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AN ELECTROMAGNETIC (EM-60) SURVEY I N  
tu' 

THE PANTHER CANYON AREA GRASS VALLEY, NEVADA 

M, W i l t ,  N. Goldstein, M. Stark, and R. Hauyht 

Abstract 
Eight frequency domain electromagnetic soundings-were measured over the 

Panther Canyon therm y i n  Grass Valley, Nevada. The data were . 

co l l ec ted  w i t h  Lawren l e y  Laboratory's large moment-horizontal loop 
system (EM-60). A t  
mal anomaly, square wave currents o f  up 

receiver s i tes;  0;5'to 1.5 km from the 
w i th  a three-component SQUID magnetometer and ve 
f i e l d  spectra k lcu la ted.  Data were i n t e r  a computer program 
which f i t  f i l l  
dimensional r e s i s t i v i t y  mode 
from e a r l i e r  dipole-djpole- r 
i n t e r p r e t  a t  ions i n d i  
models c l e a r l y  i n d i c  

able t o  resolve the h3gh r e s i ' s t i v i t y  bedrock, the EM-dat 
resolve a l l  major features w i b o u t  d i s t o r t i o n  a t  shorter 
separations and i n  about one-third 

In t roduct ion 

(DOE/DGE) Industry-Coupled Program 
ment, Lawrence Berkeley Laboratoky has conducted a s e r i e s  o f  electromagnetic 

rn 

ansmitter s i t e  located near the center o f  the ther-  
A were -impressed i n t o  a four-  

t u r n  50 m radius c o i l  a t  frequencies fr 33 to 500 Hz. A t  the 
, magnetic f i e l d s  were 

r a d i a l  magnetic 

c t r a  and associated e l l i p s e  po la r i za t i on  data t o  o,ne- 

surements. _ _  Comparison of these 

presence and dimensions o f  the conduc t i v i t y  

were compared t o  i n te rp re ta t i ons  

s f a i r l y  close agreement between the two, w i th  both 
, I  

~ anomaly associated wi th  ermal zone. Although t h e  

As pa r t  o f  the Department o f  En 

\ (EM-60) sounding surveys over several promi s ing geothermal s i t e s  i n  Nevada. 

2 This repo r t  desc the r e s u l t s  o f  a controlled-source EM survey i n  the 
# Panther Canyon region o f  Grass Valley, Nevada (Figure 1). The soundings were 

performed w i t h  the EM-60 ho r i zon ta l  loop, frequency-domain electromagnetic 
system (Morrison e t  a1 ., 1978). We performed e igh t  frequency domain e lect ro-  

2 

50-m-radius hor izonta l  loop. For each sounding, a layered model i n te rp re ta -  
oundings w i t h i n  a 12 km r e g i o  urrounding a s ing le four-turn, 

t i o n  was made, and the layered in te rp re ta t i ons  were combined i n t o  r e s i s t i v i t y  

J 
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Figure 1. Survey location map of Panther Canyon area, Grass Valley, 
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sections. 
conf i rmat ion and as a way o f  evaluat ing the EM method. 

These in te rp re ta t i ons  are compared t o  other geophysical data f o r  W 

s 

Geology 
Grass Val l e y  i s  an elongate norther ly- t rending Basin and Range va l  l e y  

located i n  north-central Nevada. The region i s  characterized by higher-than- 
normal heat f low (Sass e t  al., f971), ac t i ve  hot springs (Olmsted e t  al., 
1975) and recent f a u l t i n g  (Noble, 1975; Majer, 1978). 
an area o f  ac t i ve  geothermal explorat ion 
t o  date no major discovery has been made. 

ional  photogeology ( 
1975) and deta i led f i e l d  mapping (Olmsted e t  al., 1975; S i l b e r l i n g  
Noble, 1975; and Nichols, 1972) were done p a r t l y  i n  conjunction w i  
thermal s tud 

Grass Valley has been 
about the past e igh t  years, but  

Surface geologic studies consist ing 

the present survey. 

Val ley near the  i n t  Sonoma Ranges. Exposed rocks 
i n  these ranges con 

formation r h y o l i t e  

geologic cross sect io  

c Havallah sequence o f  cherts, 
the mountains are T e r t i a r y  Kiapoto 

d’Triassic cherts, dolomites, and 

l i n e s  shown i n  Figure 1. 

f i l e s  (Beyer, 1977), n e t o t e l l u r i c  soundings (Morrison e t  al., 1979), 
pass i ve sei  sm 
heat f l o w  (Sa 
other data are given i n  B 

1978) , grav i  t (Goldstein and Paulsson, 1978) and 
1977). Composite p r o f i l e s  and syntheses o f  these and 

r (1977) and Morrison e t  a l .  (1978). 

anomalously h igh heat f low values of 7 heat flow 
anyon area was heightened a f t e r  several 

u n i t s  (HFU), about three times the regional  average. Subsequent t e l l u r i c  and 



4 

1 
10.a 

' .  

Dolo 
P 

I I I J MILES 

* ' .: KILOMETERS 0 1 2 3 4 5  

BEDROCK GEOLOGIC MAP OF LEACH HOT SPRINGS QUADRANGLE. NEVADA ~ 

XBL 778-159 

rock geologic map o f  the  Leach Hot Springs 
Val ley Nevada ( a f t e r  Sass e t  al.. 1977). 



west H 

, Oal Alluvium 
OTb Basic volcanic rocks 

Mesozoic intermediate to acidic intrusive rocks 

avallah sequence 
arrnany formation 

XBL 762-2319 A 
/ 

u1 

.. Figure 3. 

i 

Idealized geologic cross section for survey line H-H' (after Sass et al., 1977). 
Markings (Q12) denote locations of heat flow boreholes. 
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r e s i s t i v i t y  studies ,over the heat f low anoma y revealed a low r e s i s t i v i t y  zone, 
thus'suggesting the presence o f  geothermal waters a t  depth. . 

