistivity in the principal directions will be biased from their

true values. The direction of this bias is predictable j i lt is known

whether the predominant noise has been introduced on the F or H channel ,

Sims , et al , (1971 ) . In this case 1 the particular estimate of Z which is

insensitive to the suspected typ e of noise may be chosen for apparent 
V

resistivity calculations.

Often , however , noise is present on both the L and H channels

and so regardless of which es t imates  are used some scatter will result

in ~he apparent resistivity VS V frequency data . A natur o l s tep in the MT

analysis  process then is to fit a smooth function of trequenc” throug h the

calculated results.  Rather than arbitrarily constructing such a curve 1y

hand , an analytic method has recently been used with  success. This

smoothing process invokes the theory of the Hu bert Trans form under the

constraint of minimum phase . If the MT impedance function exhibi ts  the

propert y of minimum phase , the phase information of Z as well as the

magnitude of Z may then be used to better define the true apparent

resistivity curve .



-- - - --- - -- —- V V V- V 

~~1

4 6

Following is a brie t  ou t l in e  of the der iv at i o n  ot the t ormul as  ‘.ised

to smooth the apparent r e s i s t i v i t y  curv e throuoh the imp edan ce phase

tn t o niiat ion

It it is assumed that the MT impedanc e tunc t io n  (~t~~ is min imum

pha st ’ and is wr itten ~

Z ( i = ‘ ( ( V

th en , through the Hu bert Trans iot m , a the ore m ot Bode ( 1945 )  , which relates

amplitude and phase at r adian t r e q u e n c y  ~ is ~i iv en  by 
V

i~ i t -  = f [ d (ln~~ Z P 

] 
In cot~ dii (1 )

whe r e  u = in

For ease  ot nota t ion d et i n e

( 1 . 
Iy = In i ai~ 1 V

—

a nd a! so let (y -. v~ = l~ coth

Th en ~qiiat ion ( 1 is wr l t t t~n ~t

~ (v~~ 
~~ 

f  s ~~ t (y - v ’ dy (~

________ 
_ _  _ _ _ _  _ _  _ _
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The Fourier Transfo rm of this convolution is

$(x) = S(x) F(x) (3)

From a table of integrals

J in coth ~~ du -j- (4)

Using this identity , Equation (2) may be rearra nged to give 
—

s(y ) = 0(y ) + s(y ) - s ( y ) J f ( y  - y) dy . (5)
- c c

The function f(y -y) die s off rap idly away from the point y=y so

that the major contribution of the integra l portion of (5) lies about this

point . If the slope of the amplitude of Z varies slowly enough in

the vicinity of y=y then the slope is very nearly defined by the first
0

order term

2s( y )  = — 0(y ) (6)

In this case , Equation (6) may be integrated to give the magnitude of

I Z function in terms of the phase

in Z = -

~~

- f 0(y) dy + C (7)

where C is the constant of integration and represents the quantity to be

added point by point to I Z on a log scale . 

~~~~~~~~~~~~~~ -- -~~~~~~~~~~~~~~



f l_V

~~~~V V~~~~ V - - V ~~~~~~~~~~~~~~~~~ V

48

Th e constant in Expression (7) Is evaluated by adj u st i n ~i the level

of the integral part ot this Equat ion on a log I Z I scale u n t i l  a least

sq uare fit of the phase—derived I L j is achieved with the ~-~ i~ uul data .

Thus , both amplitude and phase ~ia ta ot the impedance e~-~t i r  i t ~ are used

to determine the smoothed version of the I Z curv e .

If the slope of log Z on a log u scale doe s not vary slowly

enough , then the second order term of Equation (5) mus t  be included in

the smoothing process. Let this second order term be defined as

~(y
o

) = [s (y ) - s (y) ] f(y
0

-y) dy (8)

which with the Integral Identity (4) becomes

= s(y ) — s(y) * f(y)

where * represents a convolution. The Fourier Transform ci the second

order term is then

~~x) = S(x) [i 
- —

~~~ F(x)
] 

(9)

where $(x) represents the Fourier Transform of ~(y), etc. By com-

bining Equations (3) and (9) the second order term is then

~( y )  = ~ ~~~~~~~ 
j
~(x) [~thi - ( 10)

V 
- -
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where j  denote s the inverse Fourier Transform . It can further-

more be shown that the Fourier Transform of the in coth convolve r function

is

2 tanh
F(x) = .-

~~

— 

{ 1 (11)

The slope of log Z on a in w scale is then fully given by combining

(5) , (8) , (1 0) , and ( 11) to give

d 

~~~~ 
P = 0 (in w) + 

-‘ T (x) ~ (x) (1 2)

where the convolving function T (x) of the second order term is

T (x) = - 1
t a n h (_ ~~ )

The MT impedance function I Z I may -then be obtained from

Equation (12) in the same manner as was done with the first order term

outlined following expression (6) .

In the process of analysis it is of-ten more convenient to smooth

the apparent resistivity curve rather than the magnitude of Impedance .

This can be accomplished through the substitution In the preceding

discussion V

1 2
=



~ - - -~ - -- - VV_~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -_ _-
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Then

in = 2 in I Z - in w + consta nt

and

d (ln pA ) 
- 

d (ln I Z I )  
-

d (in w) d (ln w)

so that

d (in ~z~ ) 
- 

1d (ln 
~A ) - 1 (13)d (in cjj) 

L 
d (m w)

Substitution of (13) into (12) finally yields

d (ln 
~A) 4

d (in w) V [— 0 (ln w) - i] + 2 ~ (ln w) (14)

where the second order term (y) Is defined as before in relation (10).

The apparent resistivity vs frequency curve may finally be obtained by

Integrating Equation (14)

~A = f [ - ~_ o  - i] d (ln w) + 2f  ~ d (ln w ) + C

where the constant C may be evaluated by a least square fit between

the curve resulting from the Integration and the original data .

In some cases, the phase of Z varies slowly enough with log

frequency so that the first integral is sufficient for the definition of

In these instances , the computation is greatly simplified and may he

performed without the aid of a computer.

. 
~~~~~~~~~~~~~~~~~~~ V_ ~~~~ V~~~~~~~ VV .V ~~ -
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study was the determination of the maximum resistivity and thickness of a
highly resistant zone underlying a thin surface layer of glacial till over most
of the area . It was recognized at the outset that a combination of deep DC
resistivity sound ing , which can determine the resistivity-thickness product of
the resistant zone , and the magnetotelluric method , which can determine its
thickness , would be required . DC dipole-dipole mea surements made at 21
sites in the area encountered a highly conductive feature to the southea st of
the fixed source dipole antenna s in the direction of the maximum lateral
extent of the outcrop. This feature , which is referred to as the Flambeau
Anoma ly , attenuated the transmissions from the dipole antenna s and thus
distorted the resist ivity—thickness product results obtained by this La boratory .
However , magnetotel luric sounding s provided estimates for the thickness of V

the resistant zone in the region southeast of the a nomaly where DC dipole-
dipole results by the Colorado School of Mines group indicate very high
va lue s for the resistivity-thickness products. By combining these results It
is possible to estimate the resistivity of the resistant zone and its thickness.
Results of thi s survey are presented along with some innovative methods for
the ana lysis and inversion of magnetotefluric data .
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