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ABSTRACT

N i n e t e e n  MT s t a t i o n s  w ere  r e c o r d e d  in  t h e  G e r l a c h  

Hua l a p a i  F l a t  a r e a  w i t h  t h e  p u r p o s e  o f  d e t e r m i n i n g  a mech 

an ism f o r  t h e  g e o t h e r m a l  p r o c e s s e s  o b s e r v e d  in t h e  a r e a .  

S u b s e q u e n t  a n a l y s i s  i n d i c a t e d  a deep  c o n d u c t o r  on t h e  

o r d e r  o f  2 0 - 2 2  km in Hua l a p a i  F l a t  and 2 5 km s o u t h  o f  

G e r l a c h .  T h e r e  is  no i n d i c a t i o n  o f  a s h a l l o w  ma g ma t  i c 

h e a t  s o u r c e .  The deep c o n d u c t o r  can be e x p l a i n e d  in l i g h t  

o f  t h e  o b s e r v e d  h e a t  f l o w s  in  t h e  a r e a .
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1.0 INTRODUCTION

The Gerlach-Hualapai  F l a t  area o f  Nevada has been subject  to 

in v e s t ig a t io n  as an example o f  a ty p ic a l  Basin and Range geothermal 

area .  Crewdson (1976) has c o r re la te d  a number o f  surveys in the area 

to give a broad geophysical overview o f  the Basin and Range geothermal 

system. Crewdson concludes th a t  heat sources are due to e levated heat 

f low in the crust o v e r la in  by a thermally  in s u la t in g  a l luv ium  layer  

ra th e r  than by a magma chamber a t  depth.

Because o f  i t s  a b i l i t y  to probe deep ear th  s t r u c t u r e s , a 

magnetote l1u r i c (MT) survey was conducted with  the purpose of  proving  

or disproving the exis tence o f  a magmatic heat source.  MT work was 

done in a s im i la r  a r e a , the Carson D e s e r t , showing a broad area of  

low r e s i s t i v i t y  at  depths o f  2 .5  -  7 .0  km (S tan ley ,  e t .  a l .  1976).

The broad extent o f  th is  low r e s i s t i v i t y  anomaly leads to the b e l i e f  

tha t  the heat mechanism in the area is due to crus ta 1 th inn ing  ra ther  

than magma.

The survey in the Gerlach area consists of  19 s ta t ions  wi th  

recording periods ranging from 20 sec periods at  the high end to 

200 -  500 sec periods at  the low end. The recording periods are  

s u f f i c i e n t  to provide penetra t ion  to the mantle in areas where the 

r e s i s t i v i t y  is 100 ohm meters or g re a te r .  When the sur face res i s -
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t i v i t i e s  are less than 100 ohm meters the recording periods w i l l  a l low  

penetra t ion  to the deep c rust .

Data are analysed in two manners : f i r s t ,  the p o la r i z a t io n

e l l i p s e s  o f  the e l e c t r i c  and magnetic f i e l d s  were examined to d e t e r ­

mine pre fe r red  d i re c t io n s  o f  current f low. The data were then rotated  

in the t ime domain so the measurement axes coincided wi th  the d i r e c t io n  

of  maximum current f low.  MT soundings were then c a lc u la te d  fo r  the 

d i re c t io n s  perpendicular  and p a r a l l e l  to e l e c t r i c  s t r u c t u r e ,  using a 

f a s t  f o u r i e r  transform. Cross and auto power spectra  were averaged to  

provide 10 estimates o f  r e s i s t i v i t y  per decade. I n t e r p r e t a t io n  was 

accomplished by comparison w i th  one dimensional th e o r e t i c a l  MT models.

I n t e r p r e t a t io n  o f  magnetote l1 u r ic  soundings in the Gerlach-  

Hualapai F la t  area is the subject  of  th is  th e s is .  Because the pro­

cessing o f  MT data is not a matter o f  simple a lg e b ra ,  the author a lso  

examines th is  aspect o f  the MT method.
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2 .0  STUDY AREA

The study area centers around the Hualapai F la t -G e r la c h  area 

in the Basin and Range geologic  province of  northwestern Nevada (F igure  

1).  Gerlach is approximately  160 Km north of  Reno, Nevada. The study 

area was crossed by two m a g n eto te l lu r ic  p r o f i l e s ,  the f i r s t  fo l low ing  

Highway 34 and the second extending northeast  from Gerlach.

To the south o f  Gerlach the southern Black Rock Desert blends 

in to  the San Emidio Desert which is bounded on the east by the S e le n i te  

Range (P la te  1) .  To the nor theast  o f  Gerlach the Black Rock Desert  

extends approximately 160 Km Northeast o f  Gerlach.  Hualapai  F la t  forms 

a s t r u c tu r a l  basin separating the Grani te  Range and the Cal ico  Range. 

These two ranges j o i n  a t  the north end of  Hualapai F l a t .  The Black 

Rock Desert is separated from Hualapai F la t  by a topographic r idge  

known as Steamboat Ridge.
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2,1 STATION LOCATIONS

Nineteen HT s ta t io n s  were recorded, mainly along Highway 34,  

running north-south  through Gerlach (F igure  2 ) ,  S ta t ions  16-19 

were recorded north o f  Gerlach.  S ta t ion  13 was recorded on playa  

northeast o f  Gerlach,  s ta t io n  14 was recorded approximately 10 km 

north o f  Gerlach on an a l l u v i a l  fan ,  and s ta t io n  15 was recorded at  

the in te rs e c t io n  o f  Highway 34 and Route 8 l .

The m a jo r i ty  o f  s ta t io n s  f a l l  in a north-south  p r o f i l e  75 km 

long ranging from 26 km south o f  Gerlach to 48 km north o f  Gerlach.

An a d d i t io n a l  f i v e  s ta t io n  l in e  extends 24 km north and east o f  

Gerlach.  S ta t ions are spaced 6 km apar t  south of  Gerlach and 

approximately 3 to 4 km apar t  to the north o f  Gerlach.

Because the near -sur face  geology is wel l  known in the Hualapai  

F la t  a rea ,  i t  was possib le  to locate  s ta t io n s  on bedrock or areas of  

th in  a l luv ium which decreased the amount o f  recording time necessary  

to achieve a given pen et ra t io n .
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2. 2 GEOLOGY

Mapping by Sperandio (see K e l le r  and Grose, 1975) in the Hualapai  

F la t  area shows the southern par t  of  the Grani te  Range consis ts  of  

Cretaceous g ra n o d io r i te  w i th  outcrops extending out along Steamboat 

Ridge ( F l a  t e  l ) . Northwest o f  Hualapai F la t  the Grani te  Range con­

s is ts  mainly o f  g r a n i te s ,  w ith  T e r t i a r y  ba sa l ts ,  t u f f s ,  metasediments 

and metavolcan i c f lows, f low breccias and volcanoclast i c s . Composition 

of  the southern Ca l ico  Mountains consists  o f  c h e r t ,  sandstone,  sha le ,  

mudstone and l imestone. Hualapai  F la t  i t s e l f  consists o f  Quaternary  

a l luv ium ,  p laya ,  lake beds and eo l ia n  dunes. In the nor thern par t  of  

Hualapai f l a t  an outcrop o f  T e r t i a r y  volcanics  occurs.  Along the 

western edge of  Hualapai f l a t  there  are  outcrops o f  volcanics  through 

the a l l u v i a l  cover. Hualapai F la t  is separated from the Black Rock 

Desert by a l i n e  o f  metavolcanics outcropping from Steamboat Ridge to  

the southern t i p  of  the Ca l ico Mountains. The western side of  Hualapai  

F la t  is bounded by a f a u l t  w i th  the Grani te  Range on the upthrown side.

A f a u l t  a lso separates Hualapai F la t  from the Black Rock Desert .

Mapping by Smith (see K e l le r  and Grose, 1975) shows composition 

of the S e le n i te  Range to be s im i la r  to the Grani te  Range wi th  grano­

d io r i  tes occuri  ng on the north and east  edge and Paleozoic metavol-  

canics and sediments, T e r t i a r y  ba sa l ts ,  and sedimentary un i ts  comprising 

the western p a r t .
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The Grani te  Creek and northern San Emidio Deserts consist  of  

Quaternary a l luv ium ,  playa and lake deposits.. The Black Rock is 

separated from the Smoke Creek Desert by outcrops of  basa l t  and 

granod i o r i te  s t re tch in g  in a l i n e  from Gerlach to the northern t i p  

of the Fox Range.

The depth to the mantle is est imated at  28 km fo r  the basin 

and Range province (Pakiser  and H i l l ,  1963).  The worldwide average  

fo r  the cont inenta l  crust is est imated a t  35 km (Takeuchi , e t .  a l .  

1967).
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2 .3  PREVIOUS GEOPHYSICS

Several  geophysical  surveys have been conducted in the area  

tha t  are of  d i r e c t  i n t e r e s t  as modell ing a id s .  E l e c t r i c a l  surveys 

have been c arr ie d  out my Morr is  (1976) ,  Ofrey (1975) ,  and Crewdson 

(1976).  Morris conducted a Quadripole mapping survey over the area 

of  Hualapai F la t  and north o f  Gerlach.  Ofrey did t ime domain e l e c t r o ­

magnetic soundings (TDEMS). Crewdson covered Hualapai F la t  and port ions  

of  the Black Rock Desert w ith  TDEMS. In add i t ion  to the e l e c t r i c a l  

surveys, a g r a v i ty  survey was conducted by Crewdson (1976) covering  

the Gerlach Hualapai F la t  area and the southern Black Rock D e ser t . A 

r e f l e c t i o n  seismic p r o f i l e  was c a r r ie d  out by Cal laway from the Gran ite  

range in Hualapai F la t  to Trego in the Black Rock Desert (see K e l le r  

and Grose, 1978).

The importance of  Quadripole mapping re s u l ts  to MT i n t e r p r e t a t  ion 

is the d e f i n i t i o n  of  near sur face r e s i s t i v i t y  zones fo r  use in formu­

la t in g  MT models. Quadripole mapping showed apparent r e s i s t i v i t i e s  of  

5 ohm meters fo r  the Black Rock D e s e r t , 20 ohm meters fo r  southern 

Hualapai F la t  and 5 ohm meters fo r  northern Haulapai F la t  (Figure 3 ) .

The Black Rock Desert is separated from the Hualapai F la t  by a 100 ohm 

meter high corresponding to Steamboat Ridge. The r e s i s t i v i t y  s t ru c tu re  

in Hualapai F la t  is caused by basement depth ra th e r  than v a r ia t io n s  in 

the r e s i s t i v i t y  of  the a l luv ium.  The high r e s i s t i v i t i e s  in the western 

part  of  Hualapai F la t  and along Steamboat Ridge correspond to th in  or
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non-ex is tan t  a l l u v i a l  cover. Crewdson (1976) f e e ls  the 5 ohm meter lows 

in the north o f  Hualapai F la t  cannot be completely accounted fo r  by 

1 ithology alone and suggests the presence o f  hot water a t  depth.  Low 

r e s i s t i v i t i e s  in the Black Rock Desert are thought to be due to 

l i t h o lo g y  ra th e r  than presence of  geothermal waters.

