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Abstract 

Public policy expressed in a number of national directives in 
recent years stresses the conservation of conventional fuel supplies, a 
switch to alternate fuels, and the application of advanced energy tech- 
nologies at federal installations. Natural gas currently furnishes 85 
to 95 percent of the average 94 x lo6 Btu/hr energy requirements for 
space heating and cooling at Kirtland Air Force Base. Studies of alter- 
natives to the use of natural gas at the base include examination of the 
geothermal option. 

Four of North America's major physiographic provinces coalesce in 
central New Mexico on or near Kirtland AFB. Their junction is identi- 
fied throughout much of this region by a tectonic depression occupied 
by the Rio Grande that is structurally complex, stratigraphically and 
hydrologically unique, and coincides with geologically recent volcanic 
centers. This trough, the Rio Grande rift, has been identified as a 
major geothermal resource area. The western part of Kirtland AFB is in 
the Albuquerque Basin segment of the Rio Grande rift. 

Virtually all of the principal tectonic events that formed the east 
side of the Rio Grande rift, the Albuquerque Basin, and the adjoining 
Sandia, Manzanita, and Manzano mountain ranges occurred on and have pro- 
foundly affected Kirtland AFB lands. Large deposits of travertine were 
located at the junction of two major fault systems on the base. These 
support a premise that a preexisting hydrologic system coursed meteoric 
water through the thick, relatively unconsolidated valley fill sediments 
of the Rio Grande rift's late Tertiary Santa Fe formation where it was 
subjected to substantially warmer temperatures at depth and then rose to 
the surface by convection currents along the master faults. 

near the base disclosed no significant geothermal parameters. However, 
structural conditions and current hydrologic regimes strongly suggest 
that thermal waters would be masked by near surface, low temperature 
meteoric water originating as rain and snowfall in the nearby mountains. 

Extensive sampling and geochemical analysis of groundwater in and 

Controlled source audio-magnetotelluric (CSAMT) electromagnetic 
techniques, refraction seismic experiments, and gravity traverses were 
utilized on the base. These, together with published geophysical 
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information that presents evidence for a shallow magma body beneath the 
Albuquerque Basin; favorable terrestrial heat flow, water chemistry, and 
shallow temperature gradient holes on the nearby mesa west of the Rio 
Grande; interpretation of regional gravity data; and geological data 
from nearby deep wells tend to confirm structural, stratigraphic, and 
hydrologic conditions favorable for developing an extensive intermediate 
to high-temperature hydrothermal regime on portions of Kirtland AFB 
lands where intensive land use occurs. 

Two possible exploration and development scenarios are presented. 
One involves drilling a well to a depth of 3,000 to 5,000 ft (914 to 
1,524 m) to test the possibility of encountering higher than normal 
water temperatures on the basinward side of the faults underlying the 
travertine deposits. The other is to conduct limited reflection seismo- 
graph surveys in defined areas on the base to determine the depth to 
basement (granite) and thickness of the overlying, unconfined, water, 
filled, relatively unconsolidated sand and gravel aquifer. Existing 
data indicates that wells drilled into this aquifer would supply water 
with temperatures ranging from 260°F to 460°F (127OC to 238OC) at depths 
of 10,000 to 20,000 ft (3,281 to 6,562 m). Certain assumptions suggest 
that a geothermal energy system for Kirtland AFB costing up to $10,000,000 
would be cost competitive with other alternative systems such as coal. 
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GEOTHERMAL P O T E N T I A L  ON K I R T L A N D  A I R  FORCE B A S E  LANDS, 

B E R N A L I L L O  COUNTY, NEW M E X I C O  

INTRODUCTION 

Public policy expressed in a number of national directives in 
recent years emphasizes the conservation of conventional fuel supplies, 
a switch to alternate fuels, and the application of advanced energy 
technologies at federal installations. The U.S. Air Force has adopted 
a goal of providing one percent of installation energy from advanced 
energy technologies that include solar, geothermal, and wind systems by 
1985. In the year 2000 the Air Force's objective is to furnish 20 
percent of its installation energy requirements from these sources. 
Meeting these goals requires substantial activity in examining a variety 
of non-traditional energy technologies to select those suitable for 
specific sites. 

Kirtland Air Force Base occupies approximately 51,000 acres 
(126,021 hectares) of contiguous lands south and east of Albuquerque. 
It includes joint-use of Albuquerque's International Airport; substantial 
office, housing, and hangar space used by the military; and a large 
technical complex housing the operations of Sandia National Laboratories 
(SNL), a U.S. Department of Energy (DOE) contractor. Only about 8 per- 
cent of the total land area, the north central part of the base adjacent 
to Albuquerque's city limits, has high intensity use. The rest is dedi- 
cated to specialized civilian and military research, development, and 
demonstration projects at sites on the base that are somewhat remote 
from the service and operations facilities. 

The western half of the installation's total land area is a rela- 
tively flat and featureless mesa rising gradually from the Rio Grande, 
New Mexico's largest water artery, that flows north to south through a 
broad valley located some 4 to 5 mi (6.4 to 8.1 km) west of Kirtland's 
western boundary. Elevations in this part are between 5,300 ft (1,615 m) 
at the western border and 5,900 ft (1,800 m) adjacent to the west slope 
of the Manzanita Mountains. This mountain range, sandwiched between the 
Sandia Mountains to the north and the Manzano Mountains s o u t h  of t h e  
base, comprises the eastern 40 percent of the land area under the juris- 
diction of the Air Force. The mountainous terrain consists of rela- 
tively flat and open valleys at elevations of 6,000 to 6,400 ft (1,829 
to 1,950 m) ranging to peaks that do not exceed 8,000 ft (2,438 m) in 
elevation. 

The Albuquerque city limits bound the base to the north and north- 
west, Cibola National Forest and the Sandia Mountains are northeast and 
east, Isleta Indian Pueblo lands are adjacent to the south, and unoccu- 
pied State of New Mexico trust lands are immediately west. Entrance to 
Kirtland AFB and certain areas within it is restricted to authorized 
personnel and those on official business. The location of Kirtland AFB 
and its relationship to cultural, topographic, and geologic features 
is shown on Figure 1 and Plate 1. 
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OBJECTIVES 

Energy requirements for space heating and cooling by all entities 
on Kirtland AFB range from a minimum load of 60,000 lb/hr of steam to a 
maximum of 200,000 lb/hr, averaging 85,000 lb/hr. Required to meet this 
load are 66 x lo6 BTU/hr to 221 x l o 6  Btu/hr, with an average demand of 
94 x lo6 BTU/hr. Kirtland's energy inputs to operate their boilers are 
85 to 95 percent natural gas, with No. 2 fuel oil being consumed when 
gas supplies are curtailed (E. R. Hoover, this report, Appendix B). 
Most of the equipment utilizing steam can operate satisfactorily with 
steam temperatures below 340°F (17loC), but temperatures lower than this 
would require extensive modification of the existing distribution system, 
which would be a costly undertaking. 

Studies by DOE suggest that Kirtland's energy requirements can be 
met and the Air Force's objectives to obtain energy from non-petroleum 
sources can be realized by switching from natural gas to coal-fired' 
boilers. Current plans include replacing existing steam boilers on the 
base during the 1985-1990 period (personal communications, DOE, 
Albuquerque Operations Office; Plant Engineering, S N L ) .  

A large number of recent geological, geophysical, and economic/ 
commercialization studies and reports describe the potential for utilizing 
geothermal resources in the Rio Grande Valley of New Mexico (see references). 
These are primarily low to intermediate temperature (90°F/320C to 302OF/ 
15OOC) hydrothermal systems identified or presumed to exist in the thick, 
relatively unconsolidated, geologically recent sand and gravel deposits 
that comprise the major groundwater aquifer throughout the length of the 
Rio Grande. These hot water resources could be utilized to meet a sub- 
stantial part of the region's space heating requirements. 

