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ELECTROMAGNETIC SOUNDINGS OVER A 
GEOTHERMAL RESERVOIR I N  D I X I E  VALLEY, NEVADA 

ABSTRACT 

An electromagnetic (EM) sounding survey w a s  performed over a region 

encompassing t h e  Dixie Valley geothermal f i e l d  w i t h  t h e  purpose of mapping 

t h e  subsurface r e s i s t i v i t y  i n  t h e  geothermal f i e l d  and i t s  surroundings. 

The EM survey cons is ted  of 19 frequency-domain depth soundings made w i t h  t h e  

EM-60 system using three separate horizontal-loop t r a n s m i t t e r s ,  and w a s  

designed t o  explore  a narrow region adjacent  t o  t h e  S t i l l w a t e r  Range t o  a 

depth of 2-3 km. Most sounding curves could be f i t t e d  t o  three- layer  resis- 

t i v i t y  models. The sur face  l a y e r  is moderately conductive (10-15 ohm-m), 

has a maximum th ickness  of 500 m, and c o n s i s t s  mainly of a l l u v i a l  fan  and 

lake sediments. More conductive zones are assoc ia ted  with hydrothermally 

a l t e r e d  rocks; a r e s i s t i v i t y  high may be  associated wi th  s i l i c e o u s  ho t  

sp r ing  deposits. The conductive second l aye r  (2-5 ohm-m) v a r i e s  i n  th ickness  

fram 400 t o  800 m and thickens toward t h e  cen te r  of t h e  va l l ey .  This l a y e r  

probably c o n s i s t s  of l a c u s t r i n e  sediments saturated w i t h  s a l i n e  waters. 

Local r e s i s t i v i t y  lows observed i n  t h e  second l a y e r  may be  related t o  

elevated subsurface temperatures. This l a y e r  may act  as a cap rock f o r  t h e  

geothermal system. R e s i s t i v i t i e s  of t h e  t h i r d  l a y e r  are high (50-100 ohm-m) 

except i n  a narrow 5-km band p a r a l l e l i n g  t h e  range f ron t .  This low-resis- 

t i v i t y  zone, within volcanic  rocks, correlates w e l l  i n  depth and loca t ion  

with reported zones of geothermal f l u i d  production. It also seems t o  corre- 

l a t e  with t h e  western margin of a concealed graben s t r u c t u r e  previously 

i n f e r r e d  from other geophysical data. 
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INTRODUCTION 

During t h e  summer of 1982, an electromagnetic sounding survey was made 

over a r ecen t ly  discovered geothermal f i e l d  located i n  t h e  northern part  of 

Dixie Valley,  Nevada; 19 electromagnetic soundings w e r e  obtained using t h e  

Lawrence Berkeley Laboratory EM-60 system (Morrison e t  al . ,  1978; W i l t  e t  

a l . ,  1982). The soundings were designed t o  explore  t o  a depth of 2 km over 

a zone adjacent  t o  t h e  S t i l l w a t e r  Range and encompassing t h e  known geothermal 

f i e l d .  The purpose of t h e  survey w a s  t o  he lp  de f ine  t h e  geothermal f i e l d  

boundaries and t h e  poss ib l e  s t r u c t u r a l  con t ro l s  on t h e  geothermal system. 

GEOLOGIC SETTING 

Dixie Valley,  a north-northeast-trending bas in  i n  c e n t r a l  Nevada, i s  

about 80  km long and 15 km wide a t  its widest  po in t  (Figure 1 ) .  The region 

i s  known f o r  i t s  high se i smic i ty  (Ryal l  and V e t t e r ,  1982) and numerous 

a c t i v e  hot spr ings  (Sass  e t  a l . ,  1971) and i s  thought t o  be a locus of 

c r u s t a l  spreading i n  northern Nevada (Wallace, 1977). Regional geologic 

mapping has been done by Page (19651, Speed (1970),  and Willden and Speed 

(1974) .  Regional geophysical s t u d i e s ,  inc luding  pass ive  and a c t i v e  seismics, 

g rav i ty ,  and magnetics, are reported by Smith (19681, Thompson and Burke 

(19741, Wallace (19771, and Ryal l  and V e t t e r  (1982).  

Much of t he  l i t h o l o g i c  information f o r  rocks underlying Dixie Valley 

has been derived from exposures i n  t h e  S t i l l w a t e r  Range (Figure 1 ) .  The 

range conta ins  severa l  deformed Mesozoic u n i t s  (mainly sandstones,  s o m e  

volcanic  brecc ias  and conglomerates, t h i n  l imestones,  t u f f s ,  and volcanic  

flow i n t e r b e d s )  separated by t h r u s t  f a u l t s .  The range is  t h e  center  of a 
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Figure 1.  General geologic m a p  of t h e  Dix ie  Valley region. 
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l a r g e  complex of mafic igneous rocks c a l l e d  t h e  Humboldt gabbroic complex 

(Speed, 1970)--a l o p o l i t h  1 km t h i ck  t h a t  i s  composed c h i e f l y  of b a s a l t i c  

lavas  and brecc ias  but  which grades downward i n t o  po rphyr i t i c  and aphan i t i c  

mafic plugs,  d ikes ,  and s i l ls  (Willden and Speed, 1974). 

The S t i l l w a t e r  Range is a h o r s t  bounded by normal f a u l t s  w i t h  l a r g e  

v e r t i c a l  displacements; normal f a u l t s  with smaller displacements c u t  across  

t h e  a x i s  of t h e  block. The St i l lwater  Fau l t  is t h e  main f a u l t  system i n  t h e  

area. It bounds t h e  S t i l l w a t e r  Range on t h e  southeas t  and t r ends  N36OE from 

Dixie Meadows, which i s  immediately south of t h e  survey area, i n t o  P leasant  

Valley,  j u s t  nor th  of t h e  survey area. 

Dixie Valley is  s i t u a t e d  t o  t h e  east of t h e  S t i l l w a t e r  Range and has 

been descr ibed as an eastward-tilted bas in  f i l l e d  predominantly w i t h  

Quaternary alluvium and l a c u s t r i n e  sediments (Smith, 1968; Speed, 1970). 