TDEMS is a method of  determining ear th  r e s i s t i v i t y  by measuring 

a secondary magnetic f i e l d  induced in the ear th  by a varying  primary  

magnetic f i e l d .  The primary magnetic f i e l d  is caused by the abrupt  

reversal  o f  current in a grounded w i r e ,  forming a current  d ip o le .

Because the TDEMS method measures the v e r t i c a l  magnetic f i e l d ,  the 

r e s i s t i v i t y  measured can be considered to be a depth sounding ra th e r  

than j u s t  y ie ld in g  one value of  r e s i s t i v i t y  per s t a t i o n ,  as in DC 

methods. The TDEMS method measures r e s i s t i v i t y  as a function o f  t ime,  

y ie ld in g  information about r e s i s t i v i t y  s t r u c tu r e  as a fu nct ion  of  depth.  

TDEMS th e re fo re  d e t a i l s  r e s i s t i v i t y  s t ru c tu re  ra th e r  than g iv ing  an 

average r e s i s t i v i t y  est im ate .  The maximum r e s i s t i v i t y  TDEMS map com­

pi led  by Crewdson (F igure 4) corresponds c lo se ly  to the DC r e s i s t i v i t y  

map. Soundings in te rp re ted  by Crewdson ( 1976) in northern Hualapai  

F la t  in d ic a te  r e s i s t i v e  layers over ly ing  conductive layers .  The 

maximum r e s i s t i v i t y  in th is  area is 3 ohm meters or less.  Crewdson 

in te r p r e t s  depth to the top o f  the conductor to be 430 to 610 meters.  

This conductor a t  depth is be l ieved to be due to the presence of a 

geothermal re s e rv o i r .



F i g u r e  4 IDEM maximum r e s i s t i v i t y  map. From C r e w d s o n , 1 9 7 6





T 2 040
15

.Ra&crtj

À f X .  ' W

s

v .

ü .

CONTOURS UN 10^ f t

F i g u r e  5 D e p th  to  b e d r o c k .  From C r e w d s o n , 1976



T 2 0 4 0 16

f a l l i n g  as low as 3000 fe e t  in the north end of Hualapai F l a t .  In 

the Black Rock Desert ,  the depths to basement a re  5000 f e e t  north of  

Gerlach r i s in g  to 3000 f e e t  in the more northeastern areas of  the 

de ser t .

The seismic r e f l e c t i o n  p r o f i l e  d is t ingu ished  three r e f l e c t i n g  

.horizons in the Black Rock Desert .  The f i r s t  horizon is a low v e lo c i t y  

l ay e r  (1 km/sec) in te rp re te d  as lake deposits and range in thickness  

from 150 meters to 350 meters (Crewdson, 1976).  The second layer  is 

in te rp re te d  as volcanic  and sedimentary rocks,  ranging in thickness  

from 0 -  500 meters.  The t h i r d  layer  is a high v e l o c i t y  hor izon,  pos­

s ib ly  granodior i  te  (Cal laway, see K e l le r  and Grose, 1978).  In a d d i t io n ,

Crewdson reports  a deep r e f l e c t o r  at  about 11 km, be l ieved due to a

change in the characte r  of  the e a r t h 's  crust  (Crewdson, 1976). Although 

the data q u a l i t y  was not as good in Hualapai F l a t ,  Crewdson in te r p r e t s  

two horizons as c o r r e la t in g  wi th  the r e f l e c t o r s  in the Black Rock Desert .

The geophysical in ves t ig a t io n s  c i te d  above point to two areas 

of  in te r e s t  as geothermal re se rv o i rs .  One area is northern Hualapai  

F la t  and the other  area is about 3 km northeast  o f  Gerlach.  Both the 

areas o f  in t e r e s t  are in the deeper part  of  the basins which is the 

log ica l  place fo r  geothermal waters to accumulate.  In a d d i t io n ,  the 

areas of  maximum depth to bedrock are a lso the areas of  maximum in s u l ­

a t ion  and so would t rap  more heat fo r  the heat ing of  water.
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3.0  THE METHOD

MT sounding is a method of  measuring ear th  r e s i s t i v i t y  by 

observing natura l  e l e c t r i c  and magnetic f i e l d s  in the e a r th .  These 

natura l  e lec tromagnet ic  (EM) f i e l d s  are due to e lectromagnet ic  cur ­

rents in the upper atmosphere caused by so la r  a c t i v i t y  (V ozo f f ,  1972).  

Other sources of  EM energy in the ear th  are due to l ig h tn in g  and 

manmade EM disturbances,  e s p e c ia l ly  in the frequency ranges above 

8 hz. For the purposes o f  MT soundings, the natura l  EM f i e l d s  are  

assumed to consist  of  p lanar  waves. The MT sounding method gives a 

r e s i s t i v i t y  d i s t r i b u t i o n  as a function  of  frequency. The depth of  

penet ra t ion  o f  an EM wave is dependent on the frequency of the wave 

and the e a r t h 's  r e s i s t i v i t y  and p e rm e a b i l i t y .  Skin depth is a measure 

of  the penetra t ion  of  EM waves. Skin depth is defined as the depth at  

which the amplitude o f  an EM wave drops to 1/e of  i t s  i n i t i a l  ampli tude.  

The expression fo r  skin depth in a homogeneous, i so t ro p ic  media is:

where: 6 = skin depth,  in meters

a) = frequency,  in rad i a n s /sec. 

y = p e rm e a b i l i t y ,  in henrys/meter  

a = c o n d u c t iv i ty ,  in mhos/meter
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Holding c o n d u c t iv i ty  and pe rm ea b i l i t y  co n stan t , one can see that  skin 

depth increases wi th  decreasing frequency. The only l i m i t s  to how 

deeply MT soundings "see" is the patience o f  the person acquir ing  the 

data and the planar ear th  model. MT soundings possess th is  advantage 

over the other  e l e c t r i c a l  methods : I t  may y ie l d  information about

very deep ear th  s t ru c tu re .  For example, a t  a period o f  18 minutes and 

a r e s i s t i v i t y  of  100 ohm meters,  the skin depth is 50 km. At 1 ohm 

meter and 18 minute p e r io d , the skin depth is 5 km. This ind ica tes  

tha t  the presence of  a low r e s i s t i v i t y  surface lay e r  can g r e a t ly  

e f f e c t  the est im at ion  o f  thickness of  s t ru c tu re .

Cagniard (1953) defined apparent r e s i s t i v i t y  fo r  MT soundings 

in a plane layered ear th  from the e l e c t r i c  and magnetic f i e l d s  as:  

pa = 0 .2  T (E /H )2

In th is  case E and H are the e l e c t r i c  and magnetic f i e l d s  re s p e c t iv e ly  

and are measured perpendicular  to each o th e r ,  and T is per io d ,  in 

seconds. Notice tha t  fo r  the plane layered case,  i t  does not matter  

what the o r ie n t a t i o n  of  the measuring axes a re ,  as long as they are  

perpendicular  wi th respect to each other .  When l a t e r a l  boundaries 

occur in the e a r t h , or the ear th  is a n is o t ro p ic ,  r e s i s t i v i t i e s  vary 

with  o r i e n t a t i o n .  The maximum and minimum values o f  r e s i s t i v i t y  a l ­

ways occur when the o r i e n t a t i o n  of  the measurement axes are coinc ident  

with  the s t ru c tu ra l  axes o f  the e a r t h ,  fo r  a two dimensional case.

This is because when the ear th  is non-uniform, e l e c t r i c  current  tends
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to f low in the path of  lea s t  res is tance .  When the ear th  is channeling  

current  d i r e c t i o n s ,  an impedance tensor is used to de f ine  apparent  

r e s i s t i v i t y .  The tensor Zxy replaces the simple expression E/H. The 

tensor Zxy is defined as the s o lu t ion  o f  the equations:

where the subscr ipts  x and y denote perpendicular  measurement axes.  

There are several methods fo r  the so lu t ion  o f  the above equations.  

Sims (1971) and Hermance (1973) show th a t  i f  two independent data  

sets are  used, so lu t ions  fo r  Zxy can be found. I f  more than two 

independent data sets e x i s t , Zxy can be solved fo r  using leas t  

squares techniques.  Two data sets are considered independent when 

t h e i r  H f i e l d  p o la r iz a t io n s  are d i f f e r e n t .  Sims a lso suggested the 

use o f  cross power spectra  to solve fo r  Zxy:

where *  denotes the complex conjugate.  The above equations can be 

solved fo r  Zxx and Zxy and s im i la r  equations can be used fo r  the 

so lu t io n  of  Zyy and Zyx. Once the impedances are solved,  the axes 

are ro ta ted  to d i r e c t io n s  tha t  maximize Zxy or Zyx and tensor r e s i s ­

t i v i t i e s  can be defined:

E = Z H + Z H 
y yx X  y y  y

Z H H *  + Z H H *  xx x y xy y y

Z H E *  + Z H E *  xx x x xy y x
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Another method e x is ts  fo r  the eva lua t ion  of  tensor impedances. Por-

s tendorfe r  (1975) shows th a t  when the measurement axes are al igned

with  s t r u c tu r a l  axes,  the i n l i n e  impedances Zxx and Zyy become small

and t h e o r e t i c a l l y  should disappear fo r  a two dimensional ea r th .  The

equations fo r  de f in in g  impedance are then s im p l i f i e d  to:

E = Z H x xy y

When the above condit ions can be met, the problem of  determining  

impedance is g r e a t ly  s im p l i f i e d .  Porstendorfer  has s ta ted  tha t  the  

maximum d i r e c t io n s  o f  the e l e c t r i c  f i e l d  p o l a r i z a t i o n  coincides with  

the maximum r e s i s t i v i t y  d i r e c t io n s .  When one component o f  the e le c ­

t r i c  f i e l d  is p lo t te d  against the other  component in the time domain, 

any preference in current f low is c le a r l y  shown (Figure 6 ) .  Once 

the p r e f e r e n t ia l  d i r e c t io n  is determined, a simple ro ta t io n  o f  axes 

can be performed according to the formulas:  

x 1 = xcos0 -  ys i n8 

y 1 = xsinG + ycos0 

fo r  clockwise ro ta t io n  and :

x 1 = xcos0 + ysinG 

y 1 = -xsinG + ycosG 

When the data is represented in the p r in c ip l e  axes,  the data are  

four 1er transformed and the impedance is determined with  the formula:

Z = E H * /H  H *  xy x y y y

Z = E H * / H  H *  yx y x x x
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P e r i o d
ô ; .38 i tH x

4 8 .72

38 .67

F i g u r e  6 . P r e f e r r e d  c u r r e n t  d i r e c t i o n s  e t  s t a t i o n  1
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where E H  is the complex cross power spectrum and H H *  is the auto-X  y r r  r  y  y

power spectrum.