At a meeting in Albuquerque February 5, 1980, sponsored by Sandia's 
Geo Energy Technology Department 11, 32 investigators and geothermal 
specialists discussed the status of regional geothermal studies and 
exploration programs. Subsequently, in the summer of 1980, the investi- 
gation that this report summarizes was implemented to assess the poten- 
tial for utilizing geothermal resources that may exist on Kirtland AFB 
lands as a substitute for or supplement to the use of natural gas or 
coal as a primary energy input. 

PROCEDURES 

The summer of 1980 was spent acquiring and reviewing geological, 

The result of much of this activity is contained 
geophysical, and hydrological data and conducting reconnaissance 
geological surveys. 
in a report by Riddle and Grant (1981). 

and additional surface geologic examinations were undertaken; assess- 
ment of existing literature was expanded; arrangements for coordinating 
a scheduled NMERI (CERF) explosion with a geophysical experiment to 
obtain subsurface information were made; and analysis of accumulated 
data was begun. Additional data useful in interpreting subsurface 
geologic conditions was obtained in February and March, 1981, through a 
gravity survey conducted on the base. The results of this activity and 
conclusions and recommendations derived from it are presented in this 
report. 

During the fall of 1980 refinement of the geology was commenced 
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REGIONAL GEOLOGIC SETTING 

10 

The Albuquerque-Kirtland AFB area of central New Mexico is at the 
junction of four of the North American Continent's major physiographic 
provinces. To the west is the broad tableland of the Colorado Plateau, 
an uplifted region of deeply incised streams, canyons, and major vol- 
canic centers superimposed upon a relatively underformed and stable 
platform. Southwest is the tectonically active and structurally deformed 
Basin and Range Province, characterized by severe crustal disturbances 
that formed numerous parallel faulted mountain ranges and valleys. 
Immediately east, southeast, and northeast is the southernmost extension 
of the Continent's major structural uplift, the Rocky Mountains. 
Immediately east of these is the flat-lying, gradually eastward sloping, 
generally stable mid-continent region of the Great Plains. These 
relationships are shown on Figure 1. 

PREVIOUS WORK 

Although located near the University of New Mexico that has a large 
Department of Geology granting academic degrees through the Ph.D. level, 
the geology of Kirtland AFB lands has not been comprehensively examined. 
This may be more a function of restrictions to access to these lands 
than any intent to disregard their scientific evaluation. Much of the 
base was withdrawn from public access during World War 11, limiting the 
opportunity for more than cursory and somewhat superficial surveys. 

area is by C. L. Herrick (18981, then President of the University of New 
Mexico. His interpretation of structural and tectonic elements in the 
Rio Grande valley is interesting in view of later events and renewed 
interest in the "Rio Grande rift" by earth scientists in the past 10 
or so years: "The mountains (Sandias) are part of a great monocline 
which extends along the left bank of the Rio Grande to the south. This 
monocline passes into an anticline by degrees, as the Ladrones, Limitar 
(sic) Mt. and Socorro range contain the same formations dipping to the 
west on the right bank. The Rio Grande may be said to occupy the axis 
of an anticline or, better still, an axis of disturbance which in 
various parts has resulted in different geologic structures according 
to the circumstances." 
recent investigators for the development of the rift include elements 
of Herrick's Rio Grande anticline. 

One of the earliest references to the geology of the Albuquerque 

The numerous and diverse explanations proposed by 

The Sandia fault on Albuquerque's east mesa, marking the west flank 
of the mountains, is described by Herrick and Jo'hnson (1900) as having 
"cut off part of the Permo-carboniferous and superjacent strata and 
dropped them in various positions 4,000 feet or more..." These authors 
also wrote that the great expanse of lowlands occupied by the Rio Grande 
and the Rio Puerco to the west of Albuquerque was "a depressed area 
that may have formed a Tertiary sea or estuary occupying the entire width 
from the foot of the Sandia Mountains to the west bank of the Rio Puerco." 

Bryan (1938) first identified and described the "Rio Grande depres- 

Reiche (1949) has conducted the most definitive geological explora- 

sion" and its discrete, linked basins as structural elements. 

tion of the Kirtland AFB region. Although primarily concerned with the 
structure, stratigraphy, and Precambrian geoaogy of the Manzanita and 
Manzano Mountains, his limited descriptions of the structural and 
stratigraphic elements of the mesa comprising much of the base's land 
area are the most extensive in the literature. 



Beginning i n  t h e  e a r l y  1950 ' s  and c o n t i n u i n g  through t h e  p r e s e n t ,  
numerous i n v e s t i g a t o r s  have focused  a g r e a t  d e a l  o f  a t t e n t i o n  on des- 
c r i b i n g  and i n t e r p r e t i n g  t h e  R i o  Grande r i f t .  Kel ley  (1952) w a s  one of 
t h e  f i r s t  t o  d e s c r i b e  t h e  g r e a t  R i o  Grande d e p r e s s i o n  a s  a r i f t . b e l t  
w i t h  s u f f i c i e n t  geo log ic  s t a t u s  t o  be cons ide red  as  an independent  
e lement  o f  Rocky Mountain tec tonism.  Kel ley  and Northrop (1975) , and 
Kel ley  (1977) have produced major d e f i n i t i v e  geo log ic  treatises on t h e  
Sandia  Mountains and t h e  Albuquerque Bas in .  However, t h e s e  and o t h e r  
major g e o l o g i c a l  and geophys ica l  p u b l i c a t i o n s  on t h e  r i f t  r e l a t e  t o  
K i r t l a n d  AFB l a n d s  i n  a r e g i o n a l  and i n c i d e n t a l  s ense  on ly .  

D e t a i l e d  g e o l o g i c  maps o f  t h e  e a s t e r n  p a r t  of  K i r t l a n d  AFB by 
Myers and McKay (1970 and 1976) have been pub l i shed  by t h e  United 
S ta tes  Geologica l  Survey (USGS). There are no publ i shed  de t a i l ed  
geo log ic  maps o f  t h e  wes tern  p a r t  of t h e  base .  Regional  geo log ic  maps 
of  t h e  Albuquerque-Socorro area a t  a scale of  1:250,000 are  a v a i l a b l e  as  
open f i l e  r e p o r t s  of  t h e  USGS (Wyant and Olson, 1978; Machet te ,  1 9 7 8 ' ) .  

STRATIGRAPHY 

Rocks r ang ing  i n  age from Precambr ian -g ran i t e s  more than  one and a 
h a l f  b i l l i o n  y e a r s  o l d  through r e c e n t  wind blown sands  be ing  d e p o s i t e d  
now are p r e s e n t  on K i r t l a n d  AFB. Table  1, Geologic  Formations i n  t h e  
Albuquerque-Kirtland AFB A r e a ,  d e s c r i b e s  t h e s e  rock  u n i t s ,  t h e i r  rela- 
t i v e  a g e s ,  and t h e i r  t h i c k n e s s e s .  P l a t e  1, Reconnaissance g e o l o g i c a l  
map o f  K i r t l a n d  A i r  Force B a s e  and v i c i n i t y ,  R e r n a l i l l o  and Valenc ia  
Count ies ,  New Mexico, shows t h e  d i s t r i b u t i o n  of t h e s e  rock  u n i t s  where 
t h e y  are exposed on t h e  s u r f a c e .  

STRUCTURE 

Regional  Geologic  H i s t o r y  

The development o f  t h e  p r e s e n t  landforms i n  n o r t h - c e n t r a l  New 
Mexico i s  p a r t  of  an  unending p r o c e s s  t h a t  began hundreds of m i l l i o n s  of 
years ago. The record of mountains and u p l i f t s  t h a t  p recedes  t h e  ones 
w e  see today  as  w e l l  as  t h e  p r o c e s s e s  t h a t  d e p o s i t e d  t h e  v a r i e d  t y p e s  o f  
r o c k s  throughout  t h e  r e g i o n  i s  e s t a b l i s h e d  by o b s e r v a t i o n  and i n v e s t i g a -  
t i o n .  

