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ABSTRACT 

Due t o  an e f f o r t  by government i n s t a l l a t i o n s  t o  d i s c o n t i n u e  
u s e  of n a t u r a l  gas, a l t e r n a t i v e  energy  sources are be ing  i n v e s t i -  
gated a t  K i r t l a n d  A l z  Force Base, Albuquerque, N e w  Mexico. N e w  
Mexico h a s  geologic characterist ics f a v o r a b l e  for  geothermal  
energy u t i l i z a t i o n .  Local h e a t  f low and geochemical studies 
i n d i c a t e  a normal subsurface t empera tu re  regime. 
deposi ts ,  however, ex tend  t o  great  d e p t h s  where h o t  f l u i d s ,  hea ted  
by t h e  normal geothermal g r a d i e n t ,  could be encountered.  

The  a l l u v i a l  
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GEOTHERMAL STUDIES AT KIRTLAND A I R  FORCE BASE 
ALBUQUERQUE, NEW MEXICO 

I n t r o d u c t i o n  

New Mexico is a h o t  s p o t  f o r  geothermal  energy.  N e w  Mexico 

Energy and Minerals Department e s t i m a t e s  t h e  s ta te ' s  geothermal 

p o t e n t i a l  of up t o ,  3500 MW electr ical  and 2500 t r i l l i o n  B t u  

of d i rect  use  a p p l i c a t i o n s  (Geothermal Report, 1980) .  E i g h t  

s i tes  i n  t h e  s t a t e  have been d e s i g n a t e d  by t h e  United States  

Geological Survey as  "known geothermal  r e s o u r c e  areas" ( K G R A ' B ) .  

Two of these areas are being developed,  

C a l i f o r n i a  has  p l a n s  f o r  a 50 MW power p lan t  i n  t h e  Jemez Mountains 

and N e w  Mexico State  U n i v e r s i t y  is s u c c e s s f u l l y  u s i n g  geothermal  

Union O i l  Company of 

sources fo r  space h e a t i n g  a t  Las Cruces. Exp lo ra t ion  a t  other  

s i tes  is c o n t i n u i n g  th rough  commercial i n t e r e s t s  and a l s o  through 

funding by t h e  N e w  Mexico Energy I n s t i t u t e .  I n  a d d i t i o n  t o  t h e  

known areas, New Mexico's geologic c o n d i t i o n s  are f a v o r a b l e  . 

f o r  geothermal a c t i v i t y  which has  no o b v i o u s . s u r f a c e  m a n i f e s t a t i o n .  

Recent f a u l t i n g  a long  t h e  Rio Grande R i f t  a s s o c i a t e d  w i t h  young 

volcanf 

are a l l  

.c depos i t s ,  h igh  h e a t  flow and an anomalous c r u s t a l  zone, 

p o s i t i v e  factors. The b i n s  o f  t h e  r are q u i t e  deep  

and may supp ly  s u f f i c i e n t  water  a t  h i g h  tempera tures .  

The K i r t l a n d  A i r  Force Base is  s i tua t ed  a long  t h e  edge of 

t h e  Rio Grande R i f t  and is i n  t h e  deepest of  t h e  r f f t  b a s i n s .  

The local  area also has r e c e n t  v o l c a n i c  d e p o s i t s  and e x t e n s i v e  

f a u l t i n g  . 
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Exploring f o r  geothermal resources requires t h e  c o l l e c t i o n  
I 

I and i n t e g r a t i o n  of a v a r i e t y  of informat ion .  T h i s  i n fo rma t ion  
~ 

ranges  from t h e  requi rements  of t h e  u s e r  t o  t h e  d e t a i l s  o f  t h e  

subsurface geology. A well-organized e x p l o r a t i o n  program 

should minimize t h e  c o s t  of a p r e l i m i n a r y  s t u d y  and have t h e  

I f l e x i b i l i t y  t o  change d i rec t ion  o r  t e r m i n a t e  as  t h e  data  warran t .  

Most impor tan t  is  t h a t  t h e  data  collected form an  i n t e g r a t e d  

base of knowledge from which c o n c l u s i o n s  can be drawn. These 

requi rements  necessitate a s tep-by-step approach so t h a t  t h e  

data  a t  each s t e p  are eva lua ted  and d e c i s i o n s  are made e i ther  

t o  end t h e  s t u d y  o r  t o  con t inue .  

an informat ion  search, g e o l o g i c a l ,  h y d r o l o g i c a l ,  geophys ica l ,  and 

geochemical i n v e s t i g a t i o n s ,  e x p l o r a t o r y  d r i l l i n g ,  and,  i f  a l l  

A t y p i c a l  program w i l l  i n c l u d e  

goes w e l l ,  developmental  d r i l l i n g .  

is o u t l i n e d  below. 

The program a t  K i r t l a n d  Base 

T h i s  r e p o r t  c o n t a i n s  in fo rma t ion  gathered 
1 
, from t h e  l i b r a r y  search and from s t u d i e s  conducted as a resul t  of 

t h i s  e x p l o r a t i o n  program. 

K i r t l a n d  Explora t ion  Program 

I, Literature Search 

A. Geothermal S t u d i e s  

B. Geology 

C. Hydrology 

D. Geochemistry 

E. Geophysical S t u d i e s  

I 



11. Hydrologic s tudy  

A. Data A c q u i s i t i o n  

B. Analys is  

111. Geochemical Sampling 

A. Spr ing  s e l e c t i o n  2 

B. Sampling 

C. Ana lys i s  

IV. Geophysical study--audio m a g n e t o t e l l u r i c  

A. S i te  s e l e c t i o n  

B. Data c o l l e c t i o n  

C. Ana lys i s  

Geologic S e t t i n q  

The K i r t l a n d  A i r  Force Base I s  located along t h e  far  e a s t e r n  

margin of t h e  Rio Grande r i f t  i n  t h e  Albuquerque-Belen Basin.  

The r i f t  is c h a r a c t e r i z e d  by recent e x t e n s i o n a l  f a u l t i n g ,  h igh  

heat flow, c rus ta l  and mant le  an 

a c t i v i t y .  

up t h e  r i f t  zone which ex tends  from L e a d v i l l e ,  Colorado t o  E l  

Paso, Texas (Chapin,  1 9 7 1 ) .  

t h e  c e n t r a l  r i f t  area 

b a s i n s  (Ke l l ey ,  1977) .  The 

graben s t r u c t u r e  a l lowing  subsidence of t h e  c e n t r a l  g raben  a long  

a ser ies  of nor  f au l t s .  The bas is asymmetr ical ,  w i t h  t h e  

east  boundary d ng more s t e e p l y  t h a n ’ t h  

south p o r t i o n s  of the basin are the deepes 

moderately c o n s o l i d a t e d  sand and g r a v e l  ( v a l l e y  f i l l )  f i l l  t h e  

bas in .  

l i e s ,  and young v o l c a n i c  

S i x  structural  b a s i n s  a r ranged  i n  a s t e p  p a t t e r n  make 

b 

Unconsolidated t o  

T h i s  material was d e r i v e d  from t h e  adjacent h igh lands  

9 
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d u r i n g  e r o s i o n .  

a t  t h e  margins  t o  t h i c k  i n  t h e  c e n t e r .  

t h e  r i f t  shown i n  F i g u r e  1 i l l u s t r a t e s  these characteristics. 