Photogeologic ana lys i s  (Whitney, 1980) i n d i c a t e s  t h a t  t h e  va l l ey  i s  a complex 

graben bounded by high-angle normal f a u l t s  t y p i c a l  of t h e  Basin and Range 

Province. The T e r t i a r y  sec t ion  underlying t h e  Quaternary v a l l e y  f i l l  is 

presumed similar t o  t h a t  observed i n  the  ad jacent  S t i l l w a t e r  and Clan Alpine 

Ranges: mainly basalt  and andes i te  flows and brecc ias ,  r h y o l i t i c  t u f f ,  and 

assoc ia ted  sedimentary in te rbeds .  The T e r t i a r y  s e c t i o n  probably a t t a i n s  a 

maximum th ickness  of 1 km. Underlying t h e  T e r t i a r y  rocks and cross ing  

beneath t h e  northern part  of t h e  Dixie Valley i s  t h e  downfaulted extension 

of t h e  Humboldt gabbroic lopo l i th .  The subsurface p o s i t i o n  of t h i s  igneous 

i n t r u s i v e  has been determined by i n t e r p r e t i n g  aeromagnetic data (Smi th ,  

1968; Speed, 1970). Gravity and magnetic evidence i n  t h e  northern p a r t  of 

Dixie Valley suggests  a concealed north-northeast-trending c e n t r a l  graben 
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(smith,  1968). Gravity and magnetic da t a  suggest  t h a t  sediments a t t a i n  a 

m a x i m u m  th ickness  of 1.8 km wi th in  t h e  graben. 

Dixie Valley i s  one of t h e  m o s t  t e c t o n i c a l l y  a c t i v e  regions i n  t h e  

G r e a t  Basin. 

H o t  Springs i n  Dixie Valley,  and earthquakes of only s l i g h t l y  lesser magni- 

tude  have occurred wi th in  100 miles  i n  1915, 1932, and again i n  1954. 

Recent motion has c rea ted  an almost continuous escarpment t h a t  is  t r a c e a b l e  

along t h e  St i l lwater  Range f r o n t  f o r  about 200 km. A 40-km segment of t h e  

range f r o n t  f a u l t  i n  northern Dixie  Valley,  inc luding  t h e  por t ion  ad jacent  

t o  t h e  geothermal f i e l d ,  has  been r e l a t i v e l y  q u i e t  and has  sus ta ined  no 

s i g n i f i c a n t  f a u l t  motion f o r  s eve ra l  thousand years  (Ryal l  and V e t t e r ,  1982) .  

A high l e v e l  of microseismic a c t i v i t y  i s  repor ted  throughout Dixie Valley 

(Ryal l  and V e t t e r ,  1982). Events occur almost exc lus ive ly  along t h e  s t eep ly  

dipping S t i l l w a t e r  Range F a u l t .  

s l i p  along a zone dipping 50-60° t o  the  east. Focal depths  are 10 km o r  

m o r e  i n  southern Dixie Valley,  decreasing t o  7 km or l e s s  i n  t h e  northern 

part of t h e  va l l ey .  

A magnitude 6.8 earthquake occurred i n  1954 a t  Dixie Valley 

Motion on t h e  f a u l t  i s  predominantly d i p  

There are a number of ho t  spr ings  i n  northern Dixie Valley. The a r e a .  

near  t h e  geothermal f i e l d  has a t  least  t h r e e  a c t i v e  ho t  spr ings ,  bu t  none 

are wi th in  t h e  survey area. EXtensive zones of su r face  hydrothermal altera- 

t i o n  are a l s o  evident  along t h e  western edge of Dixie Valley. 

geothermal explora t ion  w e l l s  have been d r i l l e d  i n  t h e  northern part of Dixie 

Valley,  p r i n c i p a l l y  by Sunedco, Inc.  

are 6000-8000 f t  deep, w i t h  bottom-hole temperatures i n  excess of 450°F 

(Geothermal H o t  Line,  19131). Most of t h e  w e l l s  were completed i n  T e r t i a r y  

A number of 

It has been reported t h a t  the w e l l s  

” 

J 
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volcanics .  A s  t h e  w e l l s  were p r i v a t e l y  financed, d e t a i l e d  w e l l  da t a  and log  

information have remained propr ie ta ry .  

FIELD SURVEY 

The loca t ions  of t h e  three loop t r a n s m i t t e r s  and t h e  r ece ive r  s t a t i o n s  

f o r  t h e  EM survey are given i n  Figure 2 .  Transmit ter-receiver  separa t ions  

ranged from 1 t o  5 km, and da ta  were co l l ec t ed  i n  t h e  frequency band from 

0 . 0 5  t o  200 hz. T h i s  t r a n s l a t e s  t o  a maximum depth of pene t r a t ion  of 2-3 km. 

Fie ld  data were co l l ec t ed  i n  Ju ly  1982 under i d e a l  access  and weather condi- 

t i o n s ;  19 f i e l d  soundings were taken i n  5 days f o r  an average rate of about 

4 soundings per day. 

EM sounding data were reduced on s i t e  using an i n - f i e l d  computer, 

although s o m e  pos t - f i e ld  processing w a s  neccessary before  q u a n t i t a t i v e  

i n t e r p r e t a t i o n  could be done. The i n - f i e l d  processing c a p a b i l i t y  proved 

very usefu l  f o r  eva lua t ing  da ta  q u a l i t y  on site. I n t e r p r e t a t i o n  w a s  done 

pr imar i ly  i n  the  labora tory ,  although apparent r e s i s t i v i t y  spectra w e r e  

c a l cu la t ed  and displayed i n  t h e  f i e l d  for  prel iminary evaluat ion.  

Appendix A gives  a d e t a i l e d  desc r ip t ion  of t h e  EM-60 system and t h e  

procedures used i n  c o l l e c t i n g  and i n t e r p r e t i n g  data .  

RESULTS AND INTERPRETATION 

One-dimensional (layered-model) i n t e r p r e t a t i o n  w a s  performed on a l l  

Dixie Valley EM soundings. Model parameters w e r e  obtained by automatic 

inversion;  f i n a l  parameters and f i e l d  plots  are given i n  Appendix B. For 

most s t a t i o n s ,  only e l l i p s e  po la r i za t ion  spectra were used f o r  t h e  invers ions .  
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That is, t h e  e l l i p t i c i t y  and t i l t - a n g l e  spec t r a  were def ined by t h e  combined 

v e r t i c a l  and radial  magnetic f i e l d s .  This  technique has t h e  advantage of 

not  r equ i r ing  absolu te  phase and amplitude spec t r a  of t h e  magnetic f i e l d s ;  

only t h e  r e l a t i v e  phases and amplitudes are used. The ca l cu la t ions  are 

the re fo re  i n s e n s i t i v e  t o  such e r r o r s  as clock d r i f t  and misca l ibra t ion  of 

ampl i f i e r s  o r  f i l t e r s ,  and much less s e n s i t i v e  t o  sensor  misalignment than  

absolu te  phase data .  When parts of t h e  magnetic f i e l d  spec t r a  f o r  one 

channel were missing or noisy,  absolu te  phases and amplitudes from t h e  good 

channel were used. 

A th ree- layer  s t a r t i n g  model, obtained from a simple invers ion  of 

apparent r e s i s t i v i t y  p l o t s ,  w a s  taken as a f i r s t  guess f o r  t h e  inversions.  