The EM-60 f i e l d  survey i n  Panther Canyon consisted o f  e i g h t  soundings 
arranged i n  two orthogonal p r o f i l e s  about a cen t ra l  four-turn, 5Gradius 
hor izonta l  loop: Transmitter-receiver separations varied, from 400 m t o  1.6 km, 
and data a t  each si te 'were recorded over a t  least  two frequency decades w i t h i n  
the frequency .band 0.033-500 Hz Since the dkpth of penetrat ion f o r  EM - - 

induct ion sounding i s *  proport tonal  t o  both the t ransmit ter-receiver sepa- 
r a t i o n  and the per iod o f  the..transmitted wave, it was desirable t o  occupy 
receiver  * s i t e s  a t  d i f f e r e n t  separations wi th respect t o  .one loop. 
permit ted a more complete r e s i s t i v i t y  depth sect ion and a b e t t e r  knowledge of 
surface inhomogeneitles. , A t  Panther Canyon f o u r  of the-soundings were placed 
about 500 .m from the,loop source f o r  shal lo  
were occupied.at about 1.5 km f o r  b e t t e r -  resolution,,of deeper horizons. A 
crew o f  f o u r  completed the e n t i r e  survey .in s i x  f i e l d  days, inc lud ing l ay ing  
out and r e t r i e v i n g  the t ransmi t ter  c o i l  and one day of-system t e s t l n g  and 
debugging. The maximum production r a t e  achieved was three soundings i n  a 
12 hr work day. Recording times var ied from about fou r  hr per 

This 

nformat4on, and four other s i t e s  

, 

I o f  a three-compon 

due t o  the presence o 
given with respect t o  the phase o f  the current impressed in to  the loop. 
The e l l i p t i c i t y  parameter i s  the r a t i o  o f  the minor t o  major ax is  o f  the 
po la r i za t i on  e l l i p s e  traced out by the observed f i e l d ;  the s ign o f  the I, 



8 

e i l i p t i c i t y  r e f e r s  t o  the d i r e c t i o n  i n  which the  e l l i p s e  i s  traced, a negative 
s ign denotes ant ic lockwise ro ta t ion .  -The tilt angle parameter r e f e r s  t 
i n c l i n a t i o n  from the  v e r t i c a l  o f  the  po la r i za t i on  e l l i pse .  The po la r i za t i on  
e l l  ipse parameters are ca lcu lated from r e l a t i v e  phases between the  observed 
f i e lds ,  and thus these measurements may be made wi thout  an absolute phase 
reference t o  the loop current. 

Data l i s t e d  i n  Appendix B ind ica te  t h a t  accurate amplitude-phase data 
were obtained a t  Panther Canyon up t o  about 100 Hz, whereas good po la r i za t i on  
e l l i p s e  data could sometimes be obtained t o  500 Wz. 1he.dec l in ing  strength 
of the primary and secondary f i e l d s  w i th  'frequency and the increasing noise 

LJ 

i n  the reference w i re  cause amplitude-phase data t o  be p a r t i c u l a r l y  no isy 
above 100 Hz. Because po la r i za t i on  e l l i p s e  data can be taken wi thout  a e 

reference wire, t h i s  informat ion i s  o f ten  more r e l i a b l e  a t  the  higher fre- 
The er ro rs  shown i n  Appendix.B r e f e r  t o  one standard dev iat ion o f  
d data. 

Unfortunately, most notse sources observed 

I 

These are accurate representat ions of the  t r u e  e r r o r . i f  
the sources o f  noise are random. 
are not  random, espec ia l l y  above 30 Hz, so the  noise estimate given i n  
Appendix B i s  probably somewhat low a t  higher frequencies where nonrandom 
noise sources are greatest  . 
Data In te rp re ta t i on  

least-squares invers ion program (Inman, 1975). The program f i nds  a layered 
model whose EM response f i t s  the weighted observed data. It also estimates 
parameter reso lu t i on  and data point-parameter s e n s i t i v i t y .  Layered model 

A l l  EM soundings were in te rpre ted  i n d i v i d u a l l y  using a layered-earth 

f i t s ,  model parameters, and estimated reso lu t ions  o f  the parameters are given 
i n  Appendix C. As it i s  d i f f i c u l t  t o  estimate the t r u e  errors,  and because, 
f o r  some soundings, a one-dimensional model may no t  be appropriate, the 
er ro rs  f o r  parameters reso lu t i on  i n  Appendix C may be somewhat low. 

curve were deleted from the inversions. Such data o f ten  were v e r t i c a l  
Points w i th  h igh er ro rs  and po in ts  t h a t  do no t  f a l l  6n a layered model 

magnetic f i e l d  cbmponents because the  v e r t i c a l  component i s  sens i t i ve  to, and 
w i l l  be d i s to r ted  by, l a t e r a l  inhomogeneities (Ward, 1976; W i l t  e t  al., 1979). 

Lid 
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Discuss i on  
Figures 5 and 6 are r e s i s t i v i t y  cross sections along orthogonal l i n e s  

over the Panther Canyon thermal anomaly. Each f i g u r e  - gives a comparison 
between dipole-dipoie r e  i v i t y  and EM-60 Electromagnetic in te rpre ta t ions .  
The r e s i s t i v i t y  data and th-e 2-0 i n te rp re ta t i on  are from Beyer (1977). An 
example o f  observed dipole-dipole data, the two-dimensional and the f i t  of 
calculated-to-observed -data, --is given i n  Figure 7. The EM-60 cross sect ions 
are made from one 'dimensional in te rpre ta t ions  given i n  Appendix C . 
in te rp re ta t i ons  are remarkab'iy s im i la r .  Both cross sect ions ind ica te  
r e s i s t i v e  surface mater ia l  over ly ing  an i 
duct ive body. Depth t o  res1  
format ion) i s  shown t o  vary '  
depth to, and l a t e r a l  e x t e n t o f ,  the conductive body, which may be associated 
w i th  the  thermal anomaly, i s  y e l l  resolved b 0th methods. The two p r o f i l e s  
disagree somewhat on the  depth t o  r e s i s t i v e  ement beneath the  conductor. 
Because the EM method i s  less "sensi t ive t o  r e s i s t i v e  formations, and because 
the  transmit ter-receiver separations were more than f i v e  times greater w i th  
the  dipole-dipole data, the conventional r e s i s t i v i t y  sect ion i s  probably more 
accurate i n  determining t h i s  parameter. 