Data q u a l i t y  is determined by i t s  c o e f f i c i e n t  o f  coherence. The 

c o e f f i c i e n t  o f  coherence between two ser ies A and B would be defined as:

r = <AB*>
AB y<AA*> <BB*>

where <AB*> is the magnitude o f  the cross power spectrum of  A and B 

(Madden, 1964).  Coherence is a measure o f  how well  two s er ies  cor ­

r e l a t e ,  or how a l i k e  they look. I f  two ser ies  are  i d e n t i c a l ,  t h e i r  

coherency is 1. I f  two ser ies  are t o t a l l y  d i s s i m i l a r ,  t h e i r  co­

herence w i l l  be small compared to 1. In th is  survey coherencies of  

.8  were used wi th  coherencies o f  as low as .65 being used in poor 

q u a i i t y  curves.
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4 .0  DATA REDUCTION

There are probably as many permutations on the MT processing 

scheme as there  are MT processors.  The method p re fe r re d  by the 

author includes inspection o f  the analog records,  d i g i t i z a t i o n ,  

s ca l in g ,  determining p re fe r red  d i r e c t i o n s ,  r o t a t i o n ,  and spectra l  

a n a lys is .  Final  q u a l i t y  of  r e s i s t i v i t y  values is checked using the 

c o e f f i c i e n t  of  coherence.

Analog data are  v is u a l l y  separated into  3 c a tegor ies :  5 com­

ponent soundings, 4 component soundings and 2 component soundings.

A 5 component sounding is t y p i f i e d  by a c t i v i t y  on 2 perpendicular  

hor izon ta l  E - f i e l d  traces and a c t i v i t y  on 3 mutual ly  perpend icular  

H - f i e l d  traces .  A 4 component sounding is a c t iv e  on a l l  traces  

except the v e r t i c a l  H - f i e l d .  Two component soundings are a c t iv e  

on only an E - f i e l d  and i ts  perpendicular  H - f i e l d .  An a c t iv e  Hz 

component indicates a v i o l a t i o n  of  the requirement of  planar in ­

cidence.  Four and f i v e  component records were d i g i t i z e d  fo r  pro­

cessing of  tensor f i e l d s .  Two component soundings were discarded.  

The raw data were a lso inspected fo r  noise bursts ,  sp ikes,  and 

large  o f f s e t s  due to use o f  the cryogenic magnetometer. Noise 

bursts were not d i g i t i z e d ,  spikes were manually smoothed p r io r  

to d i g i t i z a t i o n  and o f f s e t s  were manually corrected in d i g i t i z a t i o n  

and a lso were removed d i g i t a l l y .
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Once the data are d i g i t i z e d  they are scaled to the un i ts  mv/km 

fo r  the e l e c t r i c  f i e l d  and gammas fo r  the magnetic f i e l d .  A l l  data 

f i l e s  were handled in format less binary  mode to f a c i l i t a t e  speed in 

input-output and to re ta in  f u l l  s i g n i f i c a n t  f ig u re s .

At th is  stage an attempt was made to remove o f f s e t s  caused by 

use o f  a cryogenic magnetometer e i t h e r  r e s e t t in g  or  f l u x  jumping.  

Reset t ing  occurs when the output vo l tage  from the magnetometer gets 

too la rge ,  s a tu ra t in g  a c apa c i to r  which discharges re s e t t in g  the 

output vo l tage  to zero.  This causes an o f f s e t  to occur on the output  

record.  Flux jumping is a complex phenomenon associated w i th  cryo­

genic temperatures and quantum mechanics. Flux jumping can cause 

both spikes and o f f s e t s  to occur on the output record.  The problem 

o f  o f f s e t s  and spikes is compounded when f i l t e r s  are  used in the 

output stage of  the a m p l i f i e r .  F i l t e r s  cause otherwise sharp cor ­

nered o f f s e t s  to be more rounded o f f  and may cause o s c i l l a t i o n s  in 

the output record . This f i l t e r i n g  of  o f f s e ts  can cause confusion  

as to what is signal  and what is noise,  p a r t i c u l a r l y  in port ions  

o f  the record that  has high signal  le v e ls .  Slow rates of  g reater  

than 33 mv or 33 gammas per second were considered to be due to 

vol tage  o f f s e t s  ra th e r  than signal  and were removed.

The data were then bandpass f i l t e r e d  a t  three  frequencies fo r  

the purpose o f  making p o la r i z a t io n  p lo ts .  P o la r i z a t io n  p lo ts  are  

Llssa jou type f igures  created when the two components o f  the e l e c t r i c
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f i e l d  traces are p lo t te d  against each o t h e r , w i th  a s im i l a r  arrange­

ment fo r  the H f i e l d  traces .  When there  is a pre fe r red  d i r e c t io n  of  

current f low in the ear th  a s im i l a r  d i r e c t io n  shows up on the p o l a r i ­

za t ion  p lo ts .  Figures 7a and 7b show two p o l a r i z a t io n  p lo t s ,  one 

taken near a r e s i s t i v e  r idge w i th  the measurement axes not p a r a l l e l  

to s t ru c tu re  and the o ther  taken near a basin margin f a u l t  with  the 

measurement axes p a r a l l e l  to s t ru c tu re .  Not ice tha t  both p lo ts  

show a high degree o f  e l l i p t i c i t y  on the E f i e l d  t ra c e .  The r a t i o  

of  the major and minor axes o f  the E f i e l d  trace  have the same propor­

t ions as the major and minor axes o f  the apparent r e s i s t i v i t y  e l l i p s e  

(Pors tendor fe r ,  1975)• When the axes of  the e l e c t r i c  f i e l d  e l l i p s e  

are p a r a l l e l  to the measurement axes,  the sounding is in p r i n c ip l e  

d i r e c t io n s .  I f  the E f i e l d  e l l i p s e s  are not in p r i n c ip l e  d i r e c t i o n s ,  

they can be ro ta ted so tha t  they are.  Figure 7c shows the sounding 

in Figure 8b a f t e r  r o t a t io n .

Once the data are in p r in c ip l e  d i r e c t io n s ,  the data are fa s t  

four  1er transformed (FFT). Preparat ions fo r  the FFT include removal 

of  DC level  and d r i f t ,  and t runcat ion  w i th  a hamming operator .  The 

data are band pass f i l t e r e d  to remove a l l  s ignals  below the frequency  

tha t  would a l low  10 f u l l  cycles fo r  the length o f  the data and above 

.25 of  the nyquist frequency. F i n a l l y ,  the data are padded with  

zeros so the length of  the data s t r in g  is a power of  two to f a c i l i t a t e  

the FFT. The FFT i t s e l f  is done with  a subroutine a v a i l a b l e  in the
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CSM I MSL software l i b r a r y .  For an input o f  N pieces of  da ta ,  the 

subroutine returns N/2 useable f o u r i e r  c o e f f i c i e n t s .  For the data  

sample M, returned from the subroutine ,  the frequency associated  

w ith  M is:

where AT is the sampling ra te  in seconds. Since M can vary between 

1 and N/2 i t  can be seen th a t  the FFT returns frequencies from 

1
N. AT

to the nyquist  frequency.

Once the data are transformed, cross power spectra can be 

determined by m u l t ip ly in g  the f o u r i e r  c o e f f i c i e n t  of  one component 

by the complex conjugate o f  the other  component. Auto power spectra  

can be c a lcu la ted  by m u l t ip ly in g  the four ie r  c o e f f i c i e n t  o f  a trace  

with  i t s  own complex conjugate.  Frequencies can then be selected to 

give 10 estimates o f  r e s i s t i v i t y  per decade on the frequency scale.  

The power spectra were then averaged over 50% bands and the averaged 

power spectra were used to c a lc u la t e  the r e s i s t i v i t y  and coherency 

est ima tes.
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5 .0  DATA QUALITY

The c r i t e r i o n  fo r  acceptance or re je c t io n  o f  data fo r  use in 

sounding curves is the c o e f f i c i e n t  of  coherence,  as described in 

section 3 .0 .  The c o e f f i c i e n t  of  coherence is a measure o f  how well  

two ser ies  c o r r e l a t e .  P er fec t  c o r r e la t io n  leads to a c o r r e la t io n  

o f  1.0.  When uncorre la ted noise is present on one channel,  the  

coherencies w i l l  vary from 0 .0  fo r  no c o r r e la t io n  a t  a l l  to some 

f r a c t i o n  o f  one as the noise leve l  decreases.  Sources o f  noise  

tha t  lead to poor coherence are  wind,  " c u l t u r a l  no ise" ,  d i g i t i z i n g  

e r r o r s ,  and geologic  noise.

Noise due to wind can occur when E f i e l d  wires are moved by 

the wind. The noise problem can be aggravated when wires  are  strung  

through bushes and can be extreme when the wires are t a u t , causing 

movement o f  the e lec t ro d e .  Vozoff  ( 1972) suggested burying wires to 

a l l e v i a t e  wind noise.  Burying wires is not r e a l l y  f e a s i b l e  in an 

ex p lora t ion  method because o f  the time involved.  Care in the p la ce ­

ment o f  wires seems to be the best compromise between speed in 

s e t t in g  up and minimizing wind noise.  The magnetometer is very  

s e n s i t i v e  to motion so movement o f  vegeta t ion  can cause noise on 

the magnetic channel. Shie ld ing the magnetometer from wind and 

i s o la t in g  i t  from vegeta t ion  w i l l  lessen magnetometer noise.  Noise 

due to wind is g enera l ly  of  higher frequency than that  o f  in te re s t  

in th is  survey.  In extreme cases,  however, wind noise can be so
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great as to e f f e c t i v e l y  mask the frequencies of  i n t e r e s t .

Cu l tura l  noise is noise associated with  man, most o f ten  power- 

l ines  and v eh ic les .  The survey area is in a p r i m i t i v e  area so power- 

l i n e  noise is e a s i l y  avoided. 60 cyc le  noise associated wi th  the 

generating system used in the survey can be minimized by locating  

the generator and the magnetometer on opposite sides o f  the recording  

v e h ic le .  Noise due to veh ic les  is dependant on the d is tance of  the  

moving v eh ic le  from the recording s i t e ,  speed of  the v e h ic le  and the  

weight of  the v e h ic le .  The f a s t e r  the v e h ic le  is t r a v e l i n g ,  the 

higher the frequency o f  the noise and the amplitude o f  the noise.