The s t a r t i n g  model had a su r face  l a y e r  of r e s i s t i v i t y  20 ohm-m and th ickness  

200 m, a m i d d l e  l a y e r  of r e s i s t i v i t y  5 ohm-m and th ickness  500 m, and a 

basal l a y e r  of r e s i s t i v i t y  100 ohm-m and i n f i n i t e  thickness .  The su r face  

l a y e r  r ep resen t s  undersaturated and freshwater-saturated alluvium and o the r  

unconsolidated sediments. The second l a y e r  r ep resen t s  o l d e r  a l l u v i a l  and 

l a c u s t r i n e  deposits saturated w i t h  brackish pore w a t e r .  This l a y e r  repre- 

s e n t s  sediments analogous t o  t h e  present-day Humboldt S a l t  Marsh Playa 

depos i t s .  The basa l  l aye r  is  probably made up of T e r t i a r y  volcanics  under- 

l a i n  by Mesozoic gabbros and metasediments. Most f i e l d  soundings could be 

f i t t e d  t o  t h i s  type sec t ion ,  although t h e  ind iv idua l  l a y e r  parameters va r i ed  

g rea t ly  from sounding t o  sounding. For seve ra l  soundings, a two-layer model 

w a s  more appropriate; t h e  soundings w e r e  e i t h e r  too close t o  t h e  t r a n s m i t t e r  

t o  pene t r a t e  t o  t h e  bottom l a y e r  or too f a r  from t h e  t r a n s m i t t e r  t o  reso lve  

t h e  top l aye r .  For o the r  soundings, p a r t i c u l a r l y  those  taken wi th in  t h e  geo- 
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thermal f i e l d ,  the  basal l aye r  w a s  less r e s i s t i v e .  A good f i t  w a s  achieved 

between observed and ca lcu la ted  f i e l d  values  a t  a l l  sounding loca t ions .  

In  Figures  3 t o  7,  layer-model parameters are contoured f o r  t h e  three- 

l a y e r  s ec t ion ;  parameter values  are p l o t t e d  a t  a loca t ion  halfway between 

the t r ansmi t t e r  and t h e  rece iver .  Maps are presented of the ind iv idua l  

l a y e r  r e s i s t i v i t i e s  f o r  t h e  three- layer  s e c t i o n  and the  thicknesses  of the 

upper and middle layers .  The f i g u r e s  g ive  an areal view of t h e  v a r i a t i o n  of 

subsurface parameters; they  can provide i n s i g h t  t o  t h e  subsurface r e s i s t i v i t y  

s t r u c t u r e .  

Figure 3 s h o w s  t h e  r e s i s t i v i t y  of the upper layer .  The r e s i s t i v i t y  

ranges from 7 ohm-m f o r  a sounding taken  a t  t he  south end of t h e  survey 

area t o  50 ohm-m for  one taken near the Lamb Ranch. The average r e s i s t i v i t y  

is 10-15 ohm-m, which is a reasonable value f o r  young, f reshwater-saturated 

sediments. The th ickness  of t h e  upper l aye r  (Figure 4 )  ranges from 0.14 

t o  more than  0.6 km. It  i s  t h i n n e s t  near the S t i l l w a t e r  Range f r o n t  and 

t h i c k e s t  a t  s t a t i o n s  loca t ed  t o  the  north and i n  t h e  cen te r  of t h e  va l ley .  

For some of these northern s t a t i o n s ,  t h e  t ransmi t te r - rece iver  separa t ions  

w e r e  m o r e  than  3 km. A t  these l a r g e  separa t ions ,  su r f ace  l aye r s  tend t o  be 

lumped toge the r ,  so t h a t  this l a y e r  may represent  a sum of t w o  o r  m o r e  

t h inne r  l aye r s .  A t  s eve ra l  places along the  S t i l l w a t e r  Range f r o n t ,  hydro- 

thermal a l t e r a t i o n  is evident .  A l t e ra t ion  correlates w e l l  w i t h  places where 

the sur face  r e s i s t i v i t y  i s  less than  10 ohm-m. There i s  a l s o  a low-resis- 

t i v i t y  anomaly near  t h e  Lamb Ranch t h a t  may be related t o  near-surface 

leakage of geothermal f l u i d s .  The zone of high near-surface r e s i s t i v i t y  

w e s t  of t he  Lamb Ranch is  unusually high f o r  a l l u v i a l  sediments and may 
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represent  s i l i c i f i e d  s i n t e r  depos i t s  assoc ia ted  with former hot  spr ing  

a c t i v i t y .  

from nor th  t o  south. This corresponds t o  a drop i n  e l eva t ion  toward l o w -  

ly ing  regions i n  t h e  southern par t  of t h e  survey area ,  so t h a t  t h i s  t r end  

probably follows subsurface water flow and is also probably related t o  

an increase  i n  c lay  content  of sediments and an increase  i n  groundwater 

s a l i n i t y .  

The upper l aye r  shows general  o v e r a l l  decrease i n  r e s i s t i v i t y  

Figure 4 shows t h e  r e s i s t i v i t y  of t h e  middle l aye r ;  F igure  5 shows t h e  

cumula t ive  th ickness  of t he  upper and middle layers .  R e s i s t i v i t y  of t h e  

middle l a y e r  v a r i e s  frcan 1.5 t o  5 ohm-m. The l o w e s t  va lues  are near t h e  

known geothermal f i e l d  i n  t h e  Lamb Ranch area and ad jacent  t o  the  S t i l l w a t e r  

Range f r o n t  i n  t h e  northern survey area.  In  both cases t h e  primary cause 

for  the low r e s i s t i v i t y  may be elevated temperatures due t o  nearby geothermal 

waters. The cumulative th ickness  of t h e  upper and middle l a y e r s  (or  depth 

t o  t h e  basa l  l a y e r )  v a r i e s  considerably over t h e  area surveyed (Figure 5) .  

Contours show a steep dropoff i n  t h e  depth t o  t h e  basa l  l a y e r  frcan t h e  

S t i l l w a t e r  Range eastward i n t o  the  va l ley .  The depths increase  from about 

4OU-600 m t o  1.5 km or more Over'a d i s t ance  of less than 2 km. The steep 

dropoff a l i g n s  w e l l  wi th  t h e  i n t e r b a s i n  graben proposed by Smith (1968) and 

Wallace (1977).  The depth of t h e  basa l  l a y e r  corresponds w e l l  i n  some areas 

t o  g rav i ty  and magnetic i n t e r p r e t a t i o n s  but  poorly i n  t h e  known geothermal 

f i e l d ,  i nd ica t ing  t h a t  t h e  basa l  l a y e r  does not  always r ep resen t  basement 

rock o r  t h a t  bedrock i s  l o c a l l y  f rac tured .  The western edge zone of steep 

dropoff t rends  roughly parallel to  the  range f r o n t  throughout t h e  survey 

area.  It may represent  t h e  basinward extension of t h e  range f r o n t  f a u l t i n g .  
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Figure 5. R e s i s t i v i t y  of t h e  middle l aye r  (ohm-m) .  

