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F a c t o r s  i n d i c a t i n g  a p o t e n t i a l  geothermal r e source  near  Albuquerque are: 
1) nearby volcanoes a c t i v e  as r e c e n t l y  a s  120,000 y e a r s  ago, 2 )  g r a v i t y  i n t e r p r e -  
t a t i o n  i n d i c a t i n g  a p o t e n t i a l  r e s e r v o i r  averaging 1.5 km t h i c k n e s s ,  3 )  high hea t  
flow near  t h e  c i t y ,  4) w a r m  waters (>3OoC) in municipal  wells, 5 )  r e c e n t  s e i s m i c i t y  
i n d i c a t i n g  a c t i v e  f a u l t i n g ,  t he reby ,  a l lowing t h e  p o s s i b i l i t y  ofodeep hydrothermal 
c i r c u l a t i o n ,  6 )  high shal low (<30 m) temperature  g r a d i e n t s  0100 C/km) disgovered i n  
ou r  d r i l l h o l e s ,  7 )  deeper (<500 m) g r a d i e n t s  from water w e l l s  exceeding 80 C/km, and 
8 )  chemical ana lyses  of 88 groundwater samples y i e l d i n g  e s t ima ted  base r e s e r v o i r  
t empera tu res  as high as 190 C. 

few k i lome te r s  w e s t  of Albuquerque by o u r  69 ho le  d r i l l T n g  program. 
magnet ic ,  and g r a v i t y  measurements combined with computer modeling s u g g e s t s  t h a t  
heated ground water is forced c l o s e r  t o  t h e  s u r f a c e  he re  by flow over  a bu r i ed  
r i d g e .  
Albuquerque a r e a  a t  i t s  maximum dep th  (32.8 C a t  364 m). The deep g r a d i e n t  is 
35OC/km. 
t h e r e f o r e ,  t he  p o s s i b i l i t y  of a low temperature  (>50 C) geothermal r e source  e x i s t s  
west of Albuquerque a t  less than 1 km dep th .  

An area of e l e v a t e d  sha l low temperature  g r a d i e n t s  ( <140°C/km) w a s  d i scove red  a 
R e s i s t i v i t y ,  

A w e l l  d r i l l e d  nearby y i e lded  t h e  h i g h e s t  recorded temperature  i n  t h e  

An o i l  t e s t  w e l l  c lo seby  r e p o r t e d  l a r g e  volumes of  water a t  1 km; 
0 

September, 1982 1 6 9  

I. KEY ( 6  to 12 entries; alphabetical order; capitalize only the f i r s t  
letter of the f i r s t  Irey wbrd unless a prqer narre: separate key wrds by semi- 
COlanrS.) 

Albuquerque, New l lexico; geophys ica l  e x p l o r a t i o n ;  geothermal  e v a l u a t i o n ;  

r e s i s t i v i t y ;  temperature  g r a d i e n t s  
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INTRODUCTION 

The energy f u t u r e  o f  New Mexico depends h e a v i l y  on u t i l i z a t i o n  i n  

t h e  A1 buquerque area , where r o u g h l y  one - th i  r d  o f  t h e  S t a t e ' s  one m i  11 i o n  

p l u s  i n h a b i t a n t s  res ide .  Albuquerque i s  s i t u a t e d  w i t h i n  t h e  Albuquerque 

bas i  n , t h e  1 a r g e s t  o f  seve ra l  deep , f a u l  t - c o n t r o l  1 ed bas i  ns which 

comprise t h e  R i o  Grande r i f t ,  a s t r u c t u r e  w i t h  recogn ized geothermal 

resources. A l though  t h e r e  a r e  no h o t  s p r i n g s  o r  h o t  w e l l s  i n  t h e  

immediate v i c i n i t y  o f  t h e  c i t y ,  t h e  p r o x i m i t y  o f  young volcanoes, w a r m  

tempera tures  i n  nearby water  and o i l  w e l l s ,  and h i g h  heat  f l o w  t o  t h e  

west of t h e  c i t y  suggest t h e  presence o f  geothermal f l u i d s  i n  t h e  bas in .  

A summary o f  t h e  f a c t o r s  which i n d i c a t e  a p o t e n t i a l  geothermal 

resource  i n  o r  near Albuquerque are :  

A g r o u p  o f  f i  s s u r e - c o n t r o l 1  e d  b a s a l  t i  c v o l c a n o e s ,  

a c t i v e  as r e c e n t l y  as 120,000 yea rs  b e f o r e  p resen t  
(Machette,  1978), a r e  w i t h i n  A lbuquerque 's  c i t y  l i m i t s  

and form i t s  wes tern  s k y l i n e .  Other  young volcanoes 

and magneti  c i n d i  c a t i  ons o f  subsur face  igneous bod ies  

do t  t h e  A1 buquerque bas in .  

A v a i l a b l e  g r a v i t y  maps ( C o r d e l l  e t  a1 ., 1978) show t h e  

Albuquerque b a s i n  t o  be v e r y  deep and e x t e n s i v e l y  

f a u l t e d .  G r a v i t y  mode l i ng  by B i r c h  (1980, 1982) p laces  

t h e  average depth  o f  h i g h  p o r o s i t y ,  wa te r  s a t u r a t e d  

r i f t  f i l l  a t  1.5 km. Such f i l l ,  wh ich  l o c a l l y  exceeds 

2.5 km i n  t h i c k n e s s ,  p rov ides  an e x c e l l e n t  geothermal 

r e s e r v o i  r. 

1 



n 3) A band o f  e l e v a t e d  h e a t  f l o w  ( a v e r a g i n g  a b o u t  
2 2 105 mW/m ; 2.5 HFU; 1 HFU = 1 u c a l / c m  / sec )  t r e n d s  

n o r t h - s o u t h  t o  t h e  west o f  t h e  R io  Grande ( R e i t e r  e t  
2 a1 . , 1 9 7 5 ) .  A l o c a l l y  h i g h  v a l u e  o f  130 m W / m  

(3.1 HFU) was o b t a i n e d  i n  t h e  R io  Puerco v a l l e y ,  35 km 
west o f  A1 buquerque. 

4 )  A n o m a l o u s l y  warm w a t e r s  ( 3 2  C )  have  been r e p o r t e d  
i ssu i  ng f rom A1 buquerque'  s muni c i  pa l  West Mesa we1 1 

f i e l d  (e.g. Summers, 1976). 

5 )  The U. S. Geo log ica l  Survey Seismology Labora to ry  i n  

A1 buquerque (Jaksha e t  a1 . , 1981) de tec ted  m i c r o s e i  smic 

a c t i v i t y  about 3 km west o f  t h e  Albuquerque volcanoes. 

The swarm a c t i v i t y  r e s u l t e d  i n  about 300 ear thquakes  

between September, 1978 and A p r i l  , 1979. The average 

f o c a l  d e p t h  o f  t h e  m i c r o e a r t h q u a k e  sequence was 
c a l c u l a t e d  t o  be 9.5 km. Contemporary se i sm ic  a c t i v i t y  

p r o v i d e s  ev idence t h a t  f a u l t  zones a r e  a c t i v e  and may 

be a v a i l a b l e  as c o n d u i t s  f o r  o r  c o n t r o l  deep 

hydro thermal  c i  r c u l  a t i  on. 

6 )  Anomalously h i g h  sha l l ow  (<30 m ) ,  tempera ture  g r a d i e n t s  
( >lOO°C/km) were d i  scovered by our d r i  11 i ng program 

west o f  t h e  c i t y .  The h i g h  va lues  a r e  l o c a l i z e d  i n  a 

r e g i o n  hav ing  a background g r a d i e n t  o f  about 60°C/km i n  

t h e  sha l  low subsurface. 

7 )  Deeper g r a d i e n t s  (<500 m )  measured i n  i s o l a t e d  wa te r  

we1 1 s have exceeded 80°C/km compared t o  t h e  e s t i m a t e d  

deep background g r a d i e n t  o f  about 30°C/km. 

8 )  E i g h t y - e i g h t  ground-water samples ana lyzed by s i l i c a  

and a1 k a l  i geothermometer methods y i e l d e d  e s t i m a t e d  

base r e s e r v o i r  t e m p e r a t u r e s  as h i g h  a s  190°C. 

0 

The f i r s t  phase o f  our  i n v e s t i g a t i o n  was t o  a s s i m i l a t e  c u r r e n t  

know1 edge o f  t h e  a r e a ' s  geology, hydro1 ogy, and geophysics. A complete 

account of a l l  of t hese  da ta  se ts  would f i l l  many volumes. The c u r r e n t  

r e p o r t  p rov ides  b r i e f  sumnari es o f  t h e  most p e r t i n e n t  r e s u l t s .  

2 



T h i s  r e p o r t  m a i n l y  emphasizes and d e t a i l s  t h e  new r e s u l t s  o b t a i n e d  

by our  program. Our o r i g i n a l  p roposa l  desc r ibed  a program of low c o s t  

reconna i  ssance and h i  gh c o s t  d e t a i  1 i ng poss i  b l  y 1 eadi  ng t o  f o l  1 ow-up 

e x p l o r a t i o n .  Low c o s t  da ta  acqu i  s i  t i  on c o n s i s t e d  of geochemi s t r y  on 

n e a r l y  n i  n e t y  wa te r  sampl es and thermal  g r a d i e n t  measurements i n  

t w e n t y - f i  ve e x i  s t i  ng water  we1 1 s. Supplementary ground magnet i  c 

s u r v e y i  ng was u t i  1 i zed i n s t e a d  o f  a d d i t i o n a l  g r a v i t y  c o l  1 e c t i  on as 

i n i  t i  a l l y  planned. High c o s t  d e t a i  1 i ng combi ned a thermal  g r a d i e n t  

d r i  11 i ng program w i t h  deep e l e c t r i c a l  r e s i  s t i  v i  t y  i n v e s t i  g a t i  ons. 

d i  scovery o f  anomalously h i g h  sha l  low tempera ture  g r a d i e n t s  west of  

A1 buquerque d u r i n g  ou r  i n i  t i  a1 d r i  11 i ng program and f o r t u i t o u s  d r i  11 i ng 

econanics l e d  t o  t h e  d r i l l i n g  o f  s i x t y - n i n e  g r a d i e n t  ho les  r a t h e r  than  

t h e  f i v e  t o  t e n  bo reho les  o r i g i n a l l y  proposed. R e s u l t s  o f  t h e  

tempera tu re  g r a d i e n t  , r e s i  s t i  v i  t y ,  magnet ic  , and g r a v i t y  r e s u l t s  west of 

A1 buquerque have a1 ready been desc r ibed  by  Parker  and J i  racek (1980)  , 

J i r a c e k  (1982),  and J i r a c e k  e t  a l .  (1982). Regional  g r a v i t y  

c a l c u l a t i o n s  b e a r i n g  on t h e  l a t e r a l  and depth  e x t e n t  o f  p o s s i b l e  

geothermal r e s e r v o i  r s  were pub1 i shed by B i  r ch  (1980, 1982). 

63 
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GEOLOGIC SETTING 

Albuquerque l i e s  i n  t h e  Albuquerque b a s i n  ( a l s o  c a l l e d  t h e  

Albuquerque-Belen b a s i n ) ,  i n  t h e  c e n t r a l  R io  Grande r i f t  ( F i g u r e  1 ) .  

The bas in  i s  app rox ima te l y  160 km l o n g  and up t o  60 km wide and i s  one 

o f  a l o n g  l i n e  o f  bas ins  wh ich  c o l l e c t i v e l y  form t h e  R i o  Grande r i f t .  

D e t a i l s  o f  t h e  geology of t h e  b a s i n  have been g i ven  by K e l l e y  (1977) .  

F i g u r e  1 f rom H i s s  e t  a1 . (1975) i l l u s t r a t e s  t h e  ma jo r  t e c t o n i c  

aspec ts  o f  t h e  Albuquerque bas in .  The b a s i n  i s  bordered on t h e  eas t  by  

t h e  d r a m a t i c  Manzano and Sandi a up1 i f t s  wh ich  a r e  ti 1 t e d  b l o c k s  d i  p p i  ng 

eastward. The western  marg in  o f  t h e  b a s i n  i s  more v a r i a b l e  w i t h  t h e  

Lucero  u p l i f t ,  t h e  Puerco f a u l t  zone, and t h e  sou the rn  end o f  t h e  

Nac imien to  up1 i ft f o r m i  ng a much more subdued border .  

The s t r u c t u r a l  c r o s s - s e c t i o n s  l o c a t e d  i n  F i g u r e  1 and shown i n  

F i g u r e  2 i l l u s t r a t e  t h e  deep ly  f a u l t e d  n a t u r e  of t h e  b a s i n  and t h e  

bounding u p l i f t s .  Whether o r  n o t  t h e  normal f a u l t s  a r e  s t e e p l y  d i p p i n g  

over  t h e  r e n t i r e  depth  ex ten t ,  as shown i n  F i g u r e  2, o r  decrease i n  d i p  

w i t h  dep h ( s o - c a l l e d  l i s t r i c  f a u l t i n g )  has been t h e  source  o f  some 

c o n t r o v e r s y  (Russe l l  , 1978; Brown e t  a1 ., 1980). From our  s t a n d p o i n t  i t  

i s o n l y  i m p o r t a n t  t h a t  t h e  f a u l t s  p e n e t r a t e  t o  s u f f i c i e n t  depth  so t h a t  

deep b a s i n  c i r c u l a t i o n  o f  wa te r  may r e s u l t  i n  e l e v a t e d  tempera tures  

near -su r face .  

More than  2.5 k m  of T e r t i a r y  c l a s t i c  sediments, m o s t l y  composed o f  

sands, s i l t s ,  and g r a v e l s ,  f i l l  t h e  c e n t r a l  b a s i n  dep ress ion  (Ts i n  

F i g u r e  2) .  L o c a l l y  t h i s  m a t e r i a l  may exceed over  3 km t h i c k n e s s  as 

e s t a b l i s h e d  by deep o i l  t e s t  w e l l s  i n  t h e  b a s i n  ( B i r c h ,  1980; 1982). 
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Figure 1. T e c t o n i c  map o f  upper R i o  Grande r i f t  area 
near  Albuquerque (from Hiss e t  a1 ., 1975). 
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@ The b a s i n  fill i s  s a t u r a t e d  w i t h  water  below t h e  water  t a b l e  and 

g e n e r a l l y  y i e l d s  1 a rge  q u a n t i  t i e s  o f  water  of good qual  i t y  ( B j o r k l  und 

and Maxwell  , 1961). It i s ,  t h e r e f o r e ,  a p r ime cand ida te  f o r  a deep, 

v a s t  s to rage  r e s e r v o i r  f o r  geothermal waters.  

Because o f  ve ry  a c t i  ve 1 a t e  Cenozoi c geomorphi c processes i n t h e  

Albuquerque b a s i n  , very  few f a u l t s  have a s u r f a c e  exp ress ion  w i t h i n  t h e  

depress ion  i t s e l f  ( F i g u r e  3) .  The u p l i f t e d  b l o c k s  (e.g. Sandia u p l i f t )  

and t h e  Puerco f a u l t  b e l t  a r e  i n t e n s e l y  f a u l t e d  ( F i g u r e  3 ) ,  hence 

s i m i  1 a r  d i  s r u p t i  on i s  expec ted  i n  t h e  basement rocks  as hypothes i  zed i n  

t h e  s e c t i o n s  o f  F i g u r e  2. K e l l e y  (1977) d e l i n e a t e d  t h e  p o s i t i o n  of t h e  

m a j o r  g r a v i t y  i n f l e c t i o n  on e i t h e r  s i d e  o f  t h e  r i f t  ( F i g u r e  3 ) ;  t h i s  

p r o v i d e s  a method o f  i n f e r r i n g  t h e  l o c a t i o n  o f  b u r i e d  f a u l t s ,  wh ich  can 

subsequent be under taken by g r a v i t y  mode l ing ,  as desc r ibed  i n  t h e  

G r a v i t y  s e c t i  on. 

Numerous young v o l c a n i c  c e n t e r s  ( F i g u r e  4 ) ,  0.12 - 
i n  age (Bachman and Mehnert,  1978; Machette,  1978; Kel 

1978; Kudo, 1982),  a r e  l o c a t e d  a long  t h e  west bounding 

Albuquerque bas in .  These have ex t ruded  s i g n i f i c a n t  vo 

3.0 m i l  1 i o n  y e a r s  

ey and Kudo, 

f a u l t s  o f  t h e  

umes o f  m a i n l y  

b a s a l t i c  l a v a  wh ich  cover ,  o r  i n t e r f i n g e r  w i t h ,  t h e  b a s i n  sediments. 

The o l d e s t  v o l c a n i c  f e a t u r e  i n  t h e  Albuquerque b a s i n  i s  B lack  B u t t e  

( F i g u r e  4). 

1978), t h i s  a n d e s i t i c  occur rence i s  t y p i c a l  of t h e  e a r l y  r i f t  vo l can ism 

(Kudo, 1982). The n o r t h - s o u t h  a l i gnmen t  o f  t h e  Cat H i l l s ,  Wind Mesa, 

Albuquerque, and t h e  San F e l i p e  f i e l d s  appears t o  mark a s t r u c t u r a l  f l a w  

i n  t h e  Albuquerque bas in .  

A1 buquerque volcanoes c o u l d  have d i  f f e r e n t i  a ted  a t  depths 1 ess than  24 

Dated t o  be 24.3 m i l l i o n  y e a r s  o l d  (Bachman and Mehnert,  

The o l i v i n e  t h o l e i i t e  b a s a l t  a t  t h e  

km; however, t h e  a l k a l i  b a s a l t s  a t  C a t  H i l l s ,  I s l e t a ,  and Wind Mesa 

7 
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35' 

F i g u r e  4. L o c a t i o n  o f  v o l c a n i c  f e a t u r e s  i n  t h e  Albuquerque bas in .  
Bas in  border  marked by  ha tchured l i n e ;  cones and v e n t s  
l o c a t e d  by s o l i d  b l a c k  spots  ( f r o m  K e l l e y  and Kudo, 
1978). 
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i n d i c a t e  deeper t a p p i n g  of m a n t l e  magma ( K e l l e y  and Kudo, 1975; Kudo, 

1982). A n d e s i t i c  c e n t e r s  a t  Los Lunas, Tome H i  11 , and B lack  B u t t e  

( F i g u r e  4 )  a r e  e s t i m a t e d  t o  have s h a l l o w e r  c r u s t a l  o r i g i n ,  perhaps under 

hydrous condi  t i  ons (Kasten , 1977; Kel l e y  and Kudo, 1978; Kudo, 1982). 

The f a c t  t h a t  vo l  can i  sm has been a c t i v e  ep i  s o d i c a l  l y  f o r  t h r e e  m i  11 i o n  

yea rs  r a i s e s  t h e  p o s s i b i l i t y  t h a t  smal l  , secondary magma heat  sources 

may r e s i d e  a t  s h a l l o w  c r u s t a l  depths.  Such p l u t o n s  w i t h  a r e a l  e x t e n t s  

o f  rough ly  one km2 a r e  though t  t o  e x i s t  a t  4 t o  10 km depth  i n  t h e  

Socor ro  area (Chapi n e t  a1 . , 1978). 

A f i n a l  g e o l o g i c  f e a t u r e  b e a r i n g  on t h e  geothermal aspec ts  o f  t h e  

Albuquerque area i s  t h e  ev idence ( C a l l e n d e r  and Z i l i n s k i  , 1976) o f  a 

" f o s s i l "  geothermal system a long  t h e  Lucero u p l i f t  ( F i g u r e  1). D e t a i l e d  

g e o l o g i c  mapping ( Z i  1 i n s k i  , 1976) o f  s p r i n g  d e p o s i t s  has e s t a b l i s h e d  a t  

l e a s t  f o u r  p e r i o d s  o f  h o t  and c o l d - s p r i n g  a c t i v i t y  i n  t h e  l a s t  two 

m i l l i o n  years .  

may be mixed i n  t h e  d i s c h a r g i n g  waters  ( T r a i n e r  and L y f o r d ,  1979). 

R i d d l e  and Grant  (1981) and Grant (1982) have desc r ibed  e x t e n s i v e  

t r a v e r t i n e  d e p o s i t s  mapped even neare r  t o  Albuquerque on t h e  e a s t e r n  

s i d e  o f  t h e  bas in ,  on K i r t l a n d  A i r  Force Base. Most o f  t hese  d e p o s i t s  

a r e  n o t  assoc ia ted  w i t h  p resen t  day s p r i n g s  b u t  t h e i r  d e p o s i t i o n a l  

c h a r a c t e r  suggests s p r i  ng o r i g i n .  

The p r e s e n t  s p r i n g s  a r e  c o l d  b u t  a geothermal component 
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HYDROLOGY 

Since n a t u r a l  o c c u r r i n g  underground water  i s  t h e  obv ious  hea t  

t r a n s f e r  medium f o r  geothermal e x p l o i t a t i o n  i n  t h e  Albuquerque area , i t s  

c h a r a c t e r i z a t i o n  i s  an u l t i m a t e  goal .  C h a r a c t e r i s t i c s  such as t h e  

depths  , t h i c k n e s s e s  , speci  f i  c y i  e l  ds , recharge sources, sa l  i n i  t i  es , 

pressu re  c o n d i t i o n s ,  and tempera tures  o f  a l l  a q u i f e r s  a r e  c l e a r l y  

d e s i r a b l e .  The U. S. Geo log ica l  Survey, Water Resources D i v i s i o n  i n  

Albuquerque i s  a ma jo r  source o f  i n f o r m a t i o n  r e g a r d i n g  t h e  occur rence,  

q u a n t i t y ,  q u a l i t y ,  d i  s t r i  b u t i o n  , and movement o f  s u r f a c e  and underground 

wa te rs  i n  t h e  area. P u b l i c a t i o n s  by B j o r k l u n d  and Maxwell (1961), 

Reeder e t  a1 . (1967),  H i s s  e t  a1 . (1975),  and Wr igh t  (1978) a r e  a few o f  

t h e  key r e p o r t s  o r g i n a t i n g  from t h i s  group. 

hydro1 o g i c  c h a r a c t e r i  s t i  c s  o f  t h e  A1 buquerque area w i  11 be i n c l  uded i n  

t h e  U. S. Geo log ica l  Su rvey ' s  program r e p o r t s  on t h e  Southwest A l l u v i a l  

Basi ns P r o j e c t  (D. W i  1 k i  ns , persona l  communications , 1979-1982). Other  

sources o f  wa te r - resource  i n f o n a t i o n  i n  t h e  Albuquerque area a r e  t h e  

New Mexico S t a t e  Eng ineers  O f f i c e  i n .  Santa Fey  t h e  U. S. A r m y  Corps o f  

Engi neers O f f i  ce i n  A1 buquerque , and t h e  Ci ty o f  A1 buquerque , Department 

o f  Water Resources. I n  a d d i t i o n  , Gordon Herkenho f f  and Assoc ia tes  , 

Inc .  , i n  Albuquerque superv i  se most o f  t h e  d r i  11 i ng of A1 buquerque'  s 

m u n i c i p a l  wa te r  w e l l s  and have p r o v i d e d  us w i t h  much c u r r e n t  

i n f o r m a t i o n .  

has r e c e n t l y  been p resen ted  by K e l l y  (1982).  

A f u r t h e r  update  of t h e  

A h i s t o r y  o f  t h e  ground-water use i n  t h e  Albuquerque area  
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Thi s s e c t i o n  of our r e p o r t  b r i e f l y  desc r ibes  t h e  general  hydro1 o g i c  G 
resourcs  i n  t h e  Albuquerque area. The c i t y  o f  Albuquerque i s  c e n t r a l l y  

l o c a t e d  i n  t h e  160 km l o n g  Albuquerque b a s i n  ( F i g u r e  1 ) .  The area  i s  

d r a i n e d  by t h e  R io  Grande system. 

wa te r  supp ly  a s s o c i a t e d  w i t h  t h i s  system can be a p p r e c i a t e d  by  

c o n s i d e r i n g  t h e  s i m p l i f i e d  west -eas t  b l o c k  diagram i n  F i g u r e  5. Tab le  1 

c o n t a i  ns t h e  genera l  i zed geol  o g i  c fo rma t i  ons i n  t h e  A1 buquerque area and 

t h e i r  wa te r -bea r i  ng c h a r a c t e r i s t i c s .  

t h e  f l o o d  p l a i n  o f  t h e  i n n e r  R i o  Grande v a l l e y .  Th is  i s  a v e r y  s h a l l o w  

source o f  wa te r  w i t h  sane w e l l s  y i e l d i n g  as much as 3,000 g a l / m i n  (189.2 

l / s e c )  ( B j o r k l u n d  and Maxwell ,  1961). 

The e x t e n t  of t h e  v a s t  subsu r face  

A1 1 uvium of Recent age under1 i es 

The Santa Fe group (Fo rmat ion )  u n d e r l i e s  t h e  s u r f i c i a l  d e p o s i t s  i n  

t h e  R io  Grande v a l l e y  and c rops  o u t  on t h e  East and West mesas 

( F i g u r e  5 ) .  

area and i s  t h e  source  of most mun ic ipa l  and i n d u s t r i a l  water.  G r a v i t y  

i n t e r p r e t a t i o n s  ( t o  be desc r ibed  l a t e r  i n  t h e  G r a v i t y  s e c t i o n )  y i e l d  an 

average t h i c k n e s s  of Santa Fe sediments o f  about 1.5 km beneath most o f  

t h e  c i t y  o f  Albuquerque. 

Albuquerque wa te r  w e l l s  p roduc ing  i n  t h e  Santa Fe ranged f rom 240 t o  

2,200 ga l /m in  (15.1 t o  138.8 l / s e c )  and averaged 860 g a l / m i n  (54.2 

l / s e c ) .  

fo rmat ions .  For example, t h e  San Andres l i m e s t o n e  o f  Permian age has 

y i e l d e d  as much as 3,000 ga l /min  (189.2 l / s e c )  near Grants,  New Mexico 

f r a n  f r a c t u r e  and so lu t i on -channe l  p e r m e a b i l i t y  ( K e l l y  e t  a1 ., 1974). 

Very l i t t l e  q u a n t i t a t i v e  da ta  a r e  known about t h e  ground water  i n  

It i s  by f a r  t h e  most p r o d u c t i v e  a q u i f e r  i n  t h e  Albuquerque 

The pumped y i e l d  o f  e i g h t y - t h r e e  l a r g e  

P o s s i b l e  deeper a q u i f e r s  occur  i n  t h e  Mesozoic and o l d e r  

t h e  deeper a q u i f e r s  i n  t h e  Albuquerque basin.  

have been r e p o r t e d  f rom t h e  3,339 m deep Santa Fe P a c i f i c  No. 1 o i l  t e s t  

Some wa te r  q u a l i t y  d a t a  
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F i g u r e  5.  Schematic diagram o f  geohydrologic  regimes i n  R io  Grande r i f t  near Albuquerque 
( f rom Hiss e t  a l . ,  1975). 



TABLE 1 

GENERALIZED SECTION OF GEOLOGIC FORMATIONS 

CHARACTERISTICS 
IN THE ALBUQUERQUE AREA INCLUDING WATER-BEARING 

(From B j o r k l u n d  and Maxwell , 1961) 
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w e l l  d r i l l e d  about 30 km n o r t h - n o r t h w e s t  o f  Albuquerque (H iss  e t  a1 . , 
1975). Water was recovered from p o t e n t i  a1 aqui  f e r s  rang i  ng f rom t h e  

s h a l l o w e s t  sample (472 m )  i n  t h e  Santa Fe Format ion  t o  a deeper one i n  

t h e  Yeso Format ion  a t  2,863 m depth  (Tab le  1). The t o t a l  d i s s o l v e d  

s o l i d s  i n  t h e  deeper f o r m a t i o n  were measured between 3,300 - 9,680 mg/ l .  

Measurements i n  t h e  Santa Fe Format ion  ranged f rom 868 t o  1,570 mg/ l .  