The frequency of noise due to vehic les  can be r ig h t  in the middle of  

the range of  in t e r e s t .  Noise from vehic les  is most severe on the  

magnetic channel. Like most o f  the noise sources discussed so f a r ,  

veh ic u la r  noise is best a l l e v i a t e d  by dis tance.

D i g i t i z i n g  e r ro rs  are e r ro rs  caused by the person or equipment 

d i g i t i z i n g  the data .  A d i g i t i z i n g  e r r o r  may consist  of  a wrong 

value fo r  a po int  or an ex t ra  po int  added or omitted.  Wrong values 

show up as spikes or o f f s e t s .  When spikes and o f f s e t s  become 

severe,  they are removed by computer sof tware.  Dupl icate  or  

missing points  cause two data f i l e s  d i g i t i z e d  over the same time 

span to have d i f f e r i n g  lengths.  The a d d i t io n  or subtract ion  of  

data points w i l l  tend to d i s t o r t  any phase information in the  

sounding curve.  The e f f e c t  o f  d u p l ic a te  points on coherency varys,
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according to where the point is introduced. In t roduct ion  o f  a data

point  a t  the beginning o f  a f i l e  w i l l  tend to have l i t t l e  e f f e c t  on

coherency but w i l l  have the maximum damaging e f f e c t  on phase. Addi­

t ion  of  a po int  in the middle of  a data f i l e  w i l l  have the worst

e f f e c t  on the coherency because the f i r s t  h a l f  o f  the data w i l l  

c o r r e l a t e  d i f f e r e n t l y  than the second h a l f  o f  the data .  Addi t ion  

o f  a data po int  a t  the end o f  a data f i l e  has l i t t l e  e f f e c t  on e i t h e r  

coherency or phase. The lower the frequency involved,  the less the

e f f e c t  o f  an added p o i n t . Since a l l  the soundings had length d i s ­

crepancies to some e x t e n t ,  i t  was assumed th a t  phase information

was d is to r te d  and so was not shown.

The best way to prevent d i g i t i z i n g  errors  is to use a d i g i t a l

recording system. Due to fa t ig u e  and boredom, the author be l ieves

that  manual d i g i t i z a t i o n  of  long chart  records can never be completely  

e r ro r  f r e e .

Geologic noise occurs when skin depths become great enough so 

tha t  a s i g n i f i c a n t  por t ion  of  the signal  is due to l a t e r a l  discon­

t i n u i t i e s .  E f fe c ts  due to l a t e r a l  geology sometimes manifest  them­

selves in the v e r t i c a l  magnetic component. Signals on the v e r t i c a l

component are evidence th a t  l a t e r a l  geology is a f f e c t i n g  the sounding.

L atera l  e f f e c t s  w i l l  tend to d i s t o r t  information p e r ta in in g  to v e r t i c a l  

depth soundings. Examination of  Figure 8 indicates  tha t  d i s t o r t i o n  due 

to v e r t i c a l  f a u l t i n g  is minimum when considering the E-perpend icular  

mode on the r e s i s t i v e  side o f  the f a u l t .  I f  deep penetrat ions are  

desired ,  preplanning of  s ta t io n  locations can minimize l a t e r a l  e f f e c t s .
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The author was not present when the MT data were acquired and 

so does not have f i r s t  hand knowledge as to the problems caused by 

wind and c u l t u r a l  noise.  However, inspection o f  the records does 

not reveal  any in d ic a t io n  o f  severe wind noise.  V e r t ic a l  components 

were a c t iv e  on many of  the soundings, in d ica t in g  some l a t e r a l  e f f e c t s .  

The p a r a l l e l  component g e n era l ly  is less a f fe c te d  by l a t e r a l  inhomo- 

gen i e t  i es and when a v a i l a b l e ,  was used in modell ing.
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6 .0  INTERPRETATION

In t e r p r e t a t io n  is the a r t  o f  coalescing physical data about the 

earth  in to  a reasonable geologic model. MT data can be in te rp re ted  

in two ways: w i th  an in te r e s t  in l a t e r a l  geology and wi th  an in te r e s t  

to v e r t i c a l  geology. La te ra l  geology can be in te rp re ted  by examining 

p o l a r i z a t i o n  e l l i p s e s  and comparing them to t h e o re t ic a l  p r o f i l e s  across 

v e r t i c a l  f a u l t s .  V e r t ic a l  geology can be in te rp re ted  by examining MT 

sounding curves and comparing them to t h e o r e t ic a l  1-D sounding curves.

When E f i e l d s  are measured w i th in  a skin depth o f  a l a t e r a l  

geologic fe a t u r e ,  the E f i e l d s  tend to p o la r i z e  e i t h e r  p a r a l l e l  or  

perpendicular  to the f e a tu re .  Figure 8 shows a s ing le  frequency  

p r o f i l e  across a v e r t i c a l  f a u l t  as shown in V o z o f f , 1972. Also 

shown in Figure 9 are  the major and minor axes o f  the apparent  

r e s i s t i v i t y  e l l i p s e s  a t  four distances from the f a u l t .  At a great  

distance from the f a u l t  on e i t h e r  s id e ,  the apparent r e s i s t i v i t i e s  

between the p a r a l l e l  and perpendicular  components are approximately  

equal and the p o l a r i z a t io n  e l l i p s e s  become c i r c u l a r .  The apparent  

r e s i s t i v i t i e s  approach the proper sca lar  va lue o f  r e s i s t i v i t y  fo r  

the media. This s i t u a t io n  is shown in cases A and D in Figure 8.

When the f a u l t  is approached from the conductive s ide ,  the E 

perpendicular  mode of apparent r e s i s t i v i t y  decreases wi th  respect to 

the t rue  r e s i s t i v i t y  and the E p a r a l l e l  mode increases with  respect
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i

R e s i s t i v i t y  p r o f i l e  a c r o s s  a v e r t i c a l  f a u l t ,  

( a f t e r  V o z o f  f , 1 9 7 2 )

Case A Case B

Case DCase C

A p p a r e n t  r e s i s t i v i t y  e l l i p s e s  f o r  v a r i o u s  

d i s t a n c e s  f r o m  f a u l t .

F i g u r e  8
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to t rue  r e s i s t i v i t y .  This makes the E p a r a l l e l  mode the major axis  

of  the apparent r e s i s t i v i t y  e l l i p s e .  Since the E f i e l d  e l l i p s e  is 

r e la te d  d i r e c t l y  to the r e s i s t i v i t y  e l l i p s e ,  when a sounding is re ­

corded on the conductive side of  a f a u l t ,  the E f i e l d  p o la r i z a t io n  

e l l i p s e  should po int in the d i r e c t io n  p a r a l l e l  to the s t r u c tu r e .  This 

s i t u a t io n  is shown as case B in Figure  8.

When the f a u l t  is approached from the r e s i s t i v e  s id e ,  the E 

perpendicular  mode tends to show a higher apparent r e s i s t i v i t y  than 

the E p a r a l l e l  mode. So in the case where the recording is done on 

the r e s i s t i v e  side o f  a f a u l t ,  the major axis  of  the E f i e l d  e l l i p s e  

w i l l  be the E perpendicular  component and the e l l i p s e  w i l l  po int  

perpendicular  to s t r i k e .  This s i t u a t i o n  is shown as case C in 

Figure 8.  In genera l ,  the c loser  to a f a u l t ,  the g re a te r  the e l l i p ­

t i c i t y  becomes.

Figure 9 shows p o l a r i z a t io n  d i re c t io n s  p lo t te d  on a topographic  

map. Only s ta t io n s  showing p r e f e r e n t i a l  d i r e c t io n s  are shown on the 

map. The s ta t ions  showing p r e f e r e n t ia l  d i re c t io n s  were s ta t io n s  1-4,  

6 -8 ,  11, 13, 15 and 19- The p o la r i z a t io n s  shown in Hualapai F la t  

are a l l  more perpendicular  than p a r a l l e l  to mapped s t ru c tu re  as 

shown in P l a t e  1. This ind ica tes  th a t  s ta t ions  6,  7,  8,  and 4 

were a l l  recorded on the r e s i s t i v e  side o f  f a u l t i n g .  Grav i ty  pro­

f i l e s  by Crewdson (F ly  Ranch p r o f i l e ,  1976) in d ica te  a basement f a u l t  

with  the east side downthrown to the east of  the recording s ta t ions
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near the road, supporting the contention that  the MT s ta t io n s  were 

recorded on the r e s i s t i v e  side o f  a f a u l t .  S ta t ion  4 is recorded on 

a s t ru c tu re  shown by Crewdson as being basement outcrop (F igure 5 ) .

S t ruc ture  in the Black Rock Desert g e n era l ly  coincides with  

the major topographic changes. Sta t ions 15, 2,  and 3 are  taken near 

abrupt topographic changes and t h e i r  p o la r i z a t io n  e l l i p s e s  are p a r a l l e l  

to these topographic changes. The s ta t ions  are assumed to be recorded 

on the conductive side of  the basin margin f a u l t .  S ta t ion  1, however, 

has p o l a r i z a t i o n  d i re c t io n s  perpendicular  to the topographic trends.  

S ta t io n  1 is located in a topographic embayment o f  the desert  into the 

Grani te  Range. The p o l a r i z a t io n  d i r e c t io n  o f  s ta t io n  1 ind ica tes  the  

p o s s i b i l i t y  of  a r e s i s t i v e  s h e l f  extending under the deser t  and the  

recording s i t e  and dropping o f f  to the south and east o f  the recording  

s i t e .

S ta t ion  19 south of  Gerlach a lso indicates the presence o f  a 

r e s i s t i v e  s h e l f  underlying the desert  a t  the recording po int s t r e t c h ­

ing from the S e le n i te  Range and dropping o f f  to the north and west of  

the recording s i t e .

S ta t ion  13 is located in the Black Rock Desert ,  four  to f i v e  km 

from the nearest mountains. The p o la r i z a t io n  d i r e c t io n  o f  s ta t io n  13 

is consis tent  w ith  tha t  o f  s ta t io n s  2 and 3, the nearest s ta t io n s  in 

the Black Rock. In v es t ig a t io n  o f  the p o l a r i z a t io n  vs. period shows
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tha t  the p o l a r i z a t i o n  increases w i th  period (F igure 10 ) .  The e l l i p ­

t i c i t y  a t  81 sec period is 2 .2  and the e l l i p t i c i t y  a t  102 sec. period  

is 6 .6  in d ic a t in g  th a t  the skin depth to the fe a tu re  occurs when the 

period is between 80 and 100 sec. Assuming a th ic k  sequence of  low 

r e s i s t i v i t y  m ater ia l  (1 ohm meter) over lay ing  a basement f a u l t ,  the 

skin depth ind icates  the fe a tu re  is about 4 to 4 .5  km from the r e ­

cording s i t e .  The d i r e c t io n  o f  p o l a r i z a t io n  ind ica tes  the recording  

is taken on the conductive side o f  a f a u l t  so the fe a tu r e  could con­

ce iv ab ly  be the basin margin f a u l t  near Trego.

