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Prel iminary Open Fi 1 e Report 

Geological and Geophysical Studies in Grass Valley, Nevada 

INTRODUCTION 

The Lawrence Berkeley Laboratory program for assessment o f  geothermal 

reservoirs has had three main goals: 

1 )  To evaluate, on the basis of detailed geological, geocheniical and 

geophysical data, the geothermal reservoirs in the mid Basin and 

Range geol ogi c province. 

2) To compare and evaluate geophysical techniques used in the explora- 

tion and delineation of these reservoirs. 

3) To develop new techniques, and the instrumentation required, 

specifically for the deep penetration desired in geothermal 

investigations. 

Four areas in north central Nevada were chosen for this study; Whirlwind 

Valley (Beowawe), Buffalo Valley, Grass Valley (Leach Hot Springs), and 

Buena Vista Valley (Kyle Hot Springs). 

higher than normal heat flow, the Battle Mountain high heat flow area (Sass 

- et al. 1971) shown on Fig. 1. 

this area, determined by chemical geothermometers (Mariner et a1 1974) 

exceed 150-170'C and total dissolved solids in the surface waters are less 

than 5000 ppm. 

qual i ty category . 

These areas lie within an area of 

Temperatures at depth in some hot springs in 

These systems are thus in the medium temperature, high 

The Buffalo, Leach and Kyle sites were chosen because o f  favorable 

indications of geothermal potential, they were primarily composed o f  Federal 

land, and offered easy access and terrain amenable to equipment transportation. 

This latter was an'important consideration since many geophysical techniques 

were to be evaluated and rugged terrain would have been a handicap to this 

1 
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aspect o f  t he  program. 

because some e a r l i e r  geophysical data and d r i l l i n g  in fo rmat ion  was ava i l ab le .  

Beowawe was chosen fo r  some p re l im ina ry  s tud ies 

However, complicated land access problems prevented more than some r e -  

connaissance e l e c t r i c  and seismic s tud ies.  These, and t h e  data from 

B u f f a l o  Valley, have been repor ted  by Wollenberg e t  a l .  (1975) .  c 

Q Th is  r e p o r t  presents the  r e s u l t s  o f  t he  geologica l ,  geochemical and 

geophysical s tud ies  i n  t h e  Leach Hot Springs area i n  Grass Val ley.  The 

data presented weretaken between the  Summer o f  1974 and e a r l y  Summer 1976. 

Analys is  and o v e r a l l  i n t e r p r e t a t i o n  of t h e  data i s  s t i l l  cont inu ing,  as a re  

several f i e l d  experiments, and the  synthes is  of a l l  t h i s  i n fo rma t ion  i n t o  

the des i red  subsurface model i s  n o t  complete. 

Springs KGRA i n  Grass Va l ley  i s  soon t o  become a v a i l a b l e  f o r  geothermal 

- . -- 

However, s ince  the  Leach Hot 

l eas ing  i t  i s  impor tant  t h a t  t h e  data upon which evaluat ions o f  economic 

p o t e n t i a l  a re  based be re leased i n  p re l im ina ry  form. 

This  r e p o r t  presents a b r i e f  summary o f  geo log ica l  and geochemical 

The geophysical techniques used s tud ies  o f  t he  Leach Hot Springs area. 

a re  descr ibed i n  some d e t a i l  and the  r e s u l t s  o f  t h e  var ious surveys a r e  pre- 

sented. De ta i l ed  s tud ies  o f  these techniques a r e  the  subjects  o f  repo r t s  

p resen t l y  i n  preparat ion as  a re  d e t a i l s  o f  equipment o r  ins t rumenta t ion  

developed i n  the  course o f  t he  study. This  r e p o r t  thus presents on ly  the  data 

t h a t  p e r t a i n  t o  the  format o f  t he  o v e r a l l  program goals l i s t e d  a t  t he  s t a r t  

o f  t h i s  i n t roduc t i on .  The data i n  t h i s  p re l im ina ry  r e p o r t  is, un for tunate ly ,  

not  on a un i fo rm scale. Th is  was d i c t a t e d  by the  necess i ty  t o  reproduce the  

Figures on 8 1/2 x 11 pages. 
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~. GEOLOGIC SETTING OF THE LEACH HOT SPRINGS AREA 

Ac t i ve  h o t  spr ings areas i n  t h e  Great Basin a re  i n  almost a l l  cases 

associated w i t h  s teep ly  d ipp ing  bas in  and range f a u l t s  (Hose & Tay lor  

(1974)) , of ten  a t  t he  i n t e r s e c t i o n  o f  two major o r i e n t a t i o n s  o f  f a u l t i n g .  

A poss ib le  model f o r  the  numerous ho t  spr ings i n  the  area i s  simply t h a t  

surface waters descend a long permeable zones associated w i t h  these f a u l t s ,  

become heated a t  depths o f  on ty  a few k i lometers by the  h igher  than normal 

g rad ien ts  i n  t h i s  region, and ascend t o  the  surface. Renner,gt a1 . (1975), 

i n  t h e i r  sumnary o f  hydrothermal convection systems i n  the  U.S., are  however, 

" skep t i ca l  t h a t  geothermal g rad ien t  alone can sus ta in  h igh  temperatures f o r  

the  long dura t ions  o f  t ime i n d i c a t e d  f o r  these systems." 

Cer ta in l y ,  i f  t h e  o n l y  condu i t  f o r  geothermal waters i s  a long such 

permeable f a u l t  zones, o r  a t  t he  i n t e r s e c t i o n  of two such zones, t he  volume 

o f  t he  zone would have t o  be l a r g e  t o  c o n s t i t u t e  a r e s e r v o i r .  The success- 

f u l  model o f  an economic r e s e r v o i r  must c o n s i s t  o f  a source o f  heat, a s u i t a b l e  

t ranspor t  mechanism, and a volume o f  s u f f i c i e n t  p o r o s i t y  and pe rmeab i l i t y  

t o  be e x p l o i t a b l e  as a r e s e r v o i r  o f  h o t  water. Because o f  l a c k  of d e f i n i t i v e  

geologic  i n fo rma t ion  on most h o t  sp r ing  areas, t h e  bas is  on which t h e  estimates 

by Rennerj e t  a l .  (1975) o f  heat  content  a re  made invo lve  r a t h e r  a r b i t r a r y  

assignments of volume. 

s e r v o i r  o f  an area l  ex ten t  o f  4 square k i lometers  and a th ickness o f  2.5 km 

For example, f o r  Leach Hot Springs, a subsurface re- 

has been assumed. However, i n  t h e  absence o f  d i r e c t ,  o r  f o r  t h a t  mat ter  

i n d i r e c t ,  in format ion,a simple f a u l t  zone model cou ld  exp la in  the  sur face 

ho t  sp r ing  a c t i v i t y  and would e n t a i l  no apprec iab le r e s e r v o i r  volume a t  a l l .  

The Leach Hot Springs area i s  loca ted  i n  Grass Val ley,  Nevada approx i -  

mately 50 km south o f  Winnemucca. 

v a l l e y  o n t h e e a s t ,  w h i l e  the  v a l l e y  i s  c o n s t r i c t e d  south o f  t h e  h o t  spr ings 

The Sonoma and Tobin Ranges bound the  



-2- 

by the Goldbanks Hi l l s ,  locus of e a r l i e r  mercury mining. Grass Valley i s  

bounded on the west by the basaltcapped East Range. The d i s t r i b u t i o n  of 

major l i thologic  u n i t s  i n  the region i s  i l l u s t r a t ed  on the geologic map 

( F i g .  2 )  and their s t ra t igraphic  relationships on the cross section, 

(Fig. 3 ) .  The in t r i ca t e  f a u l t  and lineament pattern,  based strongly on 

photo interpretat ion,  (Noble, 1975) is  shown on a separate map, (Fig. 4 ) .  

Paleozoic s i l iceous c l a s t i c  rocks and greenstones a re  the oldest  bedrock 

types in the region. 

a re  i n  th rus t - fau l t  contact w i t h  Tr iass ic  s i l iceous c l a s t i c  and carbonate 

rocks. 

rocks of probable Triassic  age i n  the Goldbanks Hills; elsewhere the 

grani t ics  a re  probably of Cretaceous age. 

Hot Springs area,  Oligocene-Miocene rhyol i t ic  tuffaceous rocks a re  probably 

present in the subsurface. 

In places i n  the Sonoma and Tobin Ranges, the Paleozoics 

T h e  Paleozoic and Triassic  rocks have been intruded by grani t ic  

Though not exposed in the Leach 

They a re  overlain by a sequence of in te rbedded  

sandstone, fresh water limestone and al tered tu f f s ,  which a r e  in t u r n  over- 

la in  by coarser conglomeratic sediments (fanglomerates) derived from mountain 

range f ronts  steepened by the onset of basin and range faul t ing.  The  

fanglomerates a re  opalized i n  places by s i l iceous hydrothermal ac t iv i ty  

associated with f a u l t  zones; occasionally the locus of mercury mineralization. 

Opalization of mercury deposits in the Goldbanks Hil ls  and East Range closely 

resembles the opalized s i n t e r  a t  Leach Hot S p r i n g s .  The Tert iary sedi- 

mentary sequence is overcapped by predominantly basa l t ic  volcanic rocks 

whose ages, dated by the potassium-argon method, range from 14.5 t o  11.5 

million years. 

Characterist ic of the hot spring systems observed i n  northern Nevada, 

Leach Hot S p r i n g s  is located on a f a u l t ,  strongly expressed by a 10 t o  

15 m h i g h  scarp trending N E .  Normal faul t ing since mid-Tertiary has o f f se t  

rock uni ts  ver t ica l ly  several tens t o  several hundred  meters (ideal ized 

cross section, F ig .  3 ) .  As shown on the f a u l t  and lineament map (Fig. 4) 
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t he  present-day h o t  spr ings occur a t  t h e  zone o f  i n t e r s e c t i o n  o f  the  NE 

t rend ing  f a u l t  and the  NNW-SSE t rend ing  l ineaments. 

To ta l  surface f l ow  from t h e  Leach Hot Springs system has been measured 

a t  130 ,! min-’ (Olmsted, e t  a l . ,  1975). 

spr ings reach 94 C, b o i l i n g  a t  t h e i r  a l t i t u d e ,  and water temperatures 

a t  depth a re  estimated t o  be 155 t o  17O6C, based on s i l i c a  and a l k a l i -  

element geothermometers (Mariner, e t  -- a1 * 1 1974). App l i ca t i on  o f  mix ing-  

model equations (Fournier, e t  a l . ,  1974), based on s i l i c a  contents and 

temperatures o f  werm and c o l d  spr ing  waters, i nd i ca tes  t h a t  t he  temperature 

o f  h o t  water a t  depth w i t h i n  the  Leach Hot Springs system may exceed 2OO0C. 

Ma te r ia l  deposited by Leach Hot Springs, p resen t l y  and i n  the  past, i s  

predominantly Si02. 