Figure 6 shows r e s u l t s  f o r  an east-we 
the  thermal anomaly. For t h i s  cross sect  
i n te rp re ta t i ons  disagree somewhat. Both cross sections ind ica te  the presence 
o f  an i r r e g u l a r l y  sha 
thermal anomaly. The 
thermal maximum, eneath the  maxi- 
mum. The dc r ent dips s teeply  westward 

induction, data o i n t s  and la rge r  
uncertainty.  

f 

Along the north-south l i n e  (Figure 5), the EM and dipole-dipole 

n t r a l  po r t i on  of 
M and dc r e s i s t i v i t y  

n Range; the  EM 

A1 though the  i n t e  h cases are s imi la r ,  
ence o f  one-dimensio 

The dipale-dipole sections. requ i red  a crew o f  four  .working for about 20 f i e l d  
days; whereas the same s ize  crew co l lec ted  the EM data i n  s i x  ' f i e l d  days. 
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W 
The dc r e s i s t i v i t y ,  data-cover an area about 50% larger,. b u t  f a r  more. labor 
was required to,achieve coverage comparable t o  t h a t  o f  the EM survey. 
I n t e r p r e t a t i o n  o f  dipole-dipole data i s  present ly b e t t e r  able t o  handle 
complex geology, and the data i s  be t te r  able t o  resolve r e s i s t i v e  bedrock. 
However, deep EM, i n te rp re ta t i ons  required rnuco- shorter transmitter-receiver 

pretat ions.  The 
three-dimensi.ona1 geology, EM data w i  11 adequately resolve major features 

c separations, thu c ing  the effects of l a t e r a l  inhomogeneities on i n t e r -  
cross sections suggest that ,  even i n  regions o f  'two, and 

without severe g i s to r t i on ,  . .  
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i 
, APPENDIX A 

EM-60 Electromagnetic System 

Un ive rs i t y  o f - C a l i f o r n i a  a t  Berkeley, made prel iminary measurements w i th  a 
prototype large-moment , hor i t o n t a l  -loop electromagnet 1 prospecting system 
(Jain, 1978) i n  a geothermal area i n  Nevada. 
work led t o  the development, 
e t  al., 1978) which has now 
geothermal s i t e s  i n  Nevada and Oregon. 

i .e., dc r e s i s t i v i t y  and -magnefotel lur ics i n  geothermal explorat ion, f o r  
three reasons: 

the distance between the t ransmi t ter  and receiver;  t h  
f i v e  times the source receiver separat 

I n  _. 1976 the Lawrence Berkeley Laboratory (LBL), i n  conjunction w i t h  the 

f J  

Encourag g r e s u l t s  from t h i s  
the EM-60 hor izontal- loop system (Morrison 
n-opbrated f o r  more than 500 h r  a t  various 

_ I  

The EM method may be a s i g n i f i c a n t  improvement over e x i s t i n g  techniques, 

i .. 
1. The maximum depth ' f explorat ion w i th  EM i s  approximately equal t o  

compares t o  almost 

an the dc r e s i s t i v i t y  o r  

f 

2. The EM method i s  f 
e t o t e l  l u r i c  method (MT 
3. Dis tant  l a t e r a l  inhomogeneitie 

r e l a t i v e l y  minor s igni f icance for-EM because the strength o f  the f i e l d s  
rom the transmit ter .  

System Descri p 

, or a combination o f  magnetic 

an a i r c r a f t  60-kW 400-Hz, 34 al ternator .  
the bed o f  a one-ton, four-wheel-drive t ruck.  
r e c t i f i e d  and capable of prov id ing *150 V a t  up t o  400 A t o  the hor izonta l  

These two components are mounted i n  
The output i s  full-wave 
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Figure A-1. Schematic diagram of the EM-60 horizontal loop electromagnetic 
prospecting system as used in Nevada in 1979. 
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coil. The square wave current pulses are created by means of a transistorized 
switch, which consists o f  two parallel arrays o f  from 6 to 60 transistors in 
interchangeable modules within the "crate" (the lower outward pivoting box in 
Figure A-2). The upper unit contains array-driving electronics and timing 
circuitry. The transmitter is operated by one man who controls the frequency 
o f  the primary magnetic field over the range of 
o f  switches on a remote control box which contains a crystal-controlled 
oscillator and dividers (Morrison et al., 1978). 

U 

to lo3 Ht by means 

orienteh to measure the 

o a six-channel, program- 
igure 1). Through the 

receiver key-pad, the operator sets parameters control1 ing signal pro- 
cessing: 

ments o f  pN, to be stacked prior to Fourier decomposition; and (d) number 

raw amplitude estimate for each 
the phase of the current in the maintained with a 
hard-wire link between a shunt on the loop and the receiver. This reference 
voltage i s  applied directly to channel 1 of  the receiver for phase comparison. 

(a) fundamental period o f  the waveform to be processed; (b) maximum . number of harmonics to be analyzed, up to 15; (c) number of cycles in incre- 

of input channels of data to be gnal processing results in a 
a phase estimate relative to 

L& 
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XBC 789-1 2736 

Figure A-2. The EM-60 transmitter in field operation. 

* 
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L J  Raw amplitude estimates must be l a t e r  corrected f o r  d ipo le moment and 
distance between loop and magnetometer. 

I n  pract ice,  the har 
p a r t i c u l a r l y  above 50 Hz 
phase reference a t  h igh frequencies i n  favor o f  ' r e l a t i v e  phase meesurements 
between v e r t i c a l  and r a d i a l  components. 
i n t e r p r e t a t i o n  i s  bas 
f i e l d  r a t h e r  than the e-phase o f  the v e r t i c a l  and r a d i a l  f i e l d s .  A t  
low frequencies (GO.1 

an e f f e c t i v e  s i  

ye l i n k  was found t o  be a source o f  noise, 
h i s  has required the e l im ina t i on  o f  the absolute 

i t h '  r e l a t i v e  phase measurements, 
e l l i p t i c i t y  and tilt angle o f  the magnetic 

naturaJ geomagnetic s ignal  amp1 4 tude increases 
es as l / f .  The ne t  r e s u l t  i s  
ses as 1/f2, making noise 

y o f  low frequency information. To cancel 
r enough from the 
w i l l  cons is t  on l y  o f  

a l led,  the reference magnetometer can 
of ten remain f i x e d  over the course o f  a survey.& The remote s ignals  are 
t ransmi t ted t o  the mobile 

adjusted i n  amplitude, and t h  
e s ignals  are* inverted, 

d example o f  t h i s  simple noise 

* 

elute phase data 

W 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 :  : : : 

. ?  
NATURAL MAGNETIC FIELD CANCELLATION 

H, REMOTE 

CAN CELLE 0 SIGNAL 

Hx REMOTE 

H, LOCAL 

I : : : : : : : : +  .+tt++-t-t-t--tt+-+-++-+- 

Hx(N0ISE 
REMOVED) 

+ : : : : : : : : : :  *-t 
u . I c s D * . I D u o I I A I o  -.I- 

I Mrec I 
SAMPLE FIELD RECORD 

TRANSMITTER FREQUENCY = 0.1 Hz 
XBL 7911-13078 

Figure A-3. Example o f  data improvement using- the telluric noise cancellation 
scheme. (a) Natural -geomagnetic signal and initial cancelling at 
the receiver site with transmitter o f f ;  ( b )  same system, but with' 
transmitter on. 