The maximum t h i c k n e s s  of t h e  f i l l  is unknown, however, t h e  

S h e l l  I s l e t a  well # 2  possibly remained i n  t h e  sed imen t s  down 

t o  22,000 feet .  

The t h i c k n e s s  of t h e  f i l l  v a r i e s  from t h i n  

A cross s e c t i o n  th rough  

The geology on t h e  K i r t l a n d  Base has  been s t u d i e d  by Kelley 

and Nor thrup  ( 1 9 7 5 ) ,  Kelley (1977) ,  Relche ( 1 9 4 9 ) ,  and Myers and 

McKay (1970,  1 9 7 6 ) .  We f i e l d  checked t h e i r  w o r k  and summarized 

t h e  geology as  shown i n  Plate  1. Outcrops  o c c u r  i n  t h e  e a s t e r n  

h a l f  of t h e  base area and a l luv ium c o v e r s  t h e  wes te rn  h a l f .  

S e v e r a l  f a u l t s  cross t h e  area; especial ly  n o t a b l e  are t h e  Tijeras 

f a u l t  and t h e  Hubbell  S p r i n g s  f a u l t .  The Tijeras f a u l t  zone 

is a major s t r u c t u r a l  f e a t u r e  t h a t  e x t e n d s  for miles t o  t h e  

n o r t h e a s t .  T h i s  zone has  had r e c u r r e n t  movement s i n c e  t h e  

Precambrian and may r e p r e s e n t  a weakness i n  t h e  c r y s t a l l i n e  base- 

ment (Kelley,  1 9 7 7 ) .  The Tijeras f a u l t  o u t c r o p s  i n  a large road 

c u t  on t h e  Manzano Base and i n  a small mound t o  t h e  southwes t .  

Its sou thwes t  c o n t i n u a t i o n  is u n c e r t a i n ,  as  it disappears under 

t h e  a l luv ium.  The Hubbell  S p r i n g s  f a u l t  has  a nor th-south  t r e n d  

and may be a primary r i f t  f a u l t .  T h i s  f a u l t  is r e p r e s e n t e d  by 

a f a u l t  scarp on t h e  I s le ta  I n d i a n  p r o p e r t y  s o u t h  of K i r t l a n d .  

Here, Permian beds are exposed. The n o r t h e r n  c o n t i n u a t i o n  of 

t h i s  f a u l t  has  n o t  been conf i rmed,  a l though  Kelley and others 

s u g g e s t  i t s  p resence  west of t h e  Manzano base. These two f a u l t s  

d iv ide  t h e  base i n t o  a t  least  3 p rov inces .  North of t h e  Tijeras 

f a u l t  t h e  g e o l o g i c  character Is similar t o  t h e  Sand ia  u p l i f t .  

1 0  
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Figure 1.  General ized S e c t i o n  of Geologic  Formations i n  t h e  
Albuquerque Area, B e r n a l i l l o  and Sandoval Count ie s ,  
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The g r a n i t e  exposure on t h e  Manzano Base d i p s  a t  l eas t  4 5 O  

under t h e  a l luv ium t o  t h e  west (see d i scuss ion  of geophys ica l  

s u r v e y s ) .  

f a u l t  t h e  s t r a t a  form a f l a t - l y i n g  bench covered w i t h  a t h i n  

veneer  of al luvium. T h i s  f l a t ,  low-lying province  is probably  

associated w i t h  t h e  Manzanita u p l i f t .  

Sp r ings  f a u l t  t h e  basement d rops  off  d r a s t i c a l l y  t o  form t h e  

deep b a s i n .  

South  of t h e  Tijeras and east  of t h e  Hubbell S p r i n g s  

West of t h e  Hubbell 

i 

The Tijeras f a u l t  and t h e  Hubbell  Sp r ings  f a u l t  I n t e r s e c t  

nea r  t h e  c e n t e r  of t h e  Base. The c o n f i g u r a t i o n  of t h i s  i n t e r -  

s e c t i o n  is unknown. The I n t e r p r e t a t i o n  shown on Plate 1 Is merely 

one of many, and agrees w i t h  Re lche  ( 1 9 4 9 ) .  Other  fau’ l ts  cross 

t h e  area, some of which are shown on Plate  1. Chuck Reynolds, 

of Reynolds and Associates, b e l i e v e s  3 f a u l t s  cross t h e  s o u t h  

base boundary i n  s e c t i o n  4 ( p e r s o n a l  communication). T h i s  idea 

is based on a seismic l i n e  t h a t  h e  conducted I n  1976. Some 

l i m i t e d  ev idence  s u g g e s t s  a subsurface f a u l t  near  t h e  e a s t e r n  

edge of t h e  gol f  course. 

During o u r  f i e l d  i n v e s t i g a t i o n ,  w e  located e x t e n s i v e  t r a v e r -  

t i n e  depos i t s  and p l o t t e d  them on P la te  1. 

i n v e s t i g a t i o n  should be conducted t o  def ine  t h e  l i m i t s  of t h i s  

Detailed f i e l d  

u n i t .  The t r a v e r t i n e  has  a v a r i a b l e  character ranging  from 

massive t o  cong lomer i t i c .  

of angu la r  p ink  q u a r t z i t e  pebbles and cobbles. 

conglomerate o v e r l i e s  a massive t r a v e r t i n e  and was found in 

Coyote Arroyo. 

I n  places t h e  conglomerate is composed 

T h i s  p a r t i c u l a r  

Another conglomeritic t r a v e r t i n e  is composed of 
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I 

I 
1 .a 

limestone boulders and cobbles derived from the Madera founda- 

t ion.  T h i s  conglomerate was found i n  a road c u t  west of t h e  
1 
, 
I Solar Power Tower. I n  addition t o  the outcrops i n  the arroyo, 1 

the t raver t ine  forms mounds of considerable topographic r e l i e f  

southwest of Manzano Base. The overal l  character of the traver- 

t i n e  suggests deposition by sp r ings .  Also i n t e r e s t i n g  t o  note 

is tha t  the mounds occur along the Ti jeras  f a u l t  and a t  the 

supposed intersection of t h e  T i j e t a s  and Hubble Springs f au l t s .  

The mound near Coyote Springs, however, is  an exception. I t  

may be related t o  other faul t ing not indicated on p l a t e  I, b u t  

suggested by Myers and McKay ( 1 9 7 0 ) .  
I 

Hydroloqy 

Unfortunately, the hydrology of t h e  Albuquerque basin i s  

prac t ica l ly  unknown below 5000 f ee t .  Most wells i n  the area are  

completed i n  the Santa Fe formation above 1500 fee t .  A few o i l  

and gas wells have been d r i l l e d  through the  Santa Fe and provide 

minimal yet  valuable information. The following is a summary of 

data and speculation concerning t h e  hydrology of the  area. 