The MT sounding is the major tool  o f  the MT method. When 

modelling sounding curves,  the 1-D model is the only model tha t  can 

be q u ick ly  ca lc u la ted  fo r  a large  number o f  cases. • 2-D modelling  

tends to e i t h e r  be p r o h i b i t i v e l y  expensive or uselessly  simple.  

Q u a n t i ta t iv e  i n t e r p r e t a t io n  o f  MT soundings can be accomplished 

by matching t h e o r e t ic a l  curves to the f i e l d  data.

For the purposes of  th is  survey 1-D t h e o r e t ic a l  soundings were 

matched to the data by consider ing the l i m i t i n g  case. For the l i m i t ­

ing case i f  the data are not seen to r o l l  over the question is asked,  

"What happens i f  the curve r o l l s  over r ig h t  a t  the po int  the data stops?" 

In th is  manner the minimum depth to the layer  th a t  causes the r o l l  over  

can be found. In genera l ,  g r a v i t y  and TDEMS show a sequence of a l ­

lu v ia l  mater ia l  up to 2 km th ic k .  TDEMS a lso show a low r e s i s t i v i t y  

top layer  o f  about .2 to 1 ohm meter tha t  can be 200 to 300 meters
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th ic k .  Under lay i ng th is  low r e s i s t i v i t y  layer  the TDEMS in d ica te  

higher r e s i s t i v i t y  matter o f  about 10 ohm meters th a t  can be 500 to 

1000 meters th ic k .  The low r e s i s t i v i t y  layer  can have a great e f f e c t  

on the sounding curve because the curve is asymptotic to the f i r s t  

layer  r e s i s t i v i t y  and can only r is e  a t  a slope o f  1 on a log-log  

sca le .  The underlaying 10 ohm meter layer has v i r t u a l l y  no e f f e c t  

on the sounding curve.  Figure 12 shows a 2 layer  conductor over  

r e s is t o r  t h e o r e t ic a l  curve wi th  the f i r s t  layer  r e s i s t i v i t y  being 

.5  ohm meters and the second layer  r e s i s t i v i t y  being 100 ohm meters.  

When an in te rmediate  layer  of  10 ohm meters is added two km th ic k  

the e f f e c t  is n e g l ig i b l e .  The important fa c to rs  that w i l l  e f f e c t  

sounding curves are the r e s i s t i v i t y  and thickness o f  the f i r s t  

l a y e r ,  the r e s i s t i v i t y  and thickness o f  the high r e s i s t i v i t y  base­

ment and the r e s i s t i v i t y  of  the conductor a t  depth. Four soundings 

were chosen fo r  modell ing.  Other soundings were considered u n s u i t ­

able because of e i t h e r  too much s c a t t e r  or ind ica t ions  of  large  

scale  l a t e r a l  e f f e c t s .  The soundings chosen were soundings 6,  7,  12, 

and 16.

Sounding 6 ind ica tes  a r e s is t o r  over conductor type geometry 

(Figure 13a).  The r e s is t o r  over conductor is t y p i f i e d  by a curve 

tha t  is descending from the r e s i s t i v i t y  o f  the f i r s t  layer  to the 

r e s i s t i v i t y  of  the second layer  at  a minimum slope of  -1 on a log- log  

sca le .  The two modes are represented by the two d i f f e r e n t  symbols 

on the p lo t .  In Figure 13 a the two modes are s im i l a r  in t h e i r  be-
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havior .  Modell ing of  the more r e s i s t i v e  mode although i t  only has 

3 points  gives more r e a l i s t i c  re s u l ts .  The modell ing was done 

assuming th a t  the two modes were s im i la r  in shape wi th  only the 

r e s i s t i v i t i e s  being d i f f e r e n t ,  when the separation between modes 

is not la rge .

When a 2 - l a y e r  t h e o r e t ic a l  curve is matched to the data with  

the f i r s t  layer  r e s i s t i v i t y  constrained to be 40 ohm meters,  the  

f i r s t  layer  thickness is shown to be 20 km (Figure 12b). A low 

r e s i s t i v i t y  layer  wi th  a thickness o f  up to 100 meters can be added 

without e f f e c t i n g  the thickness of  the second layer  although the 

r e s i s t i v i t y  of  the second layer must be raised to 100 ohm meters.

The 3 layer  model is more r e a l i s t i c  in terms o f  what is known about 

the area .

Sounding 16 (Figure 13) has more s c a t t e r  than sounding 6,  but 

i t  can be seen th a t  the curve is ascending,  in d ica t in g  a conductor  

over r e s i s t o r .  The two modes are equal in the leve l  of  r e s i s t i v i t y  

so i t  is indeterminate which mode is the p a r a l l e l  or perpendicular  

mode. The mode tha t  is displayed w i th  the t r i a n g le s  has the least  

s c a t t e r ,  so i t  was the mode used fo r  modelling purposes. A two 

layer curve was matched to the data wi th  a km of  .8  ohm meters 

mater ia l  and 50 ohm meters basement. I f  i t  is assumed that the 

curve r o l l s  over a t  300 seconds, the minimum thickness o f  the second 

layer  is 25 km (Figure 13).
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Sounding 7 (Figure 14) r o l l s  down at  about 70 sec. period.  A 

two layer  curve can be f i t  to the data with  a thickness o f  25 km at  

25 ohm meters.  When the l i m i t i n g  3 layer  case is considered,  the 

conductive f i r s t  layer  can be up to 150 meters th ic k  w i th  a second 

layer  of  100 ohm meters m ater ia l  21 km th ic k .

Sounding 12 (F igure 15) was modelled using the more r e s i s t i v e  

component o f  apparent r e s i s t i v i t y .  The three layer  model showed a 

f i r s t  layer  190 meters th ic k  and a second layer  thickness of  22 km. 

I t  is not c e r t a in  e xa c t ly  what the behavior o f  th is  curve is .  The 

curve was modelled using the assumption tha t  the data are a l l  a t  

the top point of  the curve and the data r o l le d  down on both sides.
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7 .0  CONCLUSIONS

HT data have been evaluated in two ways: examination o f  p o l a r i ­

za t ion  e l l i p s e s  and modeling o f  selected sounding curves.

P o la r i z a t io n  e l l i p s e s  revealed information about surface and 

near surface s t r u c tu r e ,  mainly f a u l t i n g .  In an area where the geology 

is not wel l  known or perhaps covered,  the p o l a r i z a t i o n  e l l i p s e s  can 

be an e f f e c t i v e  reconnaissance tool  fo r  locat ing  and determining the 

s t r i k e  o f  f a u l t i n g .  The p o l a r i z a t i o n  e l l i p s e s  tend to y ie l d  good 

q u a l i t y  data about s t ru c tu re  even when the MT sounding curves may 

be poor.

Modeling of  MT curves ind ica te  the depth of  a deep conductor 

in the lower crust  to be about 25 km in the south end o f  the survey 

area and 20 to 22 km in the Hualapai F la t  area and north of  the  

Hualapai F la t  a r e a . The e f f e c t  o f  noise on H f i e l d  channels due to 

f l u x  jumping and resets w i l l  tend to bias the r e s i s t i v i t y  curves down 

from what they would normally ind ica te  in a less noisy sounding. The 

f a c t  tha t  the soundings may have higher apparent r e s i s t i v i t i e s  than 

indicated would place the depth to a conductor deeper than shown.

Heat f low in the Western United States ge n era l ly  ranges from 

1.5 to 2 .5  HFU (Sass, e t .  a l . ,  1971).  Within Nevada heat f low values 

average about 2 .0  HFU. Within 50 miles of  Gerlach there  are observed
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observed heat flows o f  g rea te r  than 2 .5  HFU (Dîment,  e t .  a l . ,  1975).  

Assuming a thermal c o n d u c t iv i ty  o f  6 X 10  ̂ cal /cm sec 0 C, which is 

the average fo r  igneous rocks (S tacey , 1969) and assuming a modest 

heat f low of 2 .0  HFU, a temperature of  about 1000°K is reached a t  a 

depth of  22 km. Assuming a heat f low of  2 .5  HFU the ext rapo la ted  

temperature is 1200°K.

The observed regional  heat f low of the area not only provides an 

adequate mechanism f o r  the geothermal process,  but a lso provides an 

explanation  fo r  the observed MT soundings. The MT method has proved 

to be an e f f e c t i v e  tool  in the d e l in e a t io n  o f  Basin and Range heat  

source mechanisms. When i t  is possible  to locate  MT s ta t io n s  on high 

r e s i s t i v i t y  bedrock, much o f  the e f f e c t  of  l a t e r a l  d i s c o n t in u i t ie s  

can be avoided and near sur face geologic noise such as a l l u v i a l  f i l l  

can be minimized.
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BL1002
ExEy

Period j 
1955. 00.