H i s s  e t  a l .  (1975)  i n f e r  t h a t  t h e  upper f resh -wa te r  zone may be a 

r e l a t i v e l y  t h i n  l e n s  o n l y  150 t o  245 m t h i c k  i n  t h i s  p a r t  o f  t h e  

A1 buquerque bas i  n. Water qual  i t y  genera l  l y  d e t e r i o r a t e s  be l  ow t h i  s l e n s  

w i t h  some m ino r  i n t e r f i n g e r i n g  of f r e s h  and s a l i n e  waters  below, e.g. 

s a l i n i t y  o f  wa te r  was c a l c u l a t e d  t o  be o n l y  500 mg/l a t  about 260 m 

depth. 

H i s s  e t  a1 . (1975) l i s t e d  sources f rom which t h e  ground water  i n  t h e  

Albuquerque b a s i n  i s  d e r i v e d :  1 )  p r e c i p i t a t i o n  w i t h i n  t h e  l o w l a n d  p a r t  

o f  t h e  bas in ;  2 )  u n d e r f l o w  f rom t h e  R io  Grande v a l l e y  upstream from t h e  

bas in ,  and i n f i l t r a t i o n  from t h e  R i o  Grande; 3) i n f l o w  from t h e  Jemez 

u p l i f t ,  t o  t h e  n o r t h  ( F i g u r e  1 ) ;  4 )  i n f l o w  f rom o u t s i d e  t h e  t r o u g h ,  f rom 

bo th  t h e  eas t  and west. F i g u r e  5 shows arrows r e p r e s e n t a t i v e  o f  

ground-water f l o w  due t o  t h e  l a t t e r  source. 

F i g u r e  6 shows t h e  water  t a b l e  con tou rs  i n  t h e  Albuquerque area as 

g i v e n  by B j o r k l u n d  and Maxwell (1961).  The U. S. Geo log ica l  Survey has 

updated t h i s  map u s i n g  a d d i t i o n a l  c o n t r o l  da ta  (0. W i l k i n s ,  persona l  

communi c a t i o n s  , 1981) ; however , t h e  ma jo r  p a t t e r n s  remai n unchanged. 

The s lope  o f  t h e  water  t a b l e  beneath t h e  i n n e r  v a l l e y  ( F i g u r e  5 )  i s  

e s s e n t i a l l y  t h e  same as t h e  downstream s lope  o f  t h e  R i o  Grande; t h i s  

s lope  i s  app rox ima te l y  1.1 m / k m  near Albuquerque (H iss  e t  a l . ,  1975). 

On t h e  East mesa t h e  water  t a b l e  s lopes  g e n e r a l l y  southwestward f rom t h e  
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Sandia Mountains ( F i g u r e  5 )  a t  a r a t e  o f  about 1 t o  4 m/km ( B j o r k l u n d  

and Maxwell  , 1961);  however, t h i s  g e n t l e  g r a d i e n t  i s  proceeded by an 

a b r u p t  water  l e v e l  change where wa te r  crosses t h e  bounding r i f t  f a u l t s  

( T i t u s ,  1963). T h i s  i s  i l l u s t r a t e d  on t h e  eas t  s i d e  o f  F i g u r e  5 where 

wa te r  moving t o  t h e  west f rom t h e  Sandia Mountair ls cascades a b r u p t l y  t o  

a l ower  l e v e l  i n t o  t h e  permeable sediments o f  t h e  Santa Fe Format ion. 

The wa te r  t a b l e  on t h e  West mesa s lopes  eastward from t h e  R i o  Puerco 

v a l l e y .  The s teep g r a d i e n t  (as  much as 10 m/km) i s  t hough t  t o  be due t o  

1 ess permeable , f i  n e r - g r a i  n wa te r -bea r i  ng m a t e r i  a1 s (D. W i  1 k i  ns , 

persona l  comnuni c a t i  ons , 1981). 

A broad, l i n e a r  downwarp o r  t r o u g h  i n  t h e  wa te r  t a b l e ,  ex tend ing  

southward from t h e  Jemez R i v e r ,  t h rough  B e r n a l i l l o  County, i n t o  Va lenc ia  

County i s  e v i d e n t  west o f  Albuquerque ( F i g u r e  6 ) .  The lowes t  p a r t  o f  

t h e  t r o u g h  i s  over 10 m below t h e  R io  Grande; i t  i s  app rox ima te l y  10 t o  

1 5  km wide t o  t h e  west o f  t h e  c i t y .  Several causes f o r  t h i s  t r o u g h  have 

been proposed ( B j o r k l  und and Maxwell  , 1961) and a r e  s t i  11 be ing  debated. 

Pumped water  w e l l  tempera tures  i n  Albuquerque range from 11 t o  32OC 

( B j o r k l  und and Maxwell  , 1961). The warmest w e l l  was t h a t  o f  m u n i c i p a l  

West Mesa w e l l  #1 which  was d r i l l e d  t o  a depth  o f  360 m i n  1960. The 

32OC wa te r  s t i l l  r ep resen ts  t h e  h i g h e s t  pumped tempera ture  i n  a c i t y  

wa te r  w e l l  d e s p i t e  many a d d i t i o n a l  w e l l s ,  some d r i l l e d  near t h e  

Albuquerque volcanoes. A r e p o r t  on t h e  geothermal resources  i n  New 

Mexico by  Stone and M i z e l l  (1977) l i s t s  o n l y  t h e  West Mesa w e l l  i n  

Albuquerque and t h r e e  o t h e r  w e l l s  (Tome, I s l e t a ,  and M e s i t a )  sou th  o f  

Albuquerque as be ing  warm (>3OoC). The Tome w e l l  was l i s t e d  e a r l i e r  by  

A 
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Summers 

t h i s  we 

o f  t h i s  

(1976)  as hav ing  8OoC water  i n  a 219 m w e l l .  E f f o r t s  t o  

1 south  o f  Albuquerque as l i s t e d  revea led  t h a t  t h e  p o s i t  

we1 1 i n  Bernal  il l o  County was i n c o r r e c t .  It i s  a c t u a l l y  

l o c a t e  

on i  ng 

i n  

Va lenc ia  County much f a r t h e r  south. A l though t h e  Tome w e l l  was never 

f i e l d  checked i n  our work, we b e l i e v e  t h a t  t h e  8OoC l i s t e d  i s  a 

t y p o g r a p h i c a l  e r r o r ;  i t shou ld  be 8OoF. 

were made i n  deep water  w e l l s  and s h a l l o w  bo reho les  i n  t h e  course  o f  our  

study. These a re  r e p o r t e d  upon i n  d e t a i l  i n  l a t e r  s e c t i o n s .  

Many tempera tu re  measurements 

GEOTHERMAL OCCURRENCES 

Expected geothermal occur rences  i n  t h e  Albuquerque area can be 

c l  a s s i  f i  ed acco rd i  ng t o  t h e  f o u r  mechani sms f o r  p roduc i  ng thermal  

anomal ies d i scussed  by  Harder e t  a1 . (1980). 

1) c o n d u c t i v e  thermal  r e f r a c t i o n ,  2 )  thermal  ground-water c o n v e c t i o n  , 

3 )  f o r c e d  ground-water c o n v e c t i  on , and 4 )  i gneous i n t r u s i  on. 

These a r e  namely: 

Conduct ive  thermal r e f r a c t i o n  occurs  a t  a b a s i n  marg in  and i s  due t o  

t h e  c o n t r a s t  i n  thermal  c o n d u c t i v i t y  between bedrock and v a l l e y  f i l l .  

T h i s  e f f e c t  i s  i l l u s t r a t e d  i n  F i g u r e  7a, f o l l o w i n g  t h e  work o f  B l a c k w e l l  

and Chapman (1977), where i nc reased  heat  f l o w  i s  e v i d e n t  over t h e  

bedrock ad jacen t  t o  t h e  bas in .  Spacing o f  t h e  i so the rms  i n  F i g u r e  7a  

show t h a t  h i g h e r  geothermal g r a d i e n t s  a r e  p resen t  over  t h e  marg ins  of 

t h e  v a l l e y  f i l l .  I n  c o n s i d e r i n g  t h e  r e f r a c t i o n  hypo thes i s  f o r  t h e  R io  

Grande r i f t ,  Harder e t  a1 . (1980) conc lude t h a t  i t  may e x p l a i n  a p o r t i o n  

o f  t h e  r e g i o n a l  thermal  anomaly b u t  i t  can n o t  e x p l a i n  t h e  observed 

1 oca1 a n m a l  i es. 

B l a c k w e l l  and Chapman (1977) have a l s o  s t u d i e d  t h e  e f f e c t s  o f  

thermal c o n v e c t i  on (wa te r  c i  r c u l  a t i  on) a1 ong bas in  boundi ng f a u l t s  
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F i  gure 7. Poss ib le  geothermal occurrences i n  A1 buquerque area: 

a) conduc t i ve  thermal r e f r a c t i o n  and b )  thermal  
ground-water convec t i on  a1 ong bas i  n boundi ng f a u l t  ( f r o m  
B1 ackwel l  and Chapman, 1977) .  
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( F i g u r e  7b).  The d i  f f e r e n c e s  between r e f r a c t i o n  and thermal  convec t i on  

a r e  c l e a r l y  shown i n  F i g u r e  7b where t h e  h i g h e s t  geothermal g r a d i e n t s  

would be l o c a t e d  d i r e c t l y  over  a convec t i ng  f a u l t  zone. Convec t ion  i s  a 

much more e f f e c t i v e  heat  t r a n s f e r  mechanism than conduc t ion ,  hence, 

l a r g e  heat  f l o w  anomal ies can be ob ta ined .  For example, heat  f l o w  as 

2 h i g h  as 490 mW/m (11.7 HFU) has been r e p o r t e d  i n  t h e  Socor ro  area where 

thermal  convec t i on  p r o b a b l y  dominates ( R e i t e r  and Smith, 1977). The 

q u e s t i o n  of t h e  p o s s i b l e  i n i t i a t i o n  of thermal  c o n v e c t i o n  a long  a f a u l t  

zone has been d iscussed by Harder e t  a1 . (1980).  They c i t e  t h e o r e t i c a l  

s t u d i e s  which i n d i  ca ted  t h a t  such convec t i on  i s  u n l  i k e l y  a t  thermal  

g r a d i e n t s  l e s s  than  50°C/km; t h e r e f o r e ,  i t  would n o t  occur  a t  normal R i o  

Grande ri ft g r a d i e n t s  ( Q., 30°C/km). 

S i  nce t y p i  c a l  geothermal g r a d i e n t s  a r e  deemed i n s u f f i  c i  e n t  t o  d r i  ve 

thermal c o n v e c t i o n  i n  t h e  R i o  Grande r i f t ,  Harder e t  a1 . (1980) 

cons ide red  f o r c e d  ground-water c o n v e c t i o n  as t h e  most common source  o f  

r i f t  geothermal anomalies. T h i s  mechanism has been e l a b o r a t e d  on by  

Morgan and Dagget t  (1981) and by  Morgan e t  a l .  (1981) and i s  

s c h e m a t i c a l l y  d e p i c t e d  i n  F i g u r e  8. I n  t h i s  model, heated ground wa te r  

f rom dep th  i s  b rough t  c l o s e r  t o  t h e  s u r f a c e  by  h y d r a u l i c a l l y  f o r c e d  f l o w  

over subsur face  c o n s t r i c t i o n s  o r  b a r r i e r s .  Lower maximum tempera tures  

a r e  expected i n  t h i  s s i t u a t i o n  compared t o  thermal  c o n v e c t i  on ( F i  gure  

7b). T h i s  i s  so because wa te r  may c i r c u l a t e  i n t o  t h e  basement i n  a 

thermal  convec t i on  system; tempera tu re  i n  t h e  f o r c e d  c o n v e c t i o n  system 

i s  l i m i t e d  by  t h e  maximum depth  o f  water  c i r c u l a t i o n  - i n  t h e  bas in .  

The presence o f  a c r u s t a l  magma heat  source  would, o f  course ,  

p r o v i d e  c o n s i d e r a b l e  energy f o r  i nc reased  thermal conduc t ion  and 

convec t i on .  Harder e t  a1 . (1980)  have es t ima ted  t h a t  s h a l l o w  i n t r u s i v e s  
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(Morgan 8 Daggett ,1980) 
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F i  gure  8. H y p o t h e t i c a l  R i  o Grande ri ft f o r c e d  ground-water c o n v e c t i  on 
system and expected s u r f a c e  heat f l o w  p r o f i l e .  R e l a t i v e  
tempera tures  i n  a r b i t r a r y  u n i t s  i n d i c a t e d  i n  c i r c l e s  ( f r o m  
Morgan and Dagget t ,  1981). 
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F i g u r e  9. D i s t r i b u t i o n  o f  p o i n t  sources o f  p ressure  used t o  model u p l i f t  
frcm hypothes ized magma bodies a t  19 km depth between Socorro 
and A1 buquerque ( f r o m  Rei 1 i n g e r  e t  a1 . , 1980). 
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3 (1 - 2 km d e p t h )  of modest volumes ( Q 100 km ) would have t o  be l e s s  

t h a n  50,000 yea rs  o l d  t o  be ma jo r  f a c t o r s  i n  p roduc ing  R io  Grande r i f t  

geothermal anomal i es. 

area i s  140,000 yea rs  a t  t h e  C a t  H i l l s  v o l c a n i c  f i e l d  ( K e l l e y  and Kudo, 

1978) a l t h o u g h  Machette (1978) es t ima ted  t h a t  t h e  Albuquerque volcanoes 

have been e p i s o d i c a l l y  a c t i v e  f rom 200,000 t o  120,000 y e a r s  b e f o r e  

p resen t .  

i s  u n l i k e l y  t h a t  t h e i r  magma chambers were ( a r e )  a t  sha l l ow  c r u s t a l  

l e v e l s .  Consequently, young, s h a l l o w  magma i n t r u s i o n  does n o t  seem a 

1 i k e l y  poss i  b i  1 i t y  f o r  geothermal a n m a l  i es i n  t h e  Albuquerque area. 

Cons ide rab le  d i  scuss i  on has been generated r e g a r d i n g  t h e  assoc i  a t i  on 

The youngest vo l  can i  c d a t e  i n  t h e  A1 buquerque 

The youngest volcanoes a r e  b a s a l t i c  i n  compos i t i on  so t h a t  i t  

o f  contemporary magma bod ies  and geothermal p o t e n t i a l  i n  t h e  Socor ro  

a rea  (e.g. R e i t e r  and Smith, 1977; Chapin e t  a l . ,  1978; R e i l i n g e r  e t  

a1 ., 1980). Compel l ing  se i sm ic  da ta  (Sanford  e t  a1 ., 1977; Brown e t  

a1 . , 1980) and re1 eve l  i ng measurements (Rei 1 i nger  e t  a1 . , 1980) s t rong1  y 

suppor t  t h e  e x i s t e n c e  o f  bo th  s h a l l o w  ( Q 4 - 10 km deep) and deep ( Q 20 

km) bodies.  U n t i l  t h e  r e c e n t  work of Rei1 i n g e r  e t  a1 . (1980)  t h e  bod ies  

were r e f e r r e d  t o  as t h e  "Socor ro  magma body" b u t  as ske tched i n  F i g u r e  

9, t h e r e  

ex tend i  ng 

e x i  s tence  

area wou 1 

s now r e l e v e l i n g  ev idence sugges t ing  a separa te  magma body 

from Belen  t o  Albuquerque. It i s  c l e a r  t h a t  t h e  p o s s i b l e  

o f  a p resen t  day mo l ten  heat  source  beneath t h e  Albuquerque 

mod i f y  ou r  p e r c e p t i o n  o f  t h e  p o s s i b l e  geothermal 

mani f e s t a t i  ons. 

1 eve l  i ng o b s e r v a t i o n s  and d e t a i  1 ed se i sm ic  s t u d i e s  t o  de termi  ne i f  such 

an a c t i v e  magma body i s  p resen t  between Albuquerque and Belen. As 

concluded by Harder e t  a1 . (1980), however, a deep ( Q  20 km) magma 

chamber would n o t  r e p r e s e n t  a geothermal resource ,  a l t h o u g h  i t  would 

i n d i c a t e  a p o t e n t i a l  f o r  sha l l ower  magma heat  sources. 

Rei 1 i nger  e t  a1 . (1980) have suggested a d d i t i o n a l  
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REGIONAL GEOPHYSICAL S T U D I E S  

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

Our s t u d y  o f  t h e  geothermal p o t e n t i a l  i n  t h e  Albuquerque area  

concen t ra ted  on geophys ica l  measurements which p r o v i d e  p e r t i n e n t  d a t a  

f o r  e x p l o r a t i o n ,  d i s c o v e r y ,  and assessment o f  t h e  resource .  O f  obv ious ,  

p r imary  impor tance i s  t h e  c o l l e c t i o n  o f  r e l i a b l e  tempera ture  da ta  a t  

depth. Temperature da ta  were o b t a i n e d  f rom o i  1 t e s t  measurements , f rom 

bot tom h o l e  r e s u l t s  recorded on geophys ica l  l o g s  run  i n  m u n i c i p a l  w a t e r  

w e l l s ,  f rom ou r  own measurements i n  a v a i l a b l e  wa te r  w e l l s ,  and i n  

s h a l l o w  g r a d i e n t  ho les  d r i l l e d  as a p a r t  o f  our  program. Es t ima tes  of  

base r e s e r v o i  r tempera tures  were o b t a i n e d  by geothermometry c a l  c u l  a t i  ons 

based on water  chemi stry.  

Model i ng o f  e x i  s t i  ng g r a v i t y  d a t a  p r o v i d e d  r e g i o n a l  e s t i m a t e s  o f  

p o t e n t i  a1 r e s e r v o i  r 1 o c a t i  ons and th icknesses .  Regional  s e i  smi c i t y ,  

recen t1  y recorded i n t h e  A1 buquerque area  , revea led  a c t i  v i  t y  a1 ong 

f a u l t s  which c o u l d  a c t  as c o n d u i t s  f o r  thermal  convec t i on .  

The appl  i c a t i  on o f  r e s i  s t i  v i  t y  methods i n  geothermal e x p l o r a t i o n  i s  

d i scussed  and r e s u l t s  a r e  p resented  i n  a subsequent s e c t i o n  on t h e  L l a n o  

de A t r i s c o  thermal  anomaly. A s u r f a c e  magnet ic  survey  i s  a l s o  i n c l u d e d  

i n  t h e  s e c t i o n  on t h e  assessment of t h e  L lano  de A t r i s c o  area. 
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G r a v i t y  

G r a v i t y  mode l ing  was used p r i m a r i l y  t o  de termine t h e  e x t e n t  and 

t h i c k n e s s e s  of t h e  v a r i o u s  a q u i f e r s  p resen t  i n  t h e  Albuquerque area 

(Tab le  1). 

geothermal waters  and a r e  t h u s  a necessary r e q u i s i t e  f o r  a resource .  A 

l a r g e  t h i c k n e s s  of h i g h l y  porous and permeable sediments i s  an obv ious  

asse t  s i n c e  a l a r g e  f l u i d  s t o r a g e  volume would a l l o w  more t o t a l  heat  t o  

be e x t r a c t e d  and a t  g r e a t e r  depths h i g h e r  tempera tures  a r e  a v a i l a b l e .  

Such a q u i f e r s  wou ld  u l t i m a t e l y  p r o v i d e  t h e  r e s e r v o i r s  f o r  

Our geothermal p r o j e c t  f o r t u i t o u s l y  ran  c o n c u r r e n t  w i t h  ano the r  

p r o j e c t  suppor ted  by the  U. S .  Geo log ica l  Survey aimed a t  geophys ica l  

eva l  u a t i  on o f  hydro1 o g i  c a l  c h a r a c t e r i  s t i  c s  i n  t h e  A1 buquerque area. 

G r a v i t y  eval  u a t i  ons were completed and pub1 i shed by  B i  r c h  (1980, 1982) 

as a p a r t  o f  t h i s  l a t t e r  study. B i r c h  compi led  a v a i l a b l e  g r a v i t y ,  

geology, and deep w e l l  da ta  and computer modeled f o u r t e e n  g r a v i t y  

p r o f i  1 es t h r o u g h  t h e  A1 buquerque bas i  n ( F i g u r e  10) .  P r o f i  1 es marked #1 

and #2 a r e  n e a r l y  c o i n c i d e n t  w i t h  g e o l o g i c  p r o f i l e s  C and B i n c l u d e d  i n  

F i g u r e  2. F i g u r e  11 shows B i r c h ' s  g r a v i t y  model pass ing  t h r o u g h  t h e  

Carpender #1 A t r i s c o  ( C # l  A )  w e l l  and F i g u r e  12 rep resen ts  r e s u l t s  

pass ing  t h r o u g h  t h e  S h e l l  #1 Santa Fe P a c i f i c  (S#l  SFP) w e l l .  

F i g u r e s  11 and 12 b o t h  show p r o f i l e s  o f  t h e  complete Bouguer anomaly 

( o b t a i n e d  f rom F i g u r e  10) and t h e  r e g i o n a l  g r a v i t y  f i e l d  which was 

s u b t r a c t e d  from it. The r e s i d u a l  anomaly so ob ta ined  was modeled w i t h  

b l o c k s  o f  v a r i  ous c r u s t a l  d e n s i t i e s  u s i  ng a1 1 ava i  1 ab1 e c o n s t r a i n t s  

( i  .e. basement ou tc rops ,  g e o l o g i c  h o r i z o n s  r e p o r t e d  from deep w e l l s ,  and 

d e n s i t y  r e s u l t s  f rom geophys ica l  l o g s ) .  D e n s i t i e s  used i n  t h e  models 
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Figure 10. Complete Bouguer anomaly gravity map o f  Albuquerque basin (from 
Cordell et a1 . , 1978) and locations o f  profi les  modeled by 
Birch (1980, 1982). 
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and t h e i r  correspondence t o  t h e  a q u i f e r  age s e r i e s  l i s t e d  i n  Table 1 

a re :  Recent t o  Miocene (Neogene), 2.20 g/cm ; Ol igocene, Eocene, 

Cretaceous , and J u r a s s i  c y  2.40 g/un3; T r i a s s i c  and Pa leozo ic  , 

2.57 g/cm , and Precambrian, 2.67 g/cm . O f  t hese  u n i t s  t h e  Santa Fe 

Fo rmat ion  (2.20 g/cm ) i s  by  f a r  t h e  most i m p o r t a n t  a q u i f e r  a v a i l a b l e  

f o r  p o t e n t i a l  geothermal f l u  d storage. Deeper s t r a t a  i n c l u d i n g  t h e  

Precambrian basement y i e l d  1 t t l e  o r  no water  under t y p i c a l  c o n d i t i o n s .  

They, t h e r e f o r e ,  would n o t  be cons idered as p o t e n t i a l  geothermal 

r e s e r v o i  r s  except  under unusual 1 y f a v o r a b l e  c i  rcumstances. 

3 

3 3 

3 

G r a v i t y  mode l ing  i n  F i g u r e s  11 and 12 c l e a r l y  shows t h a t  s e v e r a l  

3 k i l o m e t e r s  o f  l ow  d e n s i t y  (2.20 g/cm ) ,  permeable Santa Fe sediments a r e  

p resen t  i n  t h e  Albuquerque area. Noteworthy i n  these  p r o f i l e s  a r e  t h e  

deep normal f a u l t s ,  i n  genera l  agreement w i t h  K e l l e y ' s  p r o j e c t i o n s  

( F i g u r e  2). P r e c i s e  l o c a t i o n  and depth  of unexposed, deep f a u l t s  cannot 

be i n f e r r e d  f rom g r a v i t y  a lone ;  however, t h e  g e o l o g i c  ( F i g u r e  2)  and 

g r a v i t y  model i ng ( F i g u r e s  11 and 12) c e r t a i n l y  suggests t h e  1 i k e l  i hood 

t h a t  f a u l t s  a r e  a v a i l a b l e  f o r  deep thermal  convec t i on .  

Mode l ing  r e s u l t s  from a l l  f o u r t e e n  g r a v i t y  p r o f i l e s  have been 

combined t o  produce F i g u r e  13, a map of t h e  t h i c k n e s s  o f  t h e  2.20 g / m  

d e p o s i t s  i n  t h e  Albuquerque bas in .  Over most o f  t h e  b a s i n  t h e  u n i t  i s  

about 1.5 km t h i c k .  

marg ins ;  i t  i s  a l s o  l e s s  t h a n  0.5 km t h i c k  a t  t h e  southern  te rm inus  o f  

t h e  bas in .  The g r e a t e s t  t h i c k n e s s  o f  Santa Fe sediments (ove r  2.5 km) 

i s  e s t i m a t e d  t o  occur  west o f  t h e  Manzano Mountains and i n  t h e  

n o r t h e a s t e r n  s e c t i o n  o f  t h e  bas in .  

u n d e r l a i n  by an average o f  1.5 km of Santa Fe sediments w i t h  some 

th i cknesses  exceeding 2.0 km. B i r c h  (1982) has c a l c u l a t e d  t h e  t o t a l  

3 

As expected, t h e  l a y e r  i s  t h i n  a long  t h e  b a s i n  

Most of t h e  c i t y  o f  Albuquerque i s  
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F i g u r e  13. Thickness of 2.20 g/cm3 l o w  d e n s i t y  f i l l  i n  Albuquerque b a s i n  
c a l c u l a t e d  by  g r a v i t y  mode l ing  ( f r o m  B i r c h  1980, 1982). 
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volume o f  Santa Fe d e p o s i t s  t o  be about 7000 km j  wh ich  upon u s i n g  27% 

water  s a t u r a t e d  p o r o s i t y  y i e l d s  about 1900 km t o t a l  water  volume. T h i s  

i s  o b v i o u s l y  a v a s t  r e s e r v o i r  o f  f l u i d ;  t h e  f r a c t i o n  o f  t h i s  heat  

t r a n s f e r  medium t h a t  has geothermal s i g n i f i c a n c e  i s ,  o f  course, unknown. 

3 

Earthquake a c t i v i t y  may be an impor%ant  f a c t o r  i n  l o c a t i n g  

p r o s p e c t i v e  geothermal s i t e s  as a c t i v e  f a u l t i n g ,  which may c o n t r o l  f l  u i d  

f l ow  and igneous i n t r u s i o n ,  would be assoc ia ted  w i t h  s e i s m i c i t y .  

Contemporary se i  smic a c t i  v i t y  p r o v i d e s  ev idence t h a t  f a u l t  zones a r e  

a c t i v e  and, t h e r e f o r e ,  a r e  l i k e l y  t o  be open ( n o t  sea led  o r  cemented). 

They may, consequent ly ,  a c t  as c o n d u i t s  f o r  deep ground-water 

c i r c u l a t i o n  o r  convec t ion .  Magma i n t r u s i o n  has l o n g  been known t o  be 

a s s o c i a t e d  w i t h  swarm ear thquake a c t i v i t y .  Approx ima te l y  75 p e r c e n t  o f  

t h e  recen t  m ic roear thquake  a c t i v i t y  i n  t h e  Socorro area, about 100 km 

sou th  o f  A1 buquerque, has occu r red  i n  swarms (San fo rd  e t  a1 . , 1979). 

Thus, Sanford  e t  a l .  (1979) suggest t h a t  earthquake a c t i v i t y  and 

u n u s u a l l y  h i g h  heat  f l o w  i n  t h e  Socorro area can be e x p l a i n e d  by 

i n t r u s i o n  o f  magma i n t o  t h e  m id -  t o  upper c r u s t .  

Earthquake a c t i v i t y  i n  t h e  A1 buquerque area f rom t h e  beg inn ing  o f  

i n s t r u m e n t a l  s t u d i e s  i n  New Mexico i n  1962 u n t i l  1977 has been much l e s s  

than  t h e  Socorro area. S e i s m i c i t y  i nc reased  d r a m a t i c a l l y  i n  1978-79 

when about 300 smal l  earthquakes o f  l o c a l  magnitudes up t o  2.5 were 

observed near  t h e  A1 buquerque volcanoes (Jaksha e t  a1 . , 1981). The 

earthquake sequence between September, 1978 and A p r i l ,  1979 was 

r e g i o n  about 2.5 km west o f  t h e  genera ted  i n  a sma 1 e p i c e n t r a  

Sei smi c i  t y  
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southernmost v o l c a n i c  cone ( F i g u r e  14). The a c t  v i t y  was s t u d  

t h e  permanent 13-element U. S. Geo log ica l  Survey se i sm ic  array 

Albuquerque b a s i n  and a smal l  network o f  p o r t a b l e  s t a t i o n s .  