The groundwater i n  t h e  Rio Grande basin is  under water tab le  

conditions. The water tab le  slopes down from the Sandia and 

Manzano mountains i n  t h e  ea s t  and from t h e  Rio Puerco i n  t h e  

west. The depth t o  the water tab le  increases away from the inner 

valley from 1 0  t o  1000 f ee t  toward the west mesa, and t o  600 f e e t  

toward t h e  ea s t  

between 400-600 

water system is  

mesa. A t  t h e  Kirtland base t h e  water tab le  occurs 

f ee t  below t h e  surface. Recharge t o  t h e  ground- 

accomplished by i n f i l t r a t i o n  of precipi ta t ion 
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and i r r i g a t i o n  water, seepage  from streams, c a n a l s ,  and s u r f a c e  

reservoirs, and by flow from a d j a c e n t  areas. The water is d i s -  

charged through s p r i n g s ,  seeps, d r a i n s ,  wells, and evapot rans-  

p i r a t i o n  (Bjork lund  and Maxwell, 1 9 6 1 ) .  

The p r i n c i p a l  aquifer i n  t h e  b a s i n  is t h e  v a l l e y  f i l l .  

f i l l  is composed of Q u a t e r n a r y  a l luv ium and t h e  S a n t a  F e  forma- 

t i o n .  The a l l u v i u m  is a u n i t  of unconso l ida t ed  sand and gravel 

w i t h  local  o c c u r r e n c e s  of s i l t ,  c l a y ,  and dune sand.  T h i s  u n i t  

has  a maximum t h i c k n e s s  of 1000 feet  and w i l l  y i e l d  

500-1000 g a l l o n s  per minute  (g/m) of f resh  water. Below t h e  

T h i s  

a l luv ium is t h e  e x t e n s i v e  S a n t a  F e  format ion .  T h i s  fo rma t ion  

is t h o u g h t  t o  be 10,000+ feet  t h i c k .  

22,000 f e e t  below t h e  surface. The S a n t a  Fe c o n s i s t s  of uncon- 

L o c a l l y ,  it may be found 

solidated t o  modera te ly  c o n s o l i d a t e d  sand ,  g r a v e l ,  s i l t ,  c l a y ,  

and v o l c a n i c s .  

t o  2000 g/m and w i l l  y i e l d  fresh t o  s l i g h t l y  s a l i n e  water. Under- 

l y i n g  t h e  v a l l e y  f i l l  is a series of c o n s o l i d a t e d  sed imen ta ry  

Wells completed i n  t h e  S a n t a  Fe can  produce 500 

s t r a t a  r ang ing  from M i s s i s s i p p i a n  t o  Ter t ia ry  age. The s t ra  

are in t e rbedded  l i m e s t o n e s ,  s a n d s t o n e s ,  and shales. A st rat i -  

graphic s e c t i o n  i s  shown for  r e f e r e n c e  i n  F i g u r e  1. 

are n o t  well known i n  t h e  b a s i n ,  b u t  are g e n e r a l l y  n o t  c o n s i d e r e d  

t o  be a q u i f e r s .  N t h e i r  o u t c r o p s ,  however, t h e  Permian- 

M i s s i s s i p p i a n  rock 

These  u n i t s  

i e l d  up t o  500 g/m of modera t e ly  s a l i n e  t o  

ter .  A t  t h e  base of t h e  sedime a r y  u n i t s  are Precambrian 

basement rocks. 

c o n t a i n  groundwater on ly  i n  h i g h l y  fractured and weathered zones.  

These  rocks are igneous  and metamorphic and 
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The water q u a l i t y  depends on t h e  depth of t h e  water-bear ing zone 

(Ke l ly ,  1974) .  

T. E. Kel ley  (1974)  d i v i d e s  t h e  groundwater i n  t h e  R i o  Grande 

Basin i n t o  four u n i t s  c lass i f ied by s a l i n i t y .  I n  t h e  Albuquerque- 

Belen Basin h e  shows three u n i t s  p r e s e n t :  fresh,  s l i g h t l y  s a l i n e ,  

* and moderately s a l i n e  ( F i g .  2 ) .  The s a l i n e  and b r i n e  u n i t s  have 

n o t  been encountered i n  d r i l l h o l e s  b u t  would be expected i f  t h e  

sediments  are p r e s e n t  a t  dep th ,  Kelly re la tes  these s a l i n i t y  

zones t o  aquifer temperature. O f  i n t e r e s t  are t h e  moderately 

s a l i n e  (3-10 g / l )  and s a l i n e  u n i t s  (10-35 g / l ) .  He p r e d i c t s  

y i e l d s  from these aquifers t o  be 100  t o  500 g/m and aquifer 

tempera tures  t o  be 80°-100°C and 10Oo-15O0C r e s p e c t i v e l y .  I n  

t h e  Albuquerque  area t h e  100°C t o  1 5 O O C  zone would be found 

between 9000 and 14 ,000  feet .  These predicted t empera tu re  zones 

are confirmed by local  o i l  and gas wells, as  shown by F igure  3. 

Heat Flow 

The R i o  Grande r i f t  is  c h a r a c t e r i z e d  by r e g i o n a l  and loca l  

thermal anomalies .  The r e g i o n a l  anomaly may be t h e  r e su l t  of 

a t h i n n i n g  lithosphere w i t h  heat supplied by t h e  upper mant le  

[Decker (1969)  and Chapin ( 1 9 7 1 ) l .  Reiter e t  a1 (1975)  s u g g e s t  

hydrothermal f l u i d  m i g r a t i o n s  i n  deep  fracture zones and p o s s i b l e  

sha l low magma bodies as t h e  cause. Cook e t  a1 (1978)  a l so  a t t r i -  

bute  h i g h  heat flow t o  t h e  emplacement of sha l low magma bodies. 

Other  researchers f avor  emplacement of deep (15-30 km) magma 

bodies [Harder e t  a1 ( 1 9 8 0 ) ,  Reiter e t  a1 ( 1 9 7 8 ) l .  Local thermal 

,anomalies could be t h e  r e su l t  of shal low,  young (e 5 0 # 0 0 0  y r s )  

1 6  
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Figure 3 .  Location, Depth and Bottom Hole Temperature of Local 
Wells. 
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i n t r u s i o n s ,  b u t  fo rced  groundwater convec t ion  is  considered more 

reasonab le  [Harder e t  a l ,  ( 1 9 8 0 ) ,  Parker and Jiracek, ( 1 9 8 0 ) l .  

The north-south t r e n d  of  t h e  r e g i o n a l  anomaly was mapped by 

Reiter e t  a1 (1975, 1979) .  T h i s  heat  flow map is inc luded  i n  

F igu re  4. 

t h e  Albuquerque-Belen Basin t o  be 2.35 HFU.  