421 .19

S t a t i o n



BL1003
ExEy

36 .67

S t a t i o n  1



BL2000

Period
782 .00

362.97

168.48

S t a t i o n  2



BL3000

Period
153.45

Hx

121.80

96. 67

S t a t i o n  3



BL4001
Ex

Period
102.30

Z i \
'8^ L'A

64 .45

S t a t i o n  4



BL4002

Period
102.30

81 .20

64 .48

S t a t i o n  4



BL5000

Period
102.30

81 .20

64 .45

S t a t i o n



BL6000
Ex Ey

Period
102.30

81 .20

W j

64 .45

S t a t i o n  6



BL7001

Period

6 4 . 4 5

S t a t i o n  7



BL8001

Period
102.30

Hx H

S t a t i o n 8



BL9000

Period
102.30

81 .20

6 4 . 4 5

S t a t i o n  9



BL1100
ExE

Period
102.30

61 .20

6 4 . 4 5

S t a t i o n  11



BL1200
Ex E

Period
102.30

Hx

64 .45

S t a t i o n  12



BL1300

Period
102.30

61 .20

64 .46

S t a t i o n



Period
102.30

BL1501

64 .45

S t a t i o n  15



BL1600
Ex E

Period
102.30

A
%y
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Period 
102 .30

Hx

y

6 4 . 4 5
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BL1900
ExEy

Period
102.30

Hx

81 .20

64 .45

S '

M \
\m

J

S t a t i o n  19
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C PROGRAM TAKE2 PRECONDITIONS MT DATA AND PERFORMS
C FFT ON IT#
C
C XN = THE FUNCTION TO BE OPERATED ON
C THE PROGRAM ONLY OPERATES ON ONE COMPONENT OF THE
C DATA AT A TIME.
C
C THE E FIELD DATA MUST BE IN MV PER KM AND THE
C H FIELD DATA MUST BE IN GAMMAS.
C
C THE DATA IS READ IN BY THE FUNCTION IN AND FORMATS
C CAN BE MODIFIED TO SUIT THE USER IN THE FUNCTION.
C
C THE PROGRAM USES AN IMSL LIBRARY PROGRAM TO PERFORM THE
C FFT SO THE PROGRAM MUST BE LOADED WITH ,LI8: IMSL
C FOLLOWING THE PROGRAM NAME
C
C THE FILTER IS A MODIFICATION OF THE PROGRAM BUT2
C WRITTEN BY JAN FATTI

DOUBLE PRECISION F I L INfFILOUT  
DIMENSION XN(2048) , ID(6 )

C READ IN DATA

C
2000 WRITE(4,3)
3 FORMATC1X,'NAME OF FILE ' , $ )

READ(4,4) FILIN
4 FORMAT C A1C)

IF ( F IL IN .E Q . ' E X IT * )  STOP
OPEN(UNIT=l, ACCESS='SEQIN',MODE=*BINARY',FILE=FILIN)  
READ(l) ID
READ(l) K,AZH,DELTA T,NCOMP 
TYPE 9 9 , K 
JI  N = 1 

99 FORMAT(I)
C
C * * * * * * * * * * * * * * * * *  * * * * * * * * *
C PREPARE OUTPUT FILE:
C** * * * * * * * * * * * * * * * * * * * * * * * *

WRITEC4 ,22 2)
222 FORMATC1X,'WHAT IS THE OUTPUT FILE NAME??? ' , $ )

REA0(4,4) FILOUT
OPEN(UNIT-2,MODE ='BINARY',PROTECT I  ON:=109,FILE = FILOUT)
DIV = AL0G(2 . )
NUM = ALOG(FLOAT(K) ) / D I  V
ANUM=NUM
NUM=2**(ANUM+1)
TYPE 33, ID,NUM, K ,DE L T AT 

33 F0RMAT(1X,6A5, /2I ,F)
WRITEC2) I D , NUM, K ,DELTAT

C SUBTRACT INITIAL VALUE FROM DATA
£ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C

DO 20 KK=1,4 
Z=IN(XN,K, JIN)
XN1=XN(1)
DO 2 1=1,K 
XN(I )=XN( I ) -XN1



2 CONTINUE

C REMOVE DRIFT FROM DATA

C
YMAX=XN(K)
DO 12 1 = 1 tK 
A=XNCI )
R 1 = 1
X N ( I ) = A - Y M A X / K * R I  

12 CONTINUE

C BANDPASS F ILTER DATA

SAMINT=1.
Fl=5. /FLOAT(K)
F2=,25
0RDER=2e
CALL SMOOT H C XN » K)
CALL BUT2 (ORDER,SAMINT,FI,F2,XN,K)
CALL FFT(XN,K,NUM)

20 CONTINUE
C

C WRITE OUT THE FILTERED OUTPUT:

CL0SE(UNIT=2 )
GO TO 2000
STOP
END

SUBROUTINE BUT2 (ORDER,SAMINT,FI,F2,PIN,NUMSAM) 
DIMENSION FM1 ( 1 2 ) ,  F IN( 20 00 ) ,  F INS(2200) ,  OUTS(2200),  

1 C(5 ) , COEFF(5,7),  FN(3) ,  0 ( 4 ) ,  PIN(2000)
EQUIVALENCE (F I N(1 ) , F INS( 5 ) )
DO 22 J=l,NUMSAM 

22 F IN(J )= P IN (J )
DATA MAXDAT/2000/, I N / 1 / ,  IOUT/2/
IORDER = ORDER + .01

C

C CALCULATE THE BUTTERWORTH COEFFICIENTS:

J0RDER=10RDER/2 
DO 100 IFR AC= 1 , JORDER 

IFR0C=IFRAC 
CALL KOEFF ( I  ORDER , I F ROC, F 1, F 2 , SAMI NT,C)
C0EFF(IFRAC,1 ) = l . Z C ( l  )
C0EFF(IFR AC , 2 ) = - 2 . / C ( l )
COEFFdFRAC , 3 )  = l . / C C l )
COEFF(IFRAC ,4 ) = C ( 2 ) / C ( l )
COEFFdFRAC,5) = C ( 3 ) / C ( l )
COEFFdFRAC,6)  = C ( 4 ) / C ( l )

100 COEFFdFRAC,?) = C ( 5 ) / C ( l )
C 
C

C SET FIRST 4 INPUT & OUTPUT SAMPLES ( I N  ARRAYS FINS & OUTS)  
C EQUAL TO ZERO, & SET LAST 196 SAMPLES IN F INS TO ZERO:



DO 200 J = 1,4  
FINSCJ) = 0.

200 OUTS(J) = 0*
DO 220 J = (NUMSAM+5),(NUMSAM+200)

220 FINSCJ) = 0.
C 
C 
C

DO 500 IFR AC = 1 , I0R0ER/2 
IF CIFRAC.EQ#1) GO TO 280

C

C SET INPUT = PREVIOUS OUTPUT:
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DO 250 K = 5,(NUMSAM+200)
250 FINSCK)  = OUTS(K)

C
C * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * *
C CHOOSE THE APPROPRIATE COEFFICIENTS:
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

280 DO 300 L = l , 3  
300 FN(L) = COEFFCIFRACtL)

DO 330 L = 1,4 
330 DCL) = COEFFdFRAC,(L + 3 ) )

C

C FILTER ARRAY FINS RECURSIVELY WITH ONE POLYNOMIAL FRACTION TO 
C GET ARRAY OUTS:

DO 400 ISAM = 5 , (NUMSAM + 2 00)
FNUMIN = FNC1)*FINSCISAM)*FNC2)*FINS(ISAM-2 ) *  FN(3 ) *FINS ( I S A M - 4 ) 
DENOUT = 0.
DO 360 J = 1,4
AA = DCJ)*OUTSCISAM-J)

360 DENOUT = DENOUT+AA
400 OUTSCISAM) = FNUMIN -  DENOUT
5 00 CONTINUE

C
C
C
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C REVERSE ARRAY OUTS AND PUT IT INTO ARRAY FIN:

DO 550 ISAM = 1 ,CNUMSAM + 196)
550 FINCISAM) = OUTSCNUMSAM+201-ISAM)

C
C
c

SET THE FIRST 4 INPUT & OUTPUT SAMPLES EQUAL TO ZERO:

DO 570 J = 1 , 4  
F I NSCJ)  = 0 .

570 OUTSCJ) = 0 .

DO 1000 IFRAC = 1 , IORDER/2  
I F  C I F R A C . E 0 . 1 )  GO TO 600



c
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C SET INPUT = PREVIOUS OUTPUT:
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DO 580 K = 5 , (NUMSAM+200)
580 F INSCK)  = OUTS(K)

C
c * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * *
C CHOOSE THE APPROPRIATE COEFFICIENTS:

600 DO 620 L = 1 , 3  
620 FNCL) = COEFFCIFRACsL )

DO 640 L = 1 , 4  
64 0 DCL) = COEFFCI FRAC, L*3 )

C

C FILTER ARRAY FINS CWHICH IS  THE OUTPUT OF PREVIOUS F I L TE R ,
C REVERSED) RECURSIVELY WITH ONE POLYNOMIAL FRACTION TO GET
C ARRAY OUTS:

DO 800 ISAM = 5,CNUMSAM+200)
FNUMIN = FNC1) *F I NSCI SAM)  + F N C 2 ) * F I N S C I S A M - 2 ) + F N C 3 ) * F I N S C I S A M - 4 )  
DENOUT = 0 .
DO 700 J = 1 , 4
AA = DCJ) *OUTSCISAM-J)

700 DENOUT = DENOUT+AA
800 OUTSCISAM) = FNUMIN -  DENOUT
1000 CONTINUE

C
C

C REVERSE ARRAY OUTS AND PUT IT  INTO ARRAY P I N .  THE FILTERED
C TIME SERIES IS THEN THE RIGHT WAY ROUND CIN ARRAY P I N ) :

DO 1100 ISAM = 1 , NUMSAM 
1100 PINCISAM)  = 0UTSCNUMSAM+201- ISAM)

C 
C

RETURN 
END

SUBROUTINE KOEFF CN, M , F I , F2 , O E LT , C)

C
C THIS SUBROUTINE CALCULATES THE 5 BUTTERWORTH DENOMINATER
C COEFFICIENTS.  A CORRECTION IS MADE FOR THE ERROR INTRODUCED
C BY THE BILINEAR TRANSFORMATION.
C 
C
C DE FI N I T I ON OF ARGUMENTS:
C N ORDER OF BUTTERWORTH FILTER CMUST BE EVEN) -  INPUT
C M POLYNOMIAL FRACTION # -  INPUT
C F I  LOWER CUTOFF FREQ. ,  IN HZ.  -  INPUT
C F2 UPPER CUTOFF FREQ. ,  IN HZ.  -  INPUT
C BELT = SAMPLE INTERVAL,  IN SEC. -  INPUT
C C = ARRAY CONTAINING THE 5 COEFFICIENTS -  OUTPUT
C 
C
C JORGE PARRA
C APRIL,  1972



o 
o

D I M E N S I O N  C C 5 )
P I = 3 . 1 4 1 5 9 2 7
F 2 A = S I N ( P I * F 2 * 0 E L T ) / C 0 S C P I * F 2 * D E L T )
F 2 A = F 2 A / ( P I * D E L T )
F 1 A = S I N ( P I * F 1 * D E L T ) / C 0 S ( P I * F 1 * D E L T )
F 1 A = F 1 A / ( P I * 0 E L T )
W 0 = 2 . * P I * S Q R T ( F 1 A * F 2 A )
W C = 2 . * P I * ( F 2 A - F 1 A )
Q=W0/WC
DEL=WC* DELT
U = P I / ( 2 . * N )
K — N + 2 *  M— 1 
B 2 1 = - 2 . * C O S ( U * K )
X = 2 • / D E L  
Y = X * X  
Z = X * B 2 1  
U = 2 . * Q * Q + 1 .
V = B 2 1 * Q * Q / X  
W 1 = Q * * 4  
W=W1 / Y
C ( 5 ) = Y - Z + U - V + W
C ( 4 ) = - 4 . * Y + 2 . * Z - 2 . * V + 4 . * W
C ( 3 ) = 6 . * Y - 2 . * U + 6 . * W
C ( 2 ) = - 4 . * Y - 2 . * Z + 2 . * V + 4 . * W
C ( 1 ) = Y + Z + U + V + W
RETURN
END

T H I S  SUBROUTINE SMOOTHES OUT THE EFFECT OF TRUNCATION

I T  F I T S  A COSI NE S H I F T E D  UP BY ONE TO THE DATA I N  ORDER TO 
SMOOTH OUT THE TRUNCATI ON E F F E C T S .