A n a l y s i s  of t h e  e a r t h ' s  h i s t o r y  by i n t e r p r e t i n g  t h e  sequence o f  
geo log ic  e v e n t s  and t h e  t iming  of s i g n i f i c a n t  ep i sodes ,  t o g e t h e r  w i t h  
t h e  u s e  o f  data o b t a i n e d  from deep  w e l l s  and a p p l i c a t i o n  o f  geophys ica l  
t echn iques ,  i s  c r u c i a l  i n  o r d e r  t o  a r r i v e  a t  conc lus ions  t h a t  may be 
economical ly  impor tan t  i n  geothermal  and o t h e r  r e s o u r c e  i n v e s t i g a t i o n s .  

Because Precambrian r o c k s  are exposed o n l y  i n  t h e  major nearby 
u p l i f t s  i n  t h e  Sandia  and Manzano Mountains,  l i t t l e  i s  known about  
s t r u c t u r a l  c o n d i t i o n s  when t h e y  w e r e  formed. 

The r e c o r d  becomes b e t t e r  e s t a b l i s h e d  d u r i n g  Paleozoic t i m e .  NO 
r o c k s  o l d e r  t h a n  M i s s i s s i p p i a n  are p rese rved  i n  t h e  r e g i o n ,  i n d i c a t i n g  
t h a t  t h i s  p a r t  of  t h e  s ta te  w a s  above sea l e v e l  d u r i n g  p e r i o d s  when o l d e r  
rocks ,  p r e s e n t  i n  sou the rn  New Mexico, w e r e  be ing  d e p o s i t e d .  I f  marine 
(ocean)  c o n d i t i o n s  d i d  e x i s t  i n  n o r t h  c e n t r a l  N e w  Mexico d u r i n g  Cambrian, 
Ordovic ian ,  S i l u r i a n  o r  Devonian t i m e ,  t h e  r eco rd  of  t h e i r  rock  d e p o s i t s  
w a s  removed by e r o s i o n  b e f o r e  t h e  t h i n  marine s h e l f  u n i t s  o f  
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Table 1. Geologic Formations i n  t h e  Albuquerque-Ki r t land AFB Area 
(Adapted f rom K e l l e y ,  1974) 

a lx System 

Quaternary 
0 

0 
N 
0 

LLI 
0 

U 

z T e r t i a r y  

Age 
Ser ies  (M. Y .  ) "  

Ho 1 ocene 

P l e i s t o c e n e  1.5-2 
M i  ocene- 
P I  iocene 7-20 

Eocene 53-54 

Format ions Thickness 

Gravel ,  sand, mud i n  lowlands, 5-100 
ar royos ,  low t e r races ,  and 
a l l u v i a l  fans 
Gravel ,  sand, c a l i c h e ;  l ava  10- 50 
f l ows  
Santa Fe Formation: sand, c l a y  0-21,000+ 
and g r a v e l  
GaZisteo Formation: red  and l,OOd+ 
b u f f  sandstone and mudstone 

Mesaverde Formation: shale,  sand- 
Upper 100 stone,  and coal  1,500 

l imestone and sandstone beds 1,500 

glomerate,  sha le  5-100 

Morrison Formation: va r iega ted  
mudstone and sandstone 400-800 
SwmnerviZZe Formation: red and 

Cretaceous Mancos Shale: sha le  w i t h  t h i n  

Lower 136 Dakota Forviation: sandstone, con- 

0 
U 

f= Jurass i c  Upper 154 b u f f  mudstone and sandstone 200 
0 TodiZto Formation: gypsum and 
v) 
w 
z Entrada Sandstone: red and b u f f  

1 i mes tone 100-200 

sands tone 150-200 

ChinZe Formation: red and t a n  

Santa Rosa Formation: sandstone 
and conglomerate 200- 400 

T r i a s s i c  Upper 200 mudstone and c l a y s t o n e  1500 

Upper 235 Bernal Formation: sandstone, s i l t -  
stone, and l imestone 100 
San Andres Formation: l imestone 30-100 

Midd le  250 GZorieta Sandstone 50- 100 
Permian Yeso Formation: red  and t a n  sand- 

0 stone, l imestone,  and gypsum 600-800 
0 Lower 280 Abo Formation: red  sandstone and 

muds tone 600-900 
U 

N 
0 
w 
1 a 

Pennsy 1 van i an 

Mi ss  i ss  i pp i  an 

3 00 Madera Formation: l imestone, 
sha le ,  and sandstone 1,0002 
Sandia Formation: sandstone, 
shale,  and l imestone 100-200 

3 40 Arroyo Penasco Formation 0- 100 

Precambr i an 580- Sandia Granite, gneiss,  q u a r t z i t e ,  
2,500+ greenstone, and s c h i s t  

J;M.Y. = m i l l i o n s  o f  years f rom t h e  beginning o f  t h e  system o r  s e r i e s .  
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M i s s i s s i p p i a n  age w e r e  d e p o s i t e d  over  m o s t  of t h e  area. I t  i s  probable  
t h a t  t h e  r e g i o n  w a s  a broad,  g e n t l y  southwest  s l o p i n g  p o s i t i v e  (above 
sea l e v e l )  l and  m a s s  d u r i n g  ear l ies t  Pa leozo ic  t i m e .  

I n  l a t e  Pennsylvanian and e a r l y  Permian t i m e  a series o f  l a r g e ,  
e x t e n s i v e  b a s i n s  and mountain u p l i f t s  o f  r e g i o n a l  e x t e n t  w e r e  formed i n  
n o r t h e r n  N e w  Mexico and Colorado. G e o l o g i s t s  r e f e r  t o  t h e s e  s t r u c t u r e s  
as  t h e  A n c e s t r a l  Rockies because,  i n  many p l a c e s ,  t h e y  cor respond t o  o u r  
p r e s e n t  mountain u p l i f t s .  Th i s  pe r iod  of major orogeny (mountain b u i l d -  
i n g )  may have e s t a b l i s h e d  s t r u c t u r a l  zones and e lements  t h a t  have become 
t h e  focus  f o r  subsequent  t e c t o n i c  (deformat ion  o f  t h e  e a r t h ' s  c r u s t )  
even t s .  The u p l i f t s  and b a s i n s  t h a t  w e r e  c r e a t e d  a t  t h i s  t i m e  covered 
a l a r g e  p a r t  o f  n o r t h e r n  New Mexico and g e n e r a l l y  e s t a b l i s h e d  landforms 
t h a t  t r ended  nor th-nor thwes t  i n t o  Colorado and Utah. 

Marine c o n d i t i o n s  evidenced by t h e  t h i c k  accumula t ions  of 
Pennsylvanian (Madera) l i m e s t o n e s  w e r e  superseded by a f l o o d  of c l a s ' t i c  
material  be ing  eroded from major h igh lands  d u r i n g  e a r l y  Permian. The 
c o n t i n e n t a l  Abo Formation w a s  d e p o s i t e d  on t h e  s u r f a c e  of  l imes tones  
l e f t  by t h e  r e t r e a t i n g  Pennsylvanian sea, wh i l e  t h e  Yeso, G l o r i e t a ,  
San Andres,  and Berna l  Formations w e r e  d e p o s i t e d  s u c c e s s i v e l y  on t h e  A b o  
f l o o d p l a i n  i n  a r i d  back-reef seaways, restricted lagoons  or  margina l  
s h o r e l i n e s .  The Abo beds are f l u v i a l  ( d i s t r i b u t e d  by r i v e r  systems)  
s u b a e r i a l  ( l a n d )  d e p o s i t s  whereas t h e  l a t e r  fo rma t ions  are e v a p o r i t i c ,  
mar ine ,  and i n  p a r t  l i t t o r a l  ( n e a r - s h o r e l i n e )  and e o l i a n  (wind blown) i n  
o r i g i n .  

By l a t e  Permian t i m e  t h e  r e g i o n  had become a r e l a t i v e l y  s t a b l e ,  
p robably  unimpress ive  p o s i t i v e  area of l o w  r e l i e f  shedding few sediments  
t o  be p re se rved  i n  t h e  record. 

W a r m ,  w e t  and humid c o n d i t i o n s  a g a i n  r e t u r n e d  t o  t h e  area i n  l a t e  
Tr iass ic  t i m e ,  as w e l l  a s  renewed u p l i f t  t o  t h e  n o r t h  t o  e s t a b l i s h  major 
streams and f l o o d p l a i n s .  Muds ( s h a l e ) ,  s ands  and g r a v e l  (conglomerate)  
w e r e  accumulated i n  g r e a t  t h i c k n e s s e s  ove r  much of  t h e  area, r e p r e -  
s en ted  by t h e  Ch in le  Formation. 