63 ed u s i n g  

i n  t h e  

Jaksha e t  a l .  (1981) s e l e c t e d  93 o f  t h e  ear thquakes  which passed 

c e r t a i n  "goodness" c r i t e r i a  t o  e s t i m a t e  e p i c e n t e r  and hypocenter  

l o c a t i o n s .  These e p i c e n t r a l  l o c a t i o n s  a r e  p l o t t e d  i n  F i g u r e  15 wh ich  

a l s o  shows t h e  v a r i a t i o n  i n  hypocenter  depths as a f u n c t i o n  o f  

l o n g i t u d e .  The source r e g i o n  f o r  t h e  earthquakes i s  o b v i o u s l y  q u i t e  

s m a l l ;  i n h e r e n t  l o c a t i o n  e r r o r s  ( e s t i m a t e d  t o  be about 1 km i n  

e p i c e n t r a l  l o c a t i o n )  r e s u l t  i n  no s i g n i f i c a n c e  t o  t h e  d i s t i n c t  eas t -west  

t r e n d  o f  e p i c e n t e r s  j u s t  above 35.124'N i n  F i g u r e  15. 

hypocenter  f o r  t h e  events  i s  l a t i t u d e  35.124'N, l o n g i t u d e  106.8OO0W a t  a 

dep th  o f  9.5 km. 

(Jaksha e t  a1 ., 1981) suggests a c l o s e  c o r r e l a t i o n  w i t h  t h e  County Dump 

f a u l t  and t h e  f i s s u r e  o f  t h e  Albuquerque volcanoes ( F i g u r e  14).  

A1 though t h e  1978-79 m ic roear thquake  sequence occu r red  i n  swarms, Jaksha 

e t  a l .  (1981) c o n s i d e r  t h e  a c t u a l  cause o f  t h e  a c t i v i t y  t o  be u n c e r t a i n .  

The average 

A compos i te  f a u l t  p lane  s o l u t i o n  f o r  t h e  ear thquakes  

It i s  though t  t o  be assoc ia ted  w i t h  a smal l  b u r i e d  f a u l t  a u x i l i a r y  t o  

t h e  s u r f a c e  f e a t u r e s .  

An i n t e r e s t i  ng aspec t  o f  t h e  p r e s e n t  s e i  smi c i  t y  i n  t h e  A1 buquerque 

area and i n  t h e  most s e i s m i c a l l y  a c t i v e  segment of t h e  R io  Grande r i f t  

near  Socor ro  i s  t h a t  ma jo r  young r i f t  bounding f a u l t s  a r e  s e i s m i c a l l y  

i n a c t i v e .  An example o f  t hese  f a u l t s  would be those  b o r d e r i n g  t h e  r i f t  

a long  t h e  Sandia Mountains ( F i g u r e  2). Sanford  e t  a1 . (1979) suggest 

t h a t  such o b s e r v a t i o n s  i n d i c a t e  t h a t  se i sm ic  a c t i v i t y  may n o t  be t h e  

r e s u l t  o f  s imp le  eas t -west  e x t e n s i o n  o f  t h e  r i f t  b u t  may be a s s o c i a t e d  

w i t h  magma i n j e c t i o n  a t  t h e  present  t ime. The sha l l ow  d i s t r i b u t i o n  o f  

3 1  
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w e l l  de termined hypocen t ra l  depths,  a l l  l e s s  than  13.5 km i n  t h e  Socorro 

area, suggests abnormal ly  h i g h  tempera tures  a t  dep th  (San fo rd  e t  a1 ., 
1979). 

by b r i t t l e  f r a c t u r i n g .  The sha l l ow  f o c a l  depths computed f o r  t h e  

1978-79 Albuquerque ear thquakes  (<11 km) a r e  i n  agreement w i t h  t h i s  

hypothes is .  

@ 

Deeper d e f o r m a t i o n  would t a k e  p l a c e  by d u c t i l e  f l o w  r a t h e r  t h a n  
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The r m  a1 

U l t i m a t e  emphasis i n  any geothermal e v a l u a t i o n  program must be 

p l a c e d  on thermal  da ta  i n c l  u d i  ng heat  f l o w ,  bo t tom h o l e  tempera tures  , 

and tempera ture  1 oggi  ng. 

Heat F1 ow 
2 A ma jo r  heat  f l o w  anomaly w i t h  heat  f l o w  g r e a t e r  t han  105 mW/m (2.5 

HFU) has been d e l i n e a t e d  a long  t h e  western  p o r t i o n  o f  t h e  R i o  Grande 

r i f t  ( R e i t e r  e t  a1 ., 1975; 1978; 1979). Th is  t r e n d  o f  enhanced heat  

f l o w  on t h e  western  marg in  o f  t h e  r i f t  i s  c o n s i s t e n t  w i t h  t h e  heat  f l ow  

va lues  i n  t h e  v i c i n i t y  o f  Albuquerque. These da ta  a r e  t a b u l a t e d  i n  

Tab le  2 where f o u r t e e n  va lues  a r e  l i s t e d  ( R e i t e r  e t  a1 ., 1975). The 

da ta  l o c a t i o n s  a r e  shown ( F i g u r e  26) i n  t h e  subsequent s e c t i o n  on 

2 Geothermometry. 

- + 0.6 HFU). 

( 2 . 5  - t 0.4 HFU), whereas, t h e  e i g h t  eas te rn  va lues  average o n l y  63 - t 13 

mW/m2 (1.5 - + 0.3 HFU). 

HFU) i s  i n  t h e  R i o  Puerco v a l l e y ,  35 km west o f  Albuquerque; t h e  l o w e s t  

v a l u e  of 45 mW/m 

The mean o f  these heat f l o w  data  i s  84 - + 25 mW/m (2.0 

2 The s i x  western  heat  f l o w  va lues  average 105 - + 17 mW/m 

The h i g h e s t  va lue  o f  heat  f l o w  (129 mW/m2; 3.1 

2 (1.1 HFU) occurs  j u s t  o u t s i d e  t h e  Albuquerque c i t y  

l i m i t s  t o  t h e  southwest. 

Bottom H o l e  Temperatures 

Bottom h o l e  tempera tures  f rom o i l  t e s t  w e l l s  were c o l l e c t e d  f rom t h e  

w e l l  l o g  f i l e s  o f  t h e  S t a t e  o f  New Mexico O i l  Conserva t i on  D i v i s i o n  as 

one o f  t h e  f i r s t  s teps  i n  our  e x p l o r a t i o n  program. These i n i t i a l  da ta ,  

n and t h r e e  newer r e s u l t s ,  a r e  l i s t e d  i n  Tab le  3 and p l o t t e d  i n  F i g u r e  16. 

The t h r e e  most r e c e n t  da ta  were o b t a i  ned t h r o u g h  persona l  communications 
w 
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Loca l  i ty  

A1 buquer que 
A1 buquerque/SE #1 

Albuquerque/SE #2 

B i  bo /Nor th  

Hol weg 

Ma rquez 

Marquez/SE 

O r t i z  Mtn. 

R i o  Puerco #1 

R i o  Puerco #2 

R i o  Puerco #3 

San Fe l  i pe/East 

San Pedro # 1  

San Pedro #2 

SUMMARY OF HEAT FLOW DATA 
NEAR ALBUQUERQUEy NEW M E X I C O  

1975) (From R e i t e r  e t  a1 . 
L o c a t i  on 

L a t  . Long. 

35'03 I 

34'56 ' 
33'56 I 

35'13 

35'09' 

35'17 I 

35'15 

35'20 I 

35'13 

35'12' 

35'12 ' 
35'18' 

35'15 

35'15 

3 6  

106'31 
106'33 I 

106'33 

107°19' 

106'16 

107'15 I 

107'13 

106'1 1 

107O01 I 

107°01 I 

107'05 

106'15 ' 
106°11' 

106'1 1 I 

Heat F1 ow 
(rnW/m2) (HFU) 

45 
65 

60 

108 
66 

90 

88 

74 

129 

95 

111 

78 

56 

54 

1.08 
1.56 

1.43 

2.58 

1.58 

2.14 

2.11 

1.76 

3.08 

2.27 

2.66 

1.86 

1.34 

1.29 



TABLE 3 

OIL AND GAS WELL BOTTOM HOLE TEMPERATURES AND 
THERMAL GRADIENTS NEAR ALBUQUERQUE, NEW M E X I C O  

(Temperatures recorded on bo reho le  1 ogs ; g r a d i e n t s  computed u s i  ng 15OC mean 
annual s u r f a c e  tempera ture . )  

Wel l  Name L o c a t i o n  

(T. / R. /Sec . ) 
Long D a l i e s  No. 1 7N/lE/31 

Shel 1 -Santa Fe 
P a c i f i c  No. 1 13N/3E/18 

Shel 1 -Laguna- 

Wi lson  No. 1 9N/lW/8 

Shel 1 -Santa Fe 

P a c i f i c  No. 2 6N/ l W /  29 

S h e l l - I s l e t a  No. 1 7N/2E/7 

Transocean 
I s l e t a  No. 1 a ~ /  3 ~ /  8 

S h e l l - I s l e t a  No. 2 8N/2E/16 

Shel 1 West Mesa 

Federa l  No. 1-24A l l N / l E / 2 4  

Spudding 

Date 

4/11/52 

6/19/72 

9/21/72 

3/29/74 

10/25/74 

10/4/78 

11/23/79 

12/ 30/80 

Depth Temperature Grad ien t  

( f t )  
6091 

7683 

9375 

3982 

10975 

14020 

16346 

10370 

21266 

19366 

( m )  (OF) 

1856 153 

2342 179 

2857 212 

1214 136 

3345 245 

4273 322 

4982 374 

3161 235 

6482 450 

5902 380 

(OC) (OC/km) 
67 28 

82 29 

100 30 

58 35 

118 31 

161 34 

190 35 

113 31 

232 33 

193 30 
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F i g u r e  16. O i l  and gas w e l l  bot tom h o l e  tempera ture  da ta  near 
A1 buquerque. 
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w i t h  K. H a t t o n  of t h e  S t a t e  of New Mexico Energy and M i n e r a l s  Department 

i n  Santa Fe. The l o c a t i o n s  o f  t h e  w e l l s  a r e  g i ven  on t h e  map i n  F i g u r e  

17. The r e s u l t s  f rom t h e  e i g h t  w e l l s  t a b u l a t e d  i n  Tab le  3 and p l o t t e d  

i n  F i g u r e  16 a r e  c h a r a c t e r i  zed by tempera ture  g r a d i e n t s  c a l  c u l  a t e d  u s i  ng 

a mean annual s u r f a c e  tempera tu re  o f  15OC f o r  a l l  w e l l s .  T h i s  i s  near 

t h e  average v a l u e  c a l c u l a t e d  from records  o f  t h e  U. S. Weather S e r v i c e  

a t  t h e  Albuquerque a i r p o r t  f rom J u l y  1978 t o  June 1980 (14.1OC). 

g r a d i e n t s  l i s t e d  i n  Tab le  3 vary f rom 28 t o  35'C/km and average 32'C/km. 

Thus, we have cons ide red  tempera tu re  g r a d i e n t s  t o  be about normal i f  

they  a r e  approx ima te l y  30°C/km i n  t h e  Albuquerque area. 

The 

Approx ima te l y  one hundred muni c i  p a l  water  we1 1 s have been d r i  11 ed i n  

t h e  Albuquerque area i n  twenty-seven w e l l  f i e l d s .  Many o f  t h e  w e l l s  

were commerci a1 l y  logged  w i t h  conven t iona l  downhol e geophysi c a l  t o o l  s , 

t y p i c a l l y  i n d u c t i o n - e l e c t r i c ,  m i c r o l o g ,  and f o r m a t i o n  d e n s i t y  l ogs .  The 

1 oggi  ng t o o l  s o f t e n  i n c l  uded a maximum r e a d i n g  thermometer. The maximum 

read ings  were assumed t o  r e p r e s e n t  t h e  bo t tom h o l e  tempera ture  and were 

recorded as such on t h e  w e l l  l o g  records .  A search  o f  t h e  a r c h i v e s  

c o n t a i  n i  ng t h e  1 ogs a t  Gordon Herkenhof f  and Associ  a tes ,  I nc .  y i e l d e d  

bo t tom h o l e  tempera tures  f rom n e a r l y  eve ry  m u n i c i p a l  w e l l  f i e l d .  These 

va lues  were conver ted  t o  tempera ture  g r a d i e n t s  by assuming a l i n e a r  

g r a d i e n t  and u s i n g  a mean annual t empera tu re  e s t i m a t e  o f  15OC a t  t h e  

su r face .  

de termined a r e  l i s t e d  i n  Tab le  4. F i g u r e  18 i s  a p l o t  o f  t h e  bo t tom 

h o l e  tempera tures  versus  depth  w i t h  an a r b i t r a r y  r e f e r e n c e  tempera tu re  

g r a d i e n t  o f  40°C/km i n d i c a t e d .  

Bottom h o l e  tempera ture  da ta  and tempera ture  g r a d i e n t s  t h u s  

Well depths  range f rom 300 t o  over  600m; 

39 



F i g u r e  17. L o c a t i o n  map showing o i l  and gas w e l l s  y i e l d i n g  bottom h o l e  
tempera ture  da ta  near Albuquerque (base map f r o m  K e l l e y  and 
Kudo, 1978). 8 

40 



TABLE 4 

WATER WELL BOTTOM HOLE TEMPERATURES AND 
THERMAL GRADIENTS I N  ALBUQUERQUE, NEW M E X I C O  

(Temperatures rehorded on bo reho le  1 ogs ; g r a d i  en ts  computed 
u s i n g  15 C mean annual s u r f a c e  tempera ture . )  

Well  Name 

Almeda #1 
A t r i s c o  #5 

Char les  #1 
Char les  #2 

Char les  #4 
C o l l e g e  #2 Zone 2 

C o l l e g e  #3 Zone 1W 

Don #1 

Duranes #1 

Lev i  tt #1 

L e v i  tt #2 

Leyendecker #2 

Leyendecker #3 
Ley e n d e c k e r #4 

Lanas # 1  
Lomas #2 

Lanas #3 

Lomas #7 

Lanas #8 
Love #3 

Love #4 

Love #5 

Parad ise  H i l l e s  #1 
Ponderosa #4 

Ponderosa #9 

R i  dgec res t  #2 

R i  dgec res t  #4 

R i o  Rancho #8 

Depth 

( ft 1 
1382 

1420 

1065 
1033 

1053 
1630 

1488 

1607 

1021 

1221 

1241 
1014 

1026 
1017 

1343 
1582 

1616 

1708 

1704 

1274 

1282 

1252 

1201 
1753 

1808 
1552 

1448 

2006 

(m> 

421 

433 

325 

315 

321 
498 

454 

490 

311 

372 

378 
309 

313 
310 

409 
48 2 

493 

521 

519 

388 

391 

382 

366 
534 

551 

47 3 

441 

6 1  1 
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(OF) 

88 

88 

8 1  

8 1  

90 

88 

82 

81 

76 

74 

72 
75 

70 

70 

72 
80 
80 

88 

82 

83 

95 

80 

74 

78 

95 

76 

69 
88 

(OCI 

3 1  

31 

27 

27 

32 

31 

28 

27 

24 

23 

22 

24 

21  

21 

22 

26 

26 

31 

27 

28 

35 

26 

23 

25 

35 

24 

20 
31 

Temperature G r a d i e n t  

(OC/km 1 
38 

37 

37 

38 

53 

32 

29 

24 

29 

22 

19 

29 

19 

19 

17 
23 

22 

3 1  

23 

34 

51 

29 

22 

19 

36 

19 

11 
26 



TABLE 4 
c o n t i n u e d  

Wel l  Name 

San Jose #7 

San Jose #10 

Santa Barbara #1 

Thomas # 1  
Thomas #2 

Thanas #3 
Thomas #4 

Vol-Andia #2 
Vol-Andia #3 

Vol-Andia #4 

Vol-Andia #5 
Volcano C l i f f s  # 1  
Volcano C l i f f s  #3 

West Mesa # 1  

West Mesa #2 

West Mesa #3 

Ya le  # 1  

Wal k e r  #l 
Walker #2 

Depth 

( f t )  

1014 

1200 

1011 

1097 
1225 

1192 
1014 

1030 
1027 

1022 

1031 

1204 

1648 

1181 
1445 

1424 

1008 

1786 

1739 

( 4  

309 

366 

308 

334 
37 3 

363 
309 

314 
31 3 

311 

314 

367 

502 

360 

440 

434 

307 

544 

530 

Tempera t u  r e  

(OF 1 

75 

77 

'7 1 

8 1  

82 

80 

80 

73 

100 

85 

100 

92 
116 

80 

115 

75 

78 

100 

90 

(OC 1 

24 

25 

21 

27 

27 

26 
26 

23 

38 

29 

38 

33 

46 

26 

46 

24 

26 

38 

32 

Grad ien t  I 

1 (OC/km) 

29 

27 

19 

36 

32 

30 
36 

25 

73 

45 

73 

49 

62 

3 1  

70 

21  

36 

42 

32 

I 

I 

I 
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F i g u r e  18. Water w e l l  bot tom h o l e  tempera tu re  da ta  i n  Albuquerque: C4, 
L4, VA3, VA4, VAS, VC1, VC3, WM2, and W 1  a r e  Char les  #4, Love 
#4, Vol-Andia #3, #4, #5, Volcano C l i f f s  #1, #3, West Mesa #2, 
and Walker #1 w e l l s ,  r e s p e c t i v e l y .  
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ALBUQUERQUE MUNICIPAL WELLS 
WITH TEMP GRAD >40°C/KM - KEY 
WELL SITE OWDEPTH (M) 0 & FIELD 

0 I MI 

0 I KM 
U 

U 

F i  gure 19. Locat i  on map showing A1 buquerque muni c i  pal water we1 1 f i e l d s  i n d i  c a t i  ng thermal 
g r a d i e n t s  over 40 C/km. 



0 
@ c a l c u l a t e d  tempera tu re  g r a d i e n t s  vary c o n s i d e r a b l y  f rom 11 C/km t o  over  

70°C/km. Mapped i n  F i g u r e  19 a r e  t h e  s i x  w e l l  f i e l d s  where tempera tu re  

g r a d i e n t s  exceedi  ng 40°C/km were c a l  c u l  a t e d  by t h e  above procedure .  

b a s i c  t r e n d s ,  e v i d e n t  i n  F i g u r e  19, a r e  a thermal anomaly on t h e  west 

s i d e  o f  Albuquerque (Vo lcano C l i f f s  - West Mesa f i e l d s )  and one t o  t h e  

e a s t  (Vol Andia t o  Love f i e l d s ) .  D a t a  as p resented  i n  F i g u r e s  18 and 19 

Two 

a r e  v e r y  V a l  uab l  e f r e e  geothermal t a r g e t i  ng i n f o r m a t i  on ; however , t h e r e  

a r e  seve ra l  p i t f a l l s  e v i d e n t  i n  d e a l i n g  w i t h  commercial w e l l  l ogs .  

We1 1 s a r e  usua l  l y  logged b e f o r e  thermal  equi  1 i b r i  urn i s  reached and 

r e c o r d i  ng d i s c r e p a n c i e s  a r e  o f t e n  no ted  on t h e  1 og headi  ngs themselves. 

A more s e r i o u s ,  and t h u s  f a r  en igmat i c ,  aspec t  o f  u s i n g  bo t tom h o l e  

w e l l  tempera tures  ob ta ined  from geophys ica l  1 ogs i s  t h e  marked c o n t r a s t  

between tempera tures  a t  s i m i l a r  depths w i t h i n  a g i ven  w e l l  f i e l d .  

example, West Mesa w e l l  #2 l i s t s  46OC a t  440 m depth  compared t o  24OC 

reco rded  a t  West Mesa #3 a t  434 m o n l y  1.6 km away. We have measured 

tempera ture  d i f f e r e n c e s  a t  s i m i l a r  depths i n  nearby w e l l s  i n  ou r  own 

tempera tu re  1 oggi  ng program ( t o  be d e s c r i  bed i n  t h e  f o l  1 owi ng s e c t i  on)  

b u t  n o t  o f  t h e  magnitude seen i n  t h e  b o t t a n  h o l e  tempera ture  data.  We 

have n o t i c e d  t h a t  many o f  t h e  d i s c r e p a n c i e s  such as observed i n  t h e  West 

Mesa f i e l d  can be c o r r e l a t e d  w i t h  t h e  t i m e  o f  t h e  y e a r  when t h e  w e l l s  

were logged. 

46OC was made i n  t h e  s u m e r  on J u l y  21, 1962, whereas, t h e  much c o o l e r  

West Mesa #3 va lue  of 24'C was recorded on February  18, 1974. 

Fo r  

For example, t h e  West Mesa #2 h i g h  tempera tu re  r e a d i n g  o f  

Such a 

c o r r e l a t i o n  c a s t s  c o n s i d e r a b l e  s u s p i c i o n  on b o t t a n  h o l e  tempera tu re  

da ta .  Correspondence w i t h  personne l  f rom l o g g i n g  companies has 

con f i rmed  t h e  p o s s i b i l i t y  t h a t  b o t t a n  h o l e  thermometers may n o t  have 

been p r o p e r l y  c e n t r i f u g e d  p r i o r  t o  i n s e r t i o n  i n t o  a w e l l .  

o p e r a t i o n  i s  r e q u i r e d  t o  assure  t h a t  t h e  i n i t i a l  tempera ture  r e a d i n g  on 

Such an Q 
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t h e  thermometer i s  l e s s  than  t h a t  i n  t h e  w e l l .  The tempera ture  on a h o t  

J u l y  day can o b v i o u s l y  exceed va lues  i n  t h e  bo reho le  and t h e  bo t tom h o l e  

tempera tu re  recorded on t h e  w e l l  l o g  may have n o t h i n g  t o  do w i t h  t h e  

a c t u a l  w e l l  tempera ture .  I n  t h e  f u t u r e ,  s p e c i a l  e f f o r t s  shou ld  be made 

t o  i nsure  re1  i ab1 e tempera tu re  da ta  i n  muni c i  p a l  water  we1 1 s. 

Dependable bo t tom h o l e  va lues  can form an ex t reme ly  i m p o r t a n t ,  f r e e  d a t a  

base wh ich  would o the rw i  se  be expens ive  and d i  f f i c u l  t t o  acqui  r e .  

I n  pass ing ,  i t  shou ld  be ment ioned t h a t  t h e  City o f  Albuquerque 

Department of Water Resources p r o v i d e d  wa te r  tempera tu re  measurements 

o b t a i n e d  a t  many m u n i c i p a l  w e l l  heads d u r i n g  f low t e s t s .  These da ta ,  

wh ich  a r e  presented  i n  Appendix B, Tab le  IC, were o r i g i n a l l y  compi led  by  

Leonard Resources Inc .  o f  Albuquerque i n  1976. The use o f  t h e s e  

tempera tures  f o r  geothermal eva l  u a t i  on was cons ide red  t o  be v e r y  1 i rn i  t e d  

a f t e r  we found unexpl  a i  nab le  descrepanci  es between these  V a l  ues and o u r  

own tempera tu re  l o g g i n g  program. For example, r e p o r t e d  we1 1 head 

tempera tures  i n  t h e  m u n i c i p a l  San Jose f i e l d  were l i s t e d  as 26.1°C i n  

w e l l s  #2 and 3 wh ich  a r e  o n l y  144 and 154 m deep, r e s p e c t i v e l y .  Our 

a c t u a l  measurements i n  San Jose w e l l s  #4, 5, 9, and 10 were a l l  l e s s  

t h a n  22OC f rom t h e  s u r f a c e  t o  as deep as 230 m depth  (see be low) .  

Temperature Logg ing  - Avai 1 ab1 e We1 1 s 

The exce l  1 e n t  c o o p e r a t i  on o f  seve ra l  pub1 i c  and p r i v a t e  concerns 

enabled us t o  c a r r y o u t  a program o f  tempera ture  l o g g i n g  i n  a v a i l a b l e  

wa te r  w e l l s  i n  t h e  Albuquerque area. The c o o p e r a t i n g  groups a r e  l i s t e d  

i n  t h e  acknowledgements. The t r i a n g l e s  on t h e  map of F i g u r e  20 show t h e  

l o c a t i o n s  o f  e i g h t  w e l l s  w i t h  measured depths of 30 t o  100 m and 

seventeen w e l l s  exceed ing  100 m. Temperature da ta  from these  w e l l s  a r e  

p l o t t e d  i n  F igu res  21, 22, and 23. I n  most i n s t a n c e s  t h e  w e l l s  were 

r e c e n t l y  d r i l l e d  water  w e l l s  which had n o t  y e t  been f i t t e d  w i t h  downhole 
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F i g u r e  21. Temperature versus depth  i n  water  w e l l s  i n  Albuquerque w i t h  
depths o f  l e s s  than  100 m. 
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F i g u r e  22. Temperature versus depth  i n  water  w e l l s  o f  g r e a t e r  t han  103 m 
depth  i n  t h e  i n n e r  R io  Grande v a l l e y  and East mesa areas o f  
A1 buquerque. 
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equipment, e.g. UNM #7, A t r i s c o  #5, Walker #1 and 4 2 ,  Volcano C l i f f s  #3, @ 
NM U t i l i t i e s  #3, C o l l e g e  #1 and #3. I n  a l l  o f  these cases, d r i l l i n g  had 

been completed a month o r  more b e f o r e  our  measurements so t h e  w e l l s  were 

c l o s e  t o  equ i  1 i b r i  urn. 

Some m u n i c i p a l  water  w e l l s  a l r e a d y  i n  o p e r a t i o n  were accessed v i a  a 

one i n c h  d iamete r  t e s t  p o r t  and m o n i t o r i n g  tube  r u n n i n g  p a r a l l e l  t o  t h e  

w e l l  c a s i n g  and ex tend ing  t o  a depth  j u s t  below t h e  water  t a b l e .  A t  

t h i s  p o i n t  t h e  tubes  connect t h rough  t h e  w e l l  c a s i n g  i n t o  t h e  w e l l  

i t s e l f .  A sharp  bend i n  t h e  t u b e  a t  t h e  connec t ion  prevented  t h e  

p e n e t r a t i o n  o f  ou r  tempera ture  probe i n t o  t h e  main w e l l .  I n  a l l  

i n s t a n c e s ,  except  t h e  measurement i n  West Mesa #4, t h e  w e l l s  had n o t  

been pumped f o r  l o n g  p e r i o d s  o f  t i m e  so they  were assumed t o  be i n  

equi  1 i b r i  um. 

The p r i v a t e  Benavidez w e l l  i s  an abandoned s t o c k  water  w e l l  and t h e  

U n i v e r s i t y  o f  Albuquerque w e l l  was measured d u r i n g  a t i m e  o f  removal and 

r e p a i r  of t h e  downhole pump. USGS #1 r e s u l t  was measured b y  t h e  U. S. 

Geo log ica l  Survey i n  a water  m o n i t o r  w e l l  d r i l l e d  i n  1981; t h e  l i n e  

shown i n  F i g u r e  23 i s  f rom con t inuous  l o g g i n g  o n l y  below t h e  wa te r  t a b l e  

(268 m) where t h e  thermocoup le  probe was a t  t h e  p roper  e q u i l i b r i u m  

tempera t u  re .  