. 

. 

. 
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Samples of EM-60 ampl itude-phase spectra soundings are given in 
Figures A-4 and A-5; the error bars signify one standard deviation. The fit 
to a three-layer model is fairly 
Hz, because high noise due*to th 
obtaining higher frequency ampl itude-phase data. El lipticity data, however, 

W 
d, but data . " .  were interpreted only to 50 
e of the reference wir 

, i -  

.I intepreted to 500 Hz. 
f i  

i References 
, B., 1978. A low frequency electr 
dissertation, Departm eosciences, University of 
California. Berkeley Laboratory 'L , LBL-7042 

tic Prospecting system, Ph. D *  

Morrison, H. F., Goldskei rsten, N:, Oppliger, G o ,  and Riveros, 
s of a controlled- 

inhomogeneity due to an oscillating magnetic dipole. Ph. D. 
dissertation ,' Department of Engineering Geosciences, University of 

Lawrence Berkeley Laboratory, LBL-8275. 
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APPENDIX B 
Observed data and estimated error for Panther Canyon prospect at Grass 

Valley, Nevada. Listed errors are one standard-deviation from the mean. 
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s t a t i o n :  t-t 1.5 kn north seperation~1548 meters 
nunber o f  turnsr4 loop radius=50 meters 
hr nag constr7.936 h t  nag conste7.692 

t/ 

frequency hr amp (IMP e r r  hr phase 
0.642 0.001 362,500 
8,173 ’* -- 0,001 . .  266.500 * 

0.226 0.001 ; 264 500 

I 9,186 8.001 278,500 

i 8,335 0.801 259.500 
8.556 0. e04 229.500 

5.000 1.146 0.001 208.500 
‘ 7.880 1.281 0.801 192,580 

1.386 
0,755 

0.368 
50.800 i _  --0;622 ---I- 

’.’ 
frequency . hr ,amp 

: e . m  1.028 7 0.001 181.258 
: 8.300 1 007 0.001 8 178.586 

e. 700 8.996 0.801 177.508 
1.088 I 01,975 *- 8.401 I 4. -“177.-580 

* 3.080 1.821 0.009 ,’ ’.166.580 
5.008 1.010 8.001 ’ 153.500 
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e.sm 0.998 0.001 i78.em 

le.0QO 8,862 8,001 126.500 
81.750 38 . 000 0.265 0,082 

58 s 000 0.191 .001 82.508 
108.00 _ ”  8.094 ,002 ~ 65.500 

phase e r r  
0.508 
0.50e 

,* 0.soe 
‘ a  8.508 
0,500 
8.588 
0.500 
0.500 
0.580 
0.500 

0.500 
. .  a.se0 

phase er 
0.2513 

I 0.59e 
0.088 
e m 8  
0.500 

~ 0.500 
e.500 
0. see 
0.580 
0.250 
0.580 
0.500 

frequency e l l i p t i c i t y  e l l i p  err t i l t  an le t i l t  er r  
0.100 -0. e35 0,061 91.219 0,054 
0.30e -0.104 0.001 91.064 . 0.0e9 
0.500 1.8. 173 0.001 89.731 ’ 0.691 
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86.905 8.008 
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frequency 
1 a 888 

hz URD anp a 
I . e27 e. ee 
8.999 eaea 
0.933 e. oe i m e  -=----u- e. ee 
1 295 e.00 

8.489 e. ee 
8.257 e.ee 
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.. . 

i p t i c i  
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station: t-t .Skn south saperation=451 Meters 
number o f  turns14 loop radius=50 meters 
hr Hag consta?,936 hz mag const=7.892 

- %  freauen 
1.0 
3.8 
5.0 
7.0 
10.0 
30.0 
50.8 
100m0 
200.0 

hr amp 
0.107 
0.476 
0.602 

0,998 

.0.611 

0.306 

0,847 

0.728 

, 0 *  380 
frequencg 

1 088 
.3.000 
5.008 
7,000 
10,080 
30 . 000 
50.000 

100. m e  
2ge. 000 

' h2 QMp 
7 1.014 
I 1.003.  

i . e09 
1 082 
1.326 
1.125 

,Om662 
0.358 
0.258 

amp er r  
0.800 
0,008 
0.803 
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8.805 
0.009 
8,023 
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8.003 

hr phase 
257.533 
250.848 
241.683 
234 . 360 
228.603 

288.460 
185.235 
165.722 

282,253 

phase e r r  
0.089 
0.041 
0.090 
0,009 

0.062 

Bm 095 
0.670 
0.179 
0.455 

I .  

280,080 
. 580.008 

el 1 iptici tu 
"0.105 
-0.289 
-0.395 
-8.415 
-0.423 

-0.362 
-0,321 
.-0* 315 
-0,231 

-e. iei 

amp er r  hr phase phase e r r  

e.aes 177,817 0,089 
8.021 

'0rn805 180.973 
0.007 188.320 ' 8.610 

0.071 8,012 180.806 
8,021 168.437- 0.682 
0. e00 143.378 

_ I  

0.461 
ellip err  tilt angle t i l t  e r r  

0.e05 171. 163 6.027 
0.081 179. 368 

0.027 

e. 156 

0.008 89.613 8 . m  

0.802 75.293 0.112 

- .  8 . m  41.821 0.002 
0. e00 26.516 a. e31 

0.001 04,441 8.040 
8c000 65,885 0.132 
8. 006 56,672 . 0.129 
0.000 53,617 8,044 