The r e c o r d  w a s  once a g a i n  i n t e r r u p t e d  i n  e a r l y  and middle  J u r a s s i c  
t i m e  by c e s s a t i o n  of d e p o s i t i o n  due t o  v e r y  s table  c o n t i n e n t a l  condi-  
tions. The n e x t  environment t h e  rocks sugges t  must have been an  ex t remely  
i n h o s p i t a b l e  one; v e r y  d r y  and windy, p o s s i b l y  somewhat l i k e  t h e  Sahara 
Desert today .  The Ent rada  Sandstone r e p r e s e n t s  t h e s e  c o n d i t i o n s  w i t h  
c l e a n ,  wind blown dune sands  p re se rved  i n  t h e  s e c t i o n .  Cond i t ions  
changed w i t h  i n v a s i o n  of a widespread l a k e  e n t e r i n g  t h e  r e g i o n  from t h e  
w e s t  t o  dominate  c e n t r a l  N e w  Mexico for a g e o l o g i c a l l y  b r i e f  pe r iod .  
When a r i d  c o n d i t i o n s  r e t u r n e d ,  t h e  l a k e  d r i e d  up l e a v i n g  accumula t ions  
of  wh i t e  gypsum and l imes tone  t h a t  are p rese rved  i n  t h e  T o d i l t o  Formation. 

A s l o w ,  p e r s i s t e n t  subs idence  began i n  Morrison t i m e  i n  which muds, 
s ands  and g r a v e l s  w e r e  spread  i n  e x t e n s i v e  f l o o d p l a i n s  by r i v e r s ,  l a k e  
c u r r e n t s ,  and winds o r i g i n a t i n g  i n  s o u t h - c e n t r a l  Colorado i n t o  a broad ,  
sha l low depres s ion .  T h i s  environment w a s  conducive t o  e s t ab l i shmen t  of  a 
f l o u r i s h i n g  ecology of l and  an ima l s  ( t h e  d i n o s a u r s  t h a t  became estab- 
l i s h e d  d u r i n g  Triassic t i m e )  and p l a n t s  t h a t  w a s  one  o f  t h e  g r e a t e s t  
p e r i o d s  o f  f a u n a l  development i n  t h e  e a r t h ' s  h i s t o r y .  

A f t e r  a prolonged pe r iod  of r e l a t i v e  s t a b i l i t y ,  t h e  e n t i r e  wes tern  
p a r t  of  t h e  United S t a t e s  began subs id ing  and a major i n v a s i o n  of  
Cre taceous  seas t h a t  moved w e s t  and southwest  across t h e  p r e - e x i s t i n g  
J u r a s s i c  landscape  begin .  The i n i t i a l  d e p o s i t  w a s  a s h e e t - l i k e  marine 
beach or  near -shore  sands tone ,  t h e  Dakota Formation, which w a s  bu r i ed  
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and preserved  benea th  t h i c k  accumula t ions  of  t h e  b l ack ,  marine Mancos 
Formation s h a l e s .  U p l i f t s  i n  southwestern N e w  Mexico i n  l a t e  Cretaceous 
t i m e  "pushed" t h e  Cre taceous  ocean back t o  t h e  n o r t h e a s t .  Swamp condi-  
t i o n s  t h a t  developed behind t h e  s h o r e l i n e  are r e s p o n s i b l e  f o r  t h e  accu- 
mula t ion  of  l a r g e  amounts of carbonaceous material  i n  t h e  Menefee p o r t i o n  
of  t h e  Mesa Verde Formation, which c o n t a i n s  most of  N e w  Mexico's v a s t  
coal r e s e r v e s .  

Near t h e  end of  Cre taceous  t i m e  and con t inu ing  i n t o  l a t e  Eocene a 
major t e c t o n i c  e v e n t ,  t h e  Laramide orogeny,  produced t h e  f i r s t  genera-  
t i o n  o f  p r e s e n t  day Rocky Mountains and t h e i r  a d j o i n i n g  b a s i n s .  U p l i f t  

o f  t h e  sou the rn  Sangre d e  C r i s t o  and Sandia  Mountains probably  occurred  
d u r i n g  t h i s  p e r i o d ,  s t r i p p i n g  away t h e  Cre taceous  rocks  t h a t  had been 
d e p o s i t e d  over  them. The Nacimiento Mountains on t h e  east  side of t h e  
San Juan  Basin began t o  develop  through h igh  a n g l e  r e v e r s e  f a u l t i n g  
a long  t h e i r  wes te rn  f l a n k  d u r i n g  v e r y  l a t e  Cre taceous  and w e r e  r e juve -  
na ted  a g a i n  i n  e a r l y  Eocene. By t h e  end of  Eocene, m o s t  o f  t h e s e  maun- 
t a i n  r anges  had been eroded back down t o  t h e  l e v e l  of sur rounding  p l a i n s .  
The topograph ic  r e l i e f  of t h e  e n t i r e  r e g i o n  w a s  1ow.and a sha l low 
s t r u c t u r a l  b a s i n  w a s  formed t h a t  extended from nor thwes t  of  p r e s e n t  day 
Espanola  s o u t h  t o  t h e  v i c i n i t y  o f  C e r r i l l o s  and Galisteo and southwest  
t o  nea r  San Ysidro t h a t  f i l l e d  w i t h  sed iments  o f  t h e  Gal is teo Formation. 

I n  Oligocene and Miocene t i m e  l a r g e  scale volcanism began i n  t h e  
v i c i n i t y  of t h e  O r t i z  and San Pedro Mountains nea r  C e r r i l l o s  and some 
minor a c t i v i t y  commenced where t h e  p r e s e n t  Jemez Mountains are. Rocks 
p r e v i o u s l y  d e p o s i t e d  w e r e  t i l t e d  up a t  an  a n g l e  t o  be o v e r l a i n  by l a t e r  
sed iments  i n  many areas where p r e s e n t  mountain r anges  began t o  be com- 
p res sed  upward aga in .  

i n  which sed iments  of  t h e  Tesuque Formation and t h e  San ta  Fe Group w e r e  
depos i t ed .  T h i s  b a s i n  w a s  l a r g e r ,  b roader  and more sha l low than  t h e  
p r e s e n t  in te rmontane  b a s i n s  between t h e  Lucero U p l i f t  and t h e  Nacimientos 
on t h e  w e s t  and t h e  Manzanos, Sand ias ,  and Sangre d e  C r i s t o s  on t h e  east .  

About 20  m i l l i o n  y e a r s  ago ,  d u r i n g  t h e  Miocene, b a s i n s  began t o  form 

The p r e s e n t  s t r u c t u r a l  b a s i n s  of  t h e  l a r g e  R i o  Grande d e p r e s s i o n  i n  
n o r t h  c e n t r a l  New Mexico began t o  form i n  l a t e  Miocene-early P l i o c e n e ,  
about  5 t o  1 0  m i l l i o n  y e a r s  ago. Major f a u l t s  or f a u l t  zones bound t h e  
b a s i n s  n e x t  t o  t h e  mountain u p l i f t s .  U l t i m a t e l y ,  t h e s e  b reaks  i n  t h e  
e a r t h ' s  c r u s t  moved t h e  same rock  ho r i zons  up or down r e l a t i v e  t o  each 
o t h e r  more t h a n  3 0 , 0 0 0  f t  ( 9 , 1 4 4  m )  between rocks  bu r i ed  benea th  t h e  
R i o  Grande a t  Albuquerque and t h o s e  exposed on t h e  t o p  of  t h e  Sandia  
Mountains. 