Reiter e t  a1 (1979)  a l so  c a l c u l a t e d  t h e  heat flow for 

However, t h e  three 

heat f low h o l e s  tested near Albuquerque have measurements of 

1.08,  1.56, and 1.43 HFU (Reiter e t  a l ,  1978, 1979) .  I n  addi- 

t i o n ,  t h e  K i r t l a n d  base is l o c a t e d  a t  t h e  edge of t h e  anomaly 

where t h e  h e a t  flow ranges  from less  t h a n  1.5 t o  2.0. These low 

heat f low v a l u e s  are n o t  cons ide red  abnormal and are similar t o  

v a l u e s  measured i n  t h e  Great P l a i n s  province .  

Parker and Jiracek (1980) h a  

e x p l o r a t i o n  program i n  Albuquerque. They used t empera tu re  grad i -  

e n t s  i n  o i l  and g a s  and water wells t o  evaluate t h e  local 

geothermal  p o t e n t i a l .  They d i scove red  s e v e r a l  anomalies: Llano 

de A t r i s c o  west of Albuquerque:  Volcanoe C l i f f s ,  West Mesa: and 

of these anomalies  a s  t h e  result of deep  water be ing  forced ove r  

a buried magnetic feature. Exc hese areas, t h e  b a s i n  
a t  Albuquerque  has  a normal geothermal  g r a d i e n t .  Above 3 km, a 

g r a d i e n t  of 33 

is expected.  

Water wells a t  K i r t l a n d  do n o t  produce abnormally warm water 

(J. Richardson,  p e r s o n a l  communication) and t h u s ,  no geothermal  

anomaly is expected.  The a l l u v i a l  section, however, may be deep 
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enough t o  produce h o t  water hea ted  by t h e  normal geothermal  

g r a d i e n t .  Using t h e  graph  c o n s t r u c t e d  by Parker and Jiracek 

(1980) ,  shown i n  F i g u r e  5 ,  300°F water cou ld  be found between 

12,000 and 14,000 feet .  These d a t a  a g r e e  w i t h  p r e d i c t i o n s  

s u p p l i e d  by T. E. K e l l y  (1974) ,  as  d i s c u s s e d  i n  t h e  p r e v i o u s  

s e c t i o n .  

Geophysics 

S e v e r a l  geophys ica l  s t u d i e s  have been conducted on t h e  R i o  

Grande R i f t  ( C o r d e l l ,  1978) .  I n  g e n e r a l ,  t h e s e  s t u d i e s  have 

been focused  on r e g i o n a l  t r e n d s .  The r e s u l t s  s u g g e s t  t h a t  mantle 

material h a s  p e n e t r a t e d  t h e  crust ( C o r d e l l ,  1 9 7 6 ) ,  Precambrian 

s t r u c t u r e s  have i n f l u e n c e d  t h e  Cenozoic f a u l t i n g  ( C o r d e l l  , 1978)  

and t h e  r i f t  h a s  r e l a t i v e l y  low s e i s m i c i t y  compared t o  o t h e r  

c o n t i n e n t a l  r i f t  zones ( C o r d e l l ,  1978) .  The steep g r a v i t y  g r a d i -  

e n t s  shown on C o r d e l l ' s  g r a v i t y  map ( C o r d e l l  e t  a l ,  1973)  

i n d i c a t e  t h e  b a s i n  boundary f a u l t s .  C o r d e l l ' s  i n t e r p r e t a t i o n  i s  

I l l u s t r a t e d  i n  F igu re  6 .  The Hubbel l  S p r i n g s  f a u l t  shown crosses 

t h e  K i r t l a n d  Base, 

The Albuquerque-Belen Bas in  h a s  re ived  c o n s i d e r a b l e  a t t e n -  

t i o n  i n  r e c e n t  y e a r s .  M o s t . s t u d i e s ,  though,  have been l o c a t e d  

nea r  Socor ro  and are ward c h a r a c t e r i z i n g  a s h a l l o w  

(19 km) magma body t h  t t o  e x i s t  t h e r e  [ R e i l f n g e r  e t  a1 (1980) ,  

' Chapin e t  a1 ( 7 8 ) ,  R i n e h a r t  e t  a1 (1979) ,  Sanford  e t  a1 ( 1 9 7 7 ) J .  

Other  s t u d i e s  i n c l u d e  s e i s m i c i t y  a n a l y s i s ,  a d e t a i l e d  g r a v i t y  

p ro f i l e ,  and a magnet ic  s t u d y .  The s e i s m i c i t y  near Albuquerque 

can  be r e l a t e d  t o  known f a u l t  zones [Olsen e t  a1 (1979)  and 
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J a k s h a  e t  a1 ( 1 9 7 9 ) l .  Corde l l ' s  detai led g r a v i t y  p ro f i l e  is  

l o c a t e d  along Tramway Road. His data  s u g g e s t  t h e  p re sence  of  

two buried f a u l t s .  One of t h e  f a u l t s  probably  has  i n c r e a s i n g  

relief southward and t h e  other has  d e c r e a s i n g  r e l i e f  southward. I 

A t  Tramway, t h e  s t r u c t u r a l  r e l i e f  on one f a u l t  is approximately 

1-2 k i lome te r s  (Cordel l ,  l 978b) .  Corde l l ' s  g r a v i t y  data  were 

f u r t h e r  u t i l i z e d  i n  a b a s i n  a n a l y s i s  by Bi rch  (1980) .  One of 

B i r c h ' s  maps shows t h e  d e e p e s t  par t  of t h e  b a s i n  under K i r t l a n d  

(F ig .  7 ) .  The magmatic s t u d y  is i n  p rogres s ;  t h e r e f o r e ,  no 

r e s u l t s  are a v a i l a b l e  (M. Parker, p e r s o n a l  communication). . 

Geophysical s t u d i e s  a t  t h e  K i r t l a n d  A i r  Force Base are 

l i m i t e d .  A local  eng inee r ing  f i rm,  Koogle and Pools, conducted 

24 

g r a v i t y  r ead ings  and a Sandia  group (Org. 2326) collected seis- 

mometer r ead ings  i n  Tech Area I. These  da ta  were used for  

exper imenta l  purposes  and have no direct  g e o l o g i c a l  a p p l i c a t i o n s .  

I n  1975 and 1976, a seismic su rvey  was conducted by Charles 

Reynolds and Associates along t h e  s o u t h  boundary of t h e  base. 

The resul ts  i n d i c a t e  a t  least  three f a u l t s  c r o s s i n g  t h e  boundary 

i n  s e c t i o n  4 .  One of these may be t h e  Hubbell  Sp r ings  f a u l t  

( C h a r l e s  Reynolds, p e r s o n a l  communication). 

A s  p a r t  o f  t h i s  e x p l o r a t i o n  program, a n  in-house audio- 

magne to - t e l lu r i c  survey  was conducted. The purpose of t h i s  

' survey  was t o  look for t h e  b a s i n  boundary f a u l t  sugges ted  by t h e  

r e g i o n a l  g r a v i t y  map, and i n t e r p r e t e d  by p r e v i o u s  i n v e s t i g a t o r s  

(Reiche 1949, and Kel ley and Northrup,  1975, Ke l l ey ,  1977) .  A 

d e s c r i p t i o n  o f  t h e  equipment and method used is described by 
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Bartel in the appendix. H i s  interpretation is also included. 