Our tempera tu re  measurements were made u s i n g  t h e r m i s t e r  tempera ture  

probes. One t o o l  had a depth  c a p a b i l i t y  o f  100 m; t h e  o t h e r  system had 

440 m o f  cab le .  The l a t t e r  u n i t  i s  a h i g h  p r e c i s i o n ,  h i g h  r e s o l u t i o n  

i ns t rumen t  b u i l t  by  R. Spa f fo rd ,  o f  M t .  Ba ldy ,  C a l i f o r n i a ,  f o r  New 

Mexico S t a t e  U n i v e r s i t y .  It i s  c a l i b r a t e d  t o  0.0loC. The s h a l l o w  

moni t o r i  ng system i s  a comnerci a1 1 a b o r a t o r y  u n i t  (Co l  e-Parrner Model 

8502-20) wh ich  we extended f o r  measurement t o  100 m. The t h e r m i s t e r  

Q 
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probe l i s t s  an accuracy  o f  t 0.57OC i n  t h e  -30 t o  t5OoC range used i n  our  

work. The measurements a r e  o f  h i g h e r  p r e c i s i o n ;  t h e  d i g i t a l  o u t p u t  was 8 - 

d i s p l a y e d  t o  O.0loC. 

r e p r e s e n t  Val ues o b t a i n e d  by  e x t r a p o l  a t i  ng e i g h t  m inu tes  o f  recorded 

tempera tu res  t o  t h e i  r asympto t i  c Val ues. Temperatures i n  water  a r e  a c t u a l  

read ings  s i n c e  t h e  t h e r m i s t o r  probes e q u i l i b r a t e  w i t h i n  a few t e n s  o f  seconds 

i n water .  

A l l  measurements above t h e  wa te r  t a b l e ,  i n  a i r ,  

F i g u r e s  21, 22, and 23 p r e s e n t  tempera tu re  versus depth  va lues  measured 

i n  t w e n t y - f i v e  wa te r  w e l l s  i n  t h e  Albuquerque area. 

t h e  s u r f a c e  tempera tures  ( %  13 t o  2 8 O C )  e v i d e n t  from e x t r a p o l a t i n g  t h e  curves  

t o  ze ro  depth  can be due t o  severa l  e f f e c t s .  The h i g h e s t  va lue ,  a t  West Mesa 

#4, i s  due t o  d i s t u r b a n c e  f rom r e c e n t  pumping as d i scussed  below. An 

o v e r l y i n g  e f f e c t  on a l l  o f  t h e  da ta  i s  t h e  decrease i n  ambient t empera tu re  

w i t h  e l e v a t i o n  ( t h e  a d i a b a t i c  l a p s e  r a t e )  which we es t ima ted  t o  be about 

10°C/km i n  t h e  area. 

t h e r e f o r e ,  o t h e r  v a r i  ab1 es must i n f l  uence t h e  near -su r face  tempera tures .  

Local  d i  s tu rbance due t o  ground-water movement and c l i m a t i c  p e r t u r b a t i o n s  may 

The h i g h  v a r i a b i l i t y  i n  

The w e l l s  a r e  w i t h i n  a range o f  250 m e l e v a t i o n ;  

1 m o i s t u r e ,  

1 e t  a1 ., 1980; 

be i m p o r t a n t  as w e l l  as o t h e r  f a c t o r s  such as topography, so 

vege ta t i on ,  and e v a p o r a t i o n  r a t e s  (Roy e t  a1 ., 1972; Blackwe 

Lange e t  a1 . , 1982).  

There i s  n o t h i n g  no tewor thy  i n  t h e  tempera tu re  g r a d i e n t  da ta  measured a t  

l e s s  than  100 m, i l l u s t r a t e d  i n  F i g u r e  21. However, t h e  r e s u l t s  from b o t h  

t h e  Vol Andia and San Jose w e l l  f i e l d s  d i s c o u n t  t h e  anomalously h i g h  

tempera tures  r e p o r t e d  from bot tom h o l e  tempera tures  ( F i g u r e s  18 and 19)  and 

pump t e s t s  i n  t h e s e  w e l l  f i e l d s ,  r e s p e c t i v e l y .  

The h i g h e s t  tempera tures  w i t h i n  and eas t  o f  t h e  i n n e r  R i o  Grande 

v a l l e y  were measured a t  t h e  Walker w e l l  f i e l d  (F igu res  20 and 22). 

Walker w e l l s  #1 and #2 a r e  5 km and 6 km, r e s p e c t i v e l y ,  from t h e  bo t tom 

o f  t h e  prominent  f r o n t  of t h e  Sandia Mountains. Both w e l l s  i n  t h i s  
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@ f i e l d  e x h i b i t  t empera tu re  g r a d i e n t s  which d e v i a t e  s i g n i f i c a n t l y  below 

about 200 m ( F i g u r e  22). A t  Walker #1 t h e r e  i s  o n l y  a s l i g h t  i n c r e a s e  

i n  tempera tu re  from -200  t o  350 m depth. Below t h i s  n e a r l y  i s o t h e r m a l  

zone, tempera tures  i n c r e a s e  s h a r p l y  ( %  80°C/km) t o  about 420 m dep th  and 

t h e n  r e t u r n  t o  around 30°C/km as above 200 m. A t  Walker #2, s i t u a t e d  

about 1 km west o f  w e l l  #1, t h e  h i g h  g r a d i e n t  zone i s  sha l l ower ,  from 

about 200 t o  300 m y  and t h e  w e l l  i s  n e a r l y  i s o t h e r m a l  below t h i s  zone 

By l i n e a r l y  ex tend ing  t h e  s h a l l o w  (<200 m) g r a d i e n t s  i n  Walker we 

#1 and #2 ( F i g u r e  22) i t  i s  e v i d e n t  t h a t  t h e  deepest p o r t i o n s  (>400 rn 

and >440 m y  r e s p e c t i v e l y )  f i t  t h e  e x t r a p o l a t e d  sha l l ow  g r a d i e n t s .  Th 

1s  

S 

p e r m i t s  us t o  recogn ize  t h e  anomalous r e g i o n s  i n  each w e l l  as a c o o l i n g  

i n f l u x  o f  wa te r  i n  Walker #1 from % 220 m t o  400 m and a warm f l o w  of 

wa te r  a f f e c t i n g  Walker #2 f rom - 220 m t o  440 m. 

A p o s s i b l e  cause f o r  t hese  t r e n d s  i s  h y d r a u l i c a l l y  f o r c e d  c o n v e c t i o n  

(Harder  e t  a l . ,  1980; Morgan and Dagget t ,  1981). Cold wa te r  moving 

westward from t h e  Sandia Mountains over  b u r i e d ,  impermeable f a u l t  b l o c k s  

e x t e n d i n g  west o f  t h e  v i  s i  b l  e f r o n t  descends r a p i d l y  a f t e r  t r a v e r s i n g  

t h i s  bench ( F i g u r e  5 ) .  The c o o l i n g  t r e n d  observed f rom 220 m t o  400 m 

i n  Walker #1 may r e f l e c t  t h i s  coo l  descending f l ow .  H y d r a u l i c  p r e s s u r e  

produced by  t h e  descending c o l d  wa te r  would d i s p l a c e  wa te r  heated i n  a 

normal thermal  g r a d i e n t  upward t o  t h e  west. Such a mechanism c o u l d  

f o r c e  warmer wa te r  t o  sha l l ower  than  normal depths  (220 t o  440 m d e p t h )  

a t  Walker w e l l  #2. 

A l l  o f  t h e  observed water  w e l l s  i n  t h e  i n n e r  R i o  Grande v a l l e y  and 

on t h e  East mesa have n e a r l y  i s o t h e r m a l  zones a l though  t h e  Walker w e l l s  

a r e  c l e a r l y  warmer a t  co r respond ing  depths ( F i g u r e  22).  Temperature 

g r a d i e n t s  i n  wa te r  w e l l s  near t h e  R i o  Grande, such as A t r i s c o  #5 and San A 
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Jose #9, a r e  undoubted ly  i n f l u e n c e d  by s h a l l o w  ground-water movement. A 

n e a r l y  cons tan t  t empera tu re  g r a d i e n t  o f  20°C/km i s  e v i d e n t  above t h e  

w a t e r  t a b l e  ( Q  180 m dep th )  a t  t h e  easternmost w e l l  logged i n  our  s tudy ,  

Lomas #7 ( F i g u r e  18).  The decrease i n  g r a d i e n t  below t h e  wa te r  t a b l e  i s  

p r o b a b l y  due t o  water  movement ( c o n v e c t i o n )  and an i n c r e a s e  i n  thermal  

c o n d u c t i v i t y  i n  t h e  s a t u r a t e d  zone. Conduct ive  heat  f l o w  i s  t h e  p roduc t  

o f  t h e  thermal  c o n d u c t i v i t y  o f  t h e  m a t e r i a l  and t h e  thermal  g r a d i e n t .  

Consequently, f o r  a cons tan t  conduc t i ve  heat f low, an i n c r e a s e  i n  

thermal  conduc t i  v i  t y  i s accompi ed by  a decrease i n  tempera tu re  g r a d i e n t  . 

@ 

Temperature measurements west o f  t h e  R i o  Grande ( F i g u r e  23) a r e  

g e n e r a l l y  h i g h e r  a t  co r respond ing  depths t h a n  those  t o  t h e  e a s t  

( F i g u r e  22). For example, n e a r l y  a l l  w e l l  da ta  p l o t t e d  i n  F i g u r e  23 

e x h i b i t  tempera tures  g r e a t e r  t han  22OC a t  200 m depth  whereas i n  

F i g u r e  22 t h e  co r respond ing  va lues  a r e  n e a r l y  a l l  l e s s  t h a n  22OC. 

West Mesa w e l l  #4 had t h e  h i g h e s t  wa te r  d i s c h a r g e  tempera tu re  o f  any 

o p e r a t i n g  w e l l  measured i n  ou r  program, 32.1OC. 

West Mesa w e l l  #1 (26.5OC) wh ich  had been l i s t e d  by  B j o r k l u n d  and 

Maxwell (1961) a t  32OC. 

West Mesa #4 f r om t h e  s u r f a c e  t o  ove r  100 m dep th  a r e  h i g h l y  d i s t o r t e d  

( F i g u r e  23) due t o  pumping p r i o r  t o  ou r  measurements. To b e t t e r  assess 

t h e  u n d i s t u r b e d  tempera tu re  d i s t r i b u t i o n  a t  West Mesa #4, t h e  w e l l  was 

shut  down and mon i to red  over a two week pe r iod .  The s y s t e m a t i c  decrease 

i n  tempera tu re  va lues  above 100 m d u r i n g  t h i s  t i m e  i n t e r v a l  i n d i c a t e d  

t h e  i n f l u e n c e  o f  deep, warm wa te r  b rought  t o  t h e  s u r f a c e  d u r i n g  pumping. 

The w e l l  has a t o t a l  dep th  o f  'L 440 m ;  t h e  wa te r  t a b l e  i s  a t  about 55 m. 

T h i s  was h i g h e r  than  

Temperature measurements i n  t h e  t e s t  p o r t  o f  

The h i g h e s t  water  tempera ture  measured i n  our  program i n  t h e  
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Albuquerque area was 35.1°C a t  445 m depth  a t  m u n i c i p a l  C o l l e g e  # 3  w e l l .  

The g r a d i e n t  from t h e  water  t a b l e  ( %  90 m )  t o  t h i s  l e v e l  was a n e a r l y  

c o n s t a n t  33'C/km. 

e x h i b i t e d  a s l i g h t l y  h i g h e r  g r a d i e n t  below t h e  water  t a b l e  o f  35'C/km 

and t h e  h i g h e s t  t empera tu re  (32.8OC) i n  t h e  Albuquerque area a t  364 m 

( t h e  maximum depth,  F i g u r e  23). 

A t r i  sco ( F i g u r e  20) was de termined w i t h  our c o o p e r a t i  on. 

s e c t i o n  on t h e  L l a n o  de A t r i s c o  desc r ibes  t h e  r e l a t i o n  o f  t h i s  w e l l  and 

U. S. Geo log ica l  Survey w e l l  #1 (F igu res  20 and 23) 

The s i t i n g  o f  t h i s  w e l l  on t h e  L l a n o  de 

The subsequent 

F i g u r e s  22 and 23 a l l o w e d  us t o  e v a l u a t e  t h e  co r respond ing  

tempera tures  from w e l l  l o g s  (Tab le  4 and F i g u r e  18). I n  a 

have observed a p e r p l  e x i  ng d i  sagreement . Consider t h e  f o l  

examples: 1) our  measurement o f  C o l l e g e  # 3  i s  3 5 ' ~  a t  444 

our  tempera tu re  g r a d i e n t  d r i  11 i ng program on t h e  L lano.  

Our deep downhole measurements i n  m u n i c i p a l  wa te r  w e l l s  shown i n  

bo t tom h o l e  

1 cases we 

owing 

m depth,  we 1 

l o g s  gave 28OC a t  454 m; 2 )  our measurement o f  t h e  Don w e l l  gave 27OC a t  

160 m, w e l l  l o g s  gave 27OC a t  490 m; 3)  o u r  deepest measurement i n  

Volcano C l i f f s  #3 y i e l d e d  26OC a t  400 m, w e l l  l o g s  gave 46 and 49OC a t  

502 m. 

Volcano C l i f f s  #3 be low our f i n a l  400 m depth. These examples 

The l a t t e r  v a l u e  would r e q u i r e  a g r a d i e n t  o f  n e a r l y  200°C/km i n  

i 11 u s t r a t e  s e r i o u s  problems w i t h  bo t tom h o l e  tempera tures  recorded on 

geophys ica l  l o g s .  The impor tance o f  making p roper  tempera ture  

measurements as a f u n c t i o n  o f  depth  i s  c l e a r l y  emphasized. 

Temperature Logg i  ng  - Dri 11 ed  Ho les  

A ma jo r  p a r t  o f  our geothermal e v a l u a t i o n  p r o j e c t  i n  t h e  Albuquerque 

area was t h e  d r i  11 i ng, comple t ing ,  and l o g g i  ng o f  sha l l ow  tempera tu re  

g r a d i e n t  ho les .  Dur ing  t h e  d u r a t i o n  o f  our  p r o j e c t  we d r i l l e d  69 ho les ;  

A t h e  maximum depth  was 53 m. Most ho les  were d r i l l e d  t o  p r o v i d e  25 m 

t empera tu re  measurement ho les .  103 
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The d r i l l i n g  a c t i v i t i e s  began i n  J u l y ,  1979, w i t h  t h e  pos t i o n i n g  o f  

e i g h t  h o l e s  (A1  th rough  A8), t h e  l o c a t i o n s  o f  which a r e  shown i n  F i g u r e  

24. The tempera tu re  versus  depth  r e s u l t s  o f  t hese  i n i t i a l  we 1s  a r e  

g i ven  i n  Appendix A. Boreho les  A l ,  A2, and A3 were p o s i t i o n e d  near  

m u n i c i p a l  West Mesa w e l l s  #4, 2, and 1, r e s p e c t i v e l y .  The rema in ing  

f i v e  ho les  were l o c a t e d  i n  an area which we des igna ted  as t h e  L l a n o  de 

A t r i s c o .  T h i s  area i s  d i scussed  i n  d e t a i l  i n  a subsequent s e c t i o n .  

Boreholes Al-A8 were d r i l l e d  by  personnel  f rom New Mexico S t a t e  

U n i v e r s i t y  u s i n g  a sha l low,  p o r t a b l e  d r i l l i n g  t o o l  (Deep Rock 

H y d r o d r i l l ) .  T h i s  system was n o t  w e l l  s u i t e d  f o r  d r i l l i n g  h o l e s  g r e a t e r  

t h a n  15 rn s i n c e  p rog ress  was s low  and c o l l a p s e  o f  t h e  1 7/8" d iamete r  

h o l e  o f t e n  occurred. Consequently, o n l y  f i v e  h o l e s  ( A l ,  A2, A3,  A4,  and 

A 7 )  p r o v i d e d  t h e  minimum depth  range o f  15-20 m cons ide red  necessary  t o  

o b t a i n  a g r a d i e n t  f r e e  from t h e  i n f l u e n c e  o f  t h e  annual t empera tu re  

wave. 

c o n s i d e r a b l y  h i g h e r  than  t h e  measured deeper g r a d i e n t s  (e.g. F i g u r e s  21, 

22, and 23) ;  t h i s ,  we d i scove red ,  i s  a c h a r a c t e r i s t i c  o f  n e a r l y  a l l  

sha l l ow  g r a d i e n t s  i n  t h e  Albuquerque area. The phenomenon i s  due t o  t h e  

1 ower thermal  c o n d u c t i v i t y  i n  t h e  near -su r face  m a t e r i  a1 wh ich  i s  

re1  a t i  v e l y  1 ess compacted and d r i  e r  t han  deeper sediments. There fore  , 

these  h i g h  tempera tu re  g r a d i e n t s  do n o t  r e p r e s e n t  enhanced heat  f low.  

Subsequent d r i  11 i ng e s t a b l  i shed t h a t  a sha l  low g r a d i e n t  (<25 m) o f  about 

60°C/km rep resen ted  t h e  background , o r  average V a l  ue , above t h e  wa te r  

t a b l e  on t h e  western  s i d e  o f  Albuquerque. A l l  tempera ture  measurements 

i n  d r i l l h o l e s  A1-A8 were made i n  1 i n c h  d iamete r  PVC p i p e  capped a t  t h e  

bottom, i n s e r t e d  i n  t h e  ho les ,  and f i l l e d  w i t h  water.  E q u i l i b r i u m  

tempera tures  were ach ieved a f t e r  t h e  h o l e s  s a t  f o r  seve ra l  days. 

These tempera tu re  g r a d i e n t s  (88, 60, 73, 60, and 75'C/km) were 
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F i g u r e  24. L o c a t i o n  map o f  West mesa and L lano de A t r i s c o  showing 8 ho les  
( A 1  - A8) d r i l l e d  i n  1978 by New Mexico S t a t e  U n i v e r s i t y .  
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A f t e r  conc lud ing  t h a t  t h e  s h a l l  ow tempera tu re  g r a d i e n t s  p rov ided  

u s e f u l  da ta  , an e x t e n s i  ve sha l  low d r i  11 i ng program was i n i  t i  a t e d  u s i  ng 

commercial d r i l l e r s .  Most h o l e s  were d r i l l e d  on t h e  A t r i s c o  l a n d  g r a n t ,  

a l a r g e  ( %  50,000 Ac), m o s t l y  undeveloped area near t h e  West Mesa w e l l  

f i e l  d whi c h  ex tends  beyond t h e  A1 buquerque v o l  canoes ( F i g u r e  24). 

Sha l low g r a d i e n t  w e l l  A7, wh ich  measured t h e  second h i g h e s t  g r a d i e n t  o f  

t h e  i n i t i a l  w e l l s  (75OC/km), i s  l o c a t e d  i n  a v e r y  a c c e s s i b l e  area o f  t h e  

l a n d  g r a n t  which we subsequent ly  named t h e  L,lano de A t r i s c o  (Parke r  and 

J i r a c e k ,  1980). The a c c e s s i b i l i t y  o f  t h i s  a rea  a l l o w e d  us t o  s e t  up a 1 

km by  1 km g r i d  o f  g r a d i e n t  ho les  over  much o f  t h e  area  ( F i g u r e  24). 

Some s h a l l  ow g r a d i e n t  va lues  we1 1 i n excess o f  100°C/km were d i  scovered 

d u r i n g  t h e  d r i  11 i ng program. Th is  and o t h e r  f a c t o r s  p r e v i o u s l y  

ment i  oned p r e c i  p i  t a t e d  a combi ned geophys ica l  assessment o f  t h e  L1 ano de 

A t r i  sco. 

A l l  bo reho les  d r i l l e d  by commercial d r i l l e r s  were 4 i n c h e s  i n  

d iamete r  and d r i l l e d  t o  a t  l e a s t  25 m depth. Some cave - in  of t h e  h o l e s  

r e s u l t e d  i n  reduced depths  i n  some ins tances .  Holes were f i t t e d  w i t h  

3 / 4  i n c h  w a t e r - f i  11 ed p o l y e t h y l e n e  tubes  which p e r m i t t e d  r a p i d  

e q u i l i b r i u m  tempera tu re  measurements f rom t h e  s u r f a c e  t o  t h e  capped 

bo t tom o f  t h e  tubes. A l l  boreho les  were above t h e  wa te r  t a b l e ,  i n  

a e r a t e d  a1 1 u v i  um o r  aeol  i an deposi t s .  

A l l  tempera ture  measurements, i n c l u d i n g  i n  some i n s t a n c e s  seve ra l  

remeasurements i n  t h e  same ho le ,  a r e  shown by  graphs i n  Appendix A. 

Besides t h e  53 ho les  d r i l l e d  commerc ia l l y  on t h e  L lano  de A t r i s c o ,  e i g h t  

a d d i t i o n a l  h o l e s  were d r i l l e d  a t  o t h e r  s i t e s  ( F i g u r e  20) chosen f o r  

v a r i o u s  reasons. Two ho les  each were d r i l l e d  on p r o p e r t y  o f  t h e  

U n i v e r s i t y  o f  Albuquerque (U o f  A #1 and # 2 )  and t h e  U n i v e r s i t y  o f  New 
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@ Mexico (UNM #1 and # 2 ) .  Both u n i v e r s i t i e s  a r e  i n t e r e s t e d  i n  t h e  

p o s s i b l e  usage o f  geothermal f l u i d s  (Kauffman and Houghton, 1979; 1 

however, i t  i s  e v i d e n t  f rom t h e  da ta  shown i n  Appendix A t h a t  t h e  

s h a l l o w  g r a d i e n t s  a t  t hese  s i t e s  e x h i b i t  low tempera ture  g r a d i e n t s  ( 0  t o  

55'C/km). Two a d d i t i o n a l  g r a d i e n t  h o l e s  were d r i l l e d  i n  t h e  v i c i n i t y  o f  

t h e  City o f  A lbuquerque 's  West Mesa w e l l  f i e l d ,  on For tuna Road (F )  and 

Los Volcanes (LV) Road ( F i g u r e  20). 

t hese  1 o c a t i  ons , r e s p e c t i  ve l  y. Another w e l l  was d r i  11 ed on t h e  p r i  v a t e  

p r o p e r t y  o f  G. Bennet t  (B) j u s t  below t h e  e a s t e r n  scarp  o f  t h e  l a v a  

f l o w s  o f  t h e  Albuquerque volcanoes and w e l l  SW #46 was l o c a t e d  1 km 

nor thwes t  o f  t h e  Don m u n i c i p a l  water  w e l l  ( F i g u r e  20). N e i t h e r  w e l l  

e x h i b i t e d  unusual r e s u l t s  (Appendix A) .  

The g r a d i e n t s  a r e  7 1  and 78'C/km a t  

The 53 commercial h o l e s  d r i l l e d  on t h e  L lano  de A t r i s c o  p e r m i t t e d  

g r a d i e n t  p a t t e r n s  t o  be contoured and two anomalously h i g h  (>lOO°C/km) 

zones t o  be i d e n t i f i e d .  The tempera tu re  versus depth  r e s u l t s  f rom these  

measurements and a compl e t e  d i  scuss i  on of t h e  area , i n c l  u d i  ng t h e  

app l  i c a t i  on o f  o t h e r  geophysi c a l  t e c h n i  ques , appear i n  t h e  1 a t e r  s e c t i  on 

on t h e  L l a n o  de A t r i s c o  Anomaly. 

Geot hermomet r y  

The essence o f  geochemical methods i n  geothermal e x p l o r a t i o n  and 

e v a l u a t i o n  i s  t h a t  t h e  s o l u b i l i t y  of v a r i o u s  i o n s  ( o r  r a t i o s  o f  i o n s )  i s  

tempera ture  dependent and t h a t  t h e  d i s s o l v e d  c o n c e n t r a t i o n s  become 

e s t a b l i s h e d  w i t h i n  t h e  geothermal r e s e r v o i r  and do n o t  change as t h e  

p o i n t .  Thus by  p l o t t i n g  t h e  

n s t  known r e s e r v o i  r tempera tu re  , 

water  m i g r a t e s  t o  t h e  s u r f a c e  sampl ing 

concent r a t  Q ons ( o r  r a t  o s )  o f  i o n s  aga 
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empi r i  c a l  curves  can be e s t a b l  i shed whi ch  re1 a t e  c o n c e n t r a t i o n s  ( o r  

r a t i o s )  t o  r e s e r v o i r  temperature.  T h i s  techn ique  i s  known as 

geothermometry and i s  d i scussed  i n  d e t a i l  by  T r u e s d e l l  (1976). The two 

most commonly accepted geothermometers a r e  t h e  s i  1 i ca and t h e  NaKCa 

geothermometers, and we w i l l  r e s t r i c t  our a n a l y s i s  h e r e i n  t o  t h e s e  

geothermometers. 

The most common use o f  geothermometers i s  t o  a p p l y  them t o  h o t  

s p r i  ng waters  t o  e s t i m a t e  r e s e r v o i r  base temperature.  However, Swanberg 

(1975) has shown t h a t  t h e  geothermometers can a l s o  be a p p l i e d  t o  

non-thermal waters  and t h e  r e s u l t s  used t o  d e t e c t  t h e  presence o f  a 

geothermal component i n  ground waters.  Whi le  t h i s  method i s  n o t  

n e c e s s a r i l y  a q u a n t i t a t i v e  way t o  e s t i m a t e  subsur face  tempera tures ,  i t  

i s  a ve ry  r a p i d  and i n e x p e n s i v e  way t o  search  f o r  geothermal resources .  

The techn ique  o f  u s i  ng g e o t h e r m m e t r y  i n  geothermal e x p l o r a t i o n  i s  

d i scussed  by Swanberg and Alexander (1979) and u s i n g  t h e i r  r e s u l t s ,  we 

have e s t a b l i s h e d  t h e  f o l l o w i n g  c r i t e r i a  f o r  recogn i  z i n g  geothermal 

wa te rs  i n  t h e  Albuquerque a rea :  

excess o f  120°C and NaKCa geotemperatures (CHT) must be i n  excess o f  

s i l i c a  geotemperatures ( S I T )  must be i n  

1 OOOC . 
Chemical ana lyses  o f  88 samples o f  ground water  taken  f rom t h e  f i l e s  

o f  t h e  Ci ty of Albuquerque Department o f  Water Resources (47 samples), 

t h e  U. S. Geo log ica l  Survey ( 2 3  samples), and our  own f i e l d  sampl ing  (18 

samples) were used i n  t h e  geochemical study. Appendix 8, Tab le  1 g i v e s  

t h e  geochemical tempera tures  p r e d i c t e d  by t h e  s i 1  i c a  and NaKCa 

geo the rmmete rs  and t h e  Mg c o r r e c t e d  v e r s i o n  of t h e  NaKCa geothermometer 

( F o u r n i e r  and P o t t e r ,  1979), a long  w i t h  t h e  sample l o c a t i o n s  and 
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tempera tures .  The co r respond ing  chemical  da ta  a r e  g i ven  i n  Appendix B y  

Tab le  2. The sample l o c a t i o n s  a r e  p l o t t e d  i n  F i g u r e  25 and those  

samples wh ich  a r e  geochemica l l y  " h o t "  a r e  des ignated .  It i s  c l e a r  t h a t  

t h e  sample d i s t r i b u t i o n  i s  l e s s  than  i d e a l .  The samples from t h e  c i t y  

w e l l s  and f rom t h e  U.S.G.S. WATSTORE f i l e  a r e  concen t ra ted  i n  t h e  

e a s t e r n  p a r t  of t h e  map area. I n  t h e  western  p a r t  of t h e  map area ,  

where t h e  geothermal resources  a r e  most l i k e l y  l o c a t e d ,  t h e  m a j o r i t y  o f  

samples had t o  be c o l l e c t e d  and ana lyzed as p a r t  o f  t h e  p resen t  s tudy  

and t h e i  r geographi  c d i  s t r i  b u t i  on r e f 1  e c t s  t h e  p a u c i t y  o f  a v a i  1 ab1 e 

wa te r  w e l l s  i n  t h i s  area. D e s p i t e  t h e  smal l  amount o f  geochemical d a t a  

i n  t h e  most c r i t i c a l  p a r t  o f  t h e  s t u d y  area, we can s t i l l  draw t h e  

f o l  l o w i  ng concl  u s i  ons : 

3 )  

4) 

The m o s t  p r o m i s i n g  p r o s p e c t  a r e a  samp led  i s  l o c a t e d  

between t h e  R i o  Grande and t h e  Albuquerque volcanoes. 