GEOCHEMISTRJ 

Surface temperatures o f  the  
0 

I n  a d d i t i o n  t o  the  geochemical data prov ided by Mariner, e t  a l .  (1974, 

1975) th ree  pools were sampled a t  Leach Hot Springs, and t h e i r  trace-element 

contents analyzed by neu t ron -ac t i va t i on  methods (Bowman, e t  a1 . , 1975). Re- 

s u l t s  a r e  i l l u s t r a t e d  on F ig.  5, and show considerable v a r i a t i o n .  

h o t t e s t  pool had t h e  lowest  abundances o f  Na, C1, W ,  B r ,  Cs, and Rb. 

v a r i a t i o n s  observed here do n o t  appear t o  be r e l a t e d  t o  mix ing  o f  ground 

water w i t h  t h e  h o t  water system. 

a c o l d  s p r i n g  i n  t h i s  area are: 

B r  (118 t 2 ppb) , Cs (.23 2.02 ppb) , Rb (3.7 +.6 ppb) Ba (75 - + 10 ppb) , 

The 

The 

For comparison, elemental abundances from 

Na (29 fr 1 ppm), C1 (56 5 2 ppm), W ((3 ppb), 

Mo ((2 ppb) , and Sb ((0.2 ppb) . 
F i e l d  r a d i o a c t i v i t y  and radioelement contents  o f  water and spr ing-deposf t  

As w i t h  o ther  ma te r ia l  were measured a t  Leach Hot Springs (Wollenberg, 1974). 

sp r ing  systems dominated by Si02, f i e l d  gamma r a d i o a c t i v i t y  was low, ranging 

from 5 t o  7 . 5 p  Rh This  was corroborated by the  low 
-1 

over the  spr ing  area. 
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radioelement content o f  the  s i n t e r :  Thorium 1.08 ppm, equ iva len t  uranium 

0.72 ppm, and 0.35% potassium. Hot sp r ing  water had contents o f  Radon-222 

and Uranium-238 below d e t e c t a b i l i t y  l i m i t s .  This i s  i n  con t ras t  t o  sp r ing  

systems dominated by CaC03, where r e l a t i v e l y  h igh  r a d i o a c t i v i t i e s  and 

uranium daughter radioelement contents were observed. 
r - 

HEAT FLOW 

I n  a j o i n t  LBL-USGS p r o j e c t ,  seven 150-200 m heat f l o w  holes were 

d r i l l e d  i n  Grass Va l ley  i n  t h e  sp r ing  o f  1975. Resul ts o f  t h i s  study and 

e a r l i e r  shal low holes d r i l l e d  by Olmsted e t  a l .  (1975) a r e  repor ted  by Sass 

e t  a l .  (1976). As i l l u s t r a t e d  on Fig. 6, conductive heat f lows exceed 

9 HFU i n  a ho le  -1 km NNE o f  the  h o t  springs, and a re  o f  t h e  order  o f  5 HFU 

a t  two loca t i ons ,  5 km SW, and 9 Km SSE o f  t he  spr ings.  Between the  h o t  

spr ings and these two loca t ions ,  heat f l o w  appears t o  be a t  o r  below the  

U 

average f o r  t he  B a t t l e  Mountain h igh  heat f l ow  region. 

summer, 1976), cooperat ive LBL-USGS heat f l o w  d r i l l i n g  i s  i n  progress i n  

Grass Val ley,  d e t a i l i n g  t h e  conductive heat f l ow  p a t t e r n  w i t h i n  the  area 

Present ly  ( l a t e  

emcompassed by the  seven holes d r i l l e d  i n  1975. 

GEOPHYSICAL DATA 

The geophysical data which havebeen obtained i n  Grass Val ley,  Nevada 

as p a r t  o f  t he  UCB-LBL geothermal p r o j e c t  i nc lude  g r a v i t y ,  magnetics, s e l f -  

p o t e n t i a l ,  e l e c t r i c  f i e l d  r a t i o  t e l l u r i c s ,  magneto te l lu r i cs ,  b ipo le -d ipo le  

r e s i s t i v i t y  , d i  po l  e-di  pol  e r e s i  s t i v i  t y  , P-wave del  ay , microearthquake 
4 - 

monitor ing,  seismic ground noise, and a c t i v e  seismic r e f r a c t i o n / r e f l e c t i o n .  

Survey ' L ines 

< 

I n  most cases the  geophysical data were obtained along the survey 

l i n e s  shown i n  F igure  7, although n o t  a l l  methods were employed 

dlo11g every l i n e .  The l o c a t i o n  o f  each l i n e  was determined on the  basis o f  

vdr-ious factor's; these are  discussed below. 

Most of L ine  A-A'  l i e s  along Grass Va l l ey  Road making access p a r t i c u l a r l y  
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r' 

5 

easy. 

system, and serves as a t i e  l i n e  f o r  t he  many o ther  survey l i n e s  which 

cross i t . 

It i s  roughly  p a r a l l e l  t o  the  s t r i k e  o f  t he  range- f ron t  f a u l t  

L ines  B-B' and E-E'  were l a i d  o u t  t o  be normal t o  t h e  NE-SW t rend ing  

f a u l t s  which appear t o  c o n t r o l  Leach Hot Springs, wh i l e  s k i r t i n g  Hot Springs 

Ranch, p r i v a t e l y  owned proper ty  f o r  which the re  were access p e r m i t t i n g  

d i f f i c u l t i e s .  

t o  the  major a x i s  o f  t h e  h i g h l y  po la r i zed  long per iod  (0.01-0.2 Hz) t e l l u r  c 

f i e l d ,  making f o r  h igh  ampli tude s igna ls  when E - f i e l d  r a t i o  t e l l u r i c  data 

were obtained. 

Conveniently, t he  NW-SE d i r e c t i o n  o f  these l i n e s  i s  p a r a l l e  

L ines F - F ' ,  G - G I ,  H-H' ,  J - J ' ,  and K-K'  were loca ted  approximately 

p a r a l l e l  t o  L ines B-B'  and E-E'  t o  p rov ide  a system o f  survey l i n e s  i n  the  

d i r e c t i o n  o f  t he  major t e l l u r i c  f i e l d  a x i s  f o r  reconnaissance E - f i e l d  r a t i o  

surveying. 

L i n e  C - C '  was loca ted  t o  t i e  several l i n e s  together, w h i l e  making use 

of good access along an e x i s t i n g  road. 

L ines D-D', P -P I ,  Q-Q' and R-R' were l a i d  o u t  t o  be rough ly  perpendicu lar  

t o  t h e  a x i s  of Grass Val ley,  w h i l e  avo id ing  p r i v a t e  p roper ty .  

L ine  R-R '  was loca ted  t o  extend w e l l  i n t o  the  Sonoma Range a t  Panther Canyon. 

A d d i t i o n a l l y ,  

L ine  L-L' i s  a t i e  l i n e  a long t h e  western s ide  of Grass Va l ley .  

L ines M - M ' ,  N-N' and T-T' were loca ted  t o  c o r r e l a t e  anomalous geo- 

phys ica l  fea tures  seen i n  data c o l l e c t e d  a long l i n e s  which they i n t e r s e c t .  

L i n e  S-S'  was l a i d  o u t  a f t e r  permission t o  t raverse  Hot Springs Ranch 

was obta ined t o  gather data across Leach Hot Springs a t  a d i r e c t i o n  normal 

t o  the  range f r o n t  f a u l t  system. 

Presentat ion o f  Data 

Contour maps have been drawn f o r  the  g r a v i t y ,  magnetic, P-wave delay, 

b ipo le -d ipo le  apparent r e s i s t i v i t y  and apparent conductance, and seismic 

ground no ise  data. 
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To f a c i l i t a t e  the  comparison of data from .the various exp lo ra t i on  

techniques, Appendix A (F igures A1 through A17) shows most o f  t he  data 

c o l l e c t e d  a long each survey l i n e  presented i n  p r o f i l e  form w i t h  a common 

d is tance abscissa. These p r o f i l e  data composites a r e  i n  a lphabet ica l  order  c 
. by survey l i n e  designation. Depending on t h e  p a r t i c u l a r  geophysical methods 

- 
employed along a survey l i n e ,  t h e  data composite may inc lude  g rav i t y ,  w 

magnetic, se l  f -po ten t i a l  , b i  po l  e-d i  pol e apparent res  i s t i  v i  t y  , E - f  i e l  d r a t i o  

t e l l u r i c  , and 1 km d i p o l e  l eng th  d ipo le -d ipo le  apparent r e s i s t i v i t y  da ta .  

Also inc luded i n  t h e  data composites i s  t h e  topography along t h e  p r o f i l e  

l i n e ,  as we l l  as f a u l t s  and l i t h o l o g i c ' c o n t a c t s  as shown i n  Figures 2 and 4. 

D i  po l  e -d i  po l  e apparent r e s i s t i v i t y  pseudo-sections f o r  d i  pol e 1 engths 

o f  250 mete rsand  500 meters a re  shown as separate f i g u r e s  i n  the  t e x t .  

G r a v i t y  Survey 

Grav i t y  data wereobtained w i t h  a Lacoste-Romberg gravimeter a t  340 

s ta t i ons ,  cover ing about 200 square k i lometers  o f  Grass Val ley,  w i t h  most 

o f  t he  data taken a t  0.5 km i n t e r v a l s  a long most of t h e  survey l i n e s .  Along 

po r t i ons  o f  L i n e  E-E'  t h e  data dens i t y  increased t o  0.25 km i n t e r v a l s .  

Add i t i ona l  s t a t i o n s  were obta ined i n  t h e  v i c i n i t y  o f  Leach Hot Springs, i n  

the  Sonoma and Tobin Ranges t o  the  eas t  of Grass Valley, and i n  the  East 

Range t o  the  west o f  Grass Val ley.  

t he  p r o f i l e  l i n e s  were surveyed t o  w i t h i n  - + 0.03 meter. 

The e leva t ions  o f  g r a v i t y  s t a t i o n s  along 

J 
Remote s t a t i o n s  

i n  t h e  mountain ranges were loca ted  a t  e leva t ions  known t o  - + 0.3 meter. 

The e leva t ions  o f  o ther  s t a t i o n s  have been estimated from topographic map c! 

contours t o  w i t h i n  - + 0.3 meter i n  the  v a l l e y  and - + 1.0 meter i n  the rugged 

t e r r a i n .  

The complete Bouguer Anomaly has been ca l cu la ted  us ing a Bouguer dens i t y  

3 of 2.67 g/cm . 
form i n  t h e  composites o f  Appendix A. 

The data are contoured i n  F igure 8 and presented i n  p r o f i l e  
I 

It i s  est imated t h a t  nea r l y  a l l  the  values 
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are accurate t o  b e t t e r  than - + 0.1 m i l l i g a l .  

as dots  on the  map, F igure 8. 

S t a t i o n  l o c a t i o n s  are  shown 

The f i r s t - o r d e r  e f f e c t  seen i n  the  Bouguer Anomaly map i s  the th ickness 

of v a l l e y  sediments between the  Paleozoic rocks o f  the Sonoma Range and 

t h e  East Range (which i s  west o f  Grass Va l ley ) .  

the  v a l l e y  near the eastern s ide  c l e a r l y  i n d i c a t e s  the grea tes t  th ickness 

of sediments, w i t h  the  steep grad ien t  east  o f  t h i s  i n d i c a t i n g  a s i g n i f i c a n t  

f a u l t  s teeply  downthrown t o  the west. 

slopes more g e n t l y  up t o  the west. 

The g r a v i t y  low a x i s  o f  

From here the  basement surface 

Seen by c loser  inspec t ion  o f  t h e  Bouguer Anomaly mapI and c l e a r l y  

demonstrated i n  the  L i n e  E-E'  p r o f i l e  data, i s  a reg ional  g rad ien t  o f  

about 0.6 mGal per k i lometer  increas ing t o  the  northwest. 

The g r a v i t y  p r o f i l e  along L i n e  E-E '  across the major f a u l t  i n  t h e  

Basin and v i c i n i t y  o f  Leach Hot Springs shows an anomaly of -17 mGals. 

Range a l l u v i a l  v a l l e y  f i l l  v a r i e s  w ide ly  i n  densi ty ,  and can become very 

t i g h t l y  compacted,as we have learned from shallow heat f l o w  d r i l l i n g .  If 

an average dens i ty  c o n t r a s t  o f  0.4 t o  0.3 g/cm3 between the  sediments and 

the bedrock i s  assumed,the maximum sedimentary sec t ion  th ickness w i l l  be 

i n  the  range o f  1.0 t o  1.4 k i lometer .  

From p r e l i m i n a r y  reduc t ion  o f  g r a v i t y  data t o o  recent  t o  be inc luded 

in, F igure 8,it appears t h a t  there  i s  a c losure  o f  the  g r a v i t y  low anomaly 

which extends NW from the  v i c i n i t y  o f  Leach Hot Springs and i s  shown as  open 

ended t o  t h e  NW. Several new g r a v i t y  s t a t i o n s  taken a long a l i n e  s t a r t i n g  

a t  t h e  lowest reg ion  o f  t h i s  anomaly and extending t o  the  NW t o  the  windmi l l  

i n  T.33N., R. 38E., Sect ion 32,suggest about 5 mGals o f  c losure .  

i s  the case i t  suggeststhat,in s p i t e  o f  t h e  v a l l e y  broadening t o  the NW, w i t h  

I f  t h i s  

the  hydro log ic  f low i n  t h i s  d i r e c t i o n ,  e i t h e r  the  depth t o  bedrock decreases 

o r  there  i s  a d e n s i f i c a t i o n  i n  the  geologic sect ion.  
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A second anomaly of i n t e r e s t  i s  t he  westward bulge o f  t he  steep 

grad ien t  contours a t  Leach Hot Springs. 

bu t  from o ther  data i t  was found t o  have a h igh  P-wave v e l o c i t y  and t o  

be very r e s i s t i v e .  

Springs,which i s  t he  obvious cause o f  t h i s  anomaly. 