Throughout i t s  most r e c e n t  development t h e  t e r r a i n  i n  t h e  Albuquerque 
r e g i o n  w a s  p robably  s i m i l a r  t o  what w e  see now, excep t  t h e  r e l i e f  w a s  
n o t  as g r e a t  i n  t h e  mountain areas. Broad v a l l e y  f l o o r s ,  a l l u v i a l  f a n s ,  
pediment s u r f a c e s ,  terraces, r i v e r s ,  l a k e s ,  f a u l t  s c a r p s ,  and a c t i v e  
volcanoes  w e r e  p a r t  of t h e  scenery .  Many of t h e s e  f e a t u r e s  were bur i ed  
benea th  new waves of sed iments  t o  add t o  t h e  complexi ty  of de te rmining  
t h e  r e g i o n ' s  h i s t o r y .  

Subsurface  R e l a t i o n s h i p s  

Geologic  in fo rma t ion  about  t h e  r o c k s  below t h e  p r e s e n t  l and  s u r f a c e  
i s  sparse i n  t h i s  r eg ion .  Where t h e y  are  n o t  exposed, i n f e r e n c e s  are 
made as  t o  t h e  k i n d s  of r o c k s ,  t h e i r  occu r rence ,  composi t ion,  a t t i t u d e ,  
r e l a t i o n  t o  o t h e r  r o c k s ,  t h i c k n e s s ,  and d e p t h  from the '  s u r f a c e  on t h e  
b a s i s  o f  nearby o u t c r o p s ,  s u r f a c e  o b s e r v a t i o n s ,  w e l l  c u t t i n g s  and 
mechanical  l o g s ,  and geophys ica l  i n fo rma t ion .  



S h e l l  O i l  Company i n i t i a t e d  an e x p l o r a t i o n  d r i l l i n g  program f o r  
hydrocarbons i n  t h e  Albuquerque Basin i n  1972. Of approximate ly  1 2  
deep tests d r i l l e d  i n  t h e  Albuquerque Bas in  w i t h i n  about  30  m i  ( 4 8  km) 
o f  K i r t l a n d  AFB, S h e l l  has  been r e s p o n s i b l e  fo r  7 w e l l s  r ang ing  i n  dep th  
from 10,276 t o  2 1 , 2 6 6  f t  (3,132 t o  6,482 k m ) .  The l o c a t i o n  of  s e v e r a l  

of t h e  n e a r e s t  w e l l s  i s  shown on P l a t e  1 and F i g u r e  7. 

Regional  geophys ica l  d a t a  i n c o r p o r a t i n g  g r a v i t y  mapping and 
i n t e r p r e t a t i o n  has  been pub l i shed  by t h e  USGS and o t h e r s .  Of p a r t i -  
c u l a r  i n t e r e s t  i s  a Complete Bouger Grav i ty  Anomaly Map o f  t h e  R i o  
Grande R i f t  by C o r d e l l  and o t h e r s  (1978) ,  and a Res idua l  Bouger G r a v i t y  
Anomaly Map o f  New Mexico by Aiken and o t h e r s  (1978) .  Cordell  (1978a, 
197833, 1979) and B i rch  (1980) have made s u b s t a n t i a l  c o n t r i b u t i o n s  t o  t h e  
i n t e r p r e t a t i o n  o f  s t r u c t u r a l  c o n d i t i o n s  w i t h i n  t h e  Albuquerque Basin a s  
w e l l  a s  i t s  sedimentary  h i s t o r y .  

Ear thquakes  , 

Ear thquakes  are t h e  shock waves f e l t  on t h e  l a n d ' s  s u r f a c e  as  a 
r e s u l t  of  movement produced by t h e  sudden d isp lacement  of  rocks  on or  
below t h e  e a r t h ' s  s u r f a c e .  They are c o n s t a n t ,  ongoing f e a t u r e s  of  t h e  
developmental  p r o c e s s e s  of  t h e  e a r t h .  

Because o f  t h e  l a r g e  number of  f a u l t s  i n  t h e  t e c t o n i c a l l y  a c t i v e  
R i o  Grande r e g i o n ,  many o f  them formed g e o l o g i c a l l y  r e c e n t l y  i n  con- 
n e c t i o n  w i t h  development o f  t h e  b a s i n s  of  t h e  R i o  Grande and volcanism 
i n  t h e  Jemez Mountains,  t h e  area has  been cons ide red  a r e l a t i v e l y  h igh  
seismic ( ea r thquake )  r i s k  area. 

D e t a i l e d  i n s t r u m e n t a l  measurements of  ear thquake  a c t i v i t y  began i n  
N e w  Mexico i n  1960. Informat ion  about  p rev ious  ea r thquakes  comes 
mainly from h i s t o r i c a l  r e c o r d s .  Northrop (1976) has  s t u d i e d  N e w  Mexico's 
ea r thquakes  f o r  some t i m e  and h i s  conc lus ions  are of  i n t e r e s t .  His tor i -  
ca l  r e c o r d s  show t h a t  N e w  Mexico has  had a t  l eas t  1,111 ear thquakes  i n  
t h e  127-year p e r i o d  1849-1976. Seventy-s ix  p e r c e n t  o f  t h e s e  occur red  
i n  t h e  75 m i l e  segment between Socorro  and Albuquerque. 
an ea r thquake  can be expec ted  eve ry  3 y e a r s  i n  t h e  Socorro-Albuquerque 
area. One of s u f f i c i e n t  i n t e n s i t y  t o  do c o n s i d e r a b l e  damage should be 
expected once eve ry  1 0 0  y e a r s .  The l a t e s t  N e w  Mexico ea r thquakes  o f  
t h i s  magnitude occurred a t  Socorro i n  1 9 0 6 ,  Cerrillos i n  1918, Si lver  
C i t y  i n  1938, and Dulce i n  1966. 

S t a t i s t i c a l l y ,  

A s  a r e s u l t  o f  concern about  seismic r i s k ,  L o s  A l a m o s  Na t iona l  
Labora tory  (LANL) e s t a b l i s h e d  a network o f  seismic s t a t i o n s  i n  n o r t h  
central  New Mexico i n  1972. P r e l i m i n a r y  d a t a  (Newton and o t h e r s ,  1 9 7 6 )  
on contemporary t ec ton ic  a c t i v i t y  near t h e  V a l l e s  Ca ldera  and t h e  R i o  
Grande r i f t  shows c o n c e n t r a t i o n s  o f  minor ea r thquakes  1) a long  t h e  
Nacimiento U p l i f t  and i t s  northward e x t e n s i o n  t o  Dulce; 2 )  nea r  Abiquiu,  
n o r t h  o f  Los A l a m o s  and Espanola; 3 )  benea th  t h e  wes te rn  p a r t  of  t h e  
Taos p l a t e a u :  and 4 )  w i t h i n  t h e  R i o  Puerco f a u l t  zone between 

Albuquerque and Grants .  A l m o s t  no ea r thquakes  are o r i g i n a t i n g  benea th  t h e  
V a l l e s  Caldera o f  t h e  Jemez Mountains (s i te  of LANL's H o t  Dry Rock 
geothermal  program and t h e  j o i n t  v e n t u r e  o f  Union Geothermal Company, 
P u b l i c  S e r v i c e  Company o f  New Mexico, and DOE t o  develop t h e  c o u n t r y ' s  
f i r s t  commercial h o t  water electrical  g e n e r a t i n g  sys t em) ,  sugges t ing  t h e  
presence  o f  a h o t ,  sha l low,  n o t  n e c e s s a r i l y  mol t en  body where s t r a i n  
r e l i e f  o c c u r s  by c r e e p  r a t h e r  t h a n  by b r i t t l e  f r a c t u r e .  The i n s t r u m e n t a l  
and h i s t o r i c a l  s e i s m i c i t y  and ear thquake  ev idence  from f a u l t  d i s p l a c e -  
ments c o n s i s t e n t l y  show t h e  overa l l  r e g i o n  t o  have moderate  a c t i v i t y .  