The Precambrian outcrop on the Manzano base dips under the 

alluvium with at least a 4 5 O  angle (L. Bartel, personal communi- 

cation). Near the western limit of their survey, Bartel believes I 

a fault is present. The alluvium at the site of the survey is 

a minimum of 1300 m thick (Bartel, see appendix). If this trend 

continued westward or the beds are down-faulted further west, 

a sedimentary section 15,000 feet thick or greater could be 

encountered under the Tech Area I. Thus, with the average 

geothermal gradient, and assuming a sufficient aquifer, water 

with temperatures near 15OOC could be realized. 

Geochemistry and Geothermometry 

Geochemistry and geothermometry have been used to charac- 

terize and develop geothermal resources. The information acquired 

in these studies has been applied to exploration. The explora- 

tion sites have, however, been concentrated in areas of obvious 

geothermal activity. Swanberg (1975) illustrates that these 

techniques can also be used to detect a thermal component in 

non-thermal waters. 

Several springs and wells are located on and around the 

Kirtland A i r  Force Base. None are known to have abnormal tempera- 

tures. Coyote Springs, however, are highly mineralized and one 
' emits a considerable amount of COz. 

here were acquired through three sources: the USGS WATSTORE file, 

The chemical data presented 

the base engineering office, and from samples that we collected in 

the course of the study. The WATSTORE file contains information 
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from both s p r i n g s  and wells. The l o c a t i o n s  of these s p r i n g s  

and wells are shown i n  Figure 8. 

The sampling method we used was recommended by Fraser Goff 

o f  Los Alamos S c i e n t i f i c  Labora tory  and i s  described i n  d e t a i l  

by Goff e t  a1 (1977)  and Thompson. A t  each  l o c a t i o n ,  tempera ture ,  

flow ra te ,  pH, and chlor ide were measured. Three sample bo t t l e s  

were also collected per s i t e .  

125  m l  bo t t l e  c o n t a i n i n g  90 m l  d i s t i l l e d  water, t o  which 

1 0  m l  f i l t e r e d  sample water was added 

500 m l  bo t t l e  f i l t e r ed  sample water 

500 m l  b o t t l e  f i l t e r ed  sample water acidif ied t o  a ph 5 2 

The samples were analyzed for  major c a t i o n s  a t  t h e  Los 

A l a m - s  Laboratory.  

de t e rmine  c o n c e n t r a t i o n s  of S i 0 2 ,  Fe ,  Mn, Car Mg, N a ,  K, and 

A t o m i c  a b s o r b t i o n  spectros copy was used t o  

s u l f u r i c  acid t i t r a t i o n  was used t o  de termine  HC03 c o n c e n t r a t i o n .  

I n  a d d i t i o n ,  isotope samples were collected a t  Coyote S p r i n g s ,  

w e l l  1 0 ,  and Hubble Spr ing .  These samples were each con ta ined  

i n  1 2 5  m l  g l a s s  bo t t l e s ,  

l80 and deuter ium c o n c e n t r a t i o n s  by L. Mer l iva t ,  Department de 

Recherche e t  Analyse,  Sac lay ,  France ,  by s t a n d a r d  methods. The 

r e s u l t s  of a l l  a n a l y s e s  are shown i n  Table 1. 

The i s o t o p e  samples were ana lyzed  for 

The chemical a n a l y s e s  performed allow t h e  c a l c u l a t i o n  of 

subsu r face  t empera tu res  us ing  e q u a t i o n s  developed by Fournier  

and T r u e s d e l l  ( l 9 7 3 ) ,  Fourn ier  and P a t t e r  (1979) ,  and Fournier  

and Rowe (1966) .  These e q u a t i o n s  are based on t h e  assumptions 

- 
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Table 1. Chemical Analysesa from the Kirtland A i r  Force Base Area b 

Well 
O f  (Ft)  

Spring Depth 2 Na - Ca - K M g  & - ~ ! ! ! % % - - -  c1 F B NO,/N03 pH 

329. 260 26.0 55.7 1133 478-0 0.97 6 .O 
179. 184 11.2 39.8 730 323.0 0.41 6 .O 

19 39. 114 4.8 25.0 273 96.0 0.00 6.0 
1 7  18. 100 1.4 17.7 288 46.0 0.00 6.0 

250 10 30. 68 4.0 9.2 221 37.0 0.00 6.0 
0.69 . 8.0 26. 52 2.9 7.3 1-10 -01 169 62 13.0 0.6 
0.12 6.8 23. 34 2.3 5.1 0.02 .OO 136 28 13.0 0.5 

22. 37 2.3 4.7 0.45 .OO 148 24 95.0 0 - 6  0.56 6.8 
25. 50 3.0 8.7 0.02 .OO 185 50 11.0 0.6 0.68 ' 8.4 

S l  
s2 
s 3  
s4 

53. 79 1.3 29.6 * 228 220.0 0.00 5.0 

3 

25. 59 2.8 9.8 0.07 .OO 199 61 12.0 0.6 2.10 7.7 
21. 36 2.3 5.8 ~ 2.10 -00 147 26 9.0 0.5 0.50 7.9 
27. 64 2.7 11.0 0.57 .OO 206 61 15.0 0.5 3.70 7.0 

51 . 62 4.2 19.4 278 46.0 0.05 5.0 
8.90 7.6 28. 71 3.0 13.0 2.10 .OO 212 59 16.0 0.5 

21. 41 3.0 7.2 0.11 .03 127 44 21.0 0.4 0.50 7.9 
W 1 3  1000 38 17. 31 3.0 5.5 2.10 .OO 124 31 8.3 0.5 0.01 7.9. 
W14 1000 43 20. 32 4.7 5.2 116 51.0 0.00 5.0 
w20 
w21 
w22 

25 40. 170 2.6 31.0 0.01 560 120 36.0 1.6 0.05 0.83 6.9 
30 37. 180 3.8 40.0 0.01 726 110 25.0 1.8 0.05 0.14 6.8 
26 37. 26 2.8 3.7 0.00 34 7.5 1.2 7.6 

28. 37 2.4 3.3 0.04 151 83 6.9 0.7 0.03 8.0 
W24 1411 34 41. 19 1.9 0.9 0.04 0.00 139 21 5.4 1.0 0.006 8.2 

4.4 100 0.8 7.8 0.01 353 24 3.8 0.2 0.04 7.0 
24 7.8 77 0.7 7.3 257 18 3.2 0.2 7.7 

'25 
'26 

W23 1800 24 

5 ,  WA, W l 0 ,  W14 analyzed a t  Lo8 Alamoa Labs b) See Area Map for Spring and Well Locations 
I Wg-WI3 data  from Base Engineering 
26 om USGS WATSTORE file 
except pH, G ,  and depth 

I 

I 
I 

, 
G 

3200 
1990 I 

870 
980 
710 
570 
450 
308 . 
305 
434 

494 
318 
505 

720 
586 
381 
387 
300 

1180 
1230 
350 
339 
283 
562 
426 

- 
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that certain element concentrations in subsurface water are 

dependent on temperature and that their concentrations do not 

change during ascent to the surface. The geothermometer equations 

used are: 

- 273.15 1647 
l/2 

log(Na) K + plog(Ca Na ) + 2.24 
NaKCa T(OC) = 

where 

Na, K, Ca are in molality - 
and /3 = 4/3 for low temperature and 1/3 for high temperature 

waters 

- 273.15 sio2 T(OC) = 1315 

(quartz ) 
(5.205 log (Si02)) 

.. 273.15 sio2 T(OC) = 7 31 

(amorphous 
(4.52 log (Si02)) 

si02 ) - 
where Si02 is in mge 

The results of these calculations can be found in Table 2. The 

temperatures indicate that normal subsurface conditions prevail. 