Not on l y  i s  t h i s  fea tu re  dense, 

c 
There i s  s i n t e r  depos i t i on  i n  the  v i c i n i t y  o f  t he  Hot 

I n  the  southeasternmost p a r t  o f  Grass Va l ley  eas t  o f  the  Goldbanks F 

H i l l s  i s  a somewhat conf ined g r a v i t y  low of i n t e r e s t .  It appears t h a t  

about 8-10 inGals o f  t h i s  anomaly i s  due t o  low dens i t y  v a l l e y  f i l l ,  

suggesting t h a t  t he  sedimentary sec t ion  may be 0.5 t o  0.7 k i lometer  t h i c k .  

This  g r a v i t y  anomaly i s  adjacent t o  th ree  h igh  heat f l o w  w e l l s  ((7-3, BM37 

and BM3 on Fig.  6) ,  low r e s i s t i v i t y ,  and microearthquake a c t i v i t y  i n  Panther 

Canyon. 

A g r a v i t y  anomaly o f  poss ib l y  l esse r  i n t e r e s t  i s  t h e  h igh  a t  6 kit1 W 

Th is  co inc ides w i t h  r e l a t i v e l y  h igh  heat f l o w  a t  ho le  QH3 on L ine  D-D'.  

as shown on F i g u r e  6. 

Magnetic Survey 

A Geometrics Model 6816 pro ton  precession magnetometer w i t h  1 gamma 

accuracy was used f o r  t h e  magnetic survey o f  about 155 square k i lometers  

o f  Grass Val ley.  

survey l i n e s .  

readings,the r e l a t i v e  accuracy of readings i s  assumed t o  be b e t t e r  than 

10 ganmas. A contour map o f  t h e  magnetic data based on 274 s t a t i o n s  i s  

S ta t ions  were obta ined a t  0.5 km i n t e r v a l s  a long most 

Considering magnetic f i e l d  f l u c t u a t i o n s  between base s t a t i o n  

shown i n  F igure  9. 

map. 

Again t h e  s t a t i o n  readings a r e  i nd i ca ted  by dots  on t h e  

The most s t r i k i n g  aspect of t he  data from the  ground magnetometer survey, 

shown i n  F igure 9, i s  t h e  l a c k  o f  r e l i e f :  t he re  i s  a range o f  on l y  200 gammas. 

There i s  a low ampli tude semic i r cu la r  h igh  extending westward froin the 

Sonoma Range and centered on Leach Hot Springs. 

unexplained and does n o t  appear t o  c o r r e l a t e  w i t h  o the r  data. 

Th is  f e a t u r e  i s  p resen t l y  
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An aeromagnetic survey f lown a t  9000 f e e t  barometric a l t i t u d e  (U.S. 

Geological Survey Open F i l e  Report) shows very low r e l i e f  

w i t h  a 

quadrangl e. 

maximum range o f  200 gamnas over the  e n t i r e  Leach Hot Springs 

Sel f - P o t e n t i a l  

Theore t ica l  analyses and some l i m i t e d  f i e l d  data haJe suggested t h a t  

geothermal a c t i v i t y  might  r e s u l t  i n  an associated dc f i e l d .  The source f o r  

such a f i e l d  i s  e i t h e r  the  motion o f  conducting f l u i d s  i n  a porous medium 

o r  the  r e s u l t  o f  thermoe lec t r i c  e f f e c t s .  

t h e  f l u i d  f l ow  p roper t i es  o f  rocks, i t  i s  d i f f i c u l t  t o  make q u a n t i t a t i v e  

Due t o  the  grea t  v a r i a t i o n  of 

est imates o f  t he  streaming p o t e n t i a l s  i n  given geologic  s i t u a t i o n s .  However, 

s e l f - p o t e n t i a l  anomalies o f  several hundred m i  11 i v o l  t s  f o r  known subsurface 

f l o w  have been observed, and anomalies o f  50 t o  100 m i l l i v o l t s  are o f t e n  

observed i n  areas o f  a c t i v e  f low,  e s p e c i a l l y  along f a u l t s .  

regime i n  a geothermal area may have good s e l f - p o t e n t i a l  expression. 

Thus t h e  f low 

Thermoelectr ic p o t e n t i a l s  f o r  a l a r g e  ho t  bu r ied  sphere, representa- 

t i v e  o f  a geothermal rese rvo i r ,  have been ca l cu la ted  f o r  t h e  s i t e  d e l i n e a t i o n  

study i n  Nevada (Corwin, 1975). T h i s  study showed t h a t  values of se l f -  

p o t e n t i a l ,  negat ive over t h e  center  o f  t he  rese rvo i r ,  as great  as 60 mV 

might  be expected; there fore ,  d i r e c t  de tec t i on  o f  a h o t  volume a t  depth 

might  be poss ib le .  

Analys is  o f  s e l f - p o t e n t i a l  surveys i n  B u f f a l o  and Grass Val leys has 

been accompl ished by Corwin (1975). 

have revealed t h a t :  

I n  general these p r e l i m i n a r y  surveys 

i . D i s t i n c t  s e l f - p o t e n t i a l  anomalies a re  associated w i t h  the  geothermal 

Strong anomalies, be l ieved t o  be associated w i t h  upwel l ing  thermal a c t i v i t y .  

f l u i d s  a long a prominent f a u l t  (Olmsted,1975) passing through the  ho t  spr ings,  

were discovered. 
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ii. Elec t rode response t o  changes i n  s o i l  chemist ry  and mois ture 

content  appears t o  be t h e  major source o f  i r r e p r o d u c i b i l i t y  and background 

no ise  i n  s e l f - p o t e n t i a l  surveys. 

iii. Long wavelength anomalies associated w i t h  deep seated thermo- 

e l e c t r i c  sources would almost c e r t a i n l y  be concealed w i t h i n  the  noise 

sources described i n  ii, and by survey procedure which, i n  t rave rs ing  l a r g e  

d is tances us ing  sho r t  e lec t rode spread, accumulates s i g n i f i c a n t  e r r o r .  

B ipo le-Dipole Apparent R e s i s t i v i t y  and Apparent Conductance 

The b ipo le -d ipo le  r e s i s t i v i t y  method (a l so  c a l l e d  d i p o l e  mapping; see 

K e l l e r  e t  a l .  (1975) fo r  a thorough treatment o f  t he  method) has been used as 

a reconnaissance exp lo ra t i on  technique. Two sources were used: 60 k i l o w a t t  

and 25 -k i l owa t t  motor-generator se ts  capable o f  f o r c i n g  a long per iod  (10 se- 

cond) cu r ren t  square wave (maximum peak-to-peak amp1 i tude o f  200 amperes) i n t o  

the  ground between two shal low grounded e lect rodes separated by 1.5 t o  2.5 kin. 

A t  r e c e i v e r  s t a t i o n s  loca ted  along the  survey l i n e s  t h e  r e s u l t a n t  p o t e n t i a l  

f i e l d  g rad ien t  was measured over  100--meter l o n g  d ipo les  o r i e n t e d  p a r a l l e l  

and perpendicu lar  t o  t h e  t r a n s m i t t i n g  b i p o l e  i n  an L-shaped ar ray .  

copper s u l f a t e  porous pots  were used t o  ground the  rece ive r  d ipo les ,  and 

Copper- 

E s t e r l i n e  Angus T171B s t r i p  c h a r t  recorders were used t o  mon i to r  t he  rece ive r  

vo l  t a  ge . 
, has been ca l cu la ted  as the  homogeneous C L  The apparent r e s i s t i v i t y  , 

hal f -space r e s i s t i v i t y  necessary t o  produce the  observed t o t a l  e l e c t r i c  

f i e l d  ampli tude ( regard less of d i r e c t i o n )  a t  t h e  cen t ro id  of t h e  

r e c e i v e r  a r ray  due t o  t h e  t r a n s m i t t e r  b i p o l e  moment. 

conductance, s, , has been ca l cu la ted  as the  conductance ( c o n d u c t i v i t y -  

S i m i l a r l y ,  the  apparent 

th ickness product )  o f  a l a y e r  over  an i n f i n i t e l y  r e s i s t i v e  h a l f  space r e -  

qu i red  t o  produce t h e  observed t o t a l  e l e c t r i c  f i e l d  ampli tude a t  t he  

centro idof  t h e  r e c e i v e r  a r ray  due t o  the  t ransmi t ted  cu r ren t .  These 
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quantitites can be calculated from 

r, -l 

1 I x  
wr R ,  R,ET 

where, as is shown in Figure 10, 

ET = (E11 2 + E 1 )  '" = the total electric field amplitude at the re- 
ceiver array. 

I = the transmitter current. 

Tx = the transmitter length. 

R1 and R2 = the distances from the transmitter electrodes to the centroid 
of the receiver array. 

Figures 1 1  through 20 are apparent resistivity and apparent conductance 

contour maps for the five bipole-dipole transmitter locations occupied in 

Grass Valley. 

a double line. 

The transmitters are indicated by a pair of X ' s  connected by 

A total o f  333 receiver stations were occupied for the five 

transmi tter posit ions. 

To be able to compare two electrical reconnaissance methods LBL 

performed both bipole-dipole resistivity (control led source) and electric 

field ratio tellurics (natural field source). 

has been widely used for geothermal exploration in the past five years, 

but has more recently become controversial due to difficulties w th inter- 

pretation (McNitt, 1975). As the LBL field exploration program progressed 

more reliance was placed on anomalies located and detailed with E-field 

ratio tellurics and dipole-dipole resistivity (both o f  which are discussed 

Bipole-dipole res stivity 

below). While a two dimensional finite element modelling program has been 
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developed a t  UCB-LBL t o  a id  - i n  the  i n t e r p r e t a t i o n  o f  t h e  b ipo le -d ipo le  

method, t h e  data have n o t  as y e t  been f u l l y  analyzed. 

bas is  o f  t h e  data presented i n  Figures 11 through 20, and t h e  comparison 

o f  t h e  b ipo le -d ipo le  data w i t h  t h a t  from ot t ie r  exp lo ra t i on  techniques as 

seen i n  the  p r o f i l e  data composites (Appendix A),  some observations can be 

However, on the  

made. 

For a g iven t r a n s m i t t e r  l o c a t i o n  t h e  b ipo le -d ipo le  method inhe ren t l y  

s u f f e r s  from a l ack  o f  a b i l i t y  t o  d i sc r im ina te  between shal low and deep 

anomalies. 

bu t  then t h e  method becomes as t ime consuming as o ther  r e s i s t i v i t y  surveys 

such as d ipo le -d ipo le  o r  Schlumberger, and can no longer  be considered as a 

reconnaissance method. 

To circumvent t h i s ,  m u l t i p l e '  t r a n s m i t t e r  l oca t i ons  a re  requi red,  

Furthermore, t h e  apparent r e s i s t i v i t y  ( o r  apparent 

conductance) va lues  ca l cu la ted  a t  a g iven rece ive r  s t a t i o n  a r e  very s e n s i t i v e  

t o  t h e  t r a n s m i t t e r  l oca t i on ,  and even t o  t h e  t r a n s m i t t e r  o r i e n t a t i o n  a t  a 

p a r t i c u l a r  l oca t i on .  

the  apparent r e s i s t i v i t y  maps shown i n  F igures 11 through 15 ( o r  apparent 

conductance maps shown i n  Figures 16 through 20) a re  i n  many areas s i g n i f i c a n t l y  

For t h e  f i v e  t r a n s m i t t e r  l oca t i ons  used i n  Grass Va l ley  

d i f f e r e n t .  For t r a n s m i t t e r  numbers 1, 2 and 3 t he  t r a n s m i t t e r  l o c a t i o n  i s  

e 

w 

near l y  t h e  same; on ly  the  o r i e n t a t i o n  i s  d i f f e r e n t .  

d isp layed i n  p r o f i l e  form i n  F igure A5 i n  Appendix A showing t h e  b ipo le -d ipo le  

An example o f  t h i s  i s  

apparent r e s i s t i v i t y  along t h e  eastern end o f  L ine  E-E ' .  For t r a n s m i t t e r  a 

numbers 1 and 4 the  v a l l e y  sediments appear t o  become increas ing  con- 

duc t i ve  t o  t h e  west from the  v i c i n i t y  o f  Leach Hot Springs ( a t  approximately 1 

1 km E).  For t r a n s m i t t e r  numbers 2 and 5 t h e  data suggest t h a t  t he  sediments 

become more r e s i s t i v e .  

These p r o f i l e  data a l s o  show t h e  r e s i s t i v e  anomaly associated w i t h  

The t r a n s m i t t e r  number 5 the  s i n t e r  spr ing  depos i ts  a t  0 . 5 t 0 2 . 5  km E. 

. b ipo le -d ipo le  data do n o t  show t h i s  fea tu re  a t  a l l .  