V o  l c  an i s m  

N e w  Mexico i s  t h e  c e n t e r  of a s i g n i f i c a n t  amount o f  v o l c a n i c  
a c t i v i t y ,  s o m e  o f  which occur red  as r e c e n t l y  as  1 , 0 0 0  y e a r s  ago when t h e  
Car r i zozo  lava f low i s s u e d  from a v e n t  nor thwes t  o f  t h e  community. 
The ma lpa i s  east  and s o u t h  o f  Gran t s  i s  dated about  700 A.D. Capul in  
peak, i n  n o r t h e a s t e r n  N e w  Mexico i s  less t h a n  8,000 y e a r s  o l d .  Lava 
w e s t  of  L o s  Lunas and Isleta s p i l l e d  o u t  about  140,000 y e a r s  ago and t h e  
volcanoes  on Albuquerque 's  w e s t  mesa w e r e  e r u p t i n g  less t h a n  200,000 
y e a r s  ago (Luedke and Smith,  1978) .  

The Jemez Mountain v o l c a n i c  p i l e  has  been developing  over  t h e  p a s t  
10 .5  m i l l i o n  y e a r s .  Radiometr ic  age  d a t i n g  methods sugges t  t h a t  t h e  
l a s t  e r u p t i o n  i n  t h e  V a l l e s  Ca ldera  happened about  42,000 y e a r s  ago 
(Ba i l ey  and Smith,  1978) .  Smith,  B a i l e y  and R u s s e l l  (1978) i n d i c a t e  
t h a t  r epose  ( i n a c t i v e )  p e r i o d s  f o r  t h i s  volcano longe r  t h a n  a few 
hundred thousand y e a r s  are d o u b t f u l  and,  i n  t h e  l i g h t  of  t h e  t o t a l  ' 
r e c o r d ,  t h e  Jernez f i e l d  has  h igh  p o t e n t i a l  f o r  f u t u r e  e r u p t i o n s .  

THE R I O  GRANDE RIFT 

The R i o  Grande from i t s  headwaters  i n  t h e  wes te rn  San Lu i s  Val ley  
of s o u t h  c e n t r a l  Colorado t o  t h e  v i c i n i t y  of E l  Paso f lows  through a 
g r e a t  d e p r e s s i o n  t h a t ,  i n  g e n e r a l ,  it d i d  n o t  e rode .  I n  i t s  cour se  t h e  
r i v e r  f lows  through a series o f  en-echelon t roughs  or grabens  t h a t  have 
subs ided  between mountain u p l i f t s .  I t  i s  b e l i e v e d  by a l a r g e  number of  
i n v e s t i g a t o r s  t h a t  t h e  e a r t h ' s  c r u s t  has  p u l l e d  p a r t  i n  t h i s  r e g i o n  and 
t h e  R i o  Grande has  occupied i t s e l f  f o r  m i l l i o n s  o f  y e a r s  w i t h  f i l l i n g  
t h e s e  foundered e lements  w i t h  t h e  c l a y s ,  sands ,  and g r a v e l s  ( v a l l e y  
f i l l )  eroded from a d j a c e n t  u p l i f t s ,  t o g e t h e r  w i t h  much of  t h e  w a t e r  t h e  
r i v e r  used t o  t r a n s p o r t  t h i s  huge sediment l oad  (Ke l l ey ,  1974) .  

Other  concep t s  have been proposed fo r  t h e  format ion  of  t h e  R i f t  t h a t  
i nvo lve  assumptions of  c o n t i n e n t a l  d r i f t ,  compression through p l a t e  
c o l l i s i o n ,  and c o l l a p s e  of  a r e g i o n a l  a r c h .  B a l t z  (1978) e f f e c t i v e l y  
summarizes d i v e r g e n t  v i ewpo in t s  f o r  t h e  o r i g i n  o f  t h e  R i o  Grande r i f t :  

" I n t e r p r e t a t i o n s  of  t h e  o r i g i n  of t h e  R i o  Grande r i f t  
seem t o  depend p a r t l y  on o n e ' s  view of what c o n s t i t u t e s  t h e  
r i f t .  I f  t h e  r i f t  i s  viewed as r e l a t i v e l y  d i s c r e t e  ( t h a t  
i s ,  viewed as compris ing t h e  b a s i n s  o f  t h e  R i o  Grande 
d e p r e s s i o n ) ,  one might  b e l i e v e  t h a t  i t s  p o s i t i o n  and o r i g i n  
were p r e d e s t i n e d  because of  an a n c i e n t  deep c r u s t a l  d i s c o n t i -  
n u i t y ,  a c r u s t a l  sp read ing  c e n t e r ,  or an  e v o l u t i o n a r y  conse- 
quence o f  a subduct ion  zone. A l l  of  t h e s e  i d e a s  have been 
p o s t u l a t e d  r e c e n t l y .  

r e g i o n a l l y  broad and p e r v a s i v e  ' sys tem'  of  Neogene f a u l t s ,  
such as t h e  R i o  Grande r i f t  system o f  T w e t o  (1977) i n  
Colorado and t h e  r i f t  i n  sou the rn  N e w  Mexico as por t r ayed  
by Chapin and Seager  (1975) ,  and Woodward and o t h e r s  (1975) .  
I n  t h i s  case, one might  i n t e r p r e t  t h e  r i f t  as t h e  e a s t e r n  
v a g a r i e s  of  s l i g h t  i n t r a p l a t e  s h i f t i n g ,  or s t r e t c h i n g  
because of  ver t ica l  c r u s t a l  movements, and of  s h a t t e r i n g  of  
l a r g e  areas d u r i n g  r e g i o n a l l y  va ry ing  amounts of  t h e  
Neogene e p e i r o g e n i c  u p l i f t  of  a l a r g e  r e g i o n  of  t h e  south-  
wes te rn  United States.  Such an impress ion  i s  he ightened  
because b a s a l t s  of  l a t e  Miocene, P l iocene ,  and P l e i s t o c e n e  

"On t h e  o t h e r  hand, one might e n v i s i o n  t h e  r i f t  as  a 



ages were erupted not only in the Rio Grande depression, 
but also in the Colorado Plateau and Great Plains outside 
the area considered to be the Rio Grande rift." 

The "last" words produced on the subject of the tectonic events 
that formed the Rio Grande rift are by Chapin (1979). He theorizes 
that the total extension or spreading in the rift must be on the order 
of 100-150% to accommodate the volumes of basaltic magma injected into 
the crust to support heat flow anomalies and "to explain the residual 
positive gravity anomaly along the rift axis." He also suggests that 
rifting is continuing today "as evidenced by abundant fault scarps 
cutting Pleistocene deposits, high heat flow, modern elevation changes, 
modern magma bodies, and geophysical evidence for anomalous crust and 
upper mantle beneath the rift." Note that these constructions include 
substantial elements of geothermal systems. 

ALBUQUERQUE BASIN 

The Albuquerque Basin is a large, complex tectonic element of about 
4,300 sq mi that extends from near the junction of the Rio Salado close 
to San Acacia on the south, to the La Bajada escarpment and White Rock 
gorge of the Rio Grande on the north. Generally, the northern part of 
the basin is presumed to be an east-tilted fault block that is distorted 
by faulting and compression. The western margin of the basin is the R i o  
Puerco fault zone. Slack and Canpbell (1976) indicate that this region 
is broken by en-echelon faulting downthrown both east and west. Indi- 
vidual faults may have displacements of about 3,200 ft (1 km). The 
eastern boundary of the basin appears to be marked by large faults near 
the base of the Sandia Mountains to the north and a fault or faults 
west of a bedrock bench extending 4 to 6 mi (6.5 to 10 km) west of the 
Manzano and Los Pinos Mountains to the south. The basin is about 102 mi 
(164 km) long and 25 to 40 mi (40 to 65 km) wide. The ends of the basin 
are open through narrow bedrock constrictions to the San Marcia1 (Socorro) 
Basin to the south and the Espanola Basin to the north. According to 
Baltz (1978), the northern boundary of the Albuquerque Basin is concealed 
by the Jemez Mountains volcanic pile. Figure 2 shows the Albuquerque 
Basin and its relationship to other major tectonic features in central 
New Mexico. 