Waters from these  we1 1 s y i  e l d  s i  1 i ca geotemperatures o f  

14OoC and NaKCa and NaKCa Mg geotemperatures as h i g h  as 

190°C. U n f o r t u n a t e l y ,  t h e  h i g h  geochemical tempera tures  

as d e p i c t e d  by t h e  two geotherrnometers do n o t  r e p r e s e n t  
t h e  same sample so t h a t  t h e  da ta  must be regarded as 

c o n t r a d i c t o r y .  
I n  t h e  L l a n o  de A t r i s o  a rea  o f  h i g h  geothermal g r a d i e n t s  

(>lOO°C/km) as d e p i c t e d  by s h a l l o w  t e s t  h o l e  d r i l l i n g  

(Appendix A )  t h e r e  were no wa te r  w e l l s  a v a i l a b l e  f o r  

sampl ing so t h e  e x i s t e n c e  o f  t h i s  anomaly cannot be 
c o n f i  rmed geochemica l l y .  

There a r e  seve ra l  c i t y  w e l l s  l o c a t e d  between t h e  R i o  
Grande and I n t e r s t a t e  25, wh ich  g i v e  abnorma l l y  h i g h  

s i  1 i ca geotemperatures ( F i g u r e  25). However , these  same 

w e l l s  g i v e  normal va lues  o f  NaKCa geotemperatures so t h a t  

t h i s  area cannot be con f i rmed  as a geothermal p rospec t .  

There i s  no geochemical da ta  t o  suggest any geothermal 

r e s o u r c e s  e a s t  o f  I n t e r s t a t e  25  ( F i g u r e  2 5 ) .  
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c> / F i  gure 25. Location map of A1 buquerque area, Bernal i 1 l o  County showing locati ons of ground 

waters used fo r  geochemical analyses. 
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hydro1 og 

Swanberg 

Mexi co. 

F i g u r e  26 shows t h e  a v a i l a b l e  heat  f l o w  data  f rom B e r n a l i l l o  County 

( R e i t e r  e t  a1 ., 1975). As d iscussed e a r l i e r ,  t h e  mean v a l u e  o f  t h e  14 

p o i n t s  shown i n  F i g u r e  26 i s  84 - t 25 mW/m 

t h e r e  i s  a d e f i n i t e  t r e n d  i n  t h e  data.  The s i x  western  heat  f l o w  va lues  

average 105 - + 17 mW/m (2.5 - + 0.4 HFU), whereas t h e  e i g h t  e a s t e r n  va lues  

average o n l y  63 - t 13 mW/m (1.5 - + 0.3 HFU). Rei t e r  e t  a1 . (1975) no ted  

t h i s  t r e n d  a long  t h e  e n t i r e  l e n g t h  o f  t h e  R io  Grande r i f t  and con tou red  

t h e  zone o f  maximum heat  f l o w  t o  c o i n c i d e  w i t h  t h e  western  marg in  o f  t h e  

r i f t .  

2 (2.0 - + 0.6 HFU). However, 

2 

2 

The s i l i c a  heat  f l o w  method o f  Swanberg and Morgan (1980) has a l s o  

been a p p l i e d  t o  t h e  s tudy  area i n  t h e  hope o f  p r o v i d i n g  a more un i fo rm 

hea t  f l o w  coverage than  i s  p r o v i d e d  by t h e  14 w i d e l y  d i s t r i b u t e d  

t r a d i t i o n a l  p o i n t s  ( F i g u r e  25). U n f o r t u n a t e l y ,  t h e  s i l i c a  da ta  a r e  

h i g h l y  s c a t t e r e d  and do n o t  meet t h e  s t a t i s t i c a l  c r i t e r i a  necessary  f o r  

a p p l i c a t i o n  o f  t h i s  techn ique.  P a r t  o f  t h e  s c a t t e r  may r e s u l t  from t h e  

f a c t  t h a t  t h e  s i l i c a  d a t a  were o b t a i n e d  f rom d i f f e r e n t  sources. Values 

o f  s i l i c a  heat  f l o w  ob ta ined  u s i n g  t h e  da ta  from t h e  m u n i c i p a l  wa te r  

w e l l s  average 138 mW/m 

u n r e a l i s t i c a l l y  h igh ,  b u t  which i s  a l s o  50 pe rcen t  h i g h e r  t h a n  e i t h e r  of 

t h e  o t h e r  two d a t a . s e t s  used i n  t h e  s tudy .  Thus, t hese  da ta  a r e  

2 (3.3 HFU), a va lue  wh ich  i s  n o t  o n l y  

The s c a t t e r  may a l s o  r e s u l t  from t h e  f a c t  t h a t  t h e  area i s  

a r  s i t u a t i o n  has been d i  scussed by  

southern  R i o  Grande r i f t  o f  New 

c a l  l y  comp 

and Morgan 

ex and a s i m i  

(1980) i n  t h e  
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F i g u r e  26. L o c a t i o n  map of  Albuquerque area, B e r n a l i l l o  County showing heat f l ow  data.  

Numbers near do ts  a r e  t r a d i t i o n a l  heat f l o w  va lues  ( R e i t e r  e t  a l . ,  1975). 
Numbers i n  b l o c k s  a re  s i l i c a  p r e d i c t e d  heat f l o w  va lues.  Heat f l o w  va lues i n  
HFU. 



The s i l i c a  heat  f l o w  va lues  averaged over  q u a r t e r  townsh ips  a r e  a l s o  

shown i n  F i g u r e  26. The h i g h e s t  va lues  a r e  l o c a t e d  i n  t h e  c e n t r a l  map 

area  and r e f l e c t  t h e  d i s t r i b u t i o n  o f  t h e  m u n i c i p a l  w e l l  da ta  r a t h e r  than  

a r e g i o n a l  t r e n d  i n  s i l i c a  con ten t .  The s i l i c a  method does n o t  appear 

t o  r e f l e c t  t h e  eas t -west  t r e n d  observed i n  t h e  t r a d i t i o n a l  heat  f l o w  

da ta  a l t h o u g h  a much l a r g e r  and more r e l i a b l e  da ta  s e t  i s  needed b e f o r e  

t h i s  s ta tement  can be conf i rmed.  Using a l l  s i l i c a  d a t a  l i s t e d  i n  

Appendix B, Tab le  1 t h e  s i l i c a  heat  f l o w  method p r e d i c t s  a r e g i o n a l  hea t  

f l o w  o f  122 mW/m (2.9 HFU) f o r  t h e  Albuquerque bas in .  I f  t h e  m u n i c i p a l  

w e l l  da ta  a r e  e l i m i n a t e d  from t h e  da ta  s e t ,  then t h e  s i l i c a  method 

p r e d i c t s  a more reasonab le  va ue o f  101 mW/m (2.4 HFU) f o r  t h e  bas in .  

T h i s  v a l u e  must be cons idered as an e s t i m a t e  s i n c e  t h e  da ta  s e t  i s  t o o  

sma l l  t o  o b t a i n  a s t a t i s t i c a l  y r e l i a b l e  s i l i c a  heat  f l ow .  
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RESISTIVITY METHODS I N  GEOTHERMAL EXPLORATION 

E l  e c t r i  c a l  r e s i  s t i  v i  t y  methods were e x t e n s i  v e l y  used west o f  

Albuquerque i n  a p o t e n t i a l  geothermal area c a l l e d  t h e  L lano  de A t r i s c o  

anomaly (d i scussed  i n  t h e  n e x t  s e c t i o n ) .  T h i s  s e c t i o n  p r o v i d e s  an 

i n t r o d u c t i o n  t o  t h e  b a s i c  aspec ts  o f  u s i n g  d.c. r e s i s t i v i t y  i n  t h e  

e x p l  o r a t i o n  f o r  hydro thermal  resources. There a r e  seve ra l  reasons why 

low e l e c t r i c a l  r e s i s t i v i t y  i s  expected i n  hydro thermal  a q u i f e r s  b u t  t h e  

a s s o c i a t i o n  i s  n o t  w i t h o u t  p i t f a l l s .  From t h e  o u t s e t  one shou ld  

unders tand t h a t  t h e  a c t u a l  c m p l  ex hydrogeo l  o g i  c a l  s i t u a t i o n  undergoes a 

simp1 i f y i  ng t r a n s f o r m a t i  on i n  t h e  f a c e  o f  r e s o l u t i o n  and model i ng 

capabi  1 i ti es i n  r e s i  s t i  v i  ty. 

t a r g e t  wh ich  i s  a thermal  a q u i f e r  perhaps f i r s t  d e t e c t e d  by  a warm w e l l .  

F i g u r e  27 i 11 u s t r a t e s  a hydro thermal  

@ 
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The p lumbing  system may be some comp l i ca ted  m i g r a t i o n  o f  thermal  waters  

up v a r i o u s  f a u l t  zones. We v i s u a l i z e  t h i s  s i t u a t i o n  as a r e s i s t i v i t y  

model w i t h  a c o n d u c t i v e  s l a b  approx ima t ing  t h e  a q u i f e r  wh ich  i s  

surrounded by  e l e c t r i c a l l y  r e s i  s t i  ve blocks.  Rare l y  can t h e  p l  umbi ng 

system be seen w i t h  r e s i s t i v i t y  and u s u a l l y  s u r f a c e  topography  i s  n o t  

cons idered.  D i p p i n g  f a u l t  c o n t a c t s  a r e  u s u a l l y  modeled as stepped 

r e s i  s t i  v i  t y  boundar ies  ( F i g u r e  27). 

The two ma jo r  uses o f  r e s i s t i v i t y  measurements i n  hydro thermal  

e x p l o r a t i o n  a r e  o u t l i n e d  i n  F i g u r e  28 as :  1) d e t e c t i o n  and d e l i n e a t i o n  

o f  a q u i f e r s  and 2 )  e s t i m a t i o n  of a q u i f e r  tempera ture  and wa te r  con ten t .  

F i r s t ,  and fo remost ,  i s  t h e  d e t e c t i o n  and d e l i n e a t i o n  o f  a q u i f e r s .  

Here, t h e  key p r o p e r t y  i s  t h a t  hydro thermal  a q u i f e r s  have low  

r e s i s t i v i t y .  

i t s e l f  coup1 ed w i t h  t h e  tempera tu re - res i  s t i  v i  t y  dependencies of i o n  

mobi 1 i ty ,  s a l  i n i  ty ,  and hydro thermal  m i n e r a l  a1 t e r a t i  on. D e s p i t e  a1 1 o f  

t hese  f a c t o r s  f a v o r i  ng t h e  a s s o c i a t i o n  of low r e s i s t i v i t y  w i t h  

hydro thermal  resources  we a r e  c a u t i o n e d  ( F i g u r e  28) t h a t  nonthermal c l a y  

zones may have d.c. r e s i s t i v i t i e s  i n d i s t i n g u i s h a b l e  from hydro thermal  

a q u i f e r s .  T h i s  warn ing  cannot be overemphasized; i t  i s  t h e  most s e r i o u s  

1 i m i t a t i o n  r e g a r d i  ng t h e  i d e n t i  f i  c a t i  on of a thermal aqui  f e r  w i t h  

r e s i  s t i  v i  t y  a1 one. 

sediments and r e s t r i c t e d  b a s i n  systems may a l s o  f a l s e l y  i n d i c a t e  a 

geothermal t a r g e t .  Thermal c o n f i r m a t i o n  such as a warm w e l l ,  a h o t  

sp r ing ,  o r  a h i g h  thermal g r a d i e n t  i s  necessary t o  connect low 

r e s i  s t i v i  t y  w i t h  a thermal  anomaly. 

T h i s  i s  t r u e  because o f  t h e  i n h e r e n t  e f f e c t  o f  w a t e r  

H igh  s a l  i n i  t i  es common i n  nonthermal mar i  ne 
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USE OF RESISTIVITY IN HYDROTHERMAL 
EXPLORATION 

DETECTION AND DELINEATION OF AQUIFERS 

HYDROTHERMAL AQUIFERS HAVE LOW RESISTIVITY 
BECAUSE: 

1. Water Decreases Resistivity 
2. Increased temperature Decreases Resistivity of Water (Increased 

3. Increased Water Temperature Increases Salinity by Dissolving More 
Ion Mobility) 

Minerals Which Decreases Resistivity (Increased Number of 
Charge Carriers) 

4. Hydrothermal Alternation Minerals Decrease Resistivity (e.g. 
Igneous Rocks into Clay and Zeolites) 

WARNING: Nonthermal Clay Zones May Have Resistivities 
Indistinguishable from Hydrothermal Aquifers. 

ESTIMATION OF AQUIFER TEMPERATURE AND 
WATER CONTENT 

LOWER RESISTIVITY IMPLIES HIGHER TEMPERATURE 

POROSITY ESTIMATION BY ARCHIE’S LAW 

Resistivity of 
pR: Saturated Rock . Resistivity of 

: Fractional Porosity 

- 2  -- P R  - @  
P W  P w ~  -Saturating Water 

WARNING: Archie’s “law” Is Empirically True for 
Clay-Free Aquifers Only. 

F i g u r e  28. Use o f  r e s i s t i v i t y  i n  hydro thermal  e x p l o r a t i o n .  
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The second a p p l i c a t i o n  o f  r e s i s t i v i t y  i s  i n  t h e  e s t i m a t i o n  o f  

aqui  f e r  tempera ture  and water  con ten t .  Simply s t a t e d ,  l ower  r e s i s t i v i t y  

imp1 i es h i g h e r  tempera tu re ;  however , q u a n t i t a t i v e  re1 a t i  onsh i  ps between 

fl u i d  r e s i  s t i  v i  t y  and tempera ture  o f t e n  y i e l d  i n c o r r e c t  t empera tu re  

e s t i m a t e s  i n  p r a c t i c e .  Again, t h e  presence o f  c l a y  i n  t h e  hydro thermal  

a q u i f e r  w i l l  produce erroneous r e s u l t s .  An e s t i m a t e  o f  t h e  amount o f  

w a t e r - f i  1 l e d  p o r o s i t y  can be accompl i shed by  u s i  ng some form o f  A rch i  e ' s 

law. The s i m p l i s t  form o f  t h e  equa t ion  i s  g i ven  i n  F i g u r e  26. Here, a 

su r face  measurement of t h e  r e s i s t i v i t y  of t h e  s a t u r a t e d  a q u i f e r  ( p  R )  i s  

coup led  w i t h  t h e  r e s i s t i v i t y  v a l u e  o f  t h e  s a t u r a t i n g  f l u i d  ( p  M ) ,  e.g. 

o b t a i n e d  from a s p r i n g  o r  w e l l  , t o  compute t h e  f r a c t i o n a l  p o r o s i t y ,  . 
Clay i s  aga in  t h e  rnajor problem i n  such a c a l c u l a t i o n  s i n c e  A r c h i e ' s  

r e l a t i o n s h i p  i s  r e a l l y  n o t  a " l aw"  b u t  i s  e m p i r i c a l l y  t r u e  f o r  c l a y - f r e e  

a q u i f e r s  on l y .  

Resi s t i  v i  t y  techn iques  can be d e s c r i  bed by t h r e e  c a t e g o r i e s  as 

l i s t e d  i n  F i g u r e  29. These a re :  1) v e r t i c a l  sounding accompl ished by  

expanding an a r r a y  and e f f e c t i v e l y  sens ing  t o  g r e a t e r  depths,  2 )  

h o r i z o n t a l  p r o f i  1 i ng u s i  ng a cons tan t  a r r a y  spac ing  moved 1 a t e r a l l y  

a l o n g  t h e  su r face ,  and 3 )  a combinat ion  o f  sounding and profiling t o  

produce e i t h e r  a s e c t i o n  o r  a map. Var ious  e l e c t r o d e  a r r a y s  a r e  used t o  

accompl i sh t h e s e  purposes ; t h e  Wenner , Schl umberger , e q u a t o r i  a1 , 

d i  p o l e - d i  po le ,  and b i  p o l e - d i  p o l e  a r r a y s  a r e  t h e  most common. The 

r e s i s t i v i t y  s t u d y  o f  t h e  L l a n o  de A t r i s c o  i n c l u d e d  i n  t h e  n e x t  s e c t i o n  

o f  t h i s  r e p o r t  p resen ts  exampl es o f  one-dimensi onal  ( v e r t i  c a l  ) soundi ng , 

two-d imens iona l  soundi n g - p r o f i  1 i ng p roduc ing  a r e s i  s t i  v i  t y  

pseudosec t i  on , and b i  po l  e -d i  p o l e  mappi ng a1 l o w i  ng a th ree -d imens iona l  

i n t e r p r e t a t i  on. 
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Q RESISTIVITY TECHNIQUES AND COMMON ARRAYS 

1. VERTICAL SOUNDING (1-D) 
WENNER, SCHLUMBERGER, EQUATORIAL 
ARRAYS 

WENNER, SCHLUMBERGER ARRAYS 
2. HORIZONTAL PROFILING (LIMITED 2-D) 

3. COMBINED SOUNDING - PROFILING 
PSEUDOSECTION (2-D) 

WENNER, SCHLUMBERGER, DIPOLE-DIPOLE 
ARRAYS 

MAPPING (3-D) 
BIPOLE-DIPOLE (ROVING DIPOLE) ARRAY 

F i  ! W e  29. ReSi S t i  v i t y  techn iques  and common a r rays .  

C O M M O N  R E S \ S T l V \ f Y  ARQAYS 

COLLl NEAR 

, ?,LFFIB,, WENNEQ AQRAY 
A 0  
3 

M N Z  - 
t+-t--.-l-.--l 

SCHLUMBCQGER A R : A l , L g I ]  ? ,  I )  

MhJ 4 AB 
5 

tb4  

TqANSMITTER RECElVEq 
DIPOLE -DIPOLE ARRAY 

, F,m,B, ,Ml-Ol?. , 
n = 1 ,  2, 5 , * 0 *  

8 F i g u r e  30. Comon c o l l  i near r e s i  s t i  v i  t y  a r rays .  
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The common a r r a y s  where t h e  v o l t a g e  and c u r r e n t  e l e c t r o d e s  a r e  

emplaced i n  a c o l l i n e a r  f a s h i o n  a r e  t h e  Wenner, Schlumberger, and 

d i  p o l e - d i  p o l  e a r r a y s  ( F i g u r e  30). 

Wenner a r r a y  which has f o u r  e q u a l l y  spaced c o n t a c t s  w i t h  t h e  e a r t h ;  

c u r r e n t  i s  u s u a l l y  passed t h r o u g h  t h e  two o u t e r  e l e c t r o d e s  (A and B )  and 

t h e  r e s u l t i n g  v o l t a g e  drop  i s  measured by t h e  i n n e r  e l e c t r o d e  p a i r  ( M  

and N). 

t o g e t h e r ,  1 ess than  o n e - f i  f t h  t h e  o u t e r  ( A B )  spac i  ng. 

array separa tes  t h e  c u r r e n t  t r a n s m i t t i n g  d i p o l e  ( A B )  f rom t h e  v o l t a g e  

r e c e i v i n g  d i p o l e  (MN) by  i n t e g e r  m u l t i p l e s  o f  t h e  d i p o l e  spac ing  (a ) .  

The d i  p o l  e -d i  p o l  e techn ique  i s v e r y  sens i  t i  ve t o  subsur face  1 a t e r a l  

r e s i s t i v i t y  boundar ies  and i t  was f o r  t h i s  purpose t h a t  i t  was a p p l i e d  

on t h e  L1 ano de A t r i  sco. 

Q 
Probab ly  t h e  best-known a r r a y  i s t h e  

The Schlumberger a r r a y  uses t h e  MN e l e c t r o d e s  much c l o s e r  

The d i  p o l e - d i  p o l  e 

There a r e  two common a r e a l  r e s i s t i v i t y  a r r a y s  shown i n  p l a n  views i n  

F i g u r e  31. I n  t h e  e q u a t o r i a l  array t h e  v o l t a g e  measur ing  MN e l e c t r o d e s  

a r e  m a i n t a i n e d  p a r a l l e l  t o  a f i x e d  AB c u r r e n t  source  b u t  a re ,  

a d d i t i o n a l l y ,  moved a long  t h e  p e r p e n d i c u l a r  b i s e c t o r  ( o r  e q u a t o r )  of AB. 

It i s  obv ious  t h a t  t h e  e q u a t o r i a l  a r r a y  i s  i d e n t i c a l  t o  t h e  Schlumberger 

a r r a y  ( F i g u r e  30) i n  t h e  l i m i t i n g  case when MN i s  between AB, p r o v i d i n g  

MN - < AB/5. 

f i x e d  AB c u r r e n t  source c a l l e d  a b i p o l e  t o  d i s t i n g u i s h  i t  from t h e  much 

s h o r t e r  MN v o l t a g e  rneasuri ng d i  po les .  

( F i g u r e  31) a r e  used t o  c a l c u l a t e  t h e  g r a d i e n t  of t h e  p o t e n t i a l  a t  each 

l o c a t i o n  wh ich  i s  t h e  t o t a l  v e c t o r  e l e c t r i c  f i e l d .  The b i p o l e - d i p o l e  

method i s  a l s o  c a l l e d  r o v i n g  d i p o l e  s i n c e  v o l t a g e  measurements a r e  made 

by r o v i n g  about t h e  f i x e d  c u r r e n t  source. 

The b i p o l e - d i p o l e  t e c h n i q u e  i n  F i g u r e  31 employs a long,  

Usual l y  two v o l t a g e  d i p o l e s  

Q 
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C O M M O N  RESrSTIV\TY ARQAVS 

A 

F i g u r e  31. Common a rea l  r e s i s t i v i t y  a r rays .  

DIPOLE-DIPOLE PLOTTING METHOD 

I I 1 1 7 I 2 3 4 5 6 
1 

A 
I 

N- I v 
I ,2-3,4 2,3’-4,5 
/ 

N - 2  

N - 3  ‘-“v b’ 4,5 -9,lO A 

F i g u r e  32. Pseudosect i  on method of p l  o t t i  ng d i  p o l  e -d i  p o l e  apparent  
r e s i s t i v i t y  r e s u l t s .  
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R e s u l t s  o f  a l l  r e s i s t i v i t y  a r r a y s  a r e  presented  as p l o t s  o f  apparent  

r e s i  s t i  v i  t y  and geomet r i  c a l  spac i  ng. The apparent r e s i  s t i  v i  t y  i s  t h e  

r e s i  s t i  v i  t y  of a fi c t i  t i  ous homogeneous , i s o t r o p i  c ha1 f -space t h a t  would 

produce t h e  same v o l t a g e  measurement as t h e  a c t u a l  inhomogeneous e a r t h  

when t h e  g i v e n  c u r r e n t  and a r r a y  geometry a r e  used. R e s u l t s  f rom Wenner 

and Schl umberger soundings a r e  presented  as 1 og-1 og p l  o t s  o f  apparent  

r e s i  s t i  v i  t y  versus  a o r  A B / 2  spac i  ng, r e s p e c t i  v e l y  ( F i g u r e  30). F i g u r e  

32 i 11 u s t r a t e s  t h e  method o f  p l  o t t i  ng d i  p o l e - d i  p o l e  apparent  r e s i  s t i  v i  t y  

r e s u l t s  i n  s o - c a l l e d  pseudosec t ion  form. The va lues  a r e  f i r s t  p l o t t e d  

a t  depth  p o i n t s  de termined by t h e  i n t e r s e c t i o n  o f  l i n e s  drawn a t  45' 

ang les  f rom t h e  c e n t e r s  o f  t h e  c u r r e n t  and v o l t a g e  d i p o l e s .  

combined r e s u l t s  a r e  then  contoured t o  g i v e  t h e  f i n a l  pseudosec t ion .  

F i e l d  r e s u l t s  f rom e q u a t o r i a l  soundings a r e  p l o t t e d  on l o g - l o g  p l o t s  

i d e n t i c a l  t o  Schlumberger o r  Wenner p l o t s  except  t h a t  t h e  absc i ssa  i s  

t h e  e f f e c t i v e  spac ing ,  R ( F i g u r e  31). It can be shown t h a t  e q u a t o r i a l  

sounding curves  a r e  i d e n t i c a l  t o  Schlumberger r e s u l t s  over  a l a y e r e d  

e a r t h  p r o v i d e d  R and AB12 a r e  used as e f f e c t i v e  spacings, r e s p e c t i v e l y .  

The conven t ion  used i n  p l o t t i n g  b i p o l e - d i p o l e  r e s u l t s  i s  t o  ass ign  t h e  

apparent  r e s i s t i v i t y  t o  t h e  p o i n t  M ( F i g u r e  31)  on t h e  map. F i n a l  

r e s u l t s  a r e  contoured y i e l d i n g  a b i p o l e - d i p o l e  t o t a l  f i e l d  apparent  

r e s i  s t i  v i  t y  map. 

r e s i s t i v i t y  methods may be found i n  J i r a c e k  (1982). 

The 

F u r t h e r  d e t a i  1 s concern ing  t h e  appl  i c a t i  on o f  
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LLANO DE A T R I S C O  ANOMALY 

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

Geothermal e x p l o r a t i o n  i n  t h e  A1 buquerque area concen t ra ted  on t h e  

western  s i d e  of t h e  c i t y  ( F i g u r e  33). 

g rowth  where t h e  warmest m u n i c i p a l  ground-water tempera tu re  (32OC i n  360 

m deep West Mesa #1, F i g u r e  33) was r e p o r t e d  by B j o r k l u n d  and Maxwell i n  

1961. The 32OC s t i l l  r e p r e s e n t s  t h e  h i g h e s t  pumped water  tempera tu re  o f  

a c i t y  water  w e l l  d e s p i t e  many r e c e n t  w e l l s ,  some d r i l l e d  near t h e  

A1 buquerque volcanoes ( F i g u r e  33). 

The A1 buquerque vo l  canoes, as d e s c r i  bed e a r l  i e r  ( F i  gu re  4 ) ,  a r e  a 

T h i s  i s  an area o f  a n t i c i p a t e d  

group o f  f i  s s u r e - c o n t r o l 1  ed basa l  t i c  volcanoes and s p a t t e r  cones wh ich  

have been e p i s o d i c a l l y  a c t i v e  f rom about 200,000 t o  a t  l e a s t  120,000 

yea rs  b e f o r e  p resen t  (Bachman e t  a1 ., 1975; K e l l e y  and Kudo, 1978; 

Machette,  1978). They appear t o  be r e l a t e d  t o  t h e  Nine M i l e  (County 

Dump) f a u l t  ( F i g u r e  33) desc r ibed  by K e l l e y  (1977) and Machet te  (1978),  

r e s p e c t i v e l y .  The o n l y  o t h e r  mapped f a u l t s  i n  t h e  area shown i n  F i g u r e  

33 a re  t h e  unnamed f a u l t s  on t h e  west s i d e  o f  t h e  f i g u r e  ( K e l l e y ,  1977). 

Machette (1978) d e t a i l e d  17 m of v e r t i c a l  d isp lacement  on t h e  County 

Dump f a u l t  (Nine M i l e  f a u l t )  i n  t h e  pas t  400,000 yea rs  and o n l y  t e n  

meters o r  so of o f f s e t  was d iscussed by K e l l e y  (1977) on t h e  f a u l t s  t o  

t h e  west. 
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The escarpments on t h e  eas t  and west o f  F i g u r e  33 bound t h e  Ceja 

Mesa o f  K e l l e y  (1977) ( a l s o  c a l l e d  t h e  L lano  de Albuquerque) which 

ex tends  beyond t h e  s t u d y  area shown i n  F i g u r e  33 f o r  a t o t a l  l e n g t h  o f  

110 km. Parker  and J i r a c e k  (1980) have chosen t h e  name L lano  de A t r i s c o  

f o r  t h e  segment o f  t h e  mesa encompassed i n  F i g u r e  33. The n o r t h e a s t e r n  

p o r t i o n  of t h e  L lano  i n  F i g u r e  33 i s  man t led  by b a s a l t i c  l a v a  f l o w s  from 

t h e  Albuquerque volcanoes ( F i g u r e  4 ) .  Scarps shown on t h e  r e s t  o f  t h e  

map a re  formed by r e s i s t a n t  c a l i c h i f i e d  s o i l  of post-Santa Fe g rave l  and 

eo1 i a n  sands. U n d e r l y i  ng beds o f  youngest Santa Fe sands and g rave l  a r e  

exposed on t h e  e r o s i o n a l  scarps. An o i l  t e s t  w e l l  ( t h e  Carpen te r  #1 

A t r i s c o )  d r i l l e d  i n  1948 j u s t  n o r t h  of U.S. Highway 66 ( F i g u r e  33) i n  

Sec. 28.440, T. 10 N., R. 1 E. reached 2,027 m depth  b e f o r e  l e a v i n g  t h e  

Santa Fe. 

hav ing  p e n e t r a t e d  rocks  o f  "Cretaceous ( ? )  age". The w e l l  r e c o r d  on 

f i l e  w i t h  t h e  New Mexico O i l  Conserva t ion  D i v i s i o n  i s  u n c l e a r  i n  t h i s  

regard.  As p o i n t e d  o u t  by K e l l e y  (1977), a p r o j e c t i o n  of t h e  base o f  

exposed Santa Fe i n  t h e  R io  Puerco v a l l e y  o n l y  10 km t o  t h e  west o f  t h e  

w e l l  i n t e r s e c t s  t h e  w e l l  a t  depths o f  about 450 t o  600 m ( F i g u r e  2).  