0,006 27.723 
8.002 19.822 
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station: t-t 1.Skn south seperationrl4Sl meters 
number o f  turnra4 loop radius*!50 meters 
hr flag const-7.936 hz flag const=7.892 
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30. e m  
58. ea0 

e. 180 

e. tee 

5.088 

10.0e8 

frequency 
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38 8 800 
56. (308 
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ie.eee 
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i . e i 5  
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e l  1 i p t i c i  t y  
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264.433 

257.480 
250,575 

196.633 
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2198470 
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e l l i p  e r r  
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0 . e ~  
0.081 
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e . 0 ~  
43.084 
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e . m 4  
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t i l t  Q 
88. 7 
98. 1 
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870 Q) 
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46. 5 
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5 .3  
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1 
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e 
4 
7 
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7 
e 
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3 
3 
4 
6 

a 

phase e r r  
31.756 
13.593 
8.296 
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phase er r  
55,368 

8.882 
0.577 
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8.488 
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8.688 
8.176 
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8.833 
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0 8 353 

rgls t i l t  err 
I1 1 448 
'6 0.454 
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sta t im:  h-h 1.SikN ccrtt rrperation*l438 meters 
nunber o f  tutrns-4 loop radius=§e nrters 
hr rrng conrt=7.936 hz nag conr tGB092  

IC, 

f raquenc 
8 ,  lei 
0, See 
8,788 
1. eee 

I h2 
I 1 
I - 1  
1 . 1  
I 0 
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phase err 
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0.346 
8,458 

0,574 

e m 6  
e.491 e, se7 
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station: h-h .Skn east  separation646 meters 
nurtber o f  turnsm4 1 oop radiusm59 me tc r r  
hr nag const=7.936 hr Mag const-7.092 

frequency hr ar~p amp e r r  hr phase phase err 
1 000 0.119 8.000 278 825 e. 985 

5.000 0.467 0.081 241 . 680 0.880 
7.090 0.580 0.002 233.500 0.e00 

10.008 8.779 0,003 227.440 0.183 

SO. e08 1 246 80889 194.550 e.258 
50 . 000 i . e62 0.e10 i95.6e0 0,208 
ie0.eee 0.692 0s 0@7 i77.7eo 0.238 
~ ~ e e e  8.669 - 0,032 -168,880 e.858 

1 . e00 i .e46 . e m 1  181.263 8.152 
3 m e  1,115 e. 082 1820670 e.e58 
5. $08 ta17Q 0 . e ~ ~  I i7s .6ee 8.880 
7.088 1.18? 0.804 177.225 0 s  243 

10.880 1 . 467 e.ms 1 7 7 . ~ 8 0  8,216 
30 . 008 1 222 8.043 161.213 0.091 
50.008 1.182 e.ee8 154.550 0.250 
50. e m  8.973 0,010 159.480 8.185 

1e0.000 0.508 0 ~ 0 5  144.725 0,243 
156. e08 8.469 8.823 127.650 8.858 

3.800 0.315 0.000 253,970 0.200 

30 808 1 100 0.038 201.140 0.024 

frequency h t  amp afw er r  hr phase phase err  

frequency c l l i p t i c i t g  e l l i p  e r r  t i l t  angle 
i . eeo -e. i 13 e.000 90.872 

7.080 -0.374 I aoeei 72.242 e. i l l  
3. eee 4 . 2 6 5  e.em 84.432 8,873 
s.0eo -8. 339 e.aei 77.979 e.042 

10.00e -8 368 0. eo1 67. e98 e.046 
3e.000 -ea36i 8.001 48,917 0.826 
50.0e~i -e . 363 0.000 43.828 0 , e m  

280.000 -8.269 8.007 34.788 0.882 

58 008 -e. 32s 0.Q81 41.930 0.808 

158.880 -e. 277 0.802 330288 8 s  088 
1 0 8 . ~ 0  -8.288 0.080 34 734 8.012 
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.station: h-h.Skn west sepcration-548 meters 
nufiber .of turnss4 loop rad ius69  meters 
hr Hag COnSt=7,936 h t  mag COnStmf.892 

f recluencrs hr amp 

~ . s a e  0.055 
8.700 08 e75 

3.008 8,300 
5.000 8.457 
7.000 08580 

0.108 08019 
88308 -"'08035 . 

1 080 0.108 

ie.eee 08?93 
38.000 18124 
58. 000 1 060 

188.080 0.624 

amp e r r  
0.002 
0.001 
0.000 
0,008 
0,000 
0.008 
0.001 

-0 ,a ie  
0.001 
0.006 

0,019 
8.807 174.020 

phase e r r  
3.512 

e. 479 

8.137 e. 100 
0.900 
08 333 e. 333 
08 000 

0.038 

1 088 

08333 

68333 

frequency ' h t  aMp amp er r  h t  phase phase e r r  
e. 100 0,948 0.002 i i r 4 . m  0,008 
0.308 08781 0.00s 164,758 0.758 

3 . m  8.976 0. e00 178. 778 0,em 
5.880 e. 998 0.001 178.608 0.080 

1e.000 1 8  224 0.009 176.088 0.088 
308 e00 1 334 8,009 166.208 e.me 
50.008 _- $8487 . 08018 148.808 e.me 

8.508 9.562 0.003 1568f58 0.259 
- 0.70e 8.359 08803 155.808 0.089 

1 e08 18 870 0,002 174.873 08877 

78 000 18 883 0.002 179.167 08 333 

frequency 
0,100 e. 380 
o.se0 
8,700 
1 080 
3 e 088 
50 888 
7.888 

10,880 
38. oe0 
588 900 

100.e00 
280.008 
330.008 

-8.813 
-0. 944 

e l l i p  err  
8.081 e. 002 
0.001 
0.881 
0.088 

. 8.080 
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0.008 

08003 
08003 

go883 
0,000 
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t i l t  e r r  
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8.958 
8,866 