As shown by the isotope plot in Figure 9, the waters follow 

the Craig Meteoric Trend and thus are primarily meteoric. 

Spring has high Cl and a high N-K-Ca temperature. 

Coyote 

This may be due 

to a component of connate water mixing with the meteoric water. 

The low Si02 temperature supports this observation. 

thermometer temperatures indicate normal conditions. 

All other geo- 



Table 2. Subsurface Temperature Calculations from Geothermometers 

Well or 
Spring Temperature ("C) TNaKCa ( " c )  TSi02(Q) ("'I TS102(AS) ( " C )  

s2 
s3 
s4 
s5 
WA 
wl 
w2 
'3 
'4 
'5 

'7 

w9 
wl 0 
wl 1 
w1 2 
w1 3 

w20 

'6 

'8 

'14 

15.5 
15.2 
17.0 

23.0 

22.0 
16.0 

87.0 
61 
l1,l 
33.1 
32.7 
35.0 
30.3 
30.6 
28.8 
31.4 

27.1 
28.6 
25.6 

42.4 
26.7 
33.3 
36.2 
49.1 
10.3 

59.8 
61.8 
75.3 
61.8 
57.7 
39.6 
72.3 
86.0 
75.3 
78.2 

70.7 
72.3 
76.8 

78.2 
73.8 
89.6 
89.6 
95.0 
72.3 

-49.2 
-47.6 
-36.5 
-47.6 
-50.9 
-65.5 
-39 . 0 
-27.5 
-36.5 
-34.1 

-40.3 
-39.0 
-35.3 - 
-34.1 
-37 . 7 
-24 . 5 
-24.5 
-19.9 
-39 .o 

w21 16.0 20 ,o  79.6 -32.9 

'2 3 24.5 31.8 70.7 -40.3 
w22 26.5 44.1 73.8 -37.7 

'24 25.0 40.3 84.8 
'25 13.5 -17.1 

-28.5 

'26 -13.1 70.7 -40.3 
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Summary of Results 

T h i s  investigation has revealed two potent ia l  models for  

tapping geothermal energy: the basin model and the f a u l t  model. 

The basin model w i l l  allow a deep well t o  be d r i l l e d  near the 

existing steam circulat ion system. 

system would eliminate losses due t o  f l u i d  transport  from a remote 

area. 

d r i l l i n g .  Due t o  remote f a u l t  locat ion,  the f a u l t  model would, 

T h i s  close proximity t o  the 

The f a u l t  model on the other hand could eliminate deep 

however, require transport  of t h e  f l u i d s  1-2 miles t o  user 

location. These models a re  i l l u s t r a t e d  I n  Figure 10.  

Basin Model 

The deep Albuquerque-Belen Basin possibly ex tends  ea s t  t o  

the Kirtland Base area. Thus ,  a t h i c k ,  water-saturated, allu- 

v i a l  section may underly the Kirtland Base. Below the alluvium, 

the Mesozoic and Paleozoic s t r a t a ,  i f  present, may contain 

l i m i t e d  amounts of water. These u n i t s  would be u s e f u l  i f  

sediments a re  not present a t  depths required for  s u f f i c i e n t  

temperature. A normal geothermal gradient of 33O/km down t o  

3 km and 4OoC below 3 km is  expected. To encounter 300°F, the 

well would have t o  be d r i l l e d  t o  13 ,500  f ee t  (Parker and Jiracek, 

1980). 

moderately sa l ine  and w I d  r i s e  t o  t h e  wate able under hydro- 

s t a t i c  head. 

Fault Model 

The water a t  these depths  is expected t o  be s l i g h t l y  t o  
L 

Several major f a u l t s  cross the Base area and extensive 

t raver t ine  has been deposited a t  t h e i r  intersection. The 

33 



w 
IP 

SE 

KEY 

7 
- 
/// FAULT 
? 

MESOZOIC AND 
PALEOZOIC STRATA 

;'I<' -\:I -: 
I * :,- ,,.7', PRE-CAMBRIAN GRANITE 

UPWARD MIGRATION f OF HEATED WATERS 

SCALE : 1 IN. =1 MILE 
DATUM IS MEAN SEA LEVEL 

CROSS SECTION OF 
BASIN MODEL 

CROSS SECTION OF 
FAULT MODEL 

Figure 

! 

5000' 

0' 

- 5000' 

-1 0,000' 

-1 5,000' 

- 20,000' 

-25,000' 

1 0 .  Cross S e c t i o n  Showing Basin and Faul t  Models. 

10,000' 

7500 

5.000' 

0' 

-5000' 

-- 10.000' 

- 15.000' 

-20,000' 

- 2 5.000' 



t r a v e r t i n e  does n o t  r e q u i r e  hot waters, b u t  is  common t o  h o t  

s p r i n g  a c t i v i t y .  

t i e s  of water have migrated in  t h e  f a u l t s .  The geochemical  

The t r a v e r t i n e  does s u g g e s t  ,hat  large quant - -  

data do n o t  s u p p o r t  thermal f l u i d s .  The geochemical data  may, 

however, be masked by t h e  large amounts of cold meteoric water 

i n j e c t e d  i n  t h e  nearby mountains .  I f  water i n  t h e  b a s h  Is 

heated, it would become buoyant and m i g r a t e  a long  f a u l t s  t o  

t h e  s u r f a c e .  

i ts t empera tu re  and s a l i n i t y  would have a wide range  of 

Depending on  t h e  dep th  of o r i g i n  of t h e  water, 

possibilities. 