L 



13 

A s  no soundings were made on the  eas t e rn  s i d e  of t h e  va l l ey ,  t h e  charac te r  

of the  eas t e rn  margin of t h e  graben w a s  no t  inves t iga ted .  

Figure 6 shows the  r e s i s t i v i t y  of t h e  basa l  l aye r .  This map ind ica t e s  

a narrow, elongated region of l o w  r e s i s t i v i t y  i n  t h e  basa l  l a y e r  s t r e t c h i n g  

from the  Lamb Ranch northward along t h e  S t i l l w a t e r  Range f r o n t  f o r  almost 

5 km. R e s i s t i v i t i e s  i n  t h i s  anomalous zone range from 2 t o  50 ohm-m. Out- 

s i d e  t h i s  b e l t  t he  basa l  l a y e r  is more r e s i s t i v e .  The EM soundings do not 

reso lve  the  ac tua l  r e s i s t i v i t y  w e l l  because t h e  l a y e r  con t r ibu te s  l i t t l e  t o  

t h e  measured response; f o r  many soundings the  r e s i s t i v i t y  of  t h e  basa l  l aye r  

w a s  t he re fo re  considered t o  be 100 ohm-m. The top of t he  low-res i s t iv i ty  

zone i s  1-1.5 km deep, but  t h e  th ickness  of t h i s  zone w a s  not determined. 

The low- res i s t i v i ty  b e l t  correlates w e l l  i n  l oca t ion  and depth with t h e  

occurrence of deep geothermal f l u i d  encountered i n  the Sunedco w e l l s  near  

t h e  Lamb Ranch. Figures 6 and 7 show t h a t  t h e  l o r r e s i s t i v i t y  reg ion  a l s o  

correlates wi th  the  western margin of t h e  graben descr ibed by Smith (1968) 

and Speed (19701, hence it i s  l i k e l y  t h a t  t h e  graben f a u l t s  are important i n  

providing f l u i d  conduits and permeability for the system. The existence of 

a th i ck ,  c lay-r ich m i d d l e  l a y e r  may provide a s e a l i n g  cap for  the system. 

CONCLUSIONS 

Electromagnetic sounding measurements were successfu l  i n  mapping t h e  

subsurface r e s i s t i v i t y  d i s t r i b u t i o n  i n  t h e  northern par t  of Dixie Valley t o  

a depth of about 2 km. A th ree- layer  model w a s  used, where t h e  upper l a y e r  

represents  a l l u v i a l  sediments; t h e  middle l a y e r ,  l a c u s t r i n e  deposits; and 

t h e  basa l  l aye r ,  T e r t i a r y  and o lde r  rocks. Var ia t ions  i n  r e s i s t i v i t y  and 
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th i ckness  of these  bas i c  model parameters provided d e t a i l  of s t r u c t u r e  and 

s t r a t ig raphy .  

A deep low- res i s t i v i ty  anomaly i s  assoc ia ted  with the  known geothermal 

f i e l d  but extends seve ra l  ki lometers  t o  t h e  nor th ,  ou ts ide  of known f i e l d  

boundaries. Depth t o  t h e  r e s i s t i v i t y  low i s  cons i s t en t  with geothermal 

f l u i d  production depths.  The lower boundary t o  t h e  l o r r e s i s t i v i t y  zone 

could not be determined. 

The EM i n t e r p r e t a t i o n  shows s i g n i f i c a n t  normal f a u l t i n g  within the  

bas in  of t h e  western margin. These normal f a u l t s  may play a major r o l e  i n  

provid ing  permeabi l i ty  and f l u i d  condui ts  for  the geothermal s y s t e m .  
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APPENDIX A 

EM-60 ELECTROMAGNETIC SYSTEM 

With the  EM-60 system, t h e  e a r t h  is energized by means of an a l t e r n a t i n g  

magnetic f i e l d  c rea ted  by a square-wave cur ren t  applied t o  a hor izonta l  loop 

(Figure A - I ) .  

60-kw, 400-Hz a i r c r a f t  a l t e r n a t o r ;  t h e  two components are mounted on t h e  bed 

of a 1-ton four-wheel-drive t ruck.  The a l t e r n a t o r  output is  full-wave 

r e c t i f i e d  and capable of providing 2 250 V a t  up t o  400 A t o  t h e  loop, 

although i n  p r a c t i c e  w e  have never approached t h i s  cu r ren t .  The cur ren t  

waveform i s  created with a t r a n s i s t o r i z e d  s w i t c h  t h a t  cons i s t s  of t w o  

parallel a r r ays  of 6-60 t r a n s i s t o r s  mounted i n  sets of th ree  i n  interchange- 

able modules (Morrison e t  a l . ,  1978). The operator remotely sets the  

fundamental frequency of t h e  cu r ren t  waveform; four frequencies  per decade 

are switch s e l e c t a b l e .  The fundamental f requencies  are generated by means 

of a c rys t a l - con t ro l l ed  osci l la tor  over t h e  range W3- 1 O3 Hz. 

Power i s  provided by a Hercules gaso l ine  engine l inked  t o  a 

SYSTEM DESCRIPTION 

The d ipole  moment, which i s  a measure of the primary f i e l d  s t r eng th ,  

i s  a func t ion  of the resistance and inductance of the loop. A t  f requencies  

below about 50 Hz a four- turn,  200-m square loop of 6-gauge w i r e  w i l l  y i e l d  

a d ipo le  moment of 5 x l o 6  mks. Except i n  very conductive t e r r a i n  t h i s  

provides  adequate s i g n a l  f o r  t ransmi t te r - rece iver  separa t ions  less than 

about 4 km. Above 50 Hz t h e  loop inductance reduces t h e  moment and causes 

t he  cur ren t  waveform t o  become quasi-s inusoidal .  Because of t h e  reduced 

moment, high-frequency information becomes more d i f f i c u l t  t o  ob ta in  a t  

l a r g e r  t r ansmi t t e r - r ece ive r  separa t ions .  The 200-m loop has proved satis- 
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fac tory  f o r  most geothermal operations:  it can be l a i d  out from a t ruck i n  

about 30 minutes, and it provides s u f f i c i e n t  power f o r  exploration depths of 

up t o  3 km. I f  g rea te r  depth of penetrat ion is  required,  l a rge r  loops and/ 

o r  heavier gauge wire can be used. However, t o  achieve a two-fold increase 

of explorat ion depth, an approximate four-fold increase i n  source s t rength  

is  required,  hence l o g i s t i c a l  problems associated w i t h  the  grea te r  weight 

and length of w i r e  must be considered. 

Magnetic f i e l d s  were detected a t  receiver  s i t e s  w i t h  a three-component 

SQUID magnetometer or ien ted  t o  measure the  v e r t i c a l ,  r a d i a l ,  and t angen t i a l  

components with respec t  t o  the  loop. E l e c t r i c  dipoles  may a l s o  be used i n  

combination with o r  ins tead  of magnetic sensors .  