SUBROUTINE SMOOTHCPHEE»K) 
D I M E N S I O N  PHEECK)
XINCR = 2 . * 3  . 1 4  1 5 9 / F L O A T C K  + 1 )  
DO 20 1=1 ,K
X I N C = - 3 . 1 4 1 5 9 + X I N C R * F L O A T ( I )
F A C T O R = ( C O S ( X I N C ) + l . ) / 2 .
P H E E C I ) = F A C T O R * P H E E ( I )

20  CONTINUE
RETURN 
END
SUBROUTINE F F T ( XN , K , NUM)  
COMPLEX GAMN
D I M E N S I O N  X N ( K ) , I W K ( 1 0 0 )  
D I V = A L O G ( 2 . )  
N U M = A L O G ( F L O A T ( K ) ) / D I V  
ANUM=NUM 
N U M = 2 * * ( A N U M + 1 )
N Z E R = ( N U M - K )
DO 10  J = 1 1  NZ ER 
X N ( K + J ) = 0 .



10 CONTINUE
CALL FFTRCXN,GAMN,NUM,IWK)
WRITEC2) XN
RETURN
END
FUNCTION I N ( X , N , J I N )  
DIMENSION XCN)
READCJIN)  X 
IN=K
RETURN
END



C PROGRAM COEFF CALCULATES C O E F F I C I E N T S
C FOR A R EC UR SI VE  BUTTERWORTH F I L T E R .
C
C THE F I L T E R  PROGRAM I S  CALLED 3FREQ

D I M E N S I O N  C ( 5 )
Q P E N ( U N I T = l , M O D E = » B I N A R Y * , F I L E = * C O E F F . D A T " )
TYPE 10

1 0  FORMAT( '  I N P U T  SAMPLING RATE
ACCEPT l l f D E L T

11 F 0 R M A T C 2 F )
TYPE 2 0

2 0  F O R M A T I N P U T  H I GH, L OW F R E Q.  " )
ACCEPT 1 1 , H I G H , X L 0 W  
TYPE 30

3 0  FORMATC*  I N P U T  NO.  OF F R E Q S .  WANTED " $ )
ACCEPT 3 1 , NUM

31 F O R M A T ( l )
X I NC  = C A L O G 1 0 ( H I G H > A L O G 1 0 C X L O W ) ) / C F L O A T  CNU M ) )
WRITE ( 1 )  NUM 
DO 1 J = 1 , N U M
C F R E Q = 1 C * * C A L O G 1 0 C H I G H ) - X I N C * C F L O A T C J ) ) )
F 2 = C F R E Q + C F R E Q / 1 0 .
F l = C F R E Q - C F R E Q / 1 0 .
CALL K OE F F < 2 , 1 , F I , F 2 , D E L T , C )
C F R E O - l . / C F R E Q  
W R I T E C l )  CFREQ ,C  

1 CONTI NUE
C L 0 S E ( U N I T = 1 )
STOP
END
SUBROUTINE KOEFF < N , M , F 1 , F 2 , 0 E L T , C )

c
C T H I S  SUBROUTI NE CALCULATES THE 5 BUTTERWORTH DENOMINATER
C C O E F F I C I E N T S .  A CORRECTION I S  MADE FOR THE ERROR INTRODUCED
C BY THE B I L I N E A R  TRANSFORMATI ON.
C
C
c D E F I N I T I O N OF ARGUMENTS:
c N = ORDER OF BUTTERWORT H F I L T E R (MUST BE EVEN)
c M - POLYNOMI AL F RAC T I ON $ -  I NPUT
c F I LOWER CUTOFF F R E Q . , I N  H Z . -  I N P U T
c F2 UPPER CUTOFF F R E Q . , I N  H Z . -  I N P U T
c DELT = SAMPLE I N T E R V A L ,  I N SEC.  - I NPUT
c C = ARRAY C O N T A I N I N G  TH E 5 C O E F F I C I E N T S -  OUTPUT
C
C
C JORGE PARRA
C A P R I L ,  1 9 7 2
C
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *
c

D I M E N S I O N  C C 5 )
P I = 3 . 1 4 1 5 9 2 7
F 2 A = S I N C P I * F 2 * 0 E L T ) / C 0 S ( P I * F 2 * 0 E L T )
F 2 A = F 2 A / C P I * D E L T >
F 1 A ” S I N ( P I * F 1 * O E L T ) / C O S ( P I * F 1 * D E L T . )
F 1 A = F 1 A / ( P I * D E L T )
W 0 = 2 . * P I * S Q R T ( F 1 A * F 2 A )
W C = 2 . * P I * ( F 2 A - F 1 A )



Q=WO/WC
DEL=WC* DELT
U = P I / ( 2 . * N )
K = N + 2 * M - 1
B 2 1 = - 2 . * C 0 S ( U * K )
X = 2 . / D E L
Y= X * X
Z = X * B 2 1
U = 2 . * Q * Q + 1 .
V = B 2 1 * Q * Q / X
W l = Q * * 4
W=W1/Y
C ( 5 ) = Y - Z + U - V + W
C ( 4 ) = - 4 . * Y + 2 . * Z - 2 . * V + 4 . * W
C ( 3 ) = 6 . * Y - 2 . * U + 6 . * W
C ( 2 ) = - 4 . * Y - 2 . * Z + 2 . * V + 4 . * W
C ( 1 ) = Y + Z + U + V + W
RETURN
END



c
cc
c
c
c
c
c

PROGRAM 3FREQ F I L T E R S  A SET OF HT DATA WITH A NARROW 
BANDPASS BUTTERWORTH F I L T E R .
THE F I L T E R  I S  A M O D I F I C A T I O N  OF THE PROGRAM BUT2  
WRI TTEN BY JAN F A T T I

THE F I E L D S  ARE READ I N  I N  THE FU N C T I ON  I N  AND THE FORMAT 
THE DATA I S  TO BE READ I N  SHOULD M ô b ï F l c ù  
DOUBLE P R E C I S I O N  F I L I N , F I L O U T  ^
D I M E N S I O N  X N ( 2 0 4 8 ) , I D < 6 )

C READ I N  DATA

C
2 0 0 0  W R I T E ( 4 , 3 )
3 F O R M A T ( I X ,  'NAME OF F I L E  ' , $ )

R E A D ( 4 , 4 )  F I L I N
4 FORMAT( A 1 0 )

I F  ( F I L I N . E Q . ' E X I T ' )  STOP
0 P E N ( U N I T = 1 , A C C E S S = ' S E Q I N ' , M O D E = ' B I N A R Y ' , F I L E = F I L I N )  
R E A D ( l )  I D
R E A D ( l )  K , A Z H , D E L T A  T,NCOMP  
TYPE 2 2 ,  A Z H , D E L T A  T,NCOMP

22  F 0 R M A T ( 2 F , I )
C

SUBTRACT I N I T I A L  VALUE FROM DATA

12

C

DO 2 0 0 1  I Q = 1 , 4  
Z = I N ( X N , K )
X N 1 = X N ( 1 )
DO 2 1 = 1 , K 
X N ( I ) = X N ( I ) - X N 1  
CONTI NUE

REMOVE D R I F T  FROM DATA

YM A X = X N ( K )
00 12 1 = 1 ,K 
A=XN( I )
R 1=1
X N ( I ) = A - Y M A X / K * R I  
CONTINUE

BANDPASS F I L T E R  DATA

C

2001
CALL BUT2 ( X N , K , D E L T A  T )
CONTINUE
C L 0 S E ( U N I T  = 1 )
STOP
END

s u b r o u t i n e  b u t 2 ( p i n , n u m s a m , d e l t a v )
D I M E N S I O N  F M T ( 1 2 ) ,  F I N ( 2 0 0 0 ) ,  F I N S C 2 2 0 0 ) ,  O U T S ( 2 2 0 0 ) ,  

C ( 5 )  , C O E F F C T ) ,  F N ( 3  )  ,  0 ( 4 ) ,  P I N ( 2 0 0 0 )  
EQUI VALENCE ( F I N ( 1 ) , F I N S C 5 ) )
0 P E N ( U N I T  = 3 , M 0 D E = ' B I N A R Y ' , F I L E = ' 3 F . DAT '  )
R E A D ( 3 )  NUM



TYPE 4 , NUM 
4 F O R M A T ( I )

I O U T = l l
0 0  1 0 0 0  J J = 1 * NUM 
DO 22  J = l , N U M S A M  

22  F I N C J ) = P I N C J )
C

C CALCULATE THE BUTTERWORTH C O E F F I C I E N T S :

R E A DC 3 )  C F R E Q , C  
COEFF C 1 )  = l . / C C l )
C 0 E F F C 2 )  = - 2 . / C C I )
C 0 E F F C 3 )  = l . / C C l )
C 0 E F F C 4 ) = C C 2 ) / C C l )
C 0 E F F C 5 )  = CC 3 ) / C  C1 )
C 0 E F F C 6 )  = CC 4 ) / C C 1)

10 0  C O E F F C T )  = C C 5 ) / C C 1 )
C
c

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C SET F I R S T  4 I N P U T  & OUTPUT SAMPLES C I N  ARRAYS F I N S  & OUTS)
C EQUAL TO ZERO,  & SET LAST 1 9 6  SAMPLES I N  F I N S  TO ZERO:

DO 2 0 0  J = 1 , 4  
F I NS CJ)  = 0 .

200  O U T S C J )  = 0 .
0 0  2 2 0  J = C N U MS A M + 5 ) , C N U M S A M + 2 0 0 )

22 0  F I N S C J )  = 0 .
C
c 
c 
cc******************************
C SET I NPUT  = PREVI OU S OUTPUT:  
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c
280 0 0  3 0 0  L = 1 , 3
30 0  F N C L ) = C O E F F ( L )

DO 3 3 0  L = 1,4 
330 DCL )  = C O E F F C L + 3 )

C

C F I L T E R  ARRAY F I N S  RECURSI VELY WITH ONE POLYNOMIAL FRACTI ON TO 
C GET ARRAY OUTS:
ç * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

00  4 0 0  ISAM -  5 , C N U M S A M + 2 0 0 )
FNUMI N = F N ( l ) * F I N S C I S A M ) + F N C 2 ) * F l N S C I S A M - 2 )  + F N C 3 ) * F I N S C I S A M - 4 )  
DENOUT = 0 .
DO 3 6 0  J = 1 , 4
AA = D C J ) * O U T S C I S A M - J )

3 6 0  DENOUT -  DENOUT+AA
4 0 0  OU T S C I SA M )  = FNUMI N -  DENOUT

C
c 
c
Ç * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C REVERSE ARRAY OUTS AND PUT I T  INTO ARRAY F I N :

DO 5 5 0  ISAM = 1 , CNUMSAM + 1 9 6 )



5 5 0  F I N C I S A M )  = O U T S ( N U M S A M + 2 0 1 - I S A M )
C
C
C

C SET THE F I R S T  4 I NP U T  & OUTPUT SAMPLES EQUAL TO ZERO!
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DO 5 7 0  J = 1 , 4  
F I N S ( J )  = 0 .