> 
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As i s  q u i t e  reasonably the  case, the  r e s i s t i v i t y  s t r u c t u r e  i n  the 

immediate v i c i n i t y  o f  t he  t r a n s m i t t e r  has a marked e f f e c t  upon t h e  received 

data, y e t  t h e  method provides no means o f  accessing t h i s  s t r u c t u r e  sho r t  o f  

i nc lud ing  i n  the  survey f o r  each t r a n s m i t t e r  many rece ive r  s t a t i o n s  a t  the  

s i t e  of a l l  o ther  t ransmi t te rs .  These t r a n s m i t t e r  s i t e s  would n o t  o r d i n a r i l y  

be i n  the  area o f  i n t e r e s t  f o r  rece ive r  s t a t i o n s  and there fore ,  increase the  

t ime f o r  t he  survey. 

The comparison o f  apparent conductance w i t h  apparent r e s i s t i v i t y  data 

should a l l ow  a d i s c r i m i n a t i o n  o f  layered models w i t h  a r e s i s t i v e  basement 

from more near l y  un i form models. 

t h e  Grass Va l ley  r e s i s t i v i t y  and conductance maps are  compared f o r  a 

p a r t i c u l a r  t r a n s m i t t e r  l o c a t i o n  (F igure  11 versus F igure 16, F igure  12 versus 

F igure 17, e t c . )  t he  anomaly pa t te rns  a re  near l y  i d e n t i c a l .  

features have low conductance, and v i c e  versus.) 

However, almost w i thou t  exception, when 

(High r e s i s t i v i t y  

E l e c t r i c  F i e l d  Ra t io  T e l l u r i c s  

The e l e c t r i c  (E) f i e l d  r a t i o  t e l l u r i c  method discussed here i s  an 

abbrev iated vers ion o f  t he  conventional t e l l u r i c  cu r ren t  method i n  which 

the  na tu ra l  e l e c t r i c  f i e l d  o f  t he  ea r th  i s  measured a t  a rov ing  s t a t i o n  

and referenced t o  t h a t  a t  a base s t a t i o n .  

a r ray  o f  grounded e l e c t r i c  d ipo les  i s  used t o  measure the  ho r i zon ta l  e l e c t r i c  

A t  bo th  l oca t i ons  an orthogonal 

f i e l d  vector .  The apparent r e s i s t i v i t i e s  under t h e  two l o c a t i o n s  a re  pro- 

p r o t i o n a l  t o  the  areas o f  c o r r e l a t e d  c losures t raced  o u t  by the  E - f i e l d  vec tor ,  

The need f o r  a more rap id,  l e s s  expensive, reconnaissance e l e c t r i c a l  

method than b ipo le -d ipo le  r e s i s t i v i t y  l e d  UCB-LBL t o  experimentation w i t h  a 

t e l l u r i c  c u r r e n t  technique described by Neuenschwander and !.letcalf (1942), 

Dahlberg (1945), and Yungul (1973). 

(Beyer, e t  a l . ,  1975) the  r a t i o  o f  a p a r t i c u l a r  component o f  t he  t e l l u r i c  

For t h i s  E - f i e l d  r a t i o  t e l l u r i c  method 
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f i e l d  i s  measured as i s  seen by two co - l i nea r  consecut ive e l e c t r i c  d ipo les 

along a survey l i n e ;  d i p o l e  lengths of 500 meters, and occasional ly  250 

meters were used i n  Grass Val ley.  

e lect rodes are  emplaced i n  the  ground along the  l i n e .  

As shown i n  F igure 21 th ree  equispaced 

The s igna ls  from the  
L - 

- 
w 

two e l e c t r i c  d ipo les  (us ing the  cen t ra l  e lec t rode as common) a re  bandpass 

f i l t e r e d  and used, respec t ive ly ,  as inputs  to the  X and Y channels o f  an 

X - Y  p l o t t e r .  

d ipo les  i s  small  f o r  the long per iod(20 second) data recorded i n  Nevada 

The phase d i f f e r e n c e  between the s igna ls  seen by the  two 

unless a h igh  con t ras t  near sur face l a t e r a l  r e s i s t i v i t y  d i s c o n t i n u i t y  e x i s t s  

w i t h i n  the  span o f  the  array.  For in-phase s igna ls  the  X-Y p l o t t e r  w i l l  

draw a s t r a i g h t  l i n e  w i t h  a slope equal t o  the  r a t i o  o f  t he  e l e c t r i c  f i e l d s  

’ observed along the  d ipo les.  The a r ray  i s  leap-frogged along the  survey l i n e  

t o  ob ta in  a continuous s e t  o f  e l e c t r i c  f i e l d  i n t e n s i t y  r a t i o s .  

i v e l y  m u l t i p l i e d  together  these r a t i o s  y i e l d  a p r o f i l e  o f  the  component o f  

When success- 

the r e l a t i v e  e l e c t r i c  f i e l d  s t r e n g t h - i n  the  d i r e c t i o n  o f  t he  survey l i n e .  

Exp lo ra t ion  depth i s  an inverse  func t i on  o f  t he  frequency o f  the  i n c i d e n t  

electromagnet ic f i e l d .  I n  us ing the  E - f i e l d  r a t i o  t e l l u r i c  method f o r  r e -  

connaissance two frequencies which are peaks i n  the  na tu ra l  e lectromagnet ic 

spectrum have been used: 

deep probing and the  8 Hz Schumann resonance band ( f i l t e r s  s e t  a t  6-10 Hz) 

0.05 Hz ( f i l t e r s  banded a t  0.03-0.06 Hz) f o r  

3 f o r  i n v e s t i g a t i n g  shal low features.  

The 8 Hz s igna ls  could not be handled i n  q u i t e  the same manner as the  

considerable phase s h i f t  
d 

long per iod  t e l l u r i c s  due t o  two considerat ions:  

was observed between the  s igna ls  seen by the  two in - l i ne  d ipo les ,  and the  

X - Y  p l o t t e r  which was used ( t h e  Simpson Model No. 2745 X-Y,  Y-T Recorder) 

has a maximum frequency response o f  2 Hz. For these reasons each o f  the two 

incoming t e l l u r i c  s igna ls  was r e c t i f i e d  and in teg ra ted  - stored c a p a c i t i v e l y  

w i t h  a slow discharge r a t e .  The capac i to r  vol tages were read i n t o  the  

h 
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X and Y channels of the p lo t te r  t o  produce a l i ne  whose slope represents 

the r a t i o  of the average amplitudes of the t e l l u r i c  s ignals  in the prof i le  

direct ion.  

along the survey l ine .  

As w i t h  the 0.05 Hz data ,  these r a t io s  are  successively multiplied 

The E-field r a t i o  t e l l u r i c  method a t  0.05 and 8 Hz has been used as a 

reconnaissance method t o  t raverse  152 line-kilometers i n  Grass Valley. 

data a re  plotted w i t h  the other prof i le  data i n  Appendix A.  

The 

Quantitative interpretat ion of the E-field r a t i o  i n  terms of earth 

r e s i s t i v i t y  is  straightforward for  simple models. 

i n f i n i t e  ver t ical  contact the current density normal t o  the contact must be 

For example, a t  a semi- 

continuous, so the r a t i o  of the normal components of the e l e c t r i c  f i e l d  a t  

the contact m u s t  be proportional t o  the resistivity r a t i o ,  whereas away from 

the contact over a homogeneous half space the e l e c t r i c  f i e l d  i s  proportional 

t o  the square root of the r e s i s t i v i t y .  

E-field r a t i o  t e l l u r i c  response over two-dimensional r e s i s t i v i t y  

s t ructures  can be calculated with a rb i t r a ry  prof i le  l i n e  angle w i t h  respect 

t o  s t r i k e  (a), a rb i t r a ry  incident magnetic f i e l d  polarization angle w i t h  

respect t o  s t r i k e  (p),  and arb i t ra ry  incident magnetic f i e l d  e l l i p t i c i t y  ( E ) .  

Figure 22 shows such a model fo r  the eastern end of Line E - E '  in Grass Valley. 

The parametersw = -45 , (3 = +45 

conditions of incident maghetic f i e l d  polarization direction and prof i le  

l i ne  direction w i t h  respect t o  s t r ike .  For these values of CX and e the 

incident magnetic f i e l d  e l l i p t i c i t y , €  , has l i t t l e  influence on the d a t a .  

Since the E-field r a t i o  data i s  expressed i n  r e l a t ive  amplitude i t  can be 

shif ted along the ordinate  t o  yield a moderately good f i t  between the f i e l d  

data and the computer model generated data.  The r e s i s t i v i t y  model s t ruc ture  

shown i n  Figure 22 was developed as a preliminary interpretat ion of dipole- 

dipole r e s i s t i v i t y  data to  be discussed below. 

were selected t o  approximate the f i e l d  
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The E - f i e l d  r a t i o  t e l l u r i c  survey has proved t o  be q u i t e  valuable 

f o r  l o c a t i n g  several anomalies. Along L ine  E-E' (see F igure  A5) the-0 .05  Hz 

y demark r e s i s t i v e  spr ing  deposi ts  from 0 km t o  2 km E, as do data c l e a r  

the t e l l u r  

From t h e  8 

c p r o f i l e s  along L ines A-A '  (F igure A l )  and S - S '  (F igure A17). 

Hz t e l l u r i c ' d a t a  i t  appears t h a t  t h i s  r e s i s t i v e  fea tu re  i s  o v e r l a i n  

by a conduct ive anomaly, poss ib l y  saturated a l l uv ium from t h e  spr ing  a c t i v i t y .  

A t  3 km E on L ine  E-E '  t h e  E - f i e l d  r a t i o  increases sharp ly  t o  the  east  

i n d i c a t i n g  which f a u l t  o f  several i n  t h i s  v i c i n i t y  o f f e r s  a s i g n i f i c a n t  

l a t e r a l  r e s i s t i v i t y  con t ras t .  A t  t he  western end o f  L ine  E-E' between 

11 km and 14 km W t h e  8 Hz t e l l u r i c s  i nd i ca tes  somewhat h igher  r e s i s t i v i t y  

than over the  r e s t  o f  the  va l l ey ,  wh i l e  the  deeper penet ra t ing  0.05 Hz data 

suggest d conductive anomaly i n  an area where the  g r a v i t y  and P-wave delay 

data i n d i c a t e  on l y  a t h i n  l a y e r  o f  a l luv ium.  

The t e l l u r i c  survey a long t h e  eastern end o f  L ine  H-H' (see F igure  A8) 

proved t o  be o f  p a r t i c u l a r  value i n  f i n d i n g  the  low r e s i s t i v i t y  anomaly 

i n  the  southeastern p a r t  o f  Grass Va l ley  near Panther Canyon. 

Dipole-Dipole R e s i s t i v i t y  ' 

To determine the  d e t a i l e d  e l e c t r i c a l  r e s i s t i v i t y  s t r u c t u r e  o f  t he  

subsurface i n  areas o f  i n t e r e s t  (poss ib l y  loca ted  by E - f i e l d  r a t i o  t e l l u r i c s  

o r  b ipo le -d ipo le  r e s i s t i v i t y )  t he  d.c. r e s i s t i v i t y  method has been used. 

probe t o  the  depths requ i red  f o r  geothermal exp lo ra t ion ,  e lec t rode separations 

To 

o f  ten  k i lometers o r  more i s  o f t e n  requi red.  For such surveys the  p o l a r  

d ipo le -d ipo le  a r r a y  holds considerable l o g i s t i c a l  advantage over a r r a y s  such 

as Schlumberger o r  Wenner i n  t h a t  t he  whole d is tance need no t  be spanned 

w i t h  wi re.  

w i t h  increased depth of penet ra t ion  being achieved by inc reas ing  t h e  separat ion 

between t h e  t r a n s m i t t e r  and rece ive r  d ipo les  a t  u n i t  i n t e r v a l s  o f  N x a,  where 

N - 

i n t e r e s t  o r  t h e  separat ion a t  which t h e  s igna l  a t  the  rece ive r  i s  l o s t  i n  the  

Constant t r a n s m i t t e r  and rece ive r  d i p o l e  lengths, a, a re  employed, - 

- -. 