The eight-channel system permi ts  t he  measurement of two independent 

rece iver  sites i n  addi t ion t o  a reference magnetometer f o r  noise cancel la t ion.  

One of the two receiving sites, a s  well  a s  the  reference magnetometer, t rans-  

m i t s  s i gna l s  t o  the  rece iver  van v i a  F M  telemetry.  A l l  s i gna l s  a r e  amplified 

and f i l t e r e d  p r i o r  t o  processing; both a n t i - a l i a s  and notch f i l t e r s  a r e  used. 

After  analog treatment the  s igna l s  a r e  multiplexed i n t o  two data  l i n e s  and 

then input t o  a two-channel Nicholet  d i g i t a l  osci l loscope.  The osci l loscope 

d i g i t i z e s ,  buf fer -s tores ,  and displays s igna l s  before d i g i t a l  processing w i t h  

an in - f i e ld  computer. A l l  subsequent ca lcu la t ions  and p l o t s  a re  performed 

on a Hewlett Packard HP9835 computer. Fourier transformation is  accomplished 

with a f a s t  assembler code, and t h e  remaining ca lcu la t ions  a re  programmed i n  

Basic computer language. 

Processing r e s u l t s  i n  an amplitude and phase estimate of a l l  magnetic 

f i e l d s .  Amplitudes a re  normalized by t h e  free-space primary f i e l d  from the  



21 

t r ansmi t t e r .  Phase referencing i s  maintained by h ighly  accura te  quar tz  

clocks.  The computer a l s o  ca l cu la t e s  e l l ipse p o l a r i z a t i o n  parameters ( t h e  

e l l i p s e  traced by t h e  combined magnetic f i e l d s ) ,  e l l i p t i c i t y  and tilt angle,  

and apparent r e s i s t i v i t y .  El l ipse p o l a r i z a t i o n  parameters provide use fu l  

data f o r  layered-model i n t e r p r e t a t i o n s ;  apparent r e s i s t i v i t y  i s  valuable  f o r  

i n - f i e l d  i n t e r p r e t a t i o n  and data q u a l i t y  eva lua t ion .  The computer also 

c a l c u l a t e s  confidence l i m i t s  on da t a  and provides spectral plots  of a l l  data. 

A t  l o w  f requencies  ( f  < 1.0 Hz), na tu ra l  geomagnetic s i g n a l  amplitude 

increases  roughly a s  l / f ,  and t h e  secondary ( induced)  magnetic f i e l d  de- 

c reases  as l / f .  The ne t  r e s u l t  is an e f f e c t i v e  signal-to-noise ratio t h a t  

decreases  as l / f 2 .  

formidable b a r r i e r  t o  obta in ing  low-frequency information,  p a r t i c u l a r l y  on 

t h e  hor izonta l  component channels.  To reduce the  e f f e c t  of geomagnetic 

noise ,  a second ( r e fe rence )  magnetometer i s  placed a t  a convenient l oca t ion  

f a r  enough from t h e  t r a n s m i t t e r  loop (usua l ly  about 10 km) t h a t  t h e  observed 

remote f i e l d s  c o n s i s t  only of t he  geomagnetic f l u c t u a t i o n s  (Figure A - 2 ) .  

Placed a t  a properly chosen site, the reference magnetometer need not be 

re loca ted  during t h e  course of a survey. The hor izonta l  magnetic f i e l d s  

R, and Ry a t  the  remote s i te  are t ransmi t ted  t o  t h e  mobile r ece ive r  s t a t i o n  

v i a  FM rad io  telemetry.  Before t h e  loop is  energized, t h e  remote s i g n a l s  

a r e  inver ted ,  ad jus ted  i n  amplitude, and then  added by scalar addi t ion  t o  

t h e  rece iver  s t a t i o n  geomagnetic s i g n a l  t o  produce e s s e n t i a l l y  a n u l l  s igna l .  

Once the  loop is energized, t h e  r e s u l t i n g  magnetic s i g n a l s  processed are 

v i r t u a l l y  free of geomagnetic noise.  A graphic  i l l u s t r a t i o n  of the  r e s u l t s  

of t h i s  s i m p l e  noise cance l l a t ion  scheme is shown i n  Figure A-2. The resu l -  

t i n g  s ignal- to-noise  improvement of roughly 20 dB has allowed a c q u i s i t i o n  of 

High l e v e l s  of geomagnetic noise  can the re fo re  be a 
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da ta  r e l i a b l e  t o  0 .05  Hz, an addi t ion  of three or four  important d a t a  po in t s  

on t h e  sounding curve. These p o i n t s  are of g r e a t  value f o r  resolving deeper 

horizons.  This noise  cance l l a t ion  scheme has reduced low-frequency averaging 

t i m e s  by a f a c t o r  of 4 and has allowed u s  t o  obta in  low-frequency information 

even a t  high geomagnetic noise  l e v e l s .  

DATA INTERPRETATION 

Apparent R e s i s t i v i t y  Function 

Apparent r e s i s t i v i t y  v s  frequency curves can be ca l cu la t ed  f r o m  EM 

spectra by matching observed f i e l d  data t o  general ized,  homogeneous ha l f -  

space curves ( W i l t  and S tark ,  1982).  The general ized curves are a p l o t  of 

s p e c t r a l  f i e l d  value vs induct ion number (B), which is a func t ion  of t h e  f r e -  

quency, t ransmi t te r - rece iver  separa t ion ,  and r e s i s t i v i t y  of t h e  half-space.  

A r e s i s t i v i t y  spectrum can the re fo re  be obtained by matching observed da ta  

t o  t h e  general ized curve and ca l cu la t ing  t h e  conduct iv i ty  from t h e  induc- 

t i o n  number. For a mult i layered sec t ion ,  an apparent r e s i s t i v i t y  curve i s  

obtained from t h i s  ca l cu la t ion .  

An example of such a curve ca l cu la t ed  from a three- layer  model i s  given 

i n  Figure A-3; . ca lcu la t ions  f o r  each type of measured data r e f l e c t  t h e  

layered-model s e c t i o n  shown a t  the b o t t o m ,  al though t h e r e  is  scatter between 

t h e  curves. The curves are genera l ly  used for  q u a l i t a t i v e  i n t e r p r e t a t i o n .  