Indicative of the basin's structural complexity, the Shell O i l  
Company No. 2 Isleta exploratory well, drilled in section 16, T 8 N, 
R 2 E, was completed in 1980 at a depth of 21,266 ft (6,482 m) in what 
was reported to be valley fill. Six miles east in section 8, T 8 N, 
R 3 E, the Trans Ocean No. 1 Isleta penetrated 5,250 ft (1,600 m) of 
valley fill before encountering Cretaceous rocks. At 10,324 ft (3,147 m) 
Precambrian was encountered in the Trans Ocean well. Assuming that the 
Shell well bottomed close to the top of the Cretaceous, adding 5,000 ft 
(1,524 m) of sedimentary rocks overlying the Precambrian to its 21,266 ft 
(6,482 m) depth would suggest that the Precambrian would be encountered 
at not less than 26,266 ft (8,006 m), or 21,135 ft (6,442 m) below sea 
level (surface elevation of 5,131 ft/1,564 m less drilling depth to 
Precambrian). The similar datum at the Trans Ocean well was 5,114 ft 
(1,557 m) below sea level, indicating a minimum of 16,021 ft (4,883 m) 
displacement of subsurface relief between the top of the Precambrian in 
the two wells. Further, the same relationship between similar horizons 
is found at an elevation of more than 10,000 ft (3,048 m) above sea 
level at the top of the Sandia Mountains. The stratigraphic displace- 
ment is at least 31,135 ft (9,490 m) or almost 6 mi (9.7 km) between the 
Shell well and the highest point of the Sandias. 
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Figure 2 .  Tectonic map of the  R i o  Grande R i f t  System i n  New Mexico 
(Kelley, 1977). 



Kelley (1977) offers an excellent summary of the geology of the 
eastern part of the Albuquerque Basin, including Kirtland AFB lands: 

"Perhaps the most important concept developed in this 
study has been the postulating of structural benches and 
steps within the basin. Most important of these is the 
Joyita-Hubbell bench. Downthrow on its west side faults 
could be as great or greater than downthrow of the bench 
with reference to the prominent uplifts to the east. In 
other words the bench edge zone could be the principal 
eastern structural boundary of the Rio Grande trough from 
well into the Socorro constriction on the south to the 
Tijeras fault and the Sandia uplift on the north. This 
may be especially true when it is realized that 65-70 per- 
cent of the western relief of the Manzano uplift is not 
trough relief but rather is relic from the Laramide and 
that the structural relief of the Manzanita Plateau above 
the Hubbell part of the bench is hardly 1,000 feet. The 
Hubbell Springs fault scarp of possible early Holocene is 
the principal means by which the fault is identified. If 
it were not for the late movement, the existence of the old 
fault would be unknown. Furthermore, there may be parallel 
buried faults west of the Hubbell Springs scarp forming 
into an axial trough. Based on only the scarp, throw on the 
fault would be no more than 150 feet. If this is the total 
displacement on the fault, then the Triassic and Permian 
exposed in the scarp would be no more than 50 feet or so 
beneath the surface on the downthrown side. This possibi- 
lity needs to be determined by drilling or by some other 
way. More likely, however, is that the Hubbell Springs 
scarp displacement is merely renewed late movement on an 
older fault of great displacements. The marked gravity 
inflection which parallels the fault is strong support 
for a growth fault. If one grants the growth fault 
character of the Hubbell Springs fault and its possible 
magnitude, then the next question is whether it pre-dates 
or post-dates the frontal faults of the uplift. Absence 
of Santa Fe beds in thicknesses of more than a few tens of 
feet is perhaps the best evidence that the Manzano-Los 
Pinos faults are younger and that only the Laramide 
Mountains existed when the Hubbell Springs and Joyita 
fault began to drop the central part of the Rio Grande 
trough. If the major displacement of the Hubbell Springs 
fault were later than the back bench or uplift frontal 
faults, it should have more physiographic expression than 
it does, and the Triassic and Permian rocks, which sur- 
face the fault now, might have been more likely stripped 
prior to a later dropping of the bench. 

"Although the L o s  Pinos to Sandia line of uplift 
bordering the basin has a degree of geomorphic oneness, 
there is considerable difference in structure and 
possibly origin, especially north and south of the 
Tijeras fault and fold zone. South of the fault the 
Manzanita to L o s  Pinos section is tilted very little 
whereas to the north the Sandia section is markedly 
tilted. Furthermore, the Sandia front stands 2-6 miles 
westward of the straight Manzano-Manzanita front. 
Sandia uplift has no known structural bench, yet its 
frontal fault is roughly on line and perhaps to a degree 
continuous with the Hubbell Springs fault. Sandia 
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KIRTLAND A I R  FORCE BASE 

u p l i f t  may n o t  have exper ienced  i t s  p r i n c i p a l  u p l i f t  u n t i l  
l a t e  San ta  Fe t i m e  as exp la ined  by Kel ley  and Northrop (1975) .  
The Sandia  b lock  may have been a bench i n  t h e  beginning 
from t h e  p o i n t  o f  view of b a s i n  t e c t o n i c s .  A t  such t i m e  t h e  
back of  t h e  bench may have been d e f i n e d  by a f a u l t  zone t h a t  
extended from t h e  Tijeras t o  La  Bajada f a u l t s .  The Sandia  
w i t h  i t s  g r e a t  s t r u c t u r a l  r e l i e f  and you th fu l  escarpments  
may have had e a r l y  s t r u c t u r a l  c o n t i n u i t y  i n  bo th  space  and 
time w i t h  t h e  p o s t u l a t e d  e a r l y  Hubbell  Sp r ings  f a u l t  and 
a g a i n  l a te r  i n  t i m e  w i t h  t h e  Manzano-Los P inos  f a u l t i n g .  
The you th fu lness  of  t h e  Sandia  i s  w e l l  i l l u s t r a t e d  by f a n ,  
terrace, and pediment s c a r p s  and by i t s  f r e s h  t r i a n g u l a r  
f a u l t - s c a r p  f a c e t s .  Perhaps also related t o  t h e  l a t e  rise 
o f  t h e  Sandia  b lock  i s  t h e  expans ive  eastward i n c l i n a t i o n  
of t h e  San ta  Fe fo rma t ions  across t h e  b a s i n  which c o i n c i d e s  
i n  l a t i t u d e  w i t h  t h e  Sandia  block.  

$ 

" I n  summary, t h e  east  s i d e  of t h e  t rough  o r i g i n a t e d  
by r e p e a t e d  downthrow o f t e n  on t h e  same p r i n c i p a l  f a u l t s .  
Apparent ly  t h e  t rough  w a s  narrower i n  t h e  beginning.  Most 
of  t h e  o u t e r  f a u l t s  marking t h e  prominent u p l i f t  came 
la ter  and widened t h e  b a s i n .  An excep t ion  may be t h e  
Sandia  f a u l t ,  which might have been a bench f a u l t  e a r l y  
and an  u p l i f t  f a u l t  l a te r . "  

Phys iographic  P rov inces  

V i r t u a l l y  a l l  of  t h e  p r i n c i p a l  t e c t o n i c  e v e n t s  t h a t  formed t h e  east  
side of  t h e  R i o  Grande r i f t ,  t h e  Albuquerque Bas in ,  and t h e  a d j o i n i n g  
mountain r anges  occur red  on and have profoundly  affected K i r t l a n d  AFB 
l a n d s .  A t  l eas t  t w o  major f a u l t s ,  t h e  Ti jeras  f a u l t  w i t h  movement 
commencing i n  t h e  Precambrian and c o n t i n u i n g  through t h e  p r e s e n t ,  and 
t h e  Hubbell  S p r i n g s  f a u l t ,  bel ievedl  t o  be t h e  g e o l o g i c a l l y  r e c e n t  
f r a c t u r e  t h a t  marks t h e  east side of t h e  r i f t ,  i n t e r s e c t  on t h e  base .  
Two o t h e r  f a u l t s  or f a u l t  systems,  ; t he  Manzano f a u l t  t h a t  ra ised t h e  
Manzanita and Manzano Mountains 1,3100 f t  t o  3,000 f t  (396 m t o  9 1 4  m )  
above t h e  Hubbell  bench, and t h e  Salndia f a u l t  t h a t  may be a northward 
ex tens ion  of  t h e  Hubbell  Sp r ings  f a d t  and i s  presumed t o  have been t h e  
p o i n t  where t h e  massive, east-tilted Sandia  Mountains broke away from 
r o c k s  unde r ly ing  t h e  R i o  Grande rifit,  complete  t h e  g r o s s  t e c t o n i c  
s e t t i n g .  