1,2,3.. . The upper liiiiit on N i s  determined by the  maximum depth o f  
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t e l l u r i c  o r  inst rumenta l  noise. Using t h e  cur ren t ,  I ,  i n j e c t e d  i n t o  the  

ground a t  t h e  t r a n s m i t t e r  d ipo le ,  and t h e  r e s u l t i n g  vo l tage,  V, observed a t  

t he  rece ive r  d ipo le ,  an apparent , i s  ca l cu la ted  assuming a 

homogeneous h a l f  space: 

As dep ic ted  i n  F igure 23 t h e  ca l cu la ted  values of 

p l o t t e d  a t  the  i n t e r s e c t i o n  of l i n e s  ang l i ng  down a t  45 degrees from the  

are  convent iona l l y  Pa 
centers  of t h e  t r a n s m i t t i n g  and r e c e i v i n g  d ipo les  t o  produce an apparent 

r e s i s t i v i t y  pseudo-section (Hallof,1957, Marshall  & Madden,1959). (N.B. - 
For t h e  u n i n i t i a t e d ,  t h e  apparent r e s i s t i v i t y  values p l o t t e d  i n  the  pseudo- 

sec t ion  cannot be construed as determinat ions o f  t he  r e s i s t i v i t y  o f  the  

e a r t h  a t  corresponding loca t ions ;  t h e  apparent r e s i s t i v i t y  pseudo-section 

i s  on l y  a form o f  d i sp lay ing  t h e  data.) 

Depending upon the  r e s o l u t i o n  and t h e  depth of exp lo ra t i on  des i red  t o  

i n v e s t i g a t e  a p a r t i c u l a r  feature,  d ipo le -d ipo le  surveys us ing  th ree  d i f f e r e n t  

d i p o l e  lengths  (a )  - were performed: 

us ing 1 km d ipo les;  26 l i ne -k i l omete rs  using 500 meter d ipo les ;  and 11 l i n e -  

a t o t a l  o f  70 l i ne -k i l omete rs  was surveyed 

k i lometers  w i t h  250 meter d ipo les.  I n  a l l  cases the  t ransmi t te r - rece ive r  

separations were c a r r i e d  t o  a t  l e a s t  an - N spacing o f  10. 

The equipment used t o  per form these surveys was t h e  same as t h a t  used 

f o r  b ipo le -d ipo le  r e s i s t i v i t y  measurements, w i t h  the  a d d i t i o n  of c lock  

synchronized s igna l  averagers t o  increase the  s igna l - to -no ise  r a t i o  a t  t he  

rece ivers .  

and increased depthof penet ra t ion  because i t  permi t ted  use of g rea ter  t rans-  

m i t t e r - r e c e i v e r  separations. 

The synchronous de tec t i on  r e s u l t e d  i n  increased data accuracy 
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To i n t e r p r e t  t he  d ipo le -d ipo le  r e s i s t i v i t y  f i e l d  data, a computer 

program us ing a f i n i t e  d i f f e r e n c e  technique has been developed i n  our 

l abo ra to ry  t o  c a l c u l a t e  d ipo le -d ipo le  apparent r e s i s t i v i t y  pseudo-sections 

over complex two-dimensional models. 

L i n e  E-E' which t rends NW-SE across Grass Va l l ey  j u s t  n o r t h  o f  Leach 

Hot Springs has been surveyed us ing every geophysical technique app l ied  by 

LBL as a means o f  comparing t h e  i n t e r p r e t a t i o n  o f  each method. 

F igure 24 shows one at tempt  a t  model l ing t h e  1 km d i p o l e  l eng th  d ipo le -  

d ipo le  apparent r e s i s t i v i t y  pseudo-section f o r  L ine  E - E ' .  The general 

con f i gu ra t i on  o f  t h e  contac t  between t h e  bedrock (shown as 200 r2-m) and 

the  o v e r l y i n g  conductive ma te r ia l  was determined p r i m a r i l y  on the  bas is  o f  

t he  g r a v i t y ,  P-wave delay and r e f l e c t i o n  seismic data. 

moderately h igh  near-surface r e s i s t i v i t y  [shown as 30 and 12L2-m) i n  the  

The model represents 

c e n t r a l  p o r t i o n  o f  t h e  va l l ey ,  grading down i n t o  a massive conductive 

( l -n - -m)  zone i n  t h e  reg ion  o f  t h i c k e s t  sedimentary sect ion.  

i s  t he  near sur face r e s i s t i v i t y  h i g h  which a l s o  shows up markedly i n  the  

E - f i e l d  r a t i o  t e l l u r i c  data, and i s  presumed t o  be the  r e s u l t  o f  sp r ing  

depos i t ion  as we l l  as f a u l t  displacement.' East o f  t h i s  i s  a somewhat t h i c k e r  

sedimentary sec t ion  before the  bedrock sur face i s  f a u l t e d  up t o  become the  

A t  1 km E 

Sonoma Range. 

anomaly a t  10 km W. This  i s  inc luded i n  the  r e s i s t i v i t y  model as a t h i n i n g  

o f  t h e  conductive sec t i on  t o  250 meters i n  t h i s  reg ion,  bu t  t h e  r e s u l t  i s  

an unacceptable increase o f  many values i n  t h e  model generated pseudo-section. 

Between 11 and 15 km W i s  a somewhat t h i c k e r  conductive (3-7 0. -m) sedi -  

Grav i t y  and P-wave delay data i n d i c a t e  a dense, h i g h - v e l o c i t y  

mentary sect ion.  

a long t h i s  p a r t  o f  t he  l i n e ,  t he  e f f e c t s  a re  d e f i n i t e l y  seen i n  apparent 

While shal low apparent r e s i s t i v i t y  values were n o t  found 

r e s i s t i v i t i e s  found f o r  l a r g e r  !-spacings f o r  which rece ive r  e lect rodes were 

placed between 11 and 15 km W. The t e l l u r i c s  a l s o  shows t h i s  t o  be a con- 
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duc t ive  reg ion.  

Models f o r  a conductive l a y e r  o v e r l y i n g  a more r e s i s t i v e  hal f -space 

can be r a t h e r  i n s e n s i t i v e  t o  t h e  r e s i s t i v i t y  o f  the hal f -space w i t h  the 

r e s u l t  t h a t  i t  can be d i f f i c u l t  t o  determine bedrock r e s i s t i v i t y .  

s i m i l a r  t o  t h a t  shown i n  F igure 24 has been c a l c u l a t e d  w i t h  the 2 O O i L  -m 

bedrock r e s i s t i v i t y  reduced t o  2 O Q  -m; o n l y  r e l a t i v e l y  s u b t l e  changes 

A model’  

appeared i n  the  pseudo-section. 

A 500 meter d i p o l e  l e n g t h  d ipo le -d ipo le  pseudo-section (F igure 25A) 

was obtained as a compromise between des i res f o r  greater  r e s o l u t i o n  than t h a t  

a f fo rded by the  1 km d i p o l e  length  data and f o r  s u f f i c i e n t  penet ra t ion  t o  

see the bottom o f  the deep conduct ive anomaly i n  the center  o f  the va l ley .  

F igure 25b shows a moderately successful model l ing at tempt w i t h  one s i g n i f i -  

cant  m o d i f i c a t i o n  o f  the concept o f  F igure 24, which i s  based upon a model 

f o r  the  seismic r e f l e c t i o n  data (see F igure 80, which w i l l  be discussed 

i n  the seismic sec t ion  o f  t h i s  r e p o r t ) .  

t o  the  r e s i s t i v i t y  model o f  a t h i c k  moderately conductive (8jL -m) zone 

beneath the  12 ( L - m  and 1 

Comparing t h i s  f i g u r e  w i t h  Figures 3 and 80, the  1 2 f i - m  layer i s  i n t e r p r e t e d  

as the  Quaternary a l l u v i u m  w i t h  a P-wave v e l o c i t y  o f  1.8 km/sec., and the 

la  -m l a y e r  i s  seen as the  T e r t i a r y  sediments and vo lcanics w i t h  a v e l o c i t y  

of 2.9 km/sec. 

The m o d i f i c a t i o n  i s  the  a d d i t i o n  

-m l a y e r s  t o  the west o f  0 km i n  F igure 25b. 

The 8n -m sec t ion  i s  then the o lder ,  complexly fo lded and 

f a u l t e d  ( r e s u l t i n g  i n  h i g h  permeab i l i t y  and low r e s i s t i v i t y )  Paleozoic 

rock , which i s  p a r t  o f  a t h r u s t  sheet presumed t o  u n d e r l i e  the  T e r t i a r y  

sec t ion  i n  the  v a l l e y .  

h igh r e s i s t i v i t y  ( 2 0 0 R  -m) and v e l o c i t y  (5.0 km/sec.). 

Beneath t h i s  a re  younger Paleozoic format ions w i t h  

An i n t e r p r e t a t i o n  

o f  t h i s  s o r t  a l lows t h e  deeper Paleozoic bedrock t o  be r e s i s t i v e  w h i l e  

a l low ing  a t h i c k  enough conductive sec t ion  f o r  low apparent r e s i s t i v i t y  values 

t o  appear i n  t h e  pseudo-section a t  l a r g e  N-spacings. 



-20- 

F igure 26 shows an e x c e l l e n t  two-dimensional computer model f i t  t o  

the  250 meter d i p o l e  l eng th  pseudo-section run  on L ine  A - A ' .  

po in t s  d isp layed i n  the  model a re  ( 1 )  t he  30fi -m b lock from 3.0 t o  3.5 km N, 

S i g n i f i c a n t  

which represents r e s i s t i v e  spr ing  deposits, (2 )  t h e  p o s s i b i l i t y  o f  more - . 
extens ive s i l i c i f i c a t i o n  t o  t h e  n o r t h  and northwest forming a t h i n  near 

sur face r e s i s t i v e  l aye r ,  and (3 )  t h e  20-(2-m "basement" beneath the  2 and 

4 cL -m a l luv ium.  

-JI 
.y 

Models w i t h  a basement r e s i s t i v i t y - o f  l O O Q  -m would n o t  

f i t  the  observed data. 

The d ipo le -d ipo le  pseudo-section and model f o r  L ine  B-B' , Figures 27a 

and b suggest t h a t  t h e  Grass Va l l ey  sedimentary sec t i on  becomes somewhat 

more r e s i s t i v e  (2c4 -m) a t  depth t o  t h e  south and west o f  Leach Hot Springs 

than was found t o  t h e  northwest o f  t he  ho t  spr ings along L i n e  E - E ' .  Judging 

from topography the  d i r e c t i o n  o f  hydro log ic  f l o w  i n  the  v a l l e y  i s  t o  the  

northwest. The L ine  M-M' d ipo le -d ipo le  r e s i s t i v i t y  data shown i n  F igure  28 

bear o u t  t he  increase o f  r e s i s t i v i t y  t o  t h e  south. L i n e  M-M' f o l l ows  t h e  

g r a v i t y  low a x i s  o f  t he  va l l ey ,  t he  reg ion  o f  t h i c k e s t  sedimentary sect ion,  

and i n t e r s e c t s  L ines E-E' and B-B'  a t  t he  centerso f  t h e i r  1 and 21C. -m anomalies. 

Across L ine  D-D' t h e  g r a v i t y  and E - f i e l d  r a t i o  t e l l u r i c  data (see 

F igure A4) a re  of p a r t i c u l a r  he lp  i n  des ign ing a model f o r  t h e  d ipo le -d ipo le  

r e s i s t i v i t y  (Figures 29a and b). Dense, r e s i s t i v e  m a t e r i a l  (poss ib l y  a 

h w s t o f  basement rock, o r  hydrothermal depos i t ion)  occurs a t  5.0 t o  6.5 kin W. I t  

i s  i n t e r e s t i n g  t o  note t h a t  t h e  low r e s i s t i v i t y  anomaly i n  the  d ipo le -d ipo le  

apparent r e s i s t i v i t y  pseudo-section i s  n o t  t he  r e s u l t  o f  a conductive  anomaly 

a t  5 km W, b u t  i s  r a t h e r  due t o  low r e s i s t i v i t y  features on e i t h e r  side. 

* 

Low E - f i e l d  r a t i o  t e l l u r i c  anomalies a t  t h e  eastern end o f  L ine  H-H' 

and on LinesP-PI, Q-Q' and R-R' (F igures A8, A14, A15, A16) l e d  t o  d ipo le -  

d i p o l e  r e s i s t i v i t y  surveys and model l ing along L ines H-H' and T-T '  (Figures 

30a and b, and Figures 31 a and b, respec t i ve l y ) .  Two-dimensional model l ing 
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has been used here f o r  survey l i n e s  wh 

i n  a q u i t e  t i g h t l y  con f ined p o r t i o n  o f  

ch a r e  perpend 

the  va l l ey ,  so 

the two models should n o t  be expected t o  be pe r fec t .  

c u l a r  t o  each o ther  

agreement between 

The models do suggest 

however, t h a t  a very conductive (2-31L -m) anomalous fea tu re  entends from 

near the  surface down t o  t h e  shal low (600-800 meters deep) basement, and 

poss ib l y  continues t o  the  south a t  depth under r e s i s t i v e  ( 1 0 - 3 0 n  -m) 

surface m a t e r i a l .  There i s  no sur face  expression o f  t h e  near surface por-  

t i o n  o f  t h e  conductive anomaly, b u t  heat f low ho le  Q-3 (F igure  6) a t  t h i s  

l o c a t i o n  y i e l d s  4.9 HFU. 
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Magnetotel l  u r i  cs 

I n  t h e  summer o f  1974 p re l im ina ry  t e s t s  o f  a magne to te l l u r i c  system 

inco rpo ra t i ng  a Josephson e f fec t  superconducting magnetometer f o r  the  

magnetic f i e l d  sensor were conducted. 

s h i e l d i n g  of t h e  sensor from' high amp1 i t u d e  t r a n s i e n t s  ( S F E R I C S )  prevented 

completion o f  a f u l l  magneto te l lu r i c  survey o f  t he  area. 