They g ive  asymptotic values  f o r  e a r t h  r e s i s t i v i t i e s  and i n d i c a t e  t h e  resis- 

t i v i t y  type sec t ion ,  thus  allowing more accurate " f i r s t  guesses" f o r  t h e  

layered-model invers ion  algorithm. The curves are also u s e f u l  f o r  eva lua t ing  

data q u a l i t y  i n  the  f i e l d  and f o r  i s o l a t i n g  noisy data f o r  de l e t ion  prior t o  

inversion.  
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Layered-Model Invers ion  

Quant i ta t ive  i n t e r p r e t a t i o n  i s  accomplished by leas t - squares  invers ion  

of observed data t o  f i t  one-dimensional models. Layered-model forward solu- 

t i o n s  may be ca l cu la t ed  f o r  a f in i t e - loop  source o r  f o r  a po in t  dipole source 

(Ryu e t  a l . ,  1970; Anderson, 1979). The loop-source s o l u t i o n  i s  p e r f e c t l y  

general  and is  m o r e  accura te  when soundings are made c lose  t o  t h e  source. 

The point-dipole  so lu t ion  i s  ca l cu la t ed  using d i g i t a l  f i l t e r s  and is  iden- 

t i c a l  t o  t h e  loop so lu t ion  f o r  t ransmi t te r - rece iver  s epa ra t ions  g r e a t e r  than  

10 loop radi i .  Since t h e  d i g i t a l  f i l t e r  ca l cu la t ion  is  much less expensive, 

t h e  point-dipole  source is normally used i n  t h e  layered-model invers ion  

program. The invers ion  program uses  t h e  Marquardt leas t - squares  algorithm 

t o  f i t  amplitude-phase and/or e l l ipse p o l a r i z a t i o n  parameters j o i n t l y  o r  

separa te ly  t o  layered models (Inman, 1975). This program a l l o w s  the  use of 

p o l a r i z a t i o n  parameters t o  f i t  t h e  high-frequency p o i n t s  where absolu te  

phase data is n o i s i e r  and t o  use absolu te  phase data simultaneously t o  f i t  

t h e  l o w e r  f requencies ,  where t h e  phase re ference  allows f o r  better parameter 

reso lu t ion .  Observed da ta  are weighted by t h e  ca l cu la t ed  error of f i e l d  

measurements. Our experience i n d i c a t e s  t h a t  one-dimensional i n t e r p r e t a t i o n  

seems t o  provide adequate results. Because of t h e  r ap id  f a l l  o f f  i n  f i e l d  

s t r eng th  w i t h  d i s tance ,  d ipo le  f i e l d s  seem t o  be much less a f f ec t ed  by 

nearby la teral  d i s c o n t i n u i t i e s  and cur ren t  channeling, which, f o r  example, 

impair one-dimensional magnetotel lur ic  i n t e r p r e t a t i o n s .  Although w e  r e l y  

mainly on one-dimensional i n t e r p r e t a t i o n s ,  two-dimensional forward modeling 

of dipole EM data may be done f o r  special cases (Lee, 1978). The f i n i t e  

element program used f o r  two-dimensional ca l cu la t ions  i s  very expensive and 

cumbersome, however, and t h e  model considered must be f a i r l y  simple t o  y i e l d  
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an accurate  so lu t ion .  The program i s  used c h i e f l y  f o r  t h e o r e t i c a l  s t u d i e s ,  

al though it has been used occas iona l ly  t o  he lp  i n t e r p r e t  f i e l d  da t a  a f f ec t ed  

by severe two- o r  three-dimensional geology. 

An example of a layered-model invers ion  f o r  an EM-60 sounding i s  

given i n  Figures  A-4 and A-5. The v e r t i c a l  and radial  amplitude and el l ip-  

t i c i t y  spec t r a  shown are three of the s i x  s p e c t r a  normally ca l cu la t ed  for  a 

f i e l d  sounding, t h e  o t h e r s  being v e r t i c a l  and radial  phase and tilt angle.  

The da ta  were f i t t e d  j o i n t l y  t o  t h e  two-layer model shown a t  t h e  bottom of 

each f igu re .  

I n  areas of rugged t e r r a in  it m a y  be necessary t o  l a y  out  the trans- 

m i t t e r  loop on an inc l ined  sur face .  For this condi t ion  the source dipole 

must be treated as t h e  sum of a v e r t i c a l  and a ho r i zon ta l  d ipole ,  r a t h e r  

t han  the  pure ly  v e r t i c a l  dipole t h a t  i s  considered i n  t h e  idea l i zed ,  f l a t -  

earth case. To i n t e r p r e t  f i e l d  data proper ly  f o r  an inc l ined  d ipole ,  Haught 

e t  al. (1981) developed a computer program t o  c a l c u l a t e  EM f i e l d s  over a 

layered  e a r t h  from an a r b i t r a r i l y  o r i en ted  dipole .  The program combines 

layered-model s o l u t i o n s  for v e r t i c a l  and ho r i zon ta l  dipoles a t  the appro- 

p r i a t e  s t r e n g t h  and o r i e n t a t i o n  t o  c a l c u l a t e  t he  c o r r e c t  magnetic f i e l d s  a t  

t h e  r ece ive r  sites. The s o l u t i o n  w a s  used i n  a least-squares  invers ion  

rou t ine ,  and t r i a l s  o f  the  program provided good r e s u l t s  a t  a reasonable 

cos t .  

A n  example of t h e  e f f e c t  of t h e  t i l t e d  d ipole  is given i n  Figure A-6, 

which shows t w o  i n t e r p r e t a t i o n s  f o r  a set of EM sounding da ta  obtained a t  

t h e  McCoy f i e l d  a r e a  f r o m  a t i l t e d  dipole .  The upper graph shows our 

attempt t o  i n t e r p r e t  t h e  data, assuming a v e r t i c a l  dipole .  O f  t h e  var ious  
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Figure A-4. Examples of the EM-60 vertical and horizontal amplitude 
spectra and their f i t  t o  a two-layer model. 
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Figure A-6. Comparison of inversions from a v e r t i c a l  
dipole source ( t o p )  and a va r i ab le  dipole  
source (bottom). 
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t w o -  o r  three- layer  models t h a t  w e  considered, t h e  one t h a t  gives  t h e  b e s t  

f i t  i s  a three- layer  s ec t ion  t h a t  i n d i c a t e s  t h e  presence of a conductor a t  

about 1.3 km i n  depth. The bottom of Figure A-6 shows a layered-model f i t  

f o r  a two-layer s e c t i o n  with a t i l t e d  dipole source. H e r e  the  f i t  i s  

super ior ,  and with no ind ica t ion  of a deeply bur ied  conductor. This  example 

i l l u s t r a t e s  how ignoring even small i n c l i n a t i o n s  a t  t h e  source d ipole  (one 

degree i n  t h i s  case) can g ive  misleading r e s u l t s .  

i n  regions of high r e s i s t i v i t y ,  such as the  McCoy geothermal prospect, 

Nevada, where the  secondary magnetic f i e l d s  are s e n s i t i v e  t o  small  t i l ts  of 

This i s  p a r t i c u l a r l y  t r u e  

t h e  source dipole. 