Consequently, c o n s i d e r a b l e  unexposed f a u l  t i ng o r  i n c r e a s e  i n  e a s t e r n  d i  p 

must e x i s t  i n  t h e  subcrop t o  t h e  west of t h e  Carpenter  # 1  A t r i s c o  w e l l .  

Kel 1 ey (1977) has hypothes i  zed t h a t  most o f  t h e  v e r t i c a l  d i  splacement 

( o v e r  1,600 m) i s  a long t h e  Sand H i l l  f a u l t  ( F i g u r e  2 )  about 7.5 km west 

o f  t h e  Carpenter  #1 A t r i s c o  w e l l .  A deeper (5,902 m) o i l  t e s t  w e l l  has 

been d r i l l e d  i n  1981 by S h e l l  O i l  Canpany approx ima te l y  2 km west o f  t h e  

nor thernmost  cone o f  t h e  Albuquerque volcanoes (F igu res  17 and 33). The 

l i t h o l o g y  o f  t h e  ho le ,  S h e l l  West Mesa Federa l  No.1-24A (Tab le  3 ) ,  has 

n o t  y e t  been re1 eased. 

B j o r k l u n d  and Maxwell (1961) d e s c r i b e d  t h e  bo t tom 168 m as 
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@ Water - tab le  depths  i n  t h e  area o f  F i g u r e  33 v a r y  f rom 55 m a t  West 

Mesa #4 ( o u r  measurement) t o  285 m a t  t h e  former rada r  s i t e  w e l l  

( B j o r k l u n d  and Maxwell , 1961) about 3 km west -nor thwest  o f  t h e  Carpenter  

# 1  A t r i s c o  w e l l  ( F i g u r e  33). Probab ly  t h e  most s i g n i f i c a n t  aspec t  of 

t h e  a b s o l u t e  e l e v a t i o n  o f  t h e  ground-water t a b l e  beneath t h e  area  i s  a 

pronounced n o r t h - s o u t h  t r o u g h  10-15 km wide approx ima te l y  cen te red  ove r  

t h e  L l a n o  de A t r i s o  ( F i g u r e  6 ) .  

Maxwell (1961) i s  about 10 m l ower  than  t h e  R i o  Grande 10 km t o  t h e  e a s t  

and perhaps 35 m below t h e  wa te r  l e v e l  a t  t h e  r a d a r  s i t e  w e l l .  These 

va lues  a r e  based on ve ry  few da ta  (wa te r  w e l l s ) ;  however, a more r e c e n t  

c o m p i l a t i o n  by  t h e  U. S. Geo log ica l  survey  (D. W i l k i n s ,  persona l  

corrmunicati  on , 1981) con f i rms  a c o n s i d e r a b l e  h y d r a u l i c  g r a d i e n t  on t h e  

west s i d e  o f  F i g u r e  33 o f  a p p r o x i m a t e l y  10 m/km. T h i s  i m p l i e s  

The t r o u g h  d e s c r i b e d  by  B j o r k l u n d  and 

s i  gn i  f i  cant  eastward wa 

A t  r i  sco. 

E l  e c t r i  c a l  r e s i  s t i  v 

c o n s i s t e d  f i r s t  i n  1979 

e q u a t o r i  a1 soundings a t  

e r  movement on t h e  west s i d e  o f  t h e  L l a n o  de 

t y  i n v e s t i g a t i o n s  i n  t h e  A1 buquerque area  

o f  Schl umberger and combi ned 

t h r e e  l o c a t i o n s ,  S l y  S2, and 

The soundings were f o l l o w e d  i n  t h e  same y e a r  by b i p o  

f rom two o r thogona l  b i p o l e  t r a n s m i t t e r  p a i r s  BD1 and 

Two d i p o l e - d i p o l e  l i n e s  D D 1  and DD2 ( F i g u r e  33) were 

Sur face  magnet ic  p r o f i l e s  t o t a l i n g  1 7 1  km were occup 

Schl umberger- 

S3 ( F i g u r e  33).  

e -d i  p o l  e mappi ng 

BD2, F i g u r e  33. 

measured i n  1980. 

ed i n  1980. These 

f o l l o w e d  i n i t i a l  measurements o f  l e s s  than  10 km l e n g t h  made e a r l i e r ,  i n  

1979. 

S h a l l  ow (<30 m) tempera tu re  g r a d i e n t  measurements ( d e s c r i b e d  

Some e a r l i e r )  were made on t h e  L l a n o  de A t r i s c o  d u r i n g  1979-80. 

Q 
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anomal o u s l y  h i g h  va lues  ( >lOO°C/km) measured i n t h e  s h a l l  ow d r i  1 1  h o l e s  

i n  1980 exposed t h e  need f o r  deep g r a d i e n t  va lues,  p a r t i c u l a r l y  below 

t h e  w a t e r  t a b l e .  One such measurement has been made i n  a 364 m deep 

borehole.  Data from t h i s  U. S. Geo log ica l  Survey water  m o n i t o r  w e l l  #1 

( F i g u r e  33) ,  d r i l l e d  i n  t h e  summer of 1981 by t h e  Survey and t h e  City o f  

Albuquerque w i t h  o u r  coopera t ion ,  a r e  p l o t t e d  i n  F i g u r e  23. 

Tern pe r a t  u r e  Grad i en t Survey 

Fo l  l o w i n g  t h e  d i s c o v e r y  of h i g h  s h a l l o w  tempera ture  g r a d i e n t s  

(>75'C/km i n  t h e  upper 25 m) on t h e  L lano de A t r i s c o  i n  1979 by e i g h t  

d r i l l h o l e s ,  53 a d d i t i o n a l  ho les  were d r i l l e d  i n  1979-80 i n  t h e  area. 

A l l  b u t  one o f  t h e  h o l e s  were p o s i t i o n e d  on a g r i d  o f  1 km spaced l i n e s  

and s t a t i o n s ,  e.g., L i n e s  0, l N ,  2N, ..., l S ,  2S, ...; S t a t i o n s  0, l W ,  

2W, 3W, ... ( F i g u r e s  33 and 34).  Most w e l l s  were d r i l l e d  t o  25 m t o  

p e n e t r a t e  below t h e  e f f e c t  of t h e  annual tempera ture  wave ( < l o - 1 5  m).  

I n i t i a l  r e s u l t s  f rom t h e  h o l e s  were presented  by Parker  and J i r a c e k  

(1980) ;  F i g u r e  34 c o n t a i n s  contours  of these s h a l l o w  thermal  g r a d i e n t  

va lues  a f t e r  r e o c c u p a t i o n  of most s i t e s  and l e a s t  squares f i t t i n g  o f  t h e  

tempera ture  curves  ( J i r a c e k  e t  a1 ., 1982). Most s i g n i f i c a n t  ( F i g u r e  34) 

i s  t h e  h i g h  g r a d i e n t  anomaly, r e a c h i n g  140°C/km, c e n t e r e d  over  L i n e  0, 

S t a t i o n  5W. F i g u r e  35 shows examples of t h e  measured sha l low,  

tempera ture  g r a d i e n t  da ta  from mu1 t i  p l  e r e o c c u p a t i  ons of S t a t i  ons 5W and 

6W on l i n e  0. Measured tempera ture  g r a d i e n t  da ta  from a l l  s h a l l o w  

g r a d i e n t  h o l e s  on t h e  L l a n o  de A t r i s c o  a r e  reproduced i n  Appendix A. 

V a r i a t i o n s  i n  tempera ture  g r a d i e n t s  i n  t h e  upper 10 m o r  so ( F i g u r e  35; 

Appendix A) a r e  due t o  t h e  annual wave caused by seasonal s u r f a c e  
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t empera tu re  v a r i a t i o n s .  

107°C/km t o  t h e  n o r t h  have sma l l  area ( F i g u r e  34) i n d i c a t i n g  s h a l l o w  

sources  o f , l i m i t e d  e x t e n t .  

Bo th  t h e  140°C/km anomaly and a l e s s e r  one o f  

@ 

Resi s t i  v i  t y  Measurements 

Schlumberger soundings ( F i g u r e  30) were made on t h e  L lano  de A t r i s c o  

a t  two s i t e s ,  S 2  and S3 ( F i g u r e  33),  t o  e v a l u a t e  t h e  a b i l i t y  o f  

r e s i s t i v i t y  t o  d e t e c t  and c h a r a c t e r i  ze deep ground-water a q u i f e r s .  

s i t e s  a r e  near  t h e  Benavides and Volcano Ranch s t o c k  w e l l s  where t h e  

w a t e r - t a b l e  depths a r e  p r e c i s e l y  known. 

t h e  abandoned Benavides w e l l ,  l e s s  t h a n  2 km eas t  o f  s i t e  S2, probed t h e  

The 

Our downhole measurements i n  

wa te r  t a b l e  a t  a depth  o f  271 m. 

i n t e r f a c e  a t  299 m between 33 and 16 ohm-m l a y e r s  i n t e r p r e t e d  u s i n g  t h e  

Zohdy (1973) i n v e r s i o n  method on t h e  observed S2 Schl umberger r e s u l t s  

( F i g u r e  36). Such an approx imate  magnitude o f  r e s i s t i v i t y  change has 

been no ted  t o  occu r  ( J i r a c e k ,  1982) a t  t h e  water  t a b l e  on geophys ica l  

l o g s  reco rded  i n  t h e  m u n i c i p a l  West Mesa w e l l  f i e l d  ( F i g u r e  33). The 

change i n  i n t e r p r e t e d  r e s i s t i v i t y  f rom 16 t o  8 ohm-m a t  609 m dep th  a t  

S 2  i s  due t o  i n c r e a s e d  water  s a l i n i t y  as a f u n c t i o n  o f  depth. 

T h i s  corresponds w i t h  a r e s i s t i v i t y  

A 16 ohm-m l a y e r  i s  o b t a i n e d  frm i n v e r s i o n  o f  t h e  S3-90' r e s u l t s  a t  

a dep th  o f  271 m ( F i g u r e  37) near Volcano Ranch. T h i s  agrees w e l l  w i t h  

t h e  w a t e r - t a b l e  depth  o f  266 m r e p o r t e d  by  B j o r k l u n d  and Maxwell  (1961) 

a t  t h e  ranch. The Schlumberger soundings a t  S3 were extended t o  

e f f e c t i v e  spacings o f  over  5 km u s i n g  e q u a t o r i a l  soundings ( F i g u r e  31). 

The zone, f rom 271 t o  4,303 m depth,  i s  i n t e r p r e t e d  as n e a r l y  t h e  e n t i r e  

w a t e r - s a t u r a t e d  sed imentary  s e c t i o n  above t h e  Precarnbri an basement 
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A1 buquerque area and i n t e r p r e t e d  e i  g h t - l a y e r  r e s i s t i v i t y  model. 
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F i g u r e  37. Observed and c a l c u l a t e d  Schlumberger sounding S3 - 90' on L lano  de A t r i s c o  i n  
A1 buquerque area and i n t e r p r e t e d  e l  even-1 ayer  r e s i  s t i  v i  t y  model. 
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(Tab le  1). 

about  4,800 m here  from g r a v i t y  mode l ing  ( B i r c h ,  1980; 1982). However, 

t h e  nearby S h e l l  West Mesa Federa l  o i l  t e s t  w e l l  ( F i g u r e  17)  r e p o r t e d l y  

The Precambrian i n t e r f a c e  i s  es t ima ted  t o  be a t  a depth  o f  

a t  5,902 m i n  Mor r i son  Format ion  o f  Mesozoic age (K. Hat ton ,  

communi c a t i  on, 1982). Our da ta  a r e  n o t  s u f f i c i e n t l y  p r e c i  se t o  

the  e x i s t e n c e  o f  t h e  f r e s h e r  water  zone modeled f rom 806 t o  

1,274 m depth  a t  S3 ( F i g u r e  37). However, r e s i s t i v i t y  soundings shown 

i n  F i g u r e s  36 and 37 c l e a r l y  d e t e c t  and c o r r e c t l y  measure t h e  dep th  t o  

t h e  w a t e r  t a b l e  on t h e  L lano  de A t r i s c o .  

For  reconnai  ssance d e t e c t i  on o f  1 a t e r a l  r e s i  s t i  v i  t y  v a r i a t i o n s  i n 

t h e  L lano  de A t r i s c o  t e s t  area we employed two b i p o l e  ( F i g u r e  31)  

t r a n s m i t t e r  p a i r s  (BD1  and BD2) as shown i n  F i g u r e  33. R e s u l t s  from t h e  

Q NS 500 m b i p o l e  of BD1 a r e  contoured i n  va lues  o f  t o t a l  f i e l d  apparent  

r e s i s t i v i t y  i n  F i g u r e  38. 

d i p o l e  s t a t i  ons su r round i  ng t h e  b i  po les .  

The r e s u l t s  were o b t a i n e d  f rom 75 r o v i n g  

contours  around t h e  b i  p o l e  sources 

homogeneity i n  t h e  area sensed by t h e  

e agreement o r  d isagreement  between B D 1  

b i p o l e - d i p o l e  mapping and nearby S2 and S3 soundings i s  f a c i l i t a t e d  by 

t h e  t h e o r e t i c a l  b i  p o l  e - d i  p o l e  r e s u l t s  (Zohdy and Stan1 ey, 1974) 

p resented  i n  F i g u r e  39. The t o t a l  f i e l d  apparent  r e s i  s t i  v i t y  con tou rs  

a re  those a p p r o p r i a t e  t o  a 500 m b i p o l e  source over  a l a y e r e d  e a r t h  

i n d i c a t e d  by t h e  S2 Schl umberger cu rve  extended u s i n g  t h e  S3-90' 

e q u a t o r i a l  r e s u l t s  ( F i g u r e s  36 and 37). Contours i n  F i g u r e  39 

i l l u s t r a t e  t h e  c h a r a c t e r i s t i c  peanut-shape o f  such maps over  

h o r i z o n t a l l y  l a y e r e d  media as d iscussed by Zohdy (1978). The genera l  

The near-symnetry  o f  t h e  

c a t e s  comparat i  ve 1 a t e r a  

les .  An i n d i c a t i o n  o f  t 
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shape and area enc losed by t h e  contours ,  e.g., 15 ohm-m i n  F i g u r e s  38 

and 39 i l l u s t r a t e s  a c o m p a t i b i l i t y  w i t h  t h e  S2 and S3 l a y e r e d  s e c t i o n s  

( F i g u r e s  36 and 37) .  

The d e s i r e  t o  ex tend t h e  r e s i s t i v i t y  mapping over  a l a r g e r  area than  

o b t a i n a b l e  from B D 1  d i c t a t e d  u s i n g  l a r g e r  b i p o l e  sources;  t h e  observed 

r e s u l t s  f rom t h e  2 km 'L NS t r a n s m i t t e r  o f  BD2 a r e  shown i n  F i g u r e  40. 

Again about  75 r e c e i  ve r  s t a t i  ons were occup ied  b u t  a t  spac i  ngs ave rag i  ng 

n e a r l y  1 km a p a r t  compared t o  t h e  a p p r o x i m a t e l y  0.5 km s e p a r a t i o n s  used 

w i t h  BD1.  

85 km . 
t h e  same f a s h i o n  as i n  F i g u r e  39 b u t  now u s i n g  a 2 km b i p o l e  c u r r e n t  

source. A v e r y  s t r i k i n g  l a t e r a l  r e s i s t i v i t y  anomaly i s  r e v e a l e d  by t h e  

canpar ison  o f  F i g u r e s  40 and 41. The r e s i s t i v i t y  r i d g e  c l e a r l y  

m a n i f e s t e d  on t h e  west s i d e  o f  F i g u r e  40 i s  d e f i n e d  by seve ra l  r o v i n g  

d i  p o l e  po i  n t s  and maps a s i  g n i  f i  cant  subsur face  fea tu re .  

t h i s  f e a t u r e  and i t s  r e l a t i o n  t o  t h e  geothermal h y d r o l o g y  o f  t h e  L lano  

de A t r i  sco r e q u i  res  t h e  i n t e g r a t i  on o f  severa l  geophys ica l  measurements 

i n c l  u d i  ng addi  t i  ona l  , d e t a i  1 ed r e s i  s t i  v i  t y  measurements. 

The area covered by t h e  mapping r e s u l t s  i n  F i g u r e  40 i s  about  

2 F i g u r e  41 i s  t h e  t h e o r e t i c a l  b i p o l e - d i p o l e  map c o n s t r u c t e d  i n  

Unders tand i  ng 

The uncover ing of t h e  near-coincidence o f  t h e  r e s i s t i v i t y  r i d g e  i n  

F i g u r e  40 and t h e  maximum subsur face  tempera ture  g r a d i e n t  on t h e  L lano  

de A t r i s c o  ( F i g u r e  34) l e d  us t o  a more d e t a i l e d  r e s i s t i v i t y  survey. 

Thi  s d i  p o l  e -d i  p o l  e survey  ( F i  gu re  30) was d i  r e c t e d  a t  d e t e c t i  ng 1 a t e r a l  

r e s i s t i v i t y  v a r i a t i o n s  which m i g h t  e x p l a i n  t h e  a s s o c i a t i o n  of t h e  

r e s i s t i v i t y  h i g h  and t h e  sha l  l ow  thermal  anomaly. 

Two d i p o l e - d i p o l e  l i n e s  were t r a v e r s e d  across t h e  L lano  de A t r i s c o  

One l i n e  ( D D 1  i n  F i g u r e  33)  was run  across  d u r i n g  t h e  summer o f  1980. 

t h e  tempera ture  g r a d i e n t  peak seen on survey L i n e  0 ( F i g u r e  34). The 
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t r a v e r s e  was 8 km long ,  used d i p o l e s  o f  250 m 

s 

and d i  p o l  e expansions 

were i nc reased  from n = 1 t o  7. Another s h o r t e r  l i n e ,  5 km l o n g  DD2, 

was p o s i t i o n e d  1.75 km n o r t h  ( F i g u r e  33) t o  c r o s s  a magnet ic  anomaly 

d i  scovered d u r i  ng t h e  i n i t i a l  f i e l d  t e s t s  (Parker  and J i  racek, 1980) e 

F i g u r e  42 shows t h e  observed D D 1  d i p o l e - d i p o l e  r e s u l t s  i n  

pseudosec t ion  form ( F i g u r e  32) and t h e  c a l c u l a t e d  model r e s u l t s  u s i n g  

t h e  f i n i t e  d i f f e r e n c e  r o u t i n e  developed by Dey (1976). 

observed and c a l c u l a t e d  r e s u l t s  show a reasonab ly  h i g h  degree o f  match, 

A l though t h e  

one i s cau t ioned  r e g a r d i  ng t h e  nonuni queness o f  t h e  c o r r e s p o n d i n g  

r e s i s t i v i t y  model. I n  t h e  model, t h e  80 and 20 ohm-m l a y e r s  above 500 m 

r e p r e s e n t  t h e  s u r f i c i a l  l a y e r s  and upper w a t e r - s a t u r a t e d  zones, 

r e s p e c t i v e l y ,  seen i n  Schlumberger soundings S 2  and S3 ( F i g u r e s  36 and 

37) .  The 8 ohm-m zone ( F i g u r e  42) corresponds t o  t h e  more c o n d u c t i v e ,  

s a l i n e  waters. probed by  t h e  soundings. The most s i g n i f i c a n t  f e a t u r e  o f  

t h e  D D 1  r e s u l t s  i s  a h i g h l y  r e s i s t i v e  zone d e t e c t e d  and modeled between 

s u r f a c e  l o c a t i o n s  5W and 7W ( F i g u r e  42). 

r e s i s t i v e  (60 ohm-m) p r o j e c t i o n  i n t o  t h e  s h a l l o w  sequence and a p o s s i b l e  

d r a p i n g  o f  t h e  8 ohm-m zone over  it. 

F i g u r e  43 produced a s i m i l a r  f e a t u r e  wh ich  i s  d i  s p l  aced a p p r o x i m a t e l y  

one k i  1 ometer t o  t h e  west. 

The mode l ing  suggests  a 

Model ing o f  t h e  OD2 r e s u l t s  i n  

R e s i s t i v e  e l e c t r i c a l  basement rock ,  such as t h e  60 ohm-m b l o c k s  

modeled i n  F i g u r e s  42 and 43, has n o t  been de tec ted  by our  measurements 

e lsewhere on t h e  L lano  de A t r i s c o  a t  such s h a l l o w  depths.  As d iscussed 

e a r l i e r ,  r e s i s t i v e  basement (84 ohm-m) modeled a t  S3 ( F i g u r e  37) a t  

about 4,300 m depth  p o s s i b l y  rep resen ts  Precambrian rock  i n  agreement 

w i t h  recen t  g r a v i t y  model ing.  The r e s i s t i v e  (60 ohm-m) bedrock model 

on t h e  d i p o l e - d i p o l e  l i n e s  i n  F igu res  42 and 43 i s  n o t  expected t o  be 

90 



8 W  7 W  6 W  sw 4w 3w 2w I 

I 
80 eo 0 

- 250-  
3 2 0  

xK)- 

8 -1 

B 2 0  - 
I c 
Q ?SO 
W 0 

I 
60 8 I 8 

~ '- OBSERVED 

LLANO DE ATRISCO - LINE 0 
DI  POLE - DIPOLE PSUEDOSECTIONS 

x = 250 M, e, IN OHM - M 
, I , f K m  SCALE : 

8 W  7w 6 W  Sp 4 w  3 p  3 W  I W  

LLANO DE ATRISCO 
CALCULATED RESISTIVITY MODEL 

RESISTIVITY IN OHM - M 
0 I 2 Km SCALE: P 

F i g u r e  42. Observed and c a l c u l a t e d  d i p o l e - d i p o l e  D D 1  pseudosect ions and 
c a l  c u l  a ted  two-dimensi onal  r e s i  s t i  v i  t y  model a1 ong L i  ne 0 O f  
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Precambr ian basement b u t  i s  more 1 i k e l y  impermeable Mesozoic s t r a t a  as 

d e s c r i  bed 1 a t e r .  

Magnet ic  Survey 

A t o t a l  f i e l d  magnet ic  map of t h e  L lano  de A t r i s c o  i s  p resented  i n  

F i g u r e  44. An a r e a l  coverage o f  175 km was ob ta ined  u s i n g  Geometr ics  

6-806 and 6-816 p r o t o n  p recess ion  magnetometers. Magnet ic  measurements 

were made 100 m a p a r t  on t h e  survey  l i n e s  i n d i c a t e d  i n  F i g u r e  33. 

2 

S h o r t e r  eas t -west  survey 1 i nes and some no r th -sou th  1 i nes were 

p o s i t i o n e d  c l o s e r  t h a n  1 km when deemed necessary f o r  d e t a i l .  

over  t h e  s u r f a c e  l a v a  f l o w s  o f  t h e  Albuquerque vo lcanoes were t o o  

e r r a t i  c f o r  meani n g f u l  r e s u l t s .  

Readings 

The two. tempera ture  g r a d i e n t  h ighs  ( F i g u r e  34) and nearby magnet ic  

anomal ies ( F i g u r e  44) d i s c l o s e d  by t h e  i n i t i a l  1979 ground survey were 

though t  t o  have a c a u s a t i v e  r e l a t i o n s h i p  (Pa rke r  and J i r a c e k ,  1980). 

Though t h i s  may be t h e  case, t h e  ve ry  e x t e n s i v e  magnet ic  survey  o f  t h e  

L l a n o  d u r i n g  1980 ( F i g u r e  44) has c l e a r l y  shown t h a t  t h e  r e s i s t i v e  

anomaly in F i g u r e s  40, 42, and 43 i s  nonmagnetic. Furthermore, t h e  

d i p o l e - d i p o l e  r e s u l t s  o f  DD2 ( F i g u r e  43) wh ich  c ross  t h e  h i g h e s t  

magnet ic  ananaly  i n '  t h e  e n t i r e  survey area between S t a t i o n s  3W and 4W on 

L i n e  1.75N do n o t  measure a c o r r e s p o n d i n g  l a r g e  r e s i s t i v i t y  h igh .  The 

h i g h e s t  d i  p o l e - d i  p o l e  r e s i s t i v i t y  a t  depth  i s  measured between S t a t i o n s  

5W and 6W on D D 1  ( F i g u r e  42) where t h e  magnet ic  f i e l d  i s  r e l a t i v e l y  f l a t  

( F i g u r e  44). 

Three-dimensi  onal  model i ng of t h e  magnet i  c p a t t e r n s  i n  F i g u r e  44 

suggests s i  11 -1 i ke bod ies  a t  a p p r o x i m a t e l y  300 rn depth. Th is  e s t i m a t e  
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i s  v e r y  c l o s e  t o  where a b a s a l t i c  l a y e r  was i n t e r s e c t e d  a t  t h e  bo t tom 

(364 m) o f  t h e  r e c e n t  U. S. Geo log ica l  Survey water  m o n i t o r  w e l l  (G. 

Hammock, persona l  communi c a t i  on, 1981) d r i  11 ed a t  L i  ne 0, S t a t i  on 4.3W 

( F i g u r e  33). 

f o l l o w i n g  t h e  f o r m u l a t i o n  o f  Bhat tacharyya  (1964) .  The program 

c a l c u l a t e s  t h e  t o t a l  f i e l d  magnet ic  anomaly over  a pr ism-shaped body 

w i t h  v e r t i c a l  s i d e s  and f l a t  t o p  and bo t tom ( F i g u r e  45).  Any ang le  o f  

magnet ic  p o l a r i z a t i o n  v e c t o r  can be chosen re1  a t i  ve t o  t h e  geomagnet ic 

f i e l d  d i  r e c t i  on, t h u s  a1 1 owi ng f o r  b o t h  remanent and induced magnet i  sm. 

63 

Model i ng was accompl i shed u s i n g  a computer program w r i t t e n  

The re1  a t i  ve c o n t r i b u t i o n s  and d i  r e c t i  ons o f  remanent and i nduced 

magnetism a r e  unknown i n  t h e  c a u s a t i v e  bod ies  p roduc ing  t h e  anomal ies i n  

F i g u r e  44. An igneous body t h a t  coo led  th rough  t h e  C u r i e  t e m p e r a t u r e  i n  

t h e  l a s t  700,000 y e a r s  would be expected t o  have normal remanent 

p o l a r i z a t i o n .  

p o l a r i z a t i o n  d i r e c t i o n  has been assumed t o  be i n  t h e  d i r e c t i o n  o f  the-  

c u r r e n t  geomagnetic f i e l d  i n  t h e  area, i.e., i n c l i n a t i o n  ( I )  o f  63' and 

d e c l i n a t i o n  (D) o f  12.5'E ( F i g u r e  45). 

Our mode l ing  has assumed t h i s .  1 More p r e c i s e l y ,  t h e  t o t a l  
* 

The cho ice  o f  t h e  s u s c e p t i b i l i t y  c o n t r a s t  (K) o f  t h e  anomalous 

magnet ic  bod ies  and t h e  su r round ing  sed imentary  sequence has been made 

a f t e r  seve ra l  c o n s i d e r a t i o n s .  The method o f  Vacquier  e t  a l .  (1951) gave 

e s t i m a t e s  o f  K = 2,000 x and K = 10,000 x cgs f o r  t h e  

anomal ies i n t e r s e c t e d  by  survey l i n e s  4N and 1.75N, r e s p e c t i v e l y  ( F i g u r e  

44). 

volcanoes produced s u s c e p t i b i l i t y  va lues  o f  l e s s  t h a n  700 x cgs. 