The above models each have a fundamental  q u e s t i o n  t o  be 

answered. Are t h e  sed iments  t h i c k  enough and water-saturated 

under t h e  K i r t l a n d  Base? 

and t empera tu re  i n  t h e  f a u l t  zones? We have I n i t i a t e d  a 

program t o  answer these q u e s t i o n s .  We have communicated w i t h  

La r ry  Jaksha  of t h e  U.S. Geolog ica l  Survey Seismological Lab 

Is there water of s u f f i c i e n t  q u a n t i t y  

and s e v e r a l  workers a t  t h e  C i v i l  Engineer ing  Research F a c i l i t y  

( C E R F ) .  W e  hope t o  u s e  t h e  upcoming CERF e x p l o s i v e  tests and 

poss ib ly  moni tor  e x p l o s i v e s  a t  t h e  Jackpile Mine n e a r  G r a n t s ,  

N e w  Mexico i n  a seismological e x p l o r a t i o n  program. S u f f i c i e n t  

equipment may be a c q u i r e d  In-house or elsewhere t o  moni tor  these 

e x p l o s i v e s .  The r e s u l t s  of t h e s e  s t u d i e s  cou ld  be used t o  

estimate b a s i n  t h i c k n e s s  and t o  p i n p o i n t  s u b s u r f a c e  f a u l t s .  

I n  a d d i t i o n  t o  t h e  above program, other s t u d i e s  should  be 

conducted t o  complete t h e  p r e l i m i n a r y  survey .  Depending on 

t h e  amount of equipment a v a i l a b l e ,  and t h e  q u a l i t y  of t h e  r e s u l t s ,  

35 



t h e  p r o j e c t  may move on t o  t empera tu re  g r a d i e n t  holes. 

of shallow temperature-gradient holes s h o u l d  be i n v e s t i g a t e d .  

Seve ra l  f a c t o r s ,  i nc lud ing  c u r r e n t  knowledge of g rad ien t s ,  

effect  of t h e  water table and cold water recharge, and depth 

necessa ry  for re l iable  resul ts ,  m u s t  be cons ide red  before 

t h e  expense is t aken  t o  a c q u i r e  these data. S t u d i e s  a lso 

The v a l u e  

need t o  be conducted t o  f u r t h e r  d e f i n e  t h e  l i m i t s  of t h e  

t r a v e r t i n e  and t h e  nature of exposed f a u l t  zones.  Ex tens ive  

seismological s t u d i e s  may be required,  such  as a series of 

of VIBROSEIS l i n e s ,  t o  acquire d e f i n i t i v e  subsurface data. 
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APPENDIX A 

Use o f  CSAMT Technique t o  Map a F a u l t  on KAFB 

L. C. Bartel  and C .  W. Ray, 4737 
R, D. Jacobson and P. M .  D r O Z d a ,  4734 

The c o n t r o l l e d  s o u r c e  aud io -magne to te l lu r i c  (CSAMT) electro- 

magnet ic  ( E M )  geophys ica l  p r o s p e c t i n g  t e c h n i q u e  was used t o  

l o c a t e  a major f a u l t  on K i r t l a n d  Air Force  Base. 

t echn ique  u t i l i z e s  s i g n a l s  produced 6y a t r a n s m i t t e r  o p e r a t i n g  

a t  selected f r e q u e n c i e s .  The o r d i n a r y  AMT t e c h n i q u e  u t i l i z e s  

random o c c u r r i n g  s i g n a l s  from n a t u r a l  sources. Under c e r t a i n  

c i r cums tances  t h e  p l a n e  wave i n t e r p r e t a t i o n s  of d a t a  for  t h e  

o r d i n a r y  AMT can  be applied t o  t h e  CSAMT. 

The CSAMT 

The CSAMT t e c h n i q u e  is an  EM i n d u c t i o n  t e c h n i q u e  where t h e  

pr imary  EM f i e l d  i s  produced by a long  dipole  ( b i p o l e )  l a i d  o u t  

on t h e  s u r f a c e  of t h e  ear th  and g r o u n d e d ^ a t . b o t h  ends  w i t h  a 

t r a n s m i t t e r  l o c a t e d  a t  t h e  center o f  tde d 

an tenna  used f o r  these measurements c o n s f s t p  of a r e l a t i v e l y  

s h o r t  dipole i n  c o n t a c t  w i t h  t h e  ear th  a t  both ends to measure 

t h e  e lectr ic  f i e l d  and a f e r r i t e  wound c o i l  t o  measure t h e  mag- 

n e t i c  f i e l d .  F i g u r e  A - l  i l l u s t r a t e s  t h e  t e c h n i q u e  where t h e  

t r a n s m i t t i n g  and re v ing  a n t e n n a s  are sho  . The e lectr ic  

f i e l d  ( E x )  i s  measured pa ra l l e l  t o  t h e  t r a n s m i t t i n g  an tenna ,  

and t h e  magnet ic  f i e l d  ( H y )  is measured p e r p e n d i c u l a r  t o  t h e  

t r a n s m i t t i n g  an tenna .  The z - d i r e c t i o n  i s  i n t o  t h e  e a r t h .  Data 

were recorded  us ing  a i c r o p r o c e s s o r  c o n t r o l l e d  da ta  a c q u i s i t i o n  

l e ,  The r e c e i v i n g  

system, 
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Figure A-1. CSAMT Geometry 
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The wave impedance is related t o  E,/Hy and t h e  a p p a r e n t  

r e s i s t i v i t y  pa I n  ohm-metres i s  g i v e n  by 

where E, is measured i n  v o l t s / m e t r e ,  Hy is measured i n  vol ts /amp,  

and f is t h e  f requency .  The s k i n  depth 6 is g i v e n  by 

6 = 5 0 3 d G  . 
'When measurements o f  t h e  EM f i e l d s  are made a t  d i s t a n c e s  g r e a t e r  

t h a n  36 ( f a r  f i e l d  r e g i o n )  from t h e  t r a n s m i t t i n g  an tenna ,  t h e  

a p p a r e n t  r e s i s t i v i t y  c a l c u l a t e d  us ing 'Eq .  (I) cor re sponds  t o  t h e  

"true" a p p a r e n t  r e s i s t i v i t i e s .  

wave s o l u t i o n s  are a p p r o p r i a t e .  

less t h a n  36 ( n e a r  f i e l d  r e g i o n )  y i e l d  an  a p p a r e n t  r e s i s t i v i t y  

which w i l l  be h i g h e r  t h a n  t h e  " t r u e "  a p p a r e n t  r e s i s t i v i t y .  

though t h e  n e a r  f i e l d  r e s i s t i v i t y  v a l u e s  do n o t  r e p r e s e n t  t h e  

" t r u e "  a p p a r e n t  r e s i s t i v i t i e s ,  t h q  n e a r  f i e l d  measurements c a n  

be used t o  d e l i n e a t e  s u b s u r f a c e  v a r i a t i o n s  i f  there are s u f f i -  

c i e n t  r e s i s t i v i t y  c o n t r a s t s .  

I n  t h e  far  f i e l d  r e g i o n  p l a n  

Measurements made a t  d i s t a n c e s  

Even 

Note t h a t  in' o r d e r  f o r  t h e  far  

f i e l d  measurements t o  r e p r e s e n t  t h e  " t r u e "  v a l u e s  of a p p a r e n t  

r e s i s t i v i t y ,  t h e  measurements m u s t  be t a k e n  i he r e g i o n  w i t h i n  

4 5 O  abou t  t h e  p e r p e n d i c u l a r  t o  t h e  d i p o l e ,  t h rough  t h e  t r a n s m i t t e r ,  

as shown I n  F i g u r e  A-1. 