REFERENCES FOR APPENDIX A 

Anderson, W.L., 1979, Numerical inves t iga t ion  of related Hankel transforms 
of orde r s  0 and 1 by adapt ive  d i g i t a l  f i l t e r i n g :  Geophysics, v .  44, 
no. 7, p. 1287-1305. 

Haught, J.R., W i l t ,  M . J . ,  and Goldstein,  N . E . ,  1981, Deep induct ion  sounding 
f o r  geothermal explora t ion  f r a n  an a r b i t r a r i l y  o r i en ted  magnetic dipole 
(abstr . ) :  Geophysics, v .  46, no. 4, p. 458. 

Inman, J.R., 1975, R e s i s t i v i t y  inve r s ion  with r i d g e  regression:  Geophysics, 
v. 4U, no. 4, p. 7918-817. 

Lee, K.H., 1978, Electromagnetic s c a t t e r i n g  by a two-dimensional inhomoge- 
n e i t y  due t o  an o s c i l l a t i n g  magnetic d ipole  (Ph.D. d i s s e r t a t i o n ) :  
Department of Engineering Geosciences, Univers i ty  of Ca l i fo rn ia ,  
Berkeley. Lawrence Berkeley Laboratory, LBL-8275. 

Morrison, H.F., Goldstein,  N.E. ,  Hoversten, M.,  Oppliger,  G. ,  and 
Riveros, C., 1978, Descr ipt ion,  f i e l d  t e s t  and d a t a  ana lys i s  of con- 
t ro l led  soprce EM system (EM-60): Lawrence Berkeley Laboratory,  
LEIL-7 088 

Ryu, J., Morrison, H.F. ,  and Ward, S.H., 1970, Electromagnetic f i e l d s  about 
a loop source of curren t :  Geophysics, v. 35, no. 5, p. 862-896. 

W i l t ,  M. ,  and S ta rk ,  M.,  1982, A simple method f o r  c a l c u l a t i n g  apparent 
r e s i s t i v i t y  f r a n  electromagnet ic  sounding data:  Geophysics, v. 47, 
no. 7, p. 1101-1105. 



31  

APPENDIX B 
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CAICULATED LAYERED RESISTIVITY MODELS 

FOR D I X I E  VALLEY 
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3 12.71 t 9.018 . I000E. I I t 0. 
DATA VARIENCE ESTIMATE .5562 

XBL 829-11359 
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-I 
J w 
w > 
I- 
- 

COMPARSION OF CALCULATED AND MEASURED DATA 

I .000 

0. I00 

9.010 

0.001 

e. 000 
0.01 0. I0 I .OO 10.00 100.00 1000.00 

DV 23 FREOUENCY (HZI  
CALCULATED DATA IUSUZEO DATA LAYER R E S I S T I V I T Y I O H I - U l  THICKEBSSIWI 

E L L l P T l C l T Y  ELL IPTl C I TY X I 20.00 t .187!5E-02 745.2 t 50. 

2 1.845 t .4845 450.5 t 215. 

DATA VARIMCE ESTIMATE 27.12 
3 6.074 a 1.488 . I B B B E * I I t  0. 

XBL 829-11354 
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COMPARSION OF CALCULATED AND MEASURED DATA 
360.00 

320.00 

280.00 

240.00 

200.00 

160.00 

120.00 

80.00 

40.00 

0.00 
1000.00 0.81 0.10 I .w 10.00 190.86 

DV 23 FREQUENCY ( H f )  
C N C U A T E D  DATA CLASUZED DATA LAYER RESISTIVITYIOHI-MI THICKPESSIWI 

tR tR X I 20.00 t .1875E-02 745.2 1 50. 
- - -  Hz * 2 I A45 t .4845 450.5 1 215. Hz 

3 6.074 i 1.488 . I W t E * I I *  0. 
DATA V A R I P K E  ESTIWATE 27.12 

XBL 829-11353 



COMPARSION OF CALCULATED AND MEASURED DATA 
I .000 

0. I00 

>- 
f- 

V 

t 
Q 

-I 
_I 0.010 w 
W 

- 
I 

I 

2 

0.001 

2.000 
0 

DV 24 

CALCULATED DATA 

~~ 

.0I 0. I0 I .OO 10.00 100.00 I 000.00 
FREQUENCY f HZ 1 

MASURED DATA LAYER RESISTIVITYIOHM-MI THICKMSSIM) 
ELLIPTICITY X I 11.89 t .8177E-02 416.5 t 23. ELLIPTICITY 

DATA VARIENCE ESTIMATE .6331 

2 1.529 .I638 671.3 t 286. 

3 .8126E*07t .3163€*14 .I000E*lit 0. 

XBL 829-11370 
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W 
-I 
0 z 
U 
I- 

I- 
d 

COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0. I0 I .OO 10.00 IBB.00 1000.OO 
DV 24 FREQUENCY 1 HZ I 

CALCULATED DATA MEASURED DATA LAYER RESIST IV ITYIOW-MI  THICKMSSIMI  

T I L T  ANGLE T I L T  ANGLE X I 11.89 .8177E-02 416.5 t 23. 

2 1.529 t .I638 671.3 t 286. 

3 .8126E*07t .3163E*14 .IBB8E*llt 0. 
DATA VIRIENCE ESTIMATE .6331 

XBL 829-11371 
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I .000 

0. I00 

>- 
t; 
2 
% 
I- 

-1 
-J 0.010 w 
w > 
I 

0.001 

0.000 
0. 

DV 25 
CALCULATED DATA 

COMPARSION OF CALCULATED AND MEASURED DATA 

0. I0 I .OO 10.m 100.00 1000.00 
FREOUENCY (HZ)  

WZASURED DATA LAYER RESISTIVITYIOI-IM-HI THICKNESSIHI 

ELLIPTICITY ELL IPT IC ITY X I 13.65 * -6677E-02 582.8 t 53. 

2 2.014 t .5372 479.0 i 204. 

3 212.8 * 3195. .I000E+ll* 0. 
DATA VARIENCE ESTIMTE -9172 

XBL 829-11362 



80.00- 

w 
-1 
c3 z 
U 
I- 

I- 
d 

40.00- 

0.00- 
0.01 

DV 25 

59 

COMPARSION OF CALCULATED AND MEASURED DATA 

CALCULATED DATA 

T I L T  ANGLE 

0. I0 1-00 10.00 100.08 1000.00 
FREOUENCY [ HZ 1 

EASUREO DATA LAYER R E S I S T I V I T Y I O H I - M I  T H I C K M S S I H I  

T I L T  ANGLE X I 13.65 f .6677E-02 582.8 i 53. 

479.8 t 204. 

.IBBBE.IIt 0.  