Our l a b o r a t o r y  measurements do n o t  r e f l e c t  any remanent component t o  t h e  

magnet ic  p o l a r i z a t i o n  so t h e  d i  f f e r e n c e  between t h e  1 a b o r a t o r y  

measurements and t h e  c a l c u l a t i o n s  u s i  ng t h e  f i e l d  anomal i e s  may 

However, d r i l l h o l e  c u t t i n g s  f rom l a v a  f l o w s  o f  t h e  Albuquerque 
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F i g u r e  46. 

FIELD K = O  I 
t 

VERTICAL 

MAGNETIC PRISM MODEL 

F i g u r e  45. Magnet ic  p r i s m  model. 

C.I.  = 40nT 
52,000nT HAS BEEN REMOVED 

1.0 KM 0 A 
C a l c u l a t e d  rnaqneti c anornal y crossed on 
A t r i s c o  i n  Albuquerque area. 
p r i  sm body. 

Hatchured area i s  p l a n  view o f  
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-, approx imate  t h e  degree o f  remanence. Consequent ly,  t h e  r a t i o  o f  

remanent t o  induced m a g n e t i z a t i o n  may be a minimum o f  two and perhaps 
w 

over  t h i r t e e n .  B a s a l t  samples f rom near  Santa Fe, New Mexico were 

measured t o  have r a t i o s  between 3.3 and 14.2 (Sp iege l  and Ba ldwin ,  

1963).  

was r e p o r t e d  t o  be 9,600 x cgs. Th is  va lue  has been assumed i n  o u r  

model i ng as an e f f e c t i  ve s u s c e p t i  b i  1 i ty ,  i .e. , one t h a t  i n c l  udes 

The h i  ghes t  e f f e c t i  ve suscep t i  b i  1 i t y  measured i n  these  samples 

combi ned remanent and i nduced components i n  p o l  a r i  z a t i  on. 

An example o f  t h e  magnet ic  mode l ing  appears i n  F i g u r e  46 where t h e  

i s o l a t e d  anomaly cen te red  on L i n e  4N ( F i g u r e s  33 and 44) has been 

c l o s e l y  matched. The p r i s m  body modeled i n  t h i s  case i s  1.4 km i n  

n o r t h - s o u t h  e x t e n t  and 1.0 km east -west .  

i s  87.5 m t h i c k .  

r e s u l t s  a r e  c o n s i s t e n t  w i t h  a body t h a t  i s  t h i n  w i t h  i t s  t o p  ve ry  near  

It i s  a t  a depth  o f  275 m and 

Th is  i s  c e r t a i n l y  n o t  a un ique model ; however, t h e  

t h e  w a t e r - t a b l e  depth.  

and 44) i s  l i k e l y  sha l l ower ,  p o s s i b l y  nearer  t o  200 m depth.  

The sharper  anomaly on L i n e  1.75N ( F i g u r e s  33 

There a r e  a t  l e a s t  t e n  v o l c a n i c  l a y e r s  l i s t e d  i n  t h e  2,027 m w e l l  

r e c o r d  from t h e  nearby Carpenter  #1 A t r i s c o  ( F i g u r e  3 3 ) ;  t h e  t h i c k e s t  

l a y e r ,  however, i s  o n l y  27 rn. R e s i s t i v i t y  l o g s  of t h i s  w i l d c a t  o i l  t e s t  

r e c o r d  r e s i s t i v i t i e s  i n  excess o f  1,000 ohm-m i n  some v o l c a n i c  l a y e r s  

and s u r f a c e  r e s i  s t i  v i  t y  measurements on f l o w s  o f  t h e  A1 buquerque 

volcanoes by Brandwein (1974) y i e l d e d  va lues  o f  2,850 ohm-m. Such 

h i g h l y  r e s i s t i v e  l a y e r s  a t  (300 .. m depth  would be e a s i l y  d e t e c t e d  by 

s u r f a c e  r e s i s t i v i t y  measurements un less  they  a r e  t h i n  ((50 m) o r  c o n t a i n  

app rec i  ab1 e i n t e r c o n n e c t e d  water .  A1 1 o f  t h e  above cons i  d e r a t i  ons l e a d  

r i d g e  d e t e c t e d  by b i  p o l  e - d i  p o l  e 

l i n g  i s  n o t  due t o  subsur face  
I us t o  t h e  c o n c l u s i o n  t h a t  t h e  r e s i s t i v e  
I 

mappi ng and d i  p o l  e - d i  p o l  e soundi n g - p r o f  

@ vo lcan ics .  
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Concl u s i  ons 

A p o s s i b l e  e x p l a n a t i o n  o f  t h e  r e s i s t i v e  r i d g e  and i t s  r e l a t i o n  t o  

t h e  thermal  anomaly can be gleaned f rom a c o n s i d e r a t i o n  o f  t h e  g r a v i t y  

p a t t e r n s  ( B i r c h ,  1980; 1982) over t h e  t e s t  area ( F i g u r e  47). It i s  

q u i t e  obv ious  f rom t h e  con tou rs  on t h e  west s i d e  o f  t h e  map t h a t  a 

r e s i d u a l  g r a v i t y  anomaly i s  p resent .  Removal o f  a reasonab le  r e g i o n a l  

g r a d i e n t  y i e l d s  an a p p r o x i m a t e l y  6 mGal  n o r t h - n o r t h w e s t  t r e n d i n g  

r e s i d u a l  cen te red  rough ly  over  S t a t i o n  5W, L i n e  0. B i r c h  (1980, 1982) 

computer modeled an eas t -west  g r a v i t y  p r o f i  1 e pass i  ng d i  r e c t l  y t h r o u g h  

t h e  Carpen te r  #1  A t r i s c o  w e l l  ( F i g u r e  12), 

(Mesozoic)  s t r a t a  t o  be u p f a u l t e d  t o  w i t h i n  300 m o f  t h e  s u r f a c e  o n l y  

2.5 km west o f  t h e  w e l l .  

suggested by Ke-l l e y  (1977). A c l  osed r e s i d u a l  g r a v i t y  anomaly produced 

by removing t h e  r e g i o n a l  t r e n d  i n  F i g u r e  47 would suggest an a d d i t i o n a l  

r i d g e  o r  knob on t h e  upthrown b l o c k  i d e n t i f i e d  by B i r c h .  

r e s i s t i v i t y  r i d g e  i n  c o n j u n c t i o n  w i t h  t h e  r e s i d u a l  g r a v i t y  anomaly i s  

c o n s i s t e n t  w i t h  a s h a l l o w  h o r s t - l i k e  s t r u c t u r e  on t h e  west s i d e  o f  t h e  

L lano  de A t r i s c o .  A d d i t i o n a l  d e t a i l e d  g r a v i t y  measurements would b e t t e r  

o u t l i n e  t h e  s t r u c t u r e .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d r i l l e r ' s  l o g  

o f  t h e  water  w e l l  a t  t h e  rada r  s i t e  ( B j o r k l u n d  and Maxwel l ,  1961) 

t e r m i n a t e s  w i t h  t h e  l a s t  e n t r y  f rom 418 t o  422 m d e s c r i b e d  as " rock ,  

hard;  c u t  b i t " .  

3 He modeled 2.4 g/cm 

T h i s  i s  n o t  n e a r l y  as f a r  west ( F i g u r e  2)  as 

Thus, t h e  

It i s  en1 i g h t e n i  ng t o  compare t h e  v a r i o u s  geophys ica l  measurements 

over t h e  maximum thermal  g r a d i e n t  h i g h  on t h e  L lano  de A t r i s c o .  These 

a r e  shown i n  F i g u r e  48 f o r  t h e  thermal  g r a d i e n t ,  d i p o l e - d i p o l e  
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F i g u r e  47. Complete Bouguer g r a v i t y  map o f  L l a n o  de A t r i s c o  i n  
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LLANO DE ATRISCO 

STATION NUMBER 
Jsoo 

STATION NUMBER 

LLANO DE ATRISCO 
DIPOLE -DIPOLE PSEUDOSECTION (LINE 0 )  
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F i  gure 48. P r o f i  1 es o f  s h a l l  ow thermal  g r a d i e n t  , magnet i  e ,  g r a v i t y  , and 
r e s i s t i v i t y  surveys on L lano  de A t r i s c o  i n  Albuquerque area. 
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pseudosec t i  on, and r e s i d u a l  g r a v i t y  p r o f i  

p r o f i l e  a long  L i n e  lN, 1 km away, i s  a l s o  
w 

e v i d e n t  t h a t  t h e  h i g h  r e s i  s t i  v i  t y  anomaly 

r e l a t e d  t o  t h e  g r a v i t y  anomaly and i s  n o t  

es a long  L i n e  0. The magnet ic  

inc luded.  Here, i t  i s  aga in  

between S t a t i o n s  5W and 7W i s  

d e t e c t i n g  t h e  magnet ic  body. 

T h i s  l eads  t o  t h e  c o n c l u s i o n  t h a t  t h e  c a u s a t i v e  magnet ic  bod ies  

( p r o b a b l y  l a v a  f l o w s )  a r e  permeable t o  water  f l o w  and do n o t  a c t  as f l o w  

a r e  p r o b a b l y  

re1  a t i  v e l y  

mum dep th  t o  

b a r r i e r s .  Fur thermore,  t h e  g r a v i t y  and r e s i s t i v i t y  h ighs  

sens i  ng an upthrown b lock  o f  Cretaceous basement which i s  

impermeable compared t o  t h e  o v e r l y i n g  Santa Fe beds. Min 

t h e  c o n t a c t  may be 200-250 m based on d i p o l e - d i p o l e  model 

and 43).  

ng ( F i g u r e  42 

The p o s s i b i l i t y  t h a t  a b u r i e d  r i d g e  r i s e s  t o  about 250 m o f  t h e  

s u r f a c e  on t h e  west s i d e  o f  t h e  L lano  de A t r i s c o  suggests an e x p l a n a t i o n  

f o r  t h e  thermal  anomaly t h e r e ;  i .e., t h e  f o r c e d  ground-water  c o n v e c t i o n  

model desc r ibed  by Morgan and Dagget t  (1981) and Morgan e t  a1 . (1981).  

I n  t h i s  model, heated  ground water  f rom depth  i s  b rought  c l o s e r  t o  t h e  

s u r f a c e  by f l o w  over  subsur face  c o n s t r i c t i o n s  o r  b a r r i e r s  as d i s c u s s e d  

i n  t h e  s e c t i o n  on Geothermal Occurrences ( F i g u r e  8) .  The proposed 

b u r i e d  r i d g e  would be such a b a r r i e r .  The l a r g e  west t o  eas t  h y d r a u l i c  

g r a d i e n t  d i s c u s s e d  e a r l i e r  i n  t h i s  area c o u l d  be t h e  d r i v i n g  mechanism 

f o r  t h i s  heat  t r a n s f e r  hypothes is .  S ince t h i s  area of t h e  L lano de 

A t r i s c o  has mapped f a u l t s  ( F i g u r e s  2 and 33) which a r e  presumably 

deep-seated ( F i g u r e  2),  we cannot r u l e  o u t  t h a t  a l l  o r  a p o r t i o n  o f  t h e  

tempera ture  anomaly i s  due t o  deep thermal  convec t i on .  The a l t e r n a t e  

e x p l a n a t i o n  o f  f o r c e d  convec t i on  suggests a l ower  maximum tempera ture  a t  

depth,  l i m i t e d  by t h e  maximum depth  o f  water  c i r c u l a t i o n  (Morgan e t  a l . ,  

1981). 

Q 
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An a1 t e r n a t i  ve exp l  a n a t i  on f o r  t h e  h i g h  s h a l l  ow tempera tu re  g r a d i e n t  

anomal ies mapped i n  F i g u r e  34 i s  t h a t  t h e y  do n o t  r e f l e c t  deep 

c o n d i t i o n s  b u t  a r e  r e f 1  e c t i  ng o n l y  s h a l l  ow m a t e r i  a1 v a r i  a t i  ons. One o f  

us (Pa rke r )  has found s t r o n g  s t a t i  s t i  c a l  c o r r e l a t i o n s  between 

tempera tu re  g r a d i e n t s ,  s u r f a c e  tempera tures ,  and thermal  d i  f f u s i  v i  t y  

which measures t h e  a b i l i t y  o f  a m a t e r i a l  t o  t r a n s m i t  heat.  

Consequently, varyi ng amounts o f  aeol  i an sand, c a l  i che, and g r a v e l  s may 

r e s u l t  i n  v a r y i n g  depths o f  p e n e t r a t i o n  o f  t h e  annual t empera tu re  wave. 

The e f f e c t  i s  t o  a l t e r  t h e  tempera tu re  g r a d i e n t  p r e d i c t e d  by l e a s t  

squares r e g r e s s i o n  i n  an area o f  cons tan t  heat  f low.  

t h e  U. S. Geo log ica l  Survey i n  t h e  area suggests t h a t  t h e  h i g h  g r a d i e n t s  

found near -su r face  may n o t  r e f l e c t  a p a r t i c u l a r l y  h i g h  tempera tu re  

source  a t  depth. 

Deep d r i l l i n g  by 

Temperature measurements ( F i g u r e  23) o f  t h e  U. S. Geo log ica l  Survey 

wa te r  m o n i t o r i n g  w e l l  #1 near  b i n e  0, S t a t i o n  4.3W ' (F igu re  33) y i e l d e d  a 

bo t tom h o l e  tempera tu re  of 32.8OC a t  364 rn depth.  

g r a d i e n t  below t h e  wa te r  t a b l e  (268 m) was measured ( F i g u r e  23) t o  be a 

1 i near  35'C/km. 

s i m i l a r  depths elsewhere i n  t h e  Albuquerque area ( F i g u r e s  22 and 23) 

t h e y  a r e  n o t  h i g h l y  encourag ing  f o r  geothermal e x p l o i t a t i o n .  Our 

measurements o f  t e n  deep water  w e l l s  on t h e  west s i d e  o f  Albuquerque 

w i t h  depths f rom 110 m t o  over  440 m ( F i g u r e  23) have y i e l d e d  o n l y  two 

o t h e r  1 o c a t i  ons where tempera tures  over  3OoC were encountered. 

C o l l e g e  #3 w e l l  ( F i g u r e  33)  has a tempera ture  a t  364 m depth  ( F i g u r e  23) 

ve ry  n e a r l y  equal t o  t h a t  measured a t  t h e  U. S. Geo log ica l  Survey hole.  

The tempera tu re  

A1 though these  tempera tu re  measurements exceed those  a t  

The 
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A g r a d i e n t  o f  a p p r o x i m a t e l y  3 3 ' C / k m  was measured t o  a t o t a l  dep th  of 445 

m. Almost 3 2 O C  was measured a t  j u s t  20 m dep t?  i n  t h e  o n l y  Yest Mesa 

w e l l  a c c e s s i b l e  f o r  our measurements (West Mesa #4, F i g u r e  23).  T h i s  

anomalous t e m p e r a t u r e  rras due t o  d i s t o r t i o n  f rom a c t i v e  pumping of t h e  

w e l l  p r i o r  t o  ou r  measurements. Here, warm w a t e r  pumped f rom dep th  

g r e a t l y  enhanced t h e  t e m p e r a t u r e  i n  t h e  upper p o r t i o n  of t h e  w e l l .  We 

were u n a b l e  t o  o b t a i n  an e q u i l i b r i u m  g r a d i e n t  i n  t h i s  w e l l  b u t  o b v i o u s l y  

deep t e m p e r a t u r e s  a r e  g r e a t e r  t han  o r  equal  t o  32OC. 

d r i l l e d  t o  436 m. 

The w e l l  was 

The U. S. G e o l o g i c a l  Survey w a t e r  m o n i t o r i n g  w e l l  was p o s t i o n e d  i n  

t h e  v i c i n i t y  o f  o u r  L i n e  0, S t a t i o n  4.3W because of t h e  p o s s i b l e  

geothermal  s i g n i f i c a n c e .  

5W ( a t  about  L i n e  0, S t a t i o n  5.5W) appeared t o  be a b e t t e r  geothermal  

cho i  ce based on r e s i  s t i  v i  t y  model i ng ( F i g u r e  42) .  However, t h e  * s i  t e  

d r i  11 ed was more r e a d i l y  a c c e s s i b l e .  

P o s i t i o n i n g  o f  t h e  h o l e  t o  t h e  west o f  S t a t i o n  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  w e l l  r e c o r d  o f  t h e  n e a r b y  

C a r p e n t e r  #1 A t r i s c o  w e l l  ( F i g u r e s  33 and 34) l i s t s  zones o f  " l a r g e  

volumes o f  w a t e r "  a t  depths  o f  671, 899, and 1,003 m. E x t r a p o l a t i o n  o f  

t h e  t e m p e r a t u r e  g r a d i e n t  from t h e  U. S. Geo log ica l  Survey w e l l  l e a d s  t o  

e x p e c t e d  t e m p e r a t u r e s  o f  44, 51, and 55OC a t  t h e s e  depths ,  r e s p e c t i v e l y .  

Thus, t h e  p o s s i b i l i t y  o f  a low t e m p e r a t u r e  ( > 5 O o C )  geothermal  resource  

does e x i s t  a t  reasonab le  depths  ( < l k m )  west o f  A1buquerq;e. 
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APPENDIX  A 

Shal low Temperature Grad ien t  Measurements 

i n  t h e  Albuquerque Area 

(Loca t ions  of d r i l l h o l e s  shown i n  F i g u r e s  20, 24, and 34 o f  t e x t . )  
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Table la 
Geochemical Temperatures for  Groundwaters In t h e  Albuquerque Area 

Data from t h i s  r e p o r t  

Sample II Lat. Long. T'C SIT.OC CHT O c  CCHT O c  

696 

697 

698 

699 
985 

986 

98 7 

988 

98 9 

990 

991 

992 

993 

994 

995 

996 

997 

9 98 

35"OO. 8 ' 
35O09.5 ' 
35O09.6' 

35"07.1' 
35'04.5 ' 
35'02.7' 

35'04.5' 

35'04.8' 

35' 04.1 ' 
35' 04 D 3 ' 
35"03.6' 

35'03.5' 

35'03.5 ' 
35'02.1' 

35" 02.0' 

35'01.2 ' 
35"09.6' 

35'09.2' 

106'44.6' 

186'41.0' 

106-41.4' 

106'42.6 ' 
106O44.3 ' 
106O44.3' 

106"44.3' 

106O43.4' 

106'45 4' 
l06'52.2' 

106'48.6' 
106'49.4' 

106'49.4 ' 
106'56.4' 

106" 56.5' 

106'48.9' 

106O43.7' , 

106'43.7 ' 

19.5 

14.0 

19.0 

29.0 

26.5 

28.7 

24.9 

32.1 

27 - 8  
- 
- 

29.9 
- 
- 
- 

10.6 

24.4 

23.4 

120.4 

86.0 

113.7 

92.9 

68.7 

88.7 

79.7 

89.8 

86.9 

64.1 

82.0 

58.5 

5 6 . 4  

62.0 

* 30.1 

43.6 

144.1 
143.6 

58.6 

39.8 

59 -4  

68.1 

79.6 

85.8 

84.7 

70.3 

88.7 

53.5 
69.7 
76.1 

82.6 

40.7 

59 .2  

91.4 

79.3 
78.9 

58.6 

39.8 

59.4 

68.1 
79.6 

85.8 

84.7 

70.3 

88.7 

53.5 

69.7 
76.1 

82.6 

40.7 

59.2 

91.4 

79.3 
78.9 
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T a b l e  l b  

Geochemical Temperatures for Groundwaters in the Albuquerque Area 

.Data from the  USGS UATSTORE File 
Lac. Long. T'C SIT 'C CHT O c  CCHT OC 

35'00.1' 
35'01.1' 
35'61.9' 
35'02.3' 
35'02.8 ' 
35'02.9' 
35'03.1 ' 
35'03.1 ' 
35'03.1' 
35'03.1 ' 
35'03.1' 
35' 03.1 ' 
35'04.7' 
35'04.7' 
35'04 .8' 
35" 04.8 ' 
35" 04.9 ' 
35'04.9 ' 
35'05.0' 
35O05.1 ' 
35'05.4 ' 
35'06.0' 
35'06.0' 
35"06.0' 
35" 06.0 ' 
35'06 . O f  

35'06.0' 
35'06.0' 
35'06.0' 
35'09.6 
35'09.6 ' 
35" 10.2' 
35O12.3 ' 
35'12.3' 
35O13.5' 
35" 14.2 ' 

106"39 .8' 
106'41.5' 
106'56.6' 
106'43.6 ' 
106"40.9' 
106'39.1' 
106'43.6' 
106" 43.6' 
106'43.6' 
106'43.6' 
106'43.6' 
106'43.6' 
106'43.9 ' 
106-43.9 ' 
106'43.3 ' 
106'43.3' 
106'44.9' 
106'44.9' 
106'44.3 ' 
106'43.4 ' 
106'40.6' 
106'41.2 ' 
106'41.2' 
106'41.2' 
106'41.2 ' 
106'41.2' 
106'41.2 ' 
106'41.2' 

106'41.2' 
106'43.2 
106'43.2' 

106'38.1' 
106"42.2' 
106'42.3 ' 
106'40.2' 
106'59.6' 

- 
- 
- 

28.5 
- 

20.5 
- 

30.0 
19.5 
22.0 
21.5 
21.0 

34.5 
26.0 

40.5 
23.0 
30.0 
30.0 

31.1 
30.0 

21.0 
16.0 
17 .O 

- 
- 
- 
- 
- 

23.5 
23.5 

- 
21.0 

- 
26.0 

108.9 

93.8 
58.0 

88.3 
99.0 

121.7 
90.6 
91.7 

- 
- 
- 

- 
- 
- 
- 
- 

93.8 
- 

70.4 
65.3 
65.3 
20.0 
25.0 

48.0 
48.0 
29.8 
31.0 

- 
- 

79.4 
111.3 

- 
103.6 

- 

153 

- 
- 

95.5 
62.3 
- 

86.8 
63.1 

73.0 - 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

41.4 
36.8 
37.2 
42.0 
30.4 

49.7 
60.0 
58.8 
185.3 

- 
- 
- 

- 
- 
- 

- 
- 

44.1 
62.3 

- 
63.0 
63.1 

73.0 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

41.4 
36.8 
37.2 
42.0 
30.4 

49.7 
60.0 

58.8 
61.4 

- 
- 
- 
- 
- 
- 
- 



Table  lb 
cont 

ht. Long. T'C S1T"C CXT 'C CCHT OC 

35"14.4' 106'40.7' 13.0 118 2 71.3 71.3 

35'14 e 6' 106'40.6 ' 21.0 - - - 

35014.a' 106'40.2' 19.0 - - - 
35*i4.ai 106'40.1' 16.0 110.5 62.1 62.1 
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Table IC 

Geochemical Temperatures for  Groundwaters i n  t h e  Albuquerque Area 
Data from the c i t y  of Albuquerque 

Name L a t  , Long. T'C SIT'C CHT'C CCtlT"C 

Alameda #1 

Alameda # 2  

Atr isco (I) #1 

Atrisco #I 
Atrisco (I) 1 2  

Atrisco # 2  

Atrisco (I) #3 

Atrisco # 4  
Atrisco #5 

Atr isco #6 

Atrbc.0 # 7  
Atr isco #8 

Atrisco #9 

Atrisco #11 

Atrisco 1112 

Atrisco #13 

Burton #2 

Burton #3 

Candelaria U21 

Candelaria #22 

Candelaria #23 

Candelaria #24 

Charles #I 
Charles U2 

Charles 13  

Charles 114 

35'04.8' 

35'04.6' 

35'04.6' 

35'04.3' 

35"04.2' 

35" 04.3 ' 
35" 04.4' 

35O05.2' 

35'04.9' 

35" 04.9 ' 
35O05.2' 

35'04.4' 

35O04.6' 

35"07.1' 

35'07.2' 

35'07.1' 

35O07.1' 

35'06.5' 

35'06; 1' 

35'06.7' 

35'06.0' 

106'41.3' 

106'40.8' 

106'40.9' 

106'41.4' 

106"40.9' 

106'40.8 ' 
106'41.4' 

106°41.2', 

1 a6 *4 0.7 

106"40.9' 

106'41.7' 

106,' 3 6.2 ' 
106'36.0' 

106938.2 ' 
106'38.2' 

106'38.0' 

106'38.3 ' 
106'33 .8 '  

106'34.2' 

106'34.5' 

106'33.5' 

- 
- 

17.8. 

19.2 

15.6 

18.9 

16.7 

19.2 

21.1 

16.7 

18.9 

20.8 

16.4 

20.0 

18.0 

20.8 

21.1 

21.1 
21.1 

19.4 

20.6 

18.6 

18.3 
17.8 

17.2 

19.4 

- 
- 
- 

116.8 
- 

116.0 
- 

115.3 

112.2 
- 

113.0 

111.4  
109.8 

114.5 

116.8 

116.0 

110.6 

107.3 

118.2 
113.7 

115.3 

115.3 
- 
- 
- 
- 

57.5 

61.7 

21.3 

339.3 

51.9 

73.9 

13.3 

72.6 

76.4 

74.2 

73.9 

78.8 

65.1 

84.2 

76.1 

70.4 

43.4 

43.9 

60.4 

52.1 

55.5 

56.3 

-11.8 

4.2 

-14.6 

-8.0 

57.5 

61.7 

21.3 

197.6 

51.9 

73.9 

13.3 

72.6 

76.4 

74.2 

73.9 

78.8 

65.1 

77.2 

76.1 

.70.4 

43.4 

43.9 

60.4 

52.1 

55.5 

56.3 

-11.8 

4.2 

-14.6 

-880 



r J 

Table IC 
cont.  

Name Lat.  Long. T'C SIT 'C CllT 'C CCIIT O C  

Don #1 

Duranes #l 

Duranes U 2  

Duranes # 3  

Duranes P4 
Duranes #5 

Duranes U6 

Duranes U7 
Griegos I1 
Griegos 82 

Griegos # 3  

Criegos 14 

Griegos #5 

Leavitt  #1 

Leavitt  U 2  

Leyendecker I1 
Leyendeckrr U 2  

Leyendecker # 3  

Leyendecker U4 
Lomas ffl 

Lomas 1 2  

Lomas 113 

Lomas U4 
Love #1 

Love U 2  
Love U3 

35'04.1' 

35'06.7' 

35'07.2' 

35'06.5' 

35'06.5' 

35'06.1' 

35'06.9' 

35'06.9' 

35' 08.4 ' 
Xi"O7.8' 

35'08.1' 

35'08.4 ' 
35'08.1 

35'07.9 ' 
35O07.5' 

35'08 3 ' 
35'08.2' 

35'04.5' 

35'05.0' 

35'05.5' 

35'05.8' 

35'05.3' 

35'04.8' 

35'05.2' 

106'45.4' 

106'40.1' 

106'40.8' 

106'40.7 ' 
106'41;3' 

106'41.3' 

106'40.5' 

106'41.2' 

106'39.8' 

106'40.1' 

106'40.4' 

106'39.0' 

106'39.4' 

106'34.4 ' 
106'34.1' 

106'34 -6 '  

106934 e 1' , 

106'30.4' 

106'30.8 ' 
106'30.6' 

1O6'31.1' 

106'31.7' 

106'32.0' 

106.32.3' 

31.4 

20.8 

19.4. 