08045 

e e09 

28,090 
18.636 . 
12.708 
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8 4 c 

el 1 i p t i c i  ty vs +raqutncy 

frequency 

station: h-h.5km west 
separations548 meters 

XBL 806-9802 
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- -. 
L*l 

stotion: h-h 1.5 km west seperation~l562 maters 
nursber o f  turnso4 1 oop radius=S@ meters 
hr mag constr7.936 hz mag const=7.032 

frequency 

8.300 
0.500 

1 000 
3.000 

7.000 
10.000 
30.000 
50 . 000 
150.000 

frequency 
0. 100 
0.500 
8.780 
1 . 000 
3.000 

e. 100 

0 . m  

5.  e00 

e. 300 

5.000 
7.00~1 
ie.eo0 
30. 800 
50 . e06 
159.008 

hr amp 

0.215 
0.412 
0.984 
1 . 254 

0.042 
0.147 
0.323 

1 323 
1.641 
1 887 
0.495 
hz QNP 
1 . 000 
1.108 
1 m096 ._" 
1.101 
1.099 
1.115 
1 025 
8.882 
8.720 

e. 778 

0.274 

0.073 
0.160 

amp err 
0.001. 
0.002 
0.001 
0.001 
0.001 
0.002 
0.001 
0.001 
0.011 
0.003 
0.081 
0.002 

amp err 
0.004 
0.081 
0.001 
0.002 
0.001 
0.002 
0.001 . 
0.015 
0 . 000 
8.802 

e.8es 

0,081 

frequency ellipticity 
0. ieO -0.842 

1 . 000 -e. 362 
5.080 -e. 578 

9.300 -0.132 e. 500 -0,192 
9.708 -0.290 

3.008 -0.619 
7.008 -0.510 
10.000 -0.361 
50.080 -0.177 

200.000 -0. 140 

3e.000 -0.194 
158.008 -e. 144 

hr phase 

I 256 . 468 
251.091 
221 . 706 
201 . 067 
185.772 

171.135 
134.891 

. 268.616 
'2tsi.e33 

256.737 : 

172.332. 

168.818 

phase er r  
0.229 
0.332 
0.482 
0 ~ 7 5  
0.506 
0.493 
0,502 
0.580 
0.496 
0.524 
0.499 
0.507 

hr phase phase e r r  
179.093 0.082 
177.790 0.503 
176,924 * 

175.140 
173.886 
157.279 
138.933 
124.475 
112m844 

75.483 
119.246 

92.0e0 
ellip e r r  

0.001 
0.001 
0.001 
0.001 
0.882 
0.080 
0.000 
0.000 
0.002 
0.010 
Q, 000 
9. 083 
'0'. 008 

0,501 
0.502 
0.003 

' 0.585 
0.497 
0.499 
8.522 

. 0.513 
c e.117 

0.297 
ti l t  angle- t i l t  e r r  

89.089 0.033 
89.980 1 0.810 
87.876 0.095 
87.317 0.014 
84.576 0.193 
53.051 0.191 
33.258 0.055 
24.537 0.011 
14. 159 0.078 
9.206 8.417 
6.220 0.006 
1 . 977 0.079 

-8.457 8.154 
*.* 
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frequency 

s tat ion:  h-h 1.3 km west 
scparation=1562 meters 

XBL 806-9803 
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APPENDIX C 

One dimensional interpretation EM sounding data. 
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I .OO 

0.10 

0.01 
0 

COMPARS I ON OF CALCULATED AND MEASURED DATA . 

10.00 

PANTHER CANYON T-T 1.5KM NORTH 

CALCULATED DATA MEASURED DATA LAYER RESISTIVlTY1OHM-MI THICKNESS1Mt 
HR HR X I 4.90* .OO 233.0 * I .  

H Z -  - -  HZ * 2 150.00* 17.11 .IBQQE*llt 0. 

DATA VARIENCE ESTIMATE 260.2 

L 
XBL 803-8997 

. 
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1 

.OO 

' FREQUENCY (HZ) 

PANTHER N 

CALCULATED DATA E A S U R E D  DATA ' LAYER RESISTIVITYIOHM-W) T H I C M S S I U )  

4 .90s  .OO 233.0 t 1. t 

Hz * 2 - - -  
. 260.2 

XBL 803-8983 L . 
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COMPARSION OF CALCULATED AND MEASURED DATA 

PANTHER CANYON T-T 1.5KM NORTH 

CALCUtATED DATA MEASURED DATA LAYER RESlSTIVfTYlOHM-M) THICKNSSIMI 
ELLIPTICITY - ELLIPTICITY X I 4.90: .OO 233.0 : 1. 

150.00: 17.11 .I000E+llt 0. 2 

DATA VARIENCE ESTIMATE 260.2 

L 
XBL 804-9016 
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COMPAFSION OF CALCULATED AND MEASURED DATA 

1 

,a0 

FREOUENCY ( HZ 1 

CALCULATED DATA ITYtOHM-M) THICKMSSIM) 
4.90: .OO 233.0 : 1. 

150.00: 17.11 .I000E+llr 0. 
X 

DATA VARIENCE ESTfME 260.2 

XBL 804-9015 L 
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COMPARSION OF CALCULATED AND MEASURED DATA 

10.00 

I .00 

0. I0 

0.01 
0.01 0. I0 I .OO 10.00 100.00 1000.00 

FREQUENCY ( H Z )  

PANTHER CANYON T - T  0.5KM NORTH 

CALCULATED DATA WEASIRED DATA LAYER RESISTIVITY((XIM-H) THICKMSS(I0 

Is Hz X I 6.301 .OO 90.00 t 

2 2.20i .06 200.0 t 

3 IS0.00t 611.83 .I000E*IIt 0. 
DATA VARIENCE ESTIMATE 303.4 

XBL 803-8977 
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COMPARSION OF CALCULATED AND MEASURED DATA 

HER CANYON T - T  0.SKM NORTH 
/ 

CALCULATED DATA M E A S M D  DATA SISTIVITY(OHt4-HI THICKNESS( 

6.30: .OO 90.00 : 2. 

2.20, .06 200.0 : 16. 

150.00: 611.83 .IB00E*II: 8 .  

XBL 8 70 
L 
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COMPARSION OF CALCULATED AND MEASURED DATA 

w 
V 
c 

-1 
-1 
W 

I 

!5 

I 

0.01 0. I0 I .OO 10.00 100.00 I000 .OO 
FREQUENCY (HZ) 

PANTHER CANYON T - T  0.5KM NORTH 

1 

\ 

CALClLATIk DATA MEASURED DATA LAYER RESISTlVITY(OHM-M) THICKMSS(H, 
ELLIPTICITY - ELLIPTICITY X I 6.30: .OO 90.00 : 2. 

2 2.20* -06 200.0 L 16. 