Problems w i t h  e l e c t r o n i c s  and 

By August 1975 these problems had been cor rec ted  and 17 s t a t i o n s  were 

occupied i n  Grass Val ley.  

geophysical t rave rse  l i n e s ,  Figure 7. Two Josephson e f f e c t  magnetometers 

were used, a Devleco Model 8230 3 a x i s  magnetometer and a 3 a x i s  dc SQUID 

magnetometer developed by Pro f .  John Clarke under funding from t h e  USGS 

(Clarke, 1976). 

e l e c t r i c  components were a m p l i f i e d  and f i l t e red ,and  recorded on a Honeywell 

5600 FM tape recorder.  

were recorded simultaneously f o r  coherence s tud ies  on the  magnetic f i e l d  

These s t a t i o n s  were loca ted  along t h e  main I 

Three components of t he  magnetic f i e l d  and two h o r i z o n t a l  

A t  many o f  the  s t a t i o n s  outputs from both  magnetometers 
I 

and f o r  performance s tud ies  on the magnetometers. 

being analyzed f o r  a separate repo r t .  

A r e a d - a f t e r - w r i t e  head on the  recorder  was used t o  monitor the  recorded 

These experiments a re  

s igna ls  on a paper c h a r t  recorder i n  the  f i e l d .  

Two basic recording bands were used t o  accommodate,with wide dynamic 

range o f  t he  s igna ls , to  the  r e s t r i c t e d  range o f  t he  recorder  (50 db): a 

low frequency band from .01 t o  5 Hz and a h igh  frequency band from 1 Hz t o  

40 Hz. # 

The e l e c t r i c  f i e l d s  were measured w i t h  orthogonal e lec t rode arrays o f  

500 meter lengths.  Copper-copper s u l f a t e  porous pots were used as  rece ive r  

electrodes. 

and the  o r i e n t a t i o n  (Ex:N59"W, E :N31"E) was the  same a t  every s t a t i o n  

The magnetometer axes were a l igned w i t h  t h e  e lec t rode arms 

Y 
(F igure  32). 



-23- 

The data presented i n  t h i s  r e p o r t  were analyzed us ing  conventional 

power spec t ra l  techniques (e.g. Vozoff,l972,and Sims,et a1 ., 1971). 

o the r  ana lys i s  methods a re  being developed i n  t h i s  program t h e  r e s u l t i n g  

apparent r e s i s t i v i t i e s  us ing  t h i s  conventional approach prov ide a use fu l  

p i c t u r e  o f  t he  subsurface c o n d u c t i v i t y  d i s t r i b u t i o n .  

While 

The e l e c t r i c  and magnetic f i e l d s  were played back and demodulated 

from t h e  FM recorder. 

conver ter  and placed on d i g i t a l  tape. The data were a l so  monitored on a 

mult ichannel analog c h a r t  recorder  and segments conta in ing  bad data were 

These data were fed  d i r e c t l y  t o  a mult ichannel A/D 

i d e n t i f i e d  and l i s t e d  f o r  omission i n  t h e  subsequent d i g i t a l  processing. 

The remaining data were d i v ided  i n t o  d i s c r e t e  t ime segments, each o f  which was 

Four ie r  transformed. A l l  poss ib le  cross-spectra and auto-spectra f o r  t he  

components o f  t he  f i e l d  were computed. The cross-spectra and auto-spectra 

were averaged over both t h e  ensemble o f  t ime  segments and over frequency 

i n t e r v a l s  o f  constant  Q. For frequencies between 0.01 Hz and 1 Hz, t h e  

ensemble averages t yp i ca l . l y  conta ined t e n  500 second long  t ime sequences. 

frequencies between 1 Hz and 40 Hz, t h e  ensemble averages contained about 

t h i r t y  8 second long  t ime sequences. 

For 

An average two-dimensional impedence tensor  was ca l cu la ted  f o r  each 

frequency window us ing  expressions f o r  t h e  tensor  elements which are  unbiased 

by noise i n  t h e  e l e c t r i c  f i e l d  (Sims, e t  a1 ., 1971). 

the  impedence tensor  which i s  unbiased by e l e c t r i c  f i e l d  no ise  s ince we 

expect e l e c t r i c  s igna ls  over  a conductive body t o  be r e l a t i v e l y  smal ler  com- 

pared w i t h  t h e  no ise  than a r e  t h e  magnetic s igna ls . )  The impedence tensors 

were r o t a t e d  t o  f i n d  t h e  p r i n c i p l e  (or s t r i k e )  d i r e c t i o n  which minimized the  

magnitude o f  t he  sum o f  the  o f f -d iagona l  tensor  elements. 

apparent r e s i s t i v i t i e s &  ( p a r a l l e l  t o  s t r i k e )  and 

were ca l cu la ted  from t h e  r o t a t e d  impedence tensor .  

(We choose a form f o r  

I 

F i n a l l y ,  the  

(perpend icu la r  t o  s t r i k e )  PY 
We assess the  q u a l i t y  
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o f  t he  r e s i s t i v i t y  data by computing the  coherency, '1 , between the measured 

e l e c t r i c  f i e l d s  and the  e l e c t r i c  f i e l d s  p red ic ted  by forming the  product 

o f  the  measured magnetic f i e l d  and the  unrotated impedence tensor. 

low frequencies (< 1 Hz) were r a t e d  as: 

The 

good i f  0.95(1L 1, f a i r  i f  0.89 

1 L  0.95, and poor i f  1' 0.89. For the  h igh  frequencies ( 2 1 Hz) our 

0.90, and r a t i n g s  a re  as fo l lows:  

poor i f  94 0.72. 

good i f  0.90Cq" 1, f a i r  i f  0.721 4 

The r o t a t e d  apparent r e s i s t i v i t i e s  f o r  each s t a t i o n  a re  p l o t t e d  i n  

Figures 33 t o  % as a f u n c t i o n  o f  T112, where T i s  ' the pe r iod  i n  seconds. 

i s  obta ined from t h e  r o t a t e d  p a i r  E /H from the  r o t a t e d  p a i r  

Figures 33 t o  39 a r e ' " i n  o rder  from West t o  East a long l i n e  E - E ' .  
' X  x Y '  Y 

Ey/Hx. 

Figures 40 t o  46 are  arranged i order  o f  l o c a t i o n  from south t o  no r th  along 

l i n e  A - A ' .  

l i n e s  M-M' and B-B' respec t i ve l y :  * For alniost a l l  o f  Grass Va l ley  the  

p r i n c i p l e  d i r e c t i o n s  f o r  t h e  r o t a t e d  lues  of fcLare n e a r l y  t h e  same 

Figures 47 and 48 show t h e  apparent r e s i s t i v i t i e s  obta ined on 

(Table 1)) and the  r o t a t i o n  angles are  t h e  same f o r  a l l  frequencies. 

These r e s u l t s  i n d i c a t e  t h a t  t h e  major range f r o n t - v a l l e y  contac t  con t ro l s  

t h e  reg iona l  cu r ren t  f low.  While d e t a i l e d  i n t e r p r e t a t i o n  requ i res  nunierical 

mode l l ing  o f  i n d i v i d u a l  s t a t i o n  datal a q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  

e l e c t r i c a l  sec t i on  i s  prov ided by the  pseudo-sections of 

E-E'  and A-A '  i n  Figures 49 and 50. These prov ide  a g raph ica l  representa t ion  

o f  apparent r e s i s t i v i t y  as a func t i on  o f  T1/* (which i n - t u r n  i s  p ropor t i ona l  

t o  depth) and s t a t i o n  l oca t i on .  

values on l ines  Y 

The very low values o f  apparent r e s i s t i v i t y  observed i n  t h e  v i c i n i t y  o f  

Leach Hot Springs should be viewed w i t h  caut ion u n t i l  d e t a i l e d  mode l l ing  i s  

complete. 

o f  d i f f e r i n g  r e s i s t i v i t y  where l o c a l  e l e c t r i c  f i e l d s  perpendicu lar  t o  the  

Th is  type o f  anomaly i s  c h a r a c t e r i s t i c  o f  contacts  between zones 

' con tac t  on t h e  conductive s ide  a re  attenuated. I t  should a l s o  be noted 
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t h a t  low values o f  apparent r e s i s t i v i t y  r e f l e c t i n g  low l e v e l s  o f  e l e c t r i c  

f i e l d  are poor ly  determined s ince t h e  s igna l  t o  no ise r a t i o  i s  low. 

Seismological Methods 

Several techniques based on seismological  observat ions have been 

suggested and appl ied,  w i t h  vary ing  and of ten cont rovers ia l  r e s u l t s ,  t o  

the problem o f  de tec t ing  and d e l i n e a t i n g  the geothermal r e s e r v o i r .  I n  

keeping w i t h  the general goal of the LBL program, s tud ies were undertaken 

of these a p p l i c a t i o n s  which e i t h e r  showed promise s c i e n t i f i c a l l y  o r  were 

i n  general use i n  t h e  f i e l d .  The aim o f  t h e  research e f f o r t ,  the t e s t i n g  

and eva lua t ion  o f  these seismic methods, invo lves a balanced approach w i t h  

t h e o r e t i c a l  analys is ,  f i e l d  studies,  and model generat ion.  The methods 

se lected f o r  study are:  

1. Microearthquakes 

a. spa t ia l l tempora l  d i s t r i b u t i o n  

b. mechanisms 

Wave Propagation C h a r a c t e r i s t i c s  ( D i s t a n t  Sources) 

a. v e l o c i t y  d i s t r i b u t i o n  (p-delays) 

b. a t tenuat ion  

2. 

3 .  Ambient Microseism C h a r a c t e r i s t i c s  ("Ground Noise") 

a. s p a t i a l  v a r i a t i o n  i n  f i e l d  o f  - 
amp1 i tude 

frequency 

wavenumber 

b. reservoir-generated s igna ls  

4 .  Ref 1 e c t i o n  Survey 

a. s t r u c t u r e  

b. v e l o c i t y  

c. d i r e c t  r e s e r v o i r  d e t e c t i o n  
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5. Refraction Survey 

a. structure 

b. velocity 

In developing the program it became clear that data either did not 

exist, or were not accessible, of a sufficient quality and coverage to 

evaluate the methods in a uniform manner. 

philosophy characteristic of the effort: 

This prompted three lines of 

1. A prospect area was selected for comparative assessment technique 

stud i es . 
2. Contractural data-gathering services were used when available. 

3.  Equipment was fabricated at LBL only when unique in design or not 

available el sewhere. 

In keeping with this approach, evaluation of methods 1-3 required fabrication 

of a special-purpose, wide-bandwidth, multichannel field seismic data 

acquisition system; methods 4 and 5 were done by contract with a geophysical 

exploration company; and the area ultimately selected for the comparative 

methodology effort was Grass Valley, Nevada. Data presented later in this 

report represent the stage of the investigation and preliminary interpre- 

tation as o f  August 1976. 

Seismic Data and Preliminary Interpretation 

1. Microearthquakes 

A. The microearthquake study was conducted in three parts. 

a reconnaissance period using 8 Sprengnether M. E.Q.-800 smoked paper re- 

First was 

corders, with 4.5 Hz geophones. Initially a large array was set out covering 

the whole valley for 6 weeks to determine areas of activity. 

information, the instruments were moved to each area of activity. 

Based on this 

The 
, 

L, 
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reconnaissance study i nd i ca ted  earthquakes occur r ing  i n  a t r i a n g u l a r  area 

bounded by Leach Hot Springs, Panther Canyon, and the  Goldbanks H i l l s  

(F igure  7 ) .  