5 7 0  O U T S C J )  = 0 .
C
C
C
L * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C CHOOSE THE APPROPRI ATE C O E F F I C I E N T S !
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

6 0 0  DO 6 2 0  L = 1 , 3  
62 0 F N C L )  = C O E F F ( L )

DO 6 4 0  L = 1 , 4  
6 4 0  D ( L )  = C O E F F C L + 3 )

C

C F I L T E R  ARRAY F I N S  ( WHI CH I S  THE OUTPUT OF PREVI OUS F I L T E R ,
C REVERSED)  R E C U R S I VE L Y  WITH ONE POLYNOMIAL F R A C T I O N  TO GET
C ARRAY OUTS:

DO 8 0 0  ISAM = 5 , CNUMSAM+200)
FNUMI N = F N ( 1 ) * F I N S ( I S A M )  + F N ( 2 ) * F I N S ( I S A M - 2 ) + F N ( 3 ) * F I N S ( I S A M  
DENOUT = 0 .
DO 7 0 0  J = 1 , 4
AA = D ( J ) * 0 U T S ( I S A M - J )

7 0 0  DENOUT = DENOUT+AA
8 0 0  O U T S C I S A M )  = FNUMI N -  DENOUT

C
c
C REVERSE ARRAY OUTS AND PUT I T  I NTO ARRAY P I N .  THE F I L T E R E D
C T I ME  S E R I ES  I S  THEN THE RI GHT WAY ROUND ( I N  ARRAY P I N ) :

DO 1 1 0 0  I S A M  = 1 , NUMSAM 
1 1 0 0  F I N ( I S A M )  = 0 U T S ( N U M S A M + 2 0 1 - I S A M )

Q = O U T ( F I N , N U M S A M , C F R E Q , I O U T , D E L T A V )
1 0 0 0  CONTINUE

C L O S E ( U N I T - 3  )
RETURN 

END
FU NC TI ON 0 U T ( X , N , C F R E Q , I 0 U T , D E L T A V )
D I M E N S I O N  X ( N )
W R I T E ( I O U T )  N , C F R E Q , D E L T A  V 
W R I T E ( I O U T )  X 
OU T = 1 0 •
TOUT = I OU T+  1 
RETURN 
END
FUNCTI ON I N ( X , N )
D I M E N S I O N  X ( N )
R E A O ( l )  X 
I N = K  
RETURN 
END



C IMPEDE CALCULATES APPARENT R E SI S T I V I T Y  VALUES FOR
C MT SOUNDINGS.
C
C THE PROGRAM TAKES INPUT FROM THE FOURIER TRANSFORM
C PROGRAM TAKE2
C
C QE1, QE2 = THE COMPLEX FOURIER TRANSFORM
C OF THE PERPENDICULAR E F I EL D S.
C
C QH19 QH2 = THE COMPLEX FOURIER TRANSFORM OF THE
C PERPENDICULAR H F I EL D S.
C

PROGRAM IMPEDE 
I M P L I C I T  COMPLEXES),C)
DOUBLE PRECI SI ON F I L I N , F I L O U T
DIMENSION QE1 C1 0 2 4 ) , QE2C1 0 2 4 ) , Q H 1C 1 0 2 4 ) , Q H 2 ( 1 0 2 4 )  
DIMENSION I D ( 6 ) , I F R E Q ( 5 0 )
DATA S Q 2 / 1 . 4 1 4 2 1 3 6 /
A M P ( Q 1 ) = S Q R T ( R E A L ( Q 1 ) * R E A L ( Q 1 ) + A I M A G C Q 1 ) * A I M A G ( Q 1 ) )  
P H A Z C Q 1 )= A T A N 2 C A I MA G C Q 1 ) , RE A L ( Q 1 ) )

C READ I N  DATA
2000  W R I T E < 4 , 3 )
3 F0RMATC1X, ' NAME OF F I L E  ' , $ )

R E A 0 ( 4 , 4 )  F I L I N
4 FORMAT( A 1 0 )

I F  ( F I L I N . E Q . ' E X I T ' )  STOP
0 P E N ( U N I T = 1 , A C C ESS = ' S E Q I N ' , M O D E = ' B I N A R Y ' , F I L E = F I L I N )  
R E A D ( l )  ID , N U M , K , DELTA!
TYPE 9 9 , K 
J IN= 1 

99  FOR MAT( I )
C

Z = I N ( Q E 1 , Q E 2 , 0 H 1 , Q H 2 , N U M )
C * * * * * * * * * * * * * * * * * * * * * * * * * *
C PREPARE OUTPUT F I L E :
C * * * * * * * * * * * * * * * * *  * * * * * * * * *

W R I T E ( 4 , 2 2 2 )
222 FORMATCIX, 'WHAT I S  THE OUTPUT F I L E  NAME??? ' , $ )

RE A D ( 4 , 4 )  F ILOUT
OPEN( UNIT = 2 , M 0 D E = ' B I N A R Y ' , P R O T E C T I O N = 1 0 9 , F ILE = F I L O U T )  

C MAXIMUM NUMBER TO SUBTRACT FROM 1
C FOR CHECKING COHERENCE ESTIMATES

AC0H=.3Q  
F R E 0 L 0 = K / 1 0 .
IST-NUM/FREQLO
I F I N = N U M / 5 .
D E C = A L O G l O ( F L O A T ( I F I N ) / F L O A T ( I S T ) )
I D E C = 1 0 . * D E C  
W R I T E ( 2 )  I D ,  IDEC 
W R I T E ( 3 , H  ) ID  

11 F 0 R M A T ( / / / / , 1 X , 6 A 5 , / )
X I N C = ( A L O G 1 0 ( F L O A T ( I F I N ) ) - A L O G 1 0 ( F L O A T ( I S T ) ) ) /  
I F L O A T ( I D E C )
DO 10 J = 0 , I D E C
I F R E Q ( J ) = 1 0 * * C A L O G 1 0 ( F L O A T ( I F I N ) ) - X I N C * J )  \

10 CONTINUE
K0UNT=0

C DETERMINE CROSS AND AUTO POWER SPECTRA
DO 20 J - 1 , 1 DEC-1  
Q A E 1 = ( 0 . , 0 . )



Q A E 2 = ( 0 . , 0 . )
Q A H 1 = ( 0 . , 0 . )
Q A H 2 = ( 0 . # 0 . )
QX12 = ( 0 . t O  . )
Q X 2 1 = ( 0 . , 0 . )
Q E 1 1 = ( 0 . , 0 . )
Q E 2 2 - C 0 .  * 0 • )
Q H 1 1 = ( 0 . , 0 . )
Q H 2 2 = ( 0 . , 0 . )
Q X 1 1 = ( 0 . , 0 . )
Q X 2 2 - ( 0 . t O . )
DO 30 L = I F R E Q C J * l ) , I F R E Q C J - l )
QAE1=QE1(L)+QAE1  
QAE2=QE2(L)+GAE2  
QAH1=QH1(L)+QAH1  
QAH2=QH2(L)+QAH2  
Q X 1 2 = Q E 1 ( L ) * C 0 N J G ( 0 H 2 ( L ) ) + Q X 1 2  
QX21 = QE2CL) *C0NJGCQH1CD)*QX21  
QE11=QE1CL)*C0NJGCQE1CL))>QE11  
Q E2 2= Q E2 ( L ) * C0 N JG (Q E 2( L ) ) +Q E 22  
QH11=QH1(L) *C0NJGCQH1(L) ) *QH11  
OH22=QH2(L) *CONJG(QH2CL) )>QH2 2 
OX11=QE1( L) *CONJG(QH1(L) )+QX11  
QX2 2= QE2 ( L) * C0 NJ G( QH2 ( L) )+ QX2 2  

30 CONTINUE
C CALCULATE COMPLEX IMPEDANCES

FREQ=NUM/FLOATCIFREQCJ))*DELTAT  
QZ12=QX12/QH22  
QZ11=QX11/QH11  
Q Z21=0X2 I / QH11  
QZ22=QX22/QH22  
GP1 2 - QZ12*  QA H2 
0P21=QZ21*QAH1  

C CHECK COHERENCIES
AC12 = AMP(QX12) /SQRT(AMPCQE 1 1 ) * A M P( Q H 22 ) )  
AC21=AMP(QX21) /SQRT(AMP(QE22) *AMP(QH11) )
TYPE 5 1 f A C 1 2 t A C 2 l  

51 FOR MAT( 4  F / 2 F  )
QZIMP1=QZ12*QZ12
I F C A 8 S ( 1 . - A C 1 2 ) . G T . A C O H )  Q Z I M P 1 - C 0 « * 0 * )  
QZIMP2=QZ21*QZ21
I F ( A 8 S C 1 . - A C 2 1  ) .GT.ACOH)  QZIMP2 = ( 0 .  , 0 .  ) 
I F C Q Z I M P 1 . E Q . C 0 .  , 0 . )  . A N D . Q Z I M P 2 . E Q . C 0 . , 0 . ) )  GO TO 20 

C CALCULATE APPARENT R E S I S T I V I T I E S
ZX=.2*FREQ*AMP(QZIMP1)
ZY=, 2*FREQ*AMP(QZI MP2)
P12=PHAZ(QZ12)
P21=PHAZCQZ21)

C OUTPUT RESULTS
WRITEC2) F R E Q t Z X , Z Y , P 1 2 , P 2 1  
W R I T E ( 3 , 5 )  FREQ*ZXfAC12f ZYf A C 21 f P1 2 , P21  

5 FORMAT C7F )
K0UNT=K0UNT+1 

20 CONTINUE
TYPE 1 ,K0UNT 

1 FORMAT( I )
CL0SECUNIT=1)
CLOSE(UNIT = 2 )
GO TO 2000  
STOP



END
C FUNCTION TO ARRAY READ DATA I N  FORMATLESS BINARY F I L E S

FUNCTION I N ( A , S , C , D , N )
DIMENSION A ( N ) , 8 ( N ) , C ( N ) , D ( N )
READC1)  A 
READC1)  B 
R E A D ( l )  C 
REAOC1)  D 
IN=NNUM 
RETURN 
END