3 lS0.00: 611.83 .I000E*llt 0. - 
I DATA VARIENCE ESTIMATE 303.4 
I 

I 

L 
XBL 803-8976 
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COMPARSION OF CALCULATED 

w 
3 
T 
I- 

I- 
d 

".W" 

0.01 0. I0 I .OO 10.00 100.00 1000.00 

P 

CALCULATED DATA UEASURED DATA LAYER RESISTIVITYIOHM-H) 
1 6.301 . .00 

2 2.20: .06 

3 IS0.00r 611.83 

TILT ANGLE - 
* 

L 
* 

THICKNESS I I4 B 

90.00 't 2. 
200.0 * 16. 

.I000E*ll: 0. 

XBL 804-9012 
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COMPARSION OF CALCULATED AND MEASYRED DATA . 
10.00 

!l c 

9 
U 

0.01 
0.01 0. ie I .OO 10.00 100.00 I000 .OO 

FREQUENCY f HZ 1 

PANTHER CANYON T-T 0.SKM SOUTH 

. 

CALCCLA’TED DATA HEANRED DATA LAYER RESISTIVITY(OHM-M) 

HR m X I 6.30: .OO 
2 2.20r .03 

DATA VARIENCE ESTIMATE 381.7 

L 

THICKMSSIMI 

90.00 : 1 .  

XBL 803-8984 
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COMPARSION OF CALCULATED AND MEASURED DATA 

CALCCILATED DATA HEASRED DATA LAYER RESISTfVITY(OIM4~ THICKNESS(I0 

m I 6.30s .OO 90.00 t 1. 

2.20: .03 .IB00E*llt 0. 

A VARIENCE ESTIMATE 381.7 

XBL 803-8988 
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COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 8. I0 I .OO 10.00 100.00 1000.00 
FREQUENCY (HZ) 

PANTHER CANYON T-T 0.5KM SOUTH 

CALCUUTED DATA HEASUKD DATA 
E l l  IPT IC I TY - ELLIPTICITY X 

DATA VARIENCE ESTIMATE 381.7 

L 

LAYER RESISTIVITY ( OM.(-M 1 THICKMSS( M I 

I 6.30: .OO 90.00 : 1. 

2 2.20. .03 .I000E*llt 0. 

XBL 803-8986 
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COMPARS I ON OF CALCULATED AND MEASURED DATA 

7 

PANTHER C 

MEASlRED DATA LAYER RESISTIVITY(O!-M-Hl THICKMSS(W1 

TILT ANGLE - TILT 4NGLE X I 6.30: .OO 90.%0 * 1 .  
3 3 - r  In.) tnnne.~,. - 

XBL 803-8985 
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w 
!3 
t 
a i 
3 
0 
c! 
0 I 

10.00 

I .00 

0. I0 

a w 
N 

0.01 

COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0. I0 I .OO 10.00 100.00 1000.00 
* FREQUENCY ( HZ L 

PANTHER CANYON T-T 1.5KH SOUTH 

CALCULATED DATA 
HR Is X I 8.10: .OO 340.0 : 16. 
H Z -  - -  Hz 8 2 3.30: .38 280.0 t 47. 

3 150.00: 173.45 .l000E*II: 0 .  
DATA VARIENCE ESTIHATE 153.8 

XBL 804-9008 
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COMPARSION OF CALCULATED AND MEASURED DATA 

I00 

PANTHER CANYON T-T 1.m SOUTH 

CALCULATED DATA UEASU?ED DATA LAYER RESISTIVITY(Ol-t4-Hl THICKNESS(M1 

X 
Hz * 3.90: .38 200.0 : 47. 

150.00: 173.45 .I000E*ll* 0. 
53.8 

' XBL 804-9013 

c , 
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COMPARSION OF CALCULATED AND MEASURED DATA 

. .-- 
0.01 0. I0 I .OO 10.00 100.00 1000.00 

FREQUENCY ( H Z )  

PANTHER CANYON T - T  1.5KM SOUTH 

CALCVLATED DATA WASIRED DATA LAYER RESISTlVITY(OHM-WI THICKMSS(M1 

E U  IPT I C I TY - ELLIPTICITY X I 8.10, .OO 340.0 : 16. 

2 3.W: .38 280.0 : 47. 

3 150.00r 173.45 .t000€*ll: 0. 
DATA VARIENCE ESTIMATE 153.8 

XBL 804-9005 

, 
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f 

0.01 0. I0 I .00 10.00 100.00 I000 .OO 

LAYER RESISTIVITYIOW-H) MICKNESS(I4) 

TILT ANGLE X I 340.0 : 16. 

2 280.0 t 47. 
3 150.00t 173.45 .IQ00E*llr 0. 

r c 
XBL 803-8971 

W 
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10.00 

1 .OO 

0. I0 

0.01 

COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0. I0 I .OO 10.00 100.00 1000.00 
FREQUENCY (HZ) 

PANTHER CANYON H-H 1.5KM EAST 

CALCULATED DATA 

HR 

DATA VARIENCE ESTIMATE 

L 

MEASURED DATA LAYER RESISTIVITY(0HM-MI THICKNESS(M1 
m X I 9.00* .OO 200.0 : 15. 

2 2.70* .57 125.0 34. 
3 150.00t 102.33 .1800E~Ilt 0. 

126.2 

XBL 805-9744 



, 83 

'ti 

t 

COMPARSION OF 

L 

FREQUENCY (HZI 

PANTHER CANYON H-H I.SKM EAST 

CALCULATED DATA MEASURED DATA 

HR HR X I 9.00: .OO 
2 2.70: .57 

3 150.00: 102.33' 
IENCE ESTIMATE 126.2 

THICKNESSIH) 
200.0 f 15. 
125.0 t 34. 

.1000E*ll: ' 8. 

XBL 805-9746 

1 
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COMPARSION OF CALCULATED AND MEASURED DATA 

0.00 
0.01 0. I0 I .OO 10.00 

FREOUENCY (HZ) 

PANTHER CANYON H-H 1.5KM EAST 

I 00.. 00 1000.00 

. 

CALCULATED DATA MEASURED DATA LAYER RESISTIVlTY(0HM-HI THICKMSSIM) 

T ILT  ANGLE - TILT ANGLE X I 9.00: .OO 200.0 : 15. 

2 2.70* .57 125.0 : 34. 
3 I50.00* 102.33 .I000E*ll: 0. 