Area. 

pa t te rn .  

earthquakes was 2-3 day, w i t h  magnitudes from -.5 t o  1.0. 

were determined from the  reconnaissance study. 

reoccupied the  v a l l e y  us ing a 12-s ta t ion  telemetered data system, w i t h  4.5 Hz  

v e r t i c a l  and ho r i zon ta l  geophones, record ing on FM analog tape (DC-80 Hz). 

However, no a c t i v i t y  was apparent i n  the  immediate Hot Springs 

Fau l t i ng  mechanisms were inconclus ive,  i n d i c a t i n g  a complex f a u l t i n g  

Over the per iod  o f  record ing  the  average occurrence o f  micro- 

No r e l i a b l e  depths / 
The second phase o f  study 

This  study confirmed the  absence o f  microearthquakes around the  Hot Springs 

area, and confirmed an a c t i v e  reg ion  t o  the  south i n  Panther Canyon and the 

Goldbanks H i l l s .  Also d e t a i l e d  was the  complexi ty o f  f a u l t i n g  i n  t h i s  area, 

w i t h  no s i n g l e  throughgoing f a u l t  p1,ane ind i ca ted  as c o n t r o l l i n g  the ea r th -  

quakes. 

between the  Goldbanks H i l l s  and Panther Canyon. The r a t e  o f  occurrence was 

However, t he  epicenters  seem t o  define a l i n e a r  source reg ion  

s t i l l  about 2-3 per  day. Depths were determined from 3 t o  5 km. Magnitudes 

ranged from -.5 t o  1.0. 

The f i n a l  survey phase concentrated i n  the  southern p a r t  o f  t he  v a l l e y  

as shown i n  F igure 51. 

used normal ly,  though f o r  a pe r iod  o f  t ime s i x  s ta t ions inc luded a ho r i zon ta l  

component. correspond t o  zones o f  ear th-  

quake swarm a c t i v i t y ,  though no two areas were ever a c t i v e  simultaneously. 

The swarms c h a r a c t e r i s t i c a l l y  c o n s i s t  o f  20-30 earthquakes. 

Single-component, v e r t i c a l ,  4.5 Hz geophones were 

The 3 shaded areas i n  F igure 51 

Excluding 

these swarms, there  i s  an average o f  one earthquake per  day i n  the  area. 

The magnitudes vary f rom -0.5 t o  1.0. 

Swarm, 3-5 km i n  the  cen t ra l  swarm, and 2-5 km i n  the NE swarm. Composite 

f a u l t  plane so lu t i ons  are genera l l y  incons is ten t ,  bu t  f o r  t he  SW swarm, 

Focal depths a re  5-8 km i n  the  SW 
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r'ight lateral strike s l ip  seems the control1 ing; mechanism. 

grams show Poisson's ratio in the range 0.25 t o  0.30 over -the entire region, 

with no apparent anomalies. 

Wadati dia- 

I 

2. Propagation Characteristics f 

The telemetry system provides relative timing between stations t o  
0 

- + 0.005 sec. 

due east of the Hot Springs allowed a study of relative P-wave arrival 

times. 

survey lines E - E '  and D-D'  (see Figure 7 ) .  

spacing was reduced t o  0.'5 km for a radius of 2 km. 

arrival times, corrected for average velocity and referenced t o  bedrock 

( s i t e  4.5E on E - E ' )  are shown in Figure 52. 

in the center of the valley and minimum on the edges, reflects valley f i l l .  

However, around the Hot Springs the relative times are advanced; i.e. delays 

of up t o  -0.150 sec. 

sediments extending t o  depth around the springs. 

t o  the north of the Hot Springs indicates a sharp boundary in the anomalous 

An almost daily source of large explosions a t  a mine 45 km 

Eighty sites were occupied in a grid with 1 km centers, bounded by 

Around the Hot Springs, grid 

Relative P-wave 
i 

The delay pattern, greatest 

This appears t o  be due t o  higher velocity si l icified 

The high gradient in delay 

high velocity material. 

Further evidence for a sinter deposit around the hot springs i s  seen 
c 

i n  the variations of 'frequency content of records a t  different sites'. Figure 

52 shows the same distant explosion recorded a t  3 different si tes,  al l  re- . 1 

I\ 
corded with the same gain. 

frequency content with slightly differing amplitudes. 

cord, in contrast, shows a 

P-wave, with a slight inc'rease in amplitude. 

The bedrock and valley sites are similar in 

t The Hot Springs re- 

rked increase in the frequency content of the 

A more pronounced effect is  seen in Figure 54 for a local microearth- 

These observations indicate t h a t  the high quake, affecting the S-wave. 

velocity zone also has a very h i g h  Q relative t o  the surrounding areas. The 
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explos ion a r r i v a l s  came from almost due east, w h i l e  the  microearthquake 

occurred south o f  t he  s t a t i o n .  Only s t a t i o n s  near t h e  Hot Springs show 

t h i s  e f f e c t  i n d i c a t i n g  an inhomogeneity o f  small l a t e r a l  ex ten t  bu t  ex- 

tending from t h e  sur face t o  apprec iab le depth. The e f f e c t  decreases w i t h  

d is tance from the  Hot Springs, disappearing a t  approximately one k i lometer  

d is tance . 
3. Ambient Microseism Charac te r i s t i cs  (Ground Noise). 

The ground noise experiments were designed t o  i n v e s t i g a t e  t h e  s p a t i a l  

d i s t r i b u t i o n  o f  t he  ambient background microseisms, i n  ampli tude and f re -  

quency, p l u s  parameters such as the  propagation d i r e c t i o n  and t h e  apparent 

v e l o c i t y .  To study t h e  s p a t i a l  d i s t r i b u t i o n ,  24 l oca t i ons  were occupied 

from J u l y  1 - 14, 1975; and 47 a d d i t i o n a l  l oca t i ons  were occupied from 

October 12 - 24, 1975. Due t o  the  l i m i t a t i o n  i n  the  number o f  r a d i o  t rans-  

m i t t e r s  a v a i l a b l e  i n  1975, we were ab le  t o  acqu i re  data f rom on ly  seven 

d i f f e r e n t  l oca t i ons  simultaneously. 

throughout t h e  experiment. 

A re ference s t a t i o n  was occupied 

For processing, data were c a r e f u l l y  se lected from q u i e t  record ing  

periods. A t  l e a s t  28 simultaneous b locks o f  data were chosen from each of 

t he  seven s ta t i ons ,  c a r e f u l l y  avo id ing  t r a n s i e n t  s igna ls  o r  c u l t u r a l  noise. 

Each data b lock  of 6.4 second leng th  was f i l t e r e d  and d i g i t i z e d  a t  80 sps. 

The r e s u l t i n g  512-point records were tapered and transformed i n t o  the  f r e -  

quency domain by means of t h e  FFT algor i thm.  The Four ie r  t ransform m u l t i p l i e d  

by i t s  complex conjugate produced t h e  power spec t ra l  dens i ty .  The estimated 

power spec t ra l  dens i t y  a t  each l o c a t i o n  i s  the  average over a t  l e a s t  28 data 

blocks, t o  ' increase t h e  s t a t i s t i c a l  confidence. 

VSD, i n  mi l l imicron/sec/Hz,  was obtained by t a k i n g  square r o o t  of t he  power 

spec t ra l  dens i t y  est imate and c o r r e c t i n g  f o r  system responses. 

l e v e l  i n  dB f o r  a p a r t i c u l a r  frequency band a t  a s t a t i o n  i s  obta ined by 

The v e l o c i t y  spec t ra l  dens i ty ,  

The noise 
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i n t e g r a t i n g  t h e  v e l o c i t y  spec t ra l  dens i ty  over t h e  frequency band and 

normal iz ing  by the  same q u a n t i t y  a t  t h e  reference s t a t i o n .  Data from 

four representa t ive  l o c a t i o n s  are presented t o  i l l u s t r a t e  the  c h a r a c t e r i s t i c s  

o f  t he  seismic ground noise i n  Grass Val ley.  

v e l o c i t y  spec t ra l  dens i t y  (VSD) p l o t s  f o r  each loca t i on ;  e r r o r  bars i n d i c a t e  

the  95% confidence l i m i t s .  

Figures 55 t o  58 show the  

Figures 59 t o  62 present  contours o f  r e l a t i v e  
I 

ground no ise  l e v e l  i n  p a r t i c u l a r  frequency bands; t he  values are given i n  

dB w i t h  respect  t o  the  reference s i t e  REF. 

A t  a l l  f requencies t h e  Hot Springs area shows background l e v e l .  The 

v a l l e y  center  w i t h  t h i c k e s t  a l l uv ium apparent ly  enhances t h e  microseism 

l e v e l  un i fo rm ly  i n  the  4-10 Hz range. However, a t  lower and h igher  f r e -  

quencies, t h e  ef fect  i s  spo t ty ,  w i t h  some v a l l e y  reg ions showing very low 

leve ls .  

I n  order  tos tudy  the  propagation parameters o f  t he  microseisms, we 

f i e l d e d  a 12-element r o v i n g  a r ray  a t  16 representa t ive  l oca t i ons  i n  the  

area f rom J u l y  3 - 19, 1976. The a r ray  con f igu ra t i on  and i t s  response i n  

wavenumber space a re  shown i n  F igure 63. 

i d e n t i c a l  t o  t h a t  used i n  t h e  previous study, except t h a t  data were t rans-  

m i t t e d  by cable f o r  t h e  sho r t  distances,instead o f  by rad io .  

t r a n s i e n t - f r e e  data b locks were se lec ted  simultaneously from each o f  t he  12 

elements o f  t h e  array.  

cons t ruc t i on  o f  complex weight ing funct ions (maximrml i k e l  ihood f i l t e r s )  from 

the  i n p u t  data b locks f o r  each a r ray  element, was used t o  est imate the  power 

spec t ra l  dens i t y  i n  two-dimensional wavenumber space a t  p a r t i c u l a r  f r e -  

quencies. 

Data a c q u i s i t i o n  equipment i s  

Twenty-four 

H igh- reso lu t ion  wavenumber ana lys is ,  based on the  

The peak o f  t h e  r e s u l t i n g  three-dimensional (kx, ky, f )  power 

spec t ra l  dens i t y  func t ion  i nd i ca tes  the  apparent v e l o c i t y  and d i r e c t i o n  o f  

coherent seismic waves propagating across the  array,  i .e . ,  t h e  dominant 

ho r i zon ta l  wavenumber. The h igh - reso lu t i on  technique minimizes t h e  spurious 
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e f fec t s  of the side lobes i n  the array response. 

Figures 64 to  66 show representative wavenumber plots  a t  specif ic  

frequencies for  three s i t e s .  

from the eas t  a t  low velocity near 300 m/s: probably Rayleigh waves guided 

in the upper 10-20 m of alluvium. 

a re  considerably higher velocity,  around 1 km/s. 

powerful, objective,  quant i ta t ive analysis technique for  determining the 

propagation parameters of background noise and  t he i r  spa t ia l  variations.  

A t  valley s i t e s  the dominant energy propagates 

The dominant waves near the Hot Springs 

The method represents a 

- 4. Reflection Survey 

For s t ructural  control,  a Vibroseis ( regis tered trade name, Continental 

Oil Co.) ref lect ion survey was conducted in the v ic in i ty  of the Hot Springs. 

Line E - E ' ,  from 5.25W t o  2.25E, was surveyed, as was a cross l i n e ,  E-X: 

centered a t  the Hot S p r i n g s .  Fif ty  meter group in te rva ls ,  1200% stack arld 16 

58-12 Hz sweeps of 16 sec.  length were used. 

r e l a t ive  amplitude, and migrated-are shown i n  Figures 67 to  72.  

qual i ty  is  generally quite good except i n  the immediate Hot Springs area 

where the fault-bounded s i l i c i f i e d  section i s  apparent i n  the lack of re- 

f lec t ions .  

d i f f rac t ions ,  on section E - E ' .  

good and d i f fe ren t ia ted  c lear ly  the major l i tho logic  units in the sect ion,  

i . e . ,  Qal (6000ft /s) ,  Ter t iary (9000ft/s) ,  Paleozoic (13000ft/s) ,  and deep 

basement (17000ft/s) ,  approximately modelled as  1.8, 2 .9 ,  4 .0 ,  and 5.0 km/s, 
respecti  vel y . 

Resulting sections-conventional, 

Data 

Faulting i s  evident, by ref lect ion correlat ion and presence of 

Velocity analyses on €-E' were generally 

5. Refraction Survel 
-I -- 

As a fur ther  study, a refraction l ine  on E - E '  and i t s  extension south- 

eas t  was surveyed, with a spread from 2.8W to  2 . O E  and 100 m group in te rva ls .  