\ 

The l o c a t i o n  of t h e  s u r v e y  l i n e s  a long  w i t h  t h e  t r a n s m i t t e r  

The s u r v e y  was done i n  par ts  l o c a t i o n s  are shown i n  F i g u r e  A-2. 

of s e c t i o n s  9 and 1 0 .  The b e a r i n g  of t h e  t r a n s m i t t e r  l i n e  and 
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t h e  s u r v e y  l i n e s  is N65'W. The l e n g t h  of t h e  t r a n s m i t t i n g  

d i p o l e  was 610 m (2000 f t )  and ,he l e n g t h  of t h e  r e c e i v i n g  

dipole  was 100 m (328 f t ) .  The s t a t i o n  numbers refer t o  east 

* and west of t h e  c e n t e r l i n e  of t r a n s m i t t e r  -2 (Tx-2); e.g. 800E 

means 800 m E of c e n t e r l i n e .  To accommodate s t a t i o n s  800 E 

th rough 1100 E, t h e  t r a n s m i t t e r  was moved t o  t h e  Tx-3 l o c a t i o n  

w i t h  a g a i n  a 610 m d i p o l e  an tenna .  The two su rvey  l i n e s  were 

located 863 m (2831 f t )  and 1402 m (4600 f t ) ,  r e s p e c t i v e l y ,  

from t h e  t r a n s m i t t e r  an tenna ,  as shown i n  F i g u r e  A-2. 

Contours  of equal a p p a r e n t  r e s i s t i v i t y  are d i s p l a y e d  i n  

F i g u r e s  A-3 and A-4 f o r  t h e  two su rvey  l i n e s .  

ax is  is s t a t i o n  l o c a t i o n  and t h e  v e r t i c a l  ax is  is log  frequency.  

The h o r i z o n t a l  

Because of s k i n  depth  affects ,  t h e  v e r t i c a l  a x i s  has  t h e  appear-  

ance  of  dep th .  

l i n e )  from t h e  near.  (below t h e  l i n e )  f i e l d  data.  

have a much lower r e s i s t i v i t y  t h a n  t h e  g r a n i t e  basement rock. 

The r e s i s t i v i t y  c o n t o u r s  p o i n t  up s h a r p l y  t h e  sed imen t s -g ran i t e  

The dashed l i n e s  separate t h e  f a r  (above t h e  

The sed imen t s  

interface. The r e s i s t i v i t y  va lues  displayed in t h e  lower l e f t  hand 

c o r n e r  are ex t r eme ly  large becaus 

and do n o t  a c c u r a t e l y  p o r t r a y  t h e  " t r u e "  a 

v a l u e s .  

e are n e a r  f i e l d  r e s u l t s  

Using a th ree - l aye red  ear 

t h e  depths  t o  t h e  g r a n i t e  were estimated f o r  v a r i o u s  s t a t i o n  

l o c a t i o n s .  The t ee l a y e r s  c o n s i s t e d  of a r e s i s t i v e  s u r f a c e  

l a y e r  as ev idenced  by t h e  h i g h e r  r e s i s t i v i t i e s  a t  t h e  h i g h e r  

f r e q u e n c i e s ,  a f a i r l y  conduc t ive  i n t e r m e d i a t e  l a y e r  a s  ev idenced  
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Figure A-4. Apparent Resistivity Contours for SurVey Line in Fig. A-2. 



by t h e  lower r e s i s t i v i t i e s  a t  t h e  i n t e r m e d i a t e  f r e q u e n c i e s ,  

and a h i g h  r e s i s t i v e  g r a n i t e  basement. The depth  estimates a t  

a g iven  s t a t i o n  were made by comparing t h e  f r equency  a t  which 

t h e  far  f i e l d  r e s i s t i v i t y  i n c r e a s e s  f o r  d e c r e a s i n g  f r equency  

(e .g . ,  256 Hz a t  s t a t i o n  400 E l i n e  1) t o  t h e  c a l c u l a t e d  resist i-  * 

v i t i e s .  The dep th  t o  g r a n i t e  estimate is 165-225 m a t  s t a t i o n  

400 E on l i n e  1. 

A t  some s t a t i o n s  t h e  fa r  f i e l d  d a t a  do  n o t  e x h i b i t  t h i s  \ 

i n c r e a s e  i n  r e s i s t i v i t y  for d e c r e a s i n g  f requency .  A t  these 

s t a t i o n s ,  d e p t h  estimates are o n l y  i n f e r r e d  by n o t i n g  t h e  fre- 

quency f o r  which  there is  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  n e a r  

f i e l d  r e s i s t i v i t y  data  for  d e c r e a s i n g  f requency .  I t  i s ' n o t e -  

worthy t h a t  t h e  nea r  f i e l d  a p p a r e n t  r e s i s t i v i t y  is a lways  larger 

t h a n  t h e  " t r u e "  a p p a r e n t  r e s i s t i v i t y .  For example,  a t  s t a t i o n  

400  w on l i n e  1 there is a s i g n i f i c a n t  i n c r e a s e  i n  t h e  nea r  

f i e l d  r e s i s t i v i t y  a t  f r equency  1 6  Hz cor re spond ing  t o  a depth 

t o  g r a n i t e  of -720-800 m. 

The d e p t h  t o  g r a n i t e  estimates are shown i n  Figures  A-3 and 

A-4 f o r  t h e  two su rvey  l i n e s .  

t h a t  there may be a 'bench" a t  a d e p t h  of 720-800 m between 

s t a t i o n s  100 W t o  400 W and t h a t  t h e  depth  t o  g r a n i t e  i n c r e a s e s  

s i g n i f i c a n t l y  t o  -1300 m a t  s t a t i o n  500 W. The dep th  t o  g r a n i t e  

decreases more or less uni formly  i n  going  from s t a t i o n  0 t o  

The da t a  t a k e n  a long  l i n e  1 s u g g e s t  

s t a t i o n  700 E of  l i n e  1. The d e p t h  t o  g r a n i t e  between s t a t i o n s  

700  E t o  1100 E is  a d e p t h  of -50-70 m. The d e p t h  t o  g r a n i t e  
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shown i n  F igu re  A-4 f o r  l i n e  2 cor responds  t o  t h o s e  for l i n e  1. 

The d e p t h s  t o  g r a n i t e  are a l so  i n d i c a t e d  in F i g u r e  A-2. 

The dep ths  t o  g r a n i t e  estimated from t h e  CSAMT data agree 

favorab ly  w i t h  t h e  depth measured in Well # 9 ,  F i g u r e  A-2. 

t h e  Well # 9  l o c a t i o n  t h e  dep th  is -230 m. 

l i n e  t h e  g r a n i t e  out-crops.  

t h a t  t h e  CSAMT t echn ique  can  be used t o  map t h i s  f a u l t .  

A t  

East of t h e  su rvey  

Ana lys i s  of t h e  da t a  i n d i c a t e s  
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