20.6 

22.2 

21.7 

20.6 

18.6 

18.9 

20.0 

18 - 9  

19.4 

19.4 

21 .1  

30.0 

19.7 

20.0 

16.7 

20.6 

20.6 

22.8 

22.8 

22.8 

24.4 

23.9 

23.9 
I .  

82.3 

122.4 

122.4 

120.4 

118.2 

118.9 

121.1 

116.0 

120.4 

126.4 

1E2.4 

122.4 

120.4 
- 
- 

84 .a 
84.8 

- 
90.7 

72.3 
- 
- 
- 

83.6 

83.6 

84.8 

90.0 

79.4 

73.0 

69.9 

81 .o 
74.0 

69.7 

68.6 

61.6 

65.3 

67.0 

72 .1  

70.7 

20.7 
- 

24.7 

35.3 
- 

25.3 

36.5 

-10.0 

-14.5 

-8.6 

40.7 

37.5 

36.5 I 

68.4 

67.3 

73.0 

69.9 

81.0 

74.0 

69.7 

68.6 

61.6 

65.3 

67.0 

68.6 

69.1 

20.7 
- 

26.7 

35.3 
- 

25.3 

36.5 

-10.0 

-14.5 

-8.6 

40.7 

37.5 

36r 5 
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Table IC 

cont .  

Name Lat. Long. T'C SITOC CHTOC CCHT O L  

Love #4 

Love U S  
Love (/6 

Love 1 7  
Miles #I 

Ponderosa #1 

Ponderosa 1/2 

Ponderosa # 3  

Ponderosa #7 
Sta. Barbara #I 
San Jose #1 

San Jose 12 

San Jose 13 

San Jose U4 
San Jose 1 7  
San Jose 115 

San Jose #6 

San Jose #8 

San Jose #lo  
Thomas #1 

Thomas 1 2  

Thomas U3 
Thomas #4 
Val ley  Gardens A 

Volandia #I 
Volandia #2 

35'05.2' 

35'04 .8 '  

35'05.9' 

35'06.1' 

35 "03.1 ' 
35'07 .8' 

35'08 i 0' 

35'06.8' 

35'03.3' 

35'03.2 ' 
35"03.0' 

35'02.9' 

35"07.9' 

35'07.8' 

35'08.3 ' 
35.08.2' 

35'00.5' 

35'08.1 ' 
35.07.5 ' 

106"33.0' 

106O32.7 ' 
*106'31.6 ' 
106'32.2' 

106'37.8 ' 
106'31.2' 

106' 31,9 ' 

106'36.4 ' 
106'38.7' 

106'39 . O '  

106'38.6' 

106038.7 ' 
106' 32.9 I, 

106'32.6' 

106'33.2' 

106'32.7' 

106'42.4' 

106'35.8' 

106'35.0' 

b 

23.3 

23.3 

20.6. 

22.2 
- 

25.0 

24.4 

25.6 

25.8 

18.9 

13.9 

26.1 

26.1 

24.4 

26.1 

23.3 

22.8 

25.8 

26.1 

23.3 

25.6 

22.2 

25.0 

23.3 

17 .8 

18.3 

34.7 

41.8 

-9.8 

-4.8 

4 .8 

2 1 . 1  

-32.7 

15.1 

- 
36.6 

5.6 

84.5 

77.7 

34.2 

74.3 

28.3 

18.2 

82.7 

73.8 

32.6 

32.2 

31.8 

35.8 
70.0 

28.6 

27.2 

34.7 

41.8 

-9.8 

-4.8 

4 . 8  

21 .1  

-32.7 

15.1 

- 
36.6 

5.6 

81.2 

66.3 

34.2 

72.5 

28.3 

18.2 

66.4 

73.8 

32.6 

32.2 

3 l l 8  

35.8 

70.0 

28.6 

27.2 

I 



r 

Table  IC 

c o n t .  

Name Lat. Long. T'C SITDc  CHT'C CCHT"C 

Volandia #3 
Volandia # 4  

Volandia # 5  

Volandia #6  

Volcano C l i f f s  111 

Volcano C l i f f s  j 2  

West Mesa # 1  

West Mesa #2 

West Mesa #3 

West Mesa #4 

Yale # 1  

Yale #2 

Yale #3 

Val l ey  Gardens B #l 

P l a n t  #2  Lab 

Sunse t  Gardens 6 Atrisco 

Second 6 Ranchi tos  

4600 Rio Grande 

Rice 6 Z i c k e r t  

c i t y  H a l l  

Woodward a t  G .  E. 
Vail 6 Hermosa 

Sigma Chi  6 Unive r s i  y 

Amherst 6 Cande la r i a  

City Yards 

Wyoming 6 Osuna 

F 

35'07.7' 

35'08.0' 

35'08.1' 

35"08.4' 

35.09.6' 

35'09.2 ' 
35"04,5 ' 
35'05.1 ' 
35'04.7' 

35'04.8 ' 

35'04 .O' 

35'00.7 ' 

106'36.3' 

106'35.2' 

106'36.1' 

lOL"35.4' 

106'43 .7 ' 
106'43.7' 

106'44.2' 

106'43.9' 

106'43.9' 

106'43.4' 

106'37.5' 
I 

106'42.2' 

19.1 

18.6 
- 

15.6 

25.8 

21.7 

32.2 

30.6 

22.8 

31.7 
- 

18.3 
- 
- 
- 

23.9 
15.0 

10.0 

16.1 

18.9 
17.8 

22.2 

20.0 

21 .1  

11.1 

13.9 

20.0 

31.5 

26.3 

31.6 

-38.6 

192.4 

27.5 

74.8 

81.1 

24.3 

8.8 

49.7 

-7.1 

1.1 

14.6 
- 

79.9 

47 .1  

26.3 

13.4 

32.1 

72.7 

76.3 

34.8 
53.5 

26.0 

27.1 

28.1 

31.5 

26.3 

31.6 

-38.6 

192.4 

27.5 

51.5 

79.3 

24.3 

8.8 

49.7 

-7.1 

1.1 

14.6 
- 

73.3 

47.1 

26.3 

13.4 

32 .1  

72.7 

52 .0  

34.8, 
53.5 

26.0 

27 a 1  

28.1 

- 



Table  IC 

c o n t .  
Name La t .  Long. T°C SIT'C CNT C ' CCHT'C 

Genera l  S t i l l w e l l  6 Shoshone 

Kentucky 6 Southern  

Morr i s  6 Huerfana 

Moon 6 Hannet t  

Juan  Tab0 6 Nassau 

Montgomery 6 Sunse t  Canyon 

B l a c k h i l l s  C t .  6 B l a c k h i l l s  Rd. 

Kirby 6 P i n e r i d g e  

Tramway 6 Copper 

S tagecoach  6 Stagecoach  

Well 1 2  P l a n t  1 2  

1403 Isleta SW 

2605 San Xsidro  

East Dra in  h B a r e l a s  Br idge  

R i o  Crande River  6 Isleta Divers ion  

841  Palamosa SE 

841 Palamosa SE w/carbon f i l t e r  

841  Palamosa SE v/ mixed bed c a r t r i d g e  

P l a n t  #1 E f f .  Comp. 

P l a n t  1 2  Ef f .  Comp. 

Conchas Ranch 

717 Coal  SE 

P u b l i c  L i b r a r y  F i f t h  ti Copper 

210 Cagua NE 

Hydrant F i f t h  6 Copper 

Lomas Rese rvo i r  

Yale Rese rvo i r  

19 .4  

18.9 

22.2 

18.9 

21.1 
18.9 

17.8 

18.9 

17 .8  

18 .9  

18.3 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

18.9  

18.3 

28.9 

31.0 

33.7 

32.0 

27.1 
26.8 

24.6 

31.1 

32.8 

36.0 

70.3 
- 

65.8 

41.7 

54.6 

45.9 

55.5 
- 

191.1  

182.8 

32.7 
- 
- 
- 
- 

2.9 

40.7 

28.9 

31.0 

33 :7 

32.0 

27.1 
26.8 

24.6 

31.1 

32.8 

36.0 

44.7 
- 

65.8 

41.7 

54.6 

45.9 

55.5 
- 

35.5 

37 .a 
32.7 

- 
- 
- 
- 

2 -9 

40.7 

II . . ,  



Table IC 

c o n t .  

Lat .  Long. T'C SIT'C CI1T"C CCltT OC Name 
1 

YMCA Broadway 6 T i j e r a s  

7616 Prospect NE 

Prospect 6 Rhode Is land 

Blanchard 

Spr l n k e l  

S tang 

RLdgecr e s  t 

Ridgecrest 12 
Ridgecrest #3  

Ridgecrest # 4  
Chri s t ine  6 Los Arboles 

rloon 6 Northridge 

- - - - 
- - - - 

23.9 75.3 . 35.7 35.7 
21.7 - 2,o 2.0 
21.7 - 1.7 1.7 

- - -8.2 -8.2 

20.0 - 26.5 26.5 
21.1 r 35.2 35.2 



Table 2a 

Chemical Daca for Croundwaters fa the Albuquerque Area 

Data from this report 

= 
Sample # Na K Ca ng sioz F TDS 

696 46.0 5.9 40.5 10.3 73.0 0.56 312 
697 41.6 3.9 58.1 7.5 35.0 0.26 316 
6 98 40.0 9.0 68.3 12.0 64.0 0.29 400 
699 106.0 1.6 5.4 0.8 41.0 1.25 2aa 

985 124.1 1 . 2  2.2 0.1 22.8 1.20 - 
98 6 145.3 1 . 2  1 .8  0.1 37.2 1.13 - 
987 104.6 1.9 3.2 0.4 30.1 1.32 

988 117.0 0.8 1.8 0 .1  38.3 0.83 

98 9 117.5 1.6 2.2 0.1 35.7 0.91 - 
990 200.0 4.7 78.3 14.6 20.3 0.70 - 
991 101. a 3 .1  13.2 1.2 31.9 0.66 - 
992 ' 103.4 3.1 9.8 0.7 17.5 0.66 

993 100.2 3.5 8.6 0.7 16.4 0.65 - 
5.9 235.5 68.7 19 .1  0.54 - 

387 - 8  5.5 102.8 24.4 7.5 , 0.82 - 
, 994 3 219.8' 

- 
995 
996 98.6 3.5 5.8 0.8 11.3 0.68 

997 54.0 6.6 19.0 4.0 113.0 0.87 - 
998 48.7 7.0 20.0 4.2 112.0 0.86 - 

161 



i 
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Table 2b 
Chemical Data for Groundwaters in the Albuquerque Area 

Data from USGS WATSTORE File 

Lat. Location Long a #a K Ca h3 sio2 F TDS 

35 '00.1 ' 106939.8' 19.0 - 42.0 6.1 58.0 0.5 24 1 

35'01.1' 106'41.5' 54.0 - 102.0 15.0 42.0 0.4 546 

35'01.9' 106'56.6' 1000.0 7.1 45.0 13.0 13.0 3.4 3030 

35'02.3' 106'43.6' 140.0 0.9 3.5 0.3 37.0 1.2 4 24 

35'02.8' 106"40.9' 65.0 - 39.0 11.0 47.0 0.5 372 

35'03.1' 106'43.6' 110.0 1.0 3.5 0.5 39.0 0.9 337 

35'03.1 ' 106'43.6' - - - 8 .0  - - - 
35'03.1' 106'43.6' - - 0.6 - - - 
35'03.1' 106'43.6' - - - 4.0 - - - 
35'03.1' 106'43.6' - - - 1.4 - - - 

1 

35'02.9 ' 106'39.1 ' 71.0 8.3 23.0 5.4 75.0 0.8 376 

35'03.1' 106"43.6' 110.0 2.0 6.1 0.4 40.0 1.1 351 

- 

- - - - - - 35'04.7' 106'43.9' - 
35'04.7' 106'43.9 ' - - - 
35' 04.8 ' - 

- - - - 
106'43.3' - - - - - - 

35O04.8 ' 106'43.3' - - - - - - - 
35'04.9O 106'44.9 ' - - - - - 1.8 - 
35'04 e 9 ' 106'44.9' - - - - - 2.2 - 
35'05 e 0' 106'44.3' 112.0 - 1.1 0.6 42.0 1.0 336 
35'05.1' 106'43.4' - - - - - 1.2 - 
35'05.4 ' 106"40.6 ' 34.0 4.0 50.0 14.0 24.0 0.5 325 
35'06.0' 106'41.2 ' 30.0 . 3.4 40.0 11.0 21.0 0.5 286 

35'06.0' 106'41.2' 30.0 3.6 51.0 11.0 21.0 0.5 295 

35'06.0' 106'41.2' 17 .o 5.1 49.0 11.0 5.3 1.1 244 
35'O6.Ot 106'41.2' 17.0 2.0 24.0 1.0 6.3 1.0 154 



Table 2b 

cont.  

Lat. Location Long. Na K Ca Mg sioz F TDS 

35O06.0' 106941.2' 12.0 4.2 20.D 3.4 13.0 1.1 125 
35'06.0' 106'41.2 ' 25.0 9.7 . 59.0 11.0 13.0 1.0 312 
3 5O06.0' 106"41.2' 25.0 3.4 13.0 2.0 7.4 1.4 126 
35"06.0' 106'41.2' 120.0 .14.0 15.0 4.5 7.7 0.9 417 
35'09.6' 106'43.2' - - - - - 1.0 - 
35'09.6' 106'43.2' - - - - - 1.0 - 
35'12.3' 106'42.2' 32.0 - 34.0 7.5 61 .O 0.5 262 

35'12.3' 106' 42.3 ' - - - - - 0 .8  - 

35'14.2 ' 106'59.6' 3200.0 10.0 - - - - - 

35'14.6' 106*40.6' - - - 1.0 - 

35'14.8' 106040.2' - - - - - 0.5 - 

' L  

35'13.5' 106'40.2' 29.0 0 5 7-. 0 10.0 52.0 0.5 327 

35'14.4' 106.40.7 ' 36.0 7.6 28.0 5.0 70.0 0.3 26 7 
- - 

35O14.8' 106'40.1' 30.0 6.4 31.0 5.9 60.0 0.4 255 



Table 2c 

Chemical Data for  Groundwaters i n  the Albuquerque Area 

Data from t h e  c i t y  of Albuquerque 

Name Na K Ca Mg sio, F TDS 

Alameda U 1  

Alameda U2 

Atrisco (I) U 1  

Atrisco U 1  

Atrisco (I) 1 2  

Atrisco # 2  

Atr isco (I) U3 

Atrisco #4 

Atrisco #5 

Atrisco U6 

Atrisco U7 

Atr isco U8 

Atr isso U9 

Atr isco 1111 

Atrisco 1112 

Atr isco 1113 

' Burton U2 

Burton a3 

Candelaria 1 2 1  

Candelaria 1/22 

Candelaria U23 

Candelaria U24 

Charles U 1  

Charles U2 

Charles U3 

44.8 

31.0 

13.0 

71.0 

1.4 

78.0 

13.0 

92.0 

81.0 

84.7 

93.0 

69.0 

47.0 

71.0 

60.0 

56.0 

23.0 

27.0 

33.0 

46.0 

28.0 

40.0 

22.0 

27.0' 

8.5 

4.9 

5.8 

1.9 . 
98.0 

15.0 

7.0 

1.7 

9.0 

. 7.0 

8.2 

9.0 

7.0 

7.0 

7.0 

8.0 . 
7.0 

3.9 

3.9 

7.4 
7.4 

6.2 

8.6 

0.4 

0.7 

0.4 

32.0 

2 7 . 7  

34.6 

54.0 

40.8 

32.0 

50.3 

54.0 

29.0 

41.6 

51.0 

24.0 

38.0 

19.0 

31.0 

32.0 

35.0 

37.0 

44.0 

80.0 

40.0 

75.0 

50.0 

36.5 

39.5 

7.8 

10.1 

8.5 

9.8 

6.7 

6.0 

14.3 

12.0 

6.8 

10.5 

12.0 

5.6 

8.1 

4.6 

7.1 

6.8 

8.5 

7.8 

11.0 

16.0 

9.3 

22.0 

10.0 

5.7 

10.2 

67.0 

66.0 

62.0 

63.0 

61.0 

59.0 

65.0 

68.0 

67.0 

60.0 

56.0 

70.0 

64.0 

66.0 

66.0 

0.79 280 

0.77 276 

0.83 368 

0.62 460 

0.77 300 

0.58 380 

0.72 336 

0.48 525 

0.77 385 

0.53 

0.41 515 

0.90 320 

0.64 320 

0.65 310 

0.58 348 

0.82 335 

0.47 228 

0.52 255 

280 

465 

215 

430 

0.42 248 

p.49 183 

0.50 176 

- 

- 
- 
- 
- 



Name 

Table 2c 

cont . 
Na K C a  Hg sio, F TDS 

Charles 14 
Don 11 

Duranes #I 
Duranes 12 
Duranes 13 
Duranes 14 
Duranes 15 
Duranes 16 
Duranes 117 
Griegos 11 

Griegoa 1 2  
Criegos U3 
Griegos 14 
Griegos 15 
Laavitt  11 

Leavitt  12 
Leyendecker 11 

Leyendecker # 2  

Leyendecker 13 

Leyendecker U4 
Lomas #l 
Lomas 12 
Lomas 13 
Lomas 14 
Love 11 

30.0 
143.0 
62.0 
51.0 

60.0 
76.0 
62.0 

44.0 

53.0 
21.0 

33.0 
44 .O 

37.0 
46.0 
43.0 
105.8 
21.0 
23.0 

- 
25.0 

28.0 

12.0 

12.5 
12.0 

35.0 

0.5 
2.0 
8.2 
7.0 
7.8 
6.2 

6.6 
8.6 

7.0 
7.4 
9.0 
6.2 

7.0 
8.6 
0.4 
1.5 
2.0 

3.0 
0.4 
2.0 

4.0 

0.5 

0.7 
0.5 

2.7 

59.7 
3.2 
28.0 
27.0 
40.0 

19.0 
26.0 
40.0 

34.0 
33.0 
46.0 

28.0 
24.0 

39.0 
6.3 
4.8 
38.0 
38.0 

36.5 
40.0 

60.0 

44.4 
110.0 

39.6 
29.0 

L 

5.6 

1.0 
8.5 
7.2 
10.0 

4.1 
5.5 

9.9 
8.0 
10.0 

13.0 

7.6 
7.6 
12.0 
5.7 
- 
4.4 
4.0 

7.6 
5.0 

10.0 

4.7 

6.7 
7.3 
3.5 

- 
32.0 
76.0 
76.0 . 
73.0 

70.0 

71.0 

74.0 
67.0 
73.0 

82.0 
76.0 
76.0 

73.0 
- 
- 

34.0 
34.0 

- 
39.0 

25.0 
- 
- 
- 

33 .O 

0.33 
1.55 
0.68 

0.57 
0.52 
1.00 

0.94 
0.42 
0.70 

0.43 

0.37 
0.46 
0.65 

0.59 
1.28 
1.52 

0.49 
0.48 
0.52 

0.51 

0.49 

0.53 

0.55 
0.52 

0.74 

308 . 

420 

315 
278 

353 

310 
280 

303 

330 
210 

320 
255 

235 
295 
290 
305 

200 
210 
176 

223 
305 

213 

263 
200 

145 

, 

1 



Table Zc 

cont.  

Name Na K Ca Mi3 sio2 F TDS 

Love # 2  33.0 2.7 34 .O 4.8 33.0 0.74 173 

Love #3  

Love #4 

Love #5 

Love 86 

Love #7 
Miles #l 

Ponderosa #I 
Ponderosa #2  

Ponderosa #3  

Ponderosa #7 
Ridgecrest 

Ridgecrest # 2  

Ridgrcrest # 3  

Ridgecrest # 4  
Sta .  Barbara #1 

San Jose #l 
San Jose #2 d 

San Jose # 3  

San Jose 14 

San Jose #7 
San Jose #5 

San Jose 116 

San Jose #8 

San Jose # l o  

26.0 

26.0 

25.0 

9.0 

15.0 

8.0 

23.0 

8.0 

43.0 
- 

31.0 

16.0 

21.0 

13.0 
18.0 

14 .O 

65.0 

46.0 

15.0 

45.0 

18.0 

14.5 

66.0 

49.0 

2.7 

3.1 

3,5 

0.5 

0.5 

1.1 

1 * 6  

0.1 

1.4 
- 

3 . 0  

0.1 

0.6 

0.5 

3.0  
2.2 

7.0 

8.6 

2.3 

7.8 

1.6 

2.1 

6.6 

7.8 

32.0 

44.0 

34 .O 

38.0 
32.9 

37.7 

36.0 

25.0 

60.3 

33.3 

43.0 

33.3 

31.0 

40.0 

31.0 

133.0 
18.0 

28.0 

22.0 

28.0 

20.0 

52.0 

18.0 
30.0 

3.2 

4.6 

4.4 

6.1 

14.8 

15.2 

4.4 

4.7 

11.4 

13.4 

7.1 
7.6 

26.0 

2.0 

5.0 

30.5 

4 .O 

8.9 

9.5 

7.9 

12.2 

9.7 

5.6 

8.2 

34.0 

38.0 

32.0 
- 

- 
39.0 

- 
83.0 

- 

0.67 

0.50 

0.59 

0.51 

0.63 

0.53 

0.80 

0.95 

0.50 

0.90 

0.70 

0.66 

0.63 

0.43 

0.44 

0.30 

0.77 

0.63 

0.59 

0.58 

0.85 

0.63 

0.87 

0.76 

143 

198 

163 

246 

180 

220 

170 
172 

376 

196 

250 

252 

21 2 

216 

178 

803 

298 

318 

280 

2 98 

649 

703 

288 

353 



Name 

I .  

Table 2c 

cont. 

Na K Ca Ma sio, F TDS 

Thomas #1 

Thomas U2 

Thomas 13 

Thomas #4 

Valley Gardens A 

Volandia ff1 

Volandia 1 2  

Volandia 13 

Volandia 14 

Volandia # 5  

Volandia U6 

Volcano C l i f f s  U 1  

Volcano C l i f f s  2 2  

West Mesa U1 

West Mesa U2 

West Mesa U3 
West Mesa U4 

Yale 111 
Yale U 2  

Yale U3 

Valley Gardens B #1 

Plant  U2 Lab 

Sunset Gardens 6 Atrisco 

Second 6 Ranchitos 

I 

44.0 

49.0 

45.0 

59.0 

52.0 

18.0 

17.0 

18.0 

17.0 

17.0 

5.0 

44.0 

10.0 

114.0 

102.0 

35.0 

37.0 

23.7 

7.5 

6.0 

11.0 ' . 
54.1 

43.0 

31.7 

15.0 

2.7 

2.7 

2.7 

3.1 

6.0 

2.3 

2.3 

2.7 

2.3 

2.7 

0.1 

7.0 
1.8, 

1.0 

2.0. 

0.5 

0.2 

4.8 
0.6 

0.9 

1.5 

6.1 

8 .O 

4.0 

2.3 

53.0 

57.0 

56.0 

62.0 

25.0 

34.0 

36.0 

36.0 

38.0 

35.0 

36.1 

6.0 

18.8 

2.0 

4 .O 

6.3 

4.7 

34.2 

36.5 

31.1 

34.9 
- 

22.0 

36.0 

35.7 

5.5 

5.5 

5.9 

5.7 

8.1 

6.2 

9.0 

5.6 

4.5 

5.2 

6.6 

18.0 

7.7 
1.0 

1.0 

2.8 

1.0 

6.5 

12.4 

6.7 

7.6 
- 

6.0 

5.1 

4.3 

0.41 

0.46 

0.50 

0.48 

0.99 

0.41 

0.42 

0.41 

0.41 

0.41 

0.38 

0.81 

0.96 

0.96 

1.10 

1.38 

0.96 

0.49 

0.48 

0.51 

0.54 
- 

0.58 

1.05 

0.57 

298 

335 

318 

390 

305 

195 

170 

195 

218 

203 

192 

268 

272 

348 

330 

316 

356 
- 

224 

224 

304 
- 

305 

270 

808 



Table  2c 

con t .  

Name 

4600 Rio Crande 

Rice h Zecker t  

c i t y  Ha l l  

Woodward a t  G. E.  

Vail 6 Hermosa 

Sigma Chi h U n i v e r s i t y  

Amherst 6 Cande la r i a  

C i t y  Yards 

Wyomiug 6 Oauna 

Genera l  S t i l l w e l l  6 Shoshone 

Kentucky 6 Southern 

Morr i s  6 Huerfana 

Moon 6 Hannr t t  

C h r i s t i n e  6 Los Arboles  

Moon 6 Northr idge  

Juan  Tabo 6 Nassau 

Montgomery 6 Sunse t  Canyon 

B l a c k h i l l s  C t .  6 B l a c k h i l l s  Rd. 

Kirby 6 Pine r idge  

Tramway h Copper 

Stagecoach 6 Stagecoach 

Well #2 P l a n t  1 2  

1403 Is le ta  SW 

2605 San I s i d r o  

East Dra in  6 Barellas Bridge 

Na K Ca Mg sio2 F TDS 

15.0 

19.1 

52.2 

35.2 

25.3 

34.5 

19 .1  

25.3 

35.7 

42.1 

26.5 

27.1 

27.6 

26.5 

43.7 

26.7 

28.3 

26.5 

26.0 

26.2 

25.3 

60.0 
c 

38.0 

43.0 

1.3 35.7 

2.7 35.7 

6.8 26.5 

7.0 19.2 

2.9 38.9 

4.0 33.7 

2.2 38.5 

2.2 41.3 

2.2 46.1 

2 -4 54.1 

2.4 37.7 

2.5 34.5 

2.3 34.1 

2.0 38.1 

2-5 40.1 

2 ,o  36.9 

2.0 38.5 

1.8 36.6 

2 .5  39.6 

2.7 . 40.1 

3 .1  40.1 

10 .0  57.0 
- - 

a .O 33.0 

4.3 61.0 

3.2 

3.5 

4.7 

8.8 

4.3  

6 .3  

2.9 

3.1 

2.7 

2.8 

1 . 7  
1 .6  

2.6 

2.5 

12.2 

1 .9  

2.0 

2.4 

3.3 

4.0 

4.6 

31.0 
- 

8.9 

9.8 

- 
70.0  

- 

0.56 

0.82 

1 .01  

1.02 

1.12 

1.10 

1.02 

1.06 

1.05 

1.04 

1.07 

1.05 

1 .06  

1 .09  

1.03 

1.11 

1 .10  

1.11 

1.05 

1.03 

1.02 

0.52 

1.29 

0 -48  

0.60 

210 

198 

323 

315 

233 

268 

220 

3305 

263 

310 

215 

183 

198 

203 

323 

205 

205 

2745 

220 

215 

1043 

568 
- 

355 

I 



T a b l e  2c 

c o n t .  

Name Na K Ca Mg siog F TDS 

Rio Grande River  6 Is l r ta  D i v e r s i o n  

8 4 1  Palamosa SE 

8 4 1  Palamosa SE w/&rbon f i l t e r  

8 4 1  Palamosa SE w/mixed bed c a r t r i d g e  

P l a n t  #1 E f f .  Comp. 

P l a n t  #2  E f f .  Comp. 

Conchas Ranch 

717 Coal SE 
P u b l i c  L i b r a r y  F i f t h  6 Copper 

210 Cagua NE 
Hydrant F i f t h  6 Copper 

Loma R e s e r v o i r  

Yale R e s e r v o i r  . 
YMCA Broadway 6 T i j e r a s  

7616 P r o s p e c t  NE 
P r o s p e c t  6 Rhode I s l a n d  

Blanchard 

S p r i n k e l  

S t a n g  

61.0 6.2 

28.0 4 .3  

28.0 6.2 
0.1 - 

102.0  16 .0  

106 .0  1 4 . 0  

51.0 2.0 
- - 
- - 
- - 
- - 

12.0 0.7 

17.2 3.9 
- - 
- - 
- - 
- - 
- - 
- - 

62.0 

39.0 

40.0 

0.4 

34.0 

32.0 

36.0 

23.8 

36.8 

40.0 

34 .1  

26.9 

35.3 
17.6 

- 
- 
- 
- 

25.0 

10.0 

7 .8  

7.3 

0.4 

1 6 . 0  

14.0 

16.0 

11.6 

8.4 

12 .3  

10.4 

9.6 

9.4 

76.2 
- 
- 
- 
- 
- 

0.74 

0.54 

0.54 

0.01 

1 . 4 0  

0.96 

0.47 
- 
- 
- 
- 

1.19  

1.37 
- 

1.07 
- 

1.18 

1.25 

1.08 



A 
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