Seven shotpoints ( u p  t o  60 sweeps) from 7.6W (VP305) to  10.75E (VP-61) were 

used. Records are  shown in Figures 73 t o  79. 
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As an a i d  i n  i n t e r p r e t a t i o n ,  a general ized model, based on the  pre- 

l i m i n a r y  r e f l e c t i o n  and r e f r a c t i o n  i n t e r p r e t a t i o n ,  was constructed f o r  

f i n i t e  element computation o f  t he  equiva lent  r e f r a c t i o n  spread and shotpo in t  

VP257. 

sec t ion  i n  F igure 81. 
t 

The i n i t i a l  model i s  shown i n  Figure 80 and the  r e s u l t i n g  second 

Agreement i s  genera l l y  good, although d e t a i l s  d i f f e r .  

The out look i s  encouraging f o r  f u r t h e r  use o f  the  f i n i t e  element technique ., 

i n  modeling. 
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SUMMARY 

The d e t a i l e d  ana lys is  and synthesis o f  a l l  t he  geophysical data i s  

no t  complete. Important heat f l o w  data essen t ia l  t o  the  d e f i n i t i o n  o f  a 

r e s e r v o i r  model a r e s t i l l  being acquired,and many o f  the geophysical l i n e s  

have y e t  t o  be i n t e r p r e t e d  i n  terms o f  d e t a i l e d  computer models of the  sub- 

sur face r e s i s t i v i t y .  However, several  impor tant  conclusions can be drawn 

from the  data,and these focus a t t e n t i o n  on two main areas o f  geothermal 

p o t e n t i a l .  

I n  the v i c i n i t y  o f  Leach Hot Springs 

h i s t o r y  o f  s i l i c i c  depos i t ion  from therma 

delay map, F igure 52, most c l e a r l y  o u t l i n  
2 v e l o c i t y  o f  a t  l e a s t  3 km area l  ex ten t .  

there  i s  evidence o f  a long 

waters. The seismic P-wave 

s an area of anomalously h igh 

The ground noise s tud ies show 

t h i s  t o  be an area o f  low at tenuat ion,  h igh  Q, and the  r e f l e c t i o n  study 

v e r i f i e s  t h i s  conclusion. 

and r e f l e c t i o n s  i nd i ca tes  t h a t  t h e  s i l i c i f i e d  zone must be a t  l e a s t  2 km 

t h i c k  and thus, a t  t h a t  p o i n t  i n  the  sect ion,  must extend w e l l  i n t o  the  

Paleozoic basement. 

Fur ther ,  an ana lys is  o f  t he  v e l o c i t i e s ,  P-delays 

The d e n s i f i c a t i o n  accompanying the  presumed s i l i c i f i c a t i o n  i s  ev ident  

i n  the  "shoulder" on the  Bouguer map o f  t he  area, F igure 8. 

reconnaissance p r o f i l e s  on l i n e s  A-A', E-E' and S-S' a l l  showed a r e s i s t i v e  

p i c t u r e  i n  t h i s  area and the  p re l im ina ry  r e s i s t i v i t y  model l ing f o r  the  

d ipo le -d ipo le  r e s i s t i v i t y  pseudo-section o f  L i n e  A-A' (F igure  26) a l so  requ i res  

a zone o f  h igher  r e s i s t i v i t y  i n  t h i s  area. 

has de f ined the  shape o f  t h i s  s i l i c i f i e d  zone w i t h  depth. 

The t e l l u r i c  

None o f  the  analyses t o  date 

Some f u r t h e r  i n d i c a t i o n  o f  t he  ex ten t  o f  t he  s i l i c i f i c a t i o n  and i t s  

poss ib le  f a u l t  c o n t r o l  was found i n  ho le QH1 (F igure  6) where the  Hot Springs 

f a u l t  zone was d r i l l e d  through and found t o  be h i g h l y  s i l i c i c  a t  a p o i n t  

about 1 km from Leach Hot Springs. 



-34- 

The geophysical data confirm the general geologic cross section 

(Figure 2 
redefinition of the location, and possibly dip, of the faults and will 

also modify the vertical lithologic section. 

drawn from the composite data of other lines that will lead to a better 

subsurface model of the geology. Tentatively, a vertical section at 

station 2W on Line E-E ' ,  drawn from both electrical and seismic data, is 

) ,  at least on Line E - E ' .  Further analysis will lead to some 

More cross sections can be 

composed of the following layers: 

Layer Thickness Resistivity Velocity Geology 

1 .4 to .5 km 10-20 fl m 1.8 km/sec. Recent Sed. 

.8 t o  1.0 km 1 -5 .R- m 2.9 km/sec. Tertiary Sed-and 
Vol c . 

1.0 8-3O.S m 4.0 km/sec. Paleozoic 

- 'I >r> 200 .rim 5.0 km/sec. Paleozoic 

The low resistivity zone, here identified with Tertiary sediments, is con- 

fined in areal extent to a region of roughly oval shape extending NW froin 

the Springs to the intersection of 

profile for line M-M', Figure 12A 

the axis of the gravity low but is 

1 ine M-M' and F-F' . (See the cotliposite 

n Appendix A).This low coincides well w th 

displaced slightly to the east of the 

center of the graben-like feature in the fault map, Figure 4. 

value in this zone, Ql is not high by Battle Mountain standards (2.24 HFU) 

suggesting that an accumulation of conductive sediments (e.g., ancient playa 

deposits) in the deepest portion of the valley is responsible for the re- 

sistivity anomaly. 

The heat flow 

Finally, it should be noted that the telluric profile and the dipole- 

dipole data on line E - E '  show a zone of low resistivity at depth starting 

at about 1OW and extending west. Apart from a small gravity high in this 

vicinity none of the other data extend to this point. Since the geologic 



-35- 
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- 
c 

model suggests a steady t h i n n i n g  o f  the  Quaternary and T e r t i a r y  cover i n  

t h i s  araa,the r e s i s t i v i t y  lows should be inc luded i n  any f u r t h e r  s tud ies o f  

the  area. 

The remaining area of obvious geothermal i n t e r e s t  i s  t h a t  o f  Panther 

Canyon and the  v a l l e y  imnediate ly  west o f  it. This  area i s  dominated by 

a s t rong NE t rend ing  g r a v i t y  f ea tu re  which o f f s e t s  topography and the  

Bouguer contours (F igure 8). 

p a t t e r n  observed on ERTS and h igh  a l t i t u d e  photographs. 

on ly  p o r t i o n  o f  the  Grass Va l ley  area t h a t  i s  se i sm ica l l y  a c t i v e  (F igure 51). 

The seismic zone i s  one o f  complicated f a u l t i n g  and f requent  microearthquakes. 

It i s  a l s o  loca ted  a t  t he  nor thern extreme o f  t he  Pleasant Val ley f a u l t ,  

scene o f  t he  l a rge  Pleasant Va l ley  earthquake i n  1915 ( M  7-8). 

Th is  t rend  matches a reg iona l  NE-SW l ineament 

I t i s  a l so  the 

There i s  a s t rong e l e c t r i c a l  c o n d u c t i v i t y  h igh  on t h i s  area (see pro- 

f i l e  data f o r  l i n e s  H, L and T i n  Appendix A and the  d ipo le -d ipo le  pseudo- 

sect ions,  Figures 30 and 31) and the  heat  f l ow  i n  Q3 i s  4.9 HFU. 
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TABLE I 

MAGNETOTELLURIC APPARENT R E S I S T I V I T Y :  

ROTATION OF AXES TO PRINCIPAL DIRECTIONS 

STAT I ON 
POSITION LINE 

A X I S  ROTATION i n  DEGREES 
(Clockwise i s  p o s i t i v e )  

3.0 KM N. A -A '  

1.5 KM N. A-A'  

0.0 KM - A-A'  

1.5 KM S. A-A'  

4.0 KM A. A-A'  

6.0 KM S. A-A'  

8.0 KM S- A-A'  

3.5 KM E. E-E '  

2.0 KM E. E-E'  

1.0 KM E. E-E'  

0.0 KM - E-E'  

1.0 KM W. E-E' 

2.5 KM W. E-E'  

10" f. 10 

10" - + 10 

15" f. 5 

10" 10 

0" f. 10 

10" - + 10 

20" - + 10 

15" - + 10 

oo - + 10 

l o o  - + 10 

53  2 10 

- 
7" - + 18 

15' 5 5 

4.0 KM W. E-E' IO" t 5 ( low f req .  only) 

6.0 KM W. E-E'  oo - + 10 

1.0 KM E. B-B' oo - + 10 

2.0 KM N. M-M' 20" - + 10 

Note: Except a t  a few s t a t i o n s  the  amount o f  ax i s  r o t a t i o n  i s  f a i r l y  

constant over frequency, espec ia l l y  a t  the  lower f requencies.  
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XBL 735 676 

Figure 1: Location map, northwestern Nevada, showing prominent 
thermal spring areas within and outside of the Battle 
Mountain high heat flow region. 
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CBB 751-49 
Figure 2: Lithologic map, Leach Hot Springs area. Qal: alluvium, 

~ 

&os: older sinter deTosits, Qsg: sinter gravels, QTg: 
Quaternary-Tertiary gravels and fanglomerates, Tb: Tertiary 
basalt, Tr: Tertiary rhyolite, Tt: tuff, Ts: Tertiary 
sedimentary rocks, Kqm: quartz monzonite, Kg: granitic 
rock, md: mafic dike, TRg: Triassic granitic rocks, 
TR: undifferentiated Triassic sedimentary rocks, P: un- 
differentiated Paleozoic sedimentary rocks. 
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Figure 3: Idealized geologic cross sec t ion  along line E-E' (Figure 7) .  
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/ \  
CBB 7410-7615 

Figure 4: Fault map of the Leach Hot Springs area. 
indicate down-faulted sides of scarplets; ball symbol 
indicates downthrown side of other faults. 

Hachured lines 
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LEACH HOT SPRINGS 

4 

CBB 747-4762 

Figure 5: Abundances of prominent elements in three separate hot pools 
at Leach Hot Springs. 
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Scol. 

Figure 6: Locations of wells at Grass Valley (Heat-flow values are 
shown in parentheses) 

i- Q, heat-flow holes 
0 H, shallow hydrologic test wells 
8 QH, heat flow - hydrologic test wells 

, heat-flow determinations from Sass and others, 1971 
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F i g u r e  7 :  Geophysical Survey L i n e s  i n  Grass Valley, Nevada. 
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Figure 8: Bouguer anomaly g rav i ty  map, Grass Valley, Nevada. 
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Figure 9 :  Ground magnetic f i e l d  map, t o t a l  i n t e n s i t y ,  Grass Valley, 
Nevada. 
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Figure 10: Bipole-dipole apparent resistivity and apparent conductance 
array. 
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Figure 13: Bipole-dipole apparent resistivity map fo r  
transmitter no. 3. 
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Figure 15: Bipole-dipole apparent resistivity map for 
transmitter no. 5. 
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Figure 17: Bipole-dipole apparent conductance map for 
transmitter no. 2. 
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Figure 20: Bipole-dipole apparent conductance map f o r  
t r ansmi t t e r  no. 5 .  
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Figure 21: Schematic diagram of E-field ratio profiling 
sys tem. 
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-. ~ ~ g u r e  22: "wo dimensional model used t o  interpret E-field r a t i o  
t e l l - r l c  data at  the  eas t e rn  end of Line E-?'. Angle 
ef Traverse li-e with respect t o  strike (@) i s  k 5 ' :  
lncident magnetic f i e l d  polarization a t  -45' t o  

I _ -  
9-7.. - , - -~e :  m.@etic f i e l d  ellipticity (e) i s  the  variable.  
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Figure 24: Dipole-dipole apparent resistivity pseudo-section and 
preliminary computer model interpretation on line E-E'. 
One kilometer dipoles. 
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l i n e  %E', 500 m d ipoles .  
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GRASS VALLEY 
LINE A-A' 

Leach Hot Springs 
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Figure 26: Dipole-dipole apparent resistivity pseudo-section on 
line A-A', 250 m dipoles and preliminary computer 
model interpretation on line A-A'. 
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Figure 28: Dipole-dipole apparent r e s i s t i v i t y  pseudo-section on 
l i n e  M-M' , 1 km dipoles .  
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Figure 62: 12-14 Hz ground n o i s e  w i t h  respect to s t r t t i o n  
REF. contoured i n  dB. 
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Figure 78: Refraction spread for VP 81. 
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APPENDIX A 

GEOPHYSICAL DATA PROFILE COMPOSITES 

Grass Valley, Nevada 
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