2 2.014 t .5372 

3 212.8 t 3195. 
DATA VARIENCE ESTIK4TE -9172 

XBL 829-11361 
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COMPARSION OF CALCULATED AND MEASURED DATA 

L 

10.00 

I .OO 

0. I0 

0.01 

e.OO 
0.01 

DV 26 
CALCULATED DATA 

m 
HZ 

DATA VARIENCE ESTIMATE 17-65 

- - -  

0. I0 1 .OO 10.00 100.00 1000.00 
FREOUENCY (HZI 

E A S U R E D  DATA LAYER R E S I S T I V I T Y I O H M - M I  THICKNESStM, 

m X I 6.725 t .2802E-02 688.5 t 30. 

Hz 8 2 2.529 f .I324 1162. t 92. 

3 .7888 t .I196 . I000E.I I t  0. 

XBL 829-11652 
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COMPARSION OF CALCULATED AND MEASURED DATA 

..,. L , ~. 
.. * .._*1~. 

. . ., . . . ... ~ ~. 
.-~ . 2 . - _  

0.01 0. I 0  1.00 10.00 100.00 1000.00 

W w 
I a 
-I 
U c 
Z 
0 

a 

c! 
r 0 
0 
f 
-1 

u 
I- 
LT w > 

a - 

DV 26 FREQUENCY IHZ) 
CALCULATED DATA =ASWED DATA LAYER RESISTIVITY(OI+4-M1 THICKMSSIHI 

n? n? X I 6.725 * .2802E-02 688.5 * 30, 

1162. * 92. HZ - - -  Hz 2 2.529 * .I324 

3 .7888 9 .I196 .I000E'II* 0 .  

* 

DATA VARIENCE ESTIMATE 17.05 
XBL 829-11651 
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> 
I- 

-1 
-1 w 
w > 

a 
W 
w z 

__ ;I _- 
0.010 

COMPARSION OF CALCULATED AND MEASURED DATA 

, . . . . .  . . , , . .  

0.001 

__- - .-- - 

0.000 
0.01 0. I0 I .OO 10.00 100.00 1000.00 

DV 27 FREOUENCY (HZI  
CALCULATED DATA MEASURED DATA LAYER RESISTIVITYIOM-M1 THICKNESSIH, 

ELLIPTICITY ELLIPTICITY X I 23.78 * .4435E-02 607.3 t 55. 

2 3.638 t .9312 712.4 * 515. 
3 542.5 t .3853E*05 .I000E*Ilt 0. 

DATA VARIENCE ESTIMATE .6102 

XBL 829-11368 
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w > 

COMPARSION OF CALCULATED AND MEASURED DATA 
I .000 

0. I00 

0.010 

0.001 

0.000 
0.01 0.  I0 I .OO 10.00 100.00 1000.00 

DV 28 FREOUENCY (HZt 
CALCULATED DATA WEASURED DATA LAYER RESISTIVITYIOHM-MI THICKNESSIMI 

ELLIPTICITY ELLIPTICITY X I 7.805 * .9041E-02 325.9 * 21. 

2 1.993 * .I345 1292. * 673. 

3 .1931E*09* .2906€*17 .1000E*ll* 0. 

XBL 829-11336 
DATA VARIENCE ESTIMATE .5435 
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80.00 

w 
-I 
c3 
5 
=! 
I- 

I- 
40.00 

COMPARSION OF CALCULATED AND MEASURED DATA 

DV 28 FREQUENCY ( H Z )  
CALClLATU) DATA MEASURED DATA LAYER RESISTIVITY(OI-W-MI THICKNESSIMI 

T I L T  ANGLE X I 7.805 t .9041E-02 325.9 t 21. TILT ANGLE 
2 1.993 t .I345 1292. t 673. 

3 .1931E.09t .2906E*17 .I000E*IIt 0. 

XBL 829-11335 
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CALCIAA 

DV 

,TED 

0.000 
0. 

29 

DATA 

COMPARSION OF CALCULATED AND MEASURED DATA 
I .000 

0. I00 

-1 
-I w 
w > 
I 

0.010 

I- 

W w z 
a 

0.001 

01 0 .  I0  1 - 0 0  10.00 100.00 1000.00 

FREOUENCY (HZ)  
EASLIRED DATA LAYER RESISTIVITYIOHM-Ul  THICKNESSIW~ 

E L L I P T I C I T Y  E L L I P T I C I T Y  X I 20.32 f .6793E-02 432.2 t 27. 

2 4.241 t .3386 892.7 t 275. 

3 113.6 1 966.5 . 1 0 0 0 E * l l t  0. 

DATA VARIENCE ESTIMATE . 7 0 6  
XBL 829-11367 
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80.00- 

40.00 

COMPARSION OF CALCULATED AND MEASURED DATA 

2.00 - I 

T 
i 
! 
~ 

0.01 0. I0 I .OO 10.80 100.00 1000.00 

DV 23 FREQUENCY ( H Z )  
C A L C U A T E G  DATA E A S U R E D  DATA LAYER RESISTIV1TYIOtU-MI THICKFeSS(M1 

TILT ANGLE T I L T  ANGLE X I 20.32 t .6733E-02 432.2 t 27. 

2 4.241 t .3386 892.7 * 275. 

3 113.6 t 966.5 .I-* I I t  0. 

DATA VARIENCE ESTIMATE .7085 XBL 829-11366 
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COMPARSION OF CALCULATED AND MEASURED DATA 
I .000 

, I , . . . .  

0. I00 

>. c 
0 

I- 

-I 
-I 0.010 w 
w > 
I- 

(3 
w 
Z 

I 

I 

a 

I 

a 

0.001 - -. ..-_- .. - - ...- 
~ .-.~ 

. - . . . . . . . , 

~ 

! 
0. I0 I .OO 10.00 100.00 1000.00 

2.000 
0.01 

DV 30 FREOUENCY 1 HZ 1 

CALCULATED DATA EASURED DATA LAYER' 'RESISTIVITYIOHM-MI THICKNESS(M1 

ELLIPTICITY ELLIPTICITY X I 13.81 t .2292E-01 677.6 : 70. 

2 3.158 t .9966 707.5 t 314. 

3 4300. t .4580E*07 .I000E*llt 0. 
DATA VARIENCE ESTIMATE 4.539 

XBL 829-11342 



80.00 

w 
-I 
(3 z a 

r! 
+ 
k 

40.00 

68 
'- , 

A 

COMPARSION OF CALCULATED AND MEASURED DATA 

0.00 
0.01 0. I0 I .OO 10.00 100.00 1000.00 

DV 30 FREOUENCY I H Z )  
CALCULATED DATA MEASURU) DATA LAYER RES I S 1  I V I  TY O W - M  I THI CKIESS I 'El 1 

TILT ANGLE TILT ANGLE X I 13.81 f .2292E-01 677.6 f 70. 
701.5 t 314. 2 3.158 * .9966 

3 4302. t .4580E*07 .l000E*IIt 0. 
DATA VARIENCE ESTIM4lE 4.539 

XBL 829-11341 
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