DATA VARIENCE ESTIMATE 126.2 

XBL 805-9748 

c 
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r 
b d  

COMPARS 

7 

0.01 0. I0 1 .OO 10.00 100.00 I 000.00 

PANTHER CANYON H-H I.SKM EAST 

CALCUATED D A ~ A  LAYER RESISTIVITY(0HM-MI THICKNESS(M 
ELLIPTIClTY I S.00* .OO 200.0 t 

2 . 2.70* < > a 5 7  125.0 34. 

3 150.00* 102.33 
DATA VARlENCE ESTIHAS 126.2 

L 
I 

I 

0 
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COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0. I0 

1 - b  

I00 

PANTHER CANYON H-H 0.5KM EAST 

CALCULATED DATA HEASUKD DATA LAYER RESISTIVITY(0W-M) THICKMSSW) 

HI7 Id? X I 15.00s .OO 120.0 t 2. 
H Z -  - -  Hz 2 2.80* .08 200.0 : 20. 

3 I0.00* 1.85 .I000E*llt e. 
DATA VARIENCE ESTIMATE 90.07 

* 

XBL 806-9848 L 

. 

t 
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COMPARSION OF CALCULATED AM) MEASURED DATA 

PANTHER CANYON H-H 0.5KM EAST 

CALtCILAEO DATA MEASVRED DATA LAYER RESISTIVITY(OHM-H) THICKNSS(H1 

HR 15.00: .OO 1 2 0 . 0  t 2. 

2.80* ,08 200.0 t 20. 

3 I0.00t 1.85 .I000E*llt 0.  

m X I 

* 2 

DATA VARIENCE ESTIMATE 90.07 

L XBL 806-9847 ’ 
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COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0.10 I .OO 10.00 100.00 
FREQUENCY (HZ) 

1000.00 

PANTHER CANYON 

CALCULATED DATA 

T ILT  ANGLE .- 

H-H 0.5KM EAST 

DATA VARIENCE ESTIUATE 90.07 . 
L 

MEASURED DATA 

TILT ANGLE X 

LAYER RESISTIVITY(OHM-M) THICKNESSIM) 

1 15.00: .OO 120.0 : 2. 
.2 2-80: .08 200.0 20. 

10.00: 1.85 .1000E*ll: 0. 3 

XBL 805-9741 
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COMPARSION OF CALCULATED AND MEASURED DATA 

I- 

J 
J w 

!% 

100.00 1000.00 

PANTHER CANYON H-H 0.5KM EAS 

CALCULATED DATA MEASURED DATA RESISTIVITY(0HH-H) THICKNESS(H1 

I5.00* .00 120.0 * 2. ELLIPTICITY X ELLIPTICITY - 
2.80* .08 200.0 t 20. 

I0.00* 1.85 .I000E+Il* 0. 

2 

3 
CE ESTIMATE 90.07 

XBL 805-9740 
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COMPARSION OF CALCULATED AND MEASURED DATA 

a 
% 
c! 
8 
K 

10.00 

I ,00 

0. I 0  

0.01 

PANTHER CANYON H-H 0.5KM WEST 

CALCULATED DATA S A W E D  DATA LAYER RESISTIVITY(W-U) THICKMSS(U) 

w Is X I I0.0Q: -00 SQ.00 : 1. 

2 3.H: -03 . l 000E* l l r  0. 

0.01 0. I 0  I .ma 10.00 100.00 1000.00 
FREOUENCY (HZ) 

DATA VARlENCE ESTIMATE 564.5 

XBL 803-8979 . 
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u 

COMPARSION OF CALCULATED AND MEASURED DATA 

.00 

PANTHER CANYON H-H 0 .  ST 

TED DATA E A S R E D  DATA YER RESISTlV1TY(OHM-M) h I C K M S S l M )  

M( X 10.00r .00 50.00 : 1 .  

3.20* -03 .I000E*Il* 0. 

DATA VARIENCE ESTIHAK 604.5 

J 

XBL 803-8965 
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COMPARSION OF CA~CULATED AND MEASURED DATA . . 
. , >  1 . _  .. . 1 

PANTHER CANYON H-H 0.5KM WEST 

C N C U A T E D  DATA EASUREO DATA 

E U l P T  I C  ITY - E L L I P T I C I T Y  X 

.W 

DATA VARIENCE ESTIMTE 504.5 

XBL 804-9018 - 
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COMPARSION OF CALCULATED AND MEASURED DATA 



I 

94 . 

bi 

. .  
C~MPARSION OF CALCULATED AND MEASURED DATA - -  

00 

, I  

@,@I 
O I d l  0.10 I .OO 10.00 100.00 1080.00 

FREOUENCY (HZ) 

BANTER CANYON H-H 1 *6M E S T  

CAhdULhTED DATA IEISIRBD DATA LAYER R E S I S T I V I T Y ( W - H )  THICKMSS(M1 

Hfi tR X I 8.00: .OO 700.0 : 42. 

2 25.00: 6.31 .I000E*ll: 0. 

WTh VARILWE LITIK4TE 62.60 

# XBL 803-8999 

5 

3 

/ 
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CWARSION OF C LCULATED AM) 

I .OO 
FREOENCY (HZ 

iASURED DATA 

5.00 100.00 1 l0.88 

PANTHER CANYON H-H 1 .  

CALCULATED DATA MEASURED DATA LAYER R E S I S T I V I T Y I W - H I  THtcKMSSIIo 

la?, X .  

XBL 804-9002 
* 
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PANTHER CANYON H-H 1.5KM WEST 

CALCULATED DATA L E A S E D  DATA LAVER RESISTIVITY(OHI-HI THICKNSSOII 

ELLIPTIC1 TY - ELLIPTICITY X I 8.00: .OO 700.B : 42. 

2 25.00: 6.31 .leBBE+llr 0. 

DATA VARIENCE ESTIWAE 82.50 

XBL 803-8995 
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COMPARSION OF CALCULATED AND MEASURED DATA 

0.01 0. 10 I .e0 I0.00 100.00 1000.00 

FREouplCY (HZ) 

'ANT- CANYON H-H I.5W E S T  

CALCUATU) DATA EAStRED DATA LAYER RESISTIVITYIOIM-W) THtCKNESS(l4) 

0.00: .e0 100.0 : e. TtLT ANGLE X I 

2 
TILT ANGLE - 

25.00: 6.31 .1600E+ll: 0. 

mTA VARlENCE ESTIMATE 02-60 