These f a u l t s  are t h e  geo log ic  basis f o r  subd iv id ing  t h e  base  i n t o  
f o u r  d i s t i n c t  phys iographic  provincgs .  The wedge-shaped t r i a n g l e  formed 
by t h e  southwestward p r o j e c t i n g  Four H i l l s  Precambrian g r a n i t e  o u t c r o p s ,  
t e r m i n a t i n g  a t  t h e  t r a v e r t i n e  o u t c r o p s  i n  t h e  sou th  h a l f  of  s e c t i o n  28  
and n o r t h  h a l f  of  s e c t i o n  33, T 9 Ni, R 4 E ,  i s  t h e  southernmost  ex ten-  
s i o n  of  t h e  Sandia  Mountains. E a s t /  of t h e  Manzano f a u l t  on t h e  base 
are t h e  Manzanita Mountains,  a r e l a t i v e l y  undeformed u p l i f t  exposing 
Precambrian r o c k s  capped by f l a t - l d i n g  Pennsylvanian l imes tones .  
of  t h e  Tijeras f a u l t ,  w e s t  of t h e  Manzano f a u l t ,  and east  of  t h e  Hubbell  
Sp r ings  f a u l t  i s  t h e  Hubbell  Bench province ,  a zone of Permian, 
Pennsylvanian,  and Precambrian r o c k s  most ly  capped by a t h i n  veneer  of  
a l luvium. The Permian r o c k s  are exposed a t  Hubbell  Sp r ings  on t h e  I s le ta  
I n d i a n  Rese rva t ion ,  about  one m i l e  s o u t h  of t h e  base.  
and some Precambrian exposures  are on bo th  sides of Coyote Creek from 
i t s  mouth t o  t h e  p o i n t  where it crosses t h e  Tijeras f a u l t  and t h e  sou th  
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end of  t h e  Four H i l l s  (Sandia)  u p l i f t .  These rocks  e x h i b i t  a g r e a t  
d e a l  of  f o l d i n g  and f a u l t i n g  i n c i d e n t a l  t o  v e r t i c a l  and h o r i z o n t a l  
movement on t h e  nearby Tijeras f a u l t .  W e s t  of t h e  Hubbell  Sp r ings  and 
Sandia  f a u l t s  i s  t h e  Albuquerque Bas in ,  t h e  on ly  one of  t h e  f o u r  pro-  
v i n c e s  w i t h  s i g n i f i c a n t  geothermal  i m p l i c a t i o n s .  These r e l a t i o n s h i p s  
are shown on P l a t e  1 and F i g u r e  3. 

T i  jeras F a u l t  

e x t e n s i v e  i n  N e w  Mexico. I t  i s  r e a d i l y  i d e n t i f i e d  i n  s u r f a c e  exposures  
from i t s  i n t e r s e c t i o n  and p robab le  p o i n t  of s e v e r i n g  by t h e  l a t e r  
Hubbell  Sp r ings  f a u l t  on t h e  base ,  ex tend ing  nor theas tward  about  58 m i  
(93  km) t o  t h e  Canonci to  area of  t h e  Sangre de  C r i s t o  Mountains about  
1 4  m i  ( 9  km) s o u t h e a s t  of  San ta  Fe. I t  is  probable  t h a t  t h e  f a u l t  
extended southwes t  across t h e  area p r e s e n t l y  occupied by t h e  Albuquerque 
Basin p r i o r  t o  r i f t i n g  (Ander, 1980; C o r d e l l ,  1 9 7 6 ) .  I f  so, it was , 
b i s e c t e d  by t h e  Hubbell  Sp r ings  f a u l t  and dropped or  c o l l a p s e d  w i t h  
i t s  r e l a t e d  segments i n t o  t h e  r i f t ,  compl i ca t ing  t h e  geometry of  
s t r u c t u r a l  d e t a i l s  i n  t h e  Albuquerque Bas in  benea th  K i r t l a n d  AFB. 

The Ti jeras  f a u l t  and related t e c t o n i c  system i s  one of  t h e  m o s t  

L isenbee  and o t h e r s  (1979) s t a t e  t h a t  t h e  f a u l t  has  undergone 
r e c u r r e n t  movement s i n c e  Precambrian t i m e ,  it c u t s  rocks  ranging  i n  age  
from Precambrian t o  l a t e  T e r t i a r y ,  and on t h e  southwes tern  ( K i r t l a n d  
AFB) end had l a t e ra l  or h o r i z o n t a l  movement o f  s e v e r a l  m i  (km)  of l e f t  
s l i p .  These a u t h o r s  i d e n t i f i e d  an  area i n  T i j e ra s  Canyon i n  a roadcu t  
where Precambrian g reens tone  i s  i n  f a u l t  c o n t a c t  w i t h  co l luv ium of  
p robab le  Qua te rna ry  age. They sugges t  t h a t  t h i s  r e c e n t  o f f s e t  and 
h i s t o r i c  ea r thquake  a c t i v i t y  i n d i c a t e  t h a t  f u t u r e  movement a long  t h e  
T i j e ra s  f a u l t  i n  t h i s  area i s  l i k e l y .  

Reiche (1949) mapped t h e  T i j e ra s  f a u l t  and i n d i c a t e d  t h a t  it dipped 
s t e e p l y ,  i t s  downthrown s i d e  w a s  t o  t h e  east ,  and brought  t h e  Sandia  
g r a n i t e  i n t o  c o n t a c t  w i t h  Precambrian q u a r t z i t e s ,  Pennsylvanian l i m e -  
s t o n e s ,  and upper T e r t i a r y  sands  and g r a v e l s  a t  i t s  southernmost  p o i n t .  
Reiche d i d  n o t  measure i t s  d isp lacement  b u t  presumed it w a s  measured 
i n  thousands  of f e e t .  

Chapin and o t h e r s  (1978) have mapped s e v e r a l  major c r u s t a l  l i n e a -  
ments t r e n d i n g  n o r t h e a s t  across New Mexico and Colorado. These s h e a r  
zones dominate  t h e  s t r u c t u r a l  g r a i n  of Precambrian rocks  i n  t h e  sou the rn  
Rocky Mountains, t end  t o  be  o r i e n t e d  a long  l i n e s  of  Laramide v o l c a n i c  
p l u t q n s  as w e l l  a s  r e c e n t  lava f lows  o f  predominant ly  basalt ic composi- 
t i o n ,  and g e n e r a l l y  c o i n c i d e  w i t h  w e l l  known mine ra l  b e l t s .  Where t h e s e  
l i neamen t s  cross t h e  R i o  Grande r i f t  t h e y  produce a c h a r a c t e r i s t i c  s u i t e  
of  s t r u c t u r a l  e lements  where, among o t h e r  complex f e a t u r e s ,  h igh  h e a t  
f low and geothermal  a c t i v i t y  are n o t  uncommon. Although n o t  inc luded  
i n  t h e  l i neamen t s  d e s c r i b e d  by t h e s e  i n v e s t i g a t o r s ,  t h e  Ti leras  f a u l t  
system would appear  t o  have s i m i l a r  q u a l i t i e s  i n  t e r m s  of age ,  t r e n d ,  
d i sp l acemen t ,  m i n e r a l i z a t i o n  (Tijeras Canyon, San Pedro,  O r t i z ,  and by 
ex tens ion ,  Pecos mining d i s t r i c t s ) ,  volcanism (Cerro Verde, Lucero 
Mesa, C a t  H i l l s ,  Wind Mesa, and Is le ta  v o l c a n i c  c e n t e r s  j u s t  w e s t  of  
t h e  R i o  Grande) ,  and appa ren t  basement complexi ty .  

Hubbell  Sp r ings  F a u l t  

The Hubbell  Sp r ings  fault is a remarkable  geo log ic  f e a t u r e .  I t s  
l e n g t h  i s  a p p a r e n t l y  unbroken f o r  about  36 m i  (58 km) from t h e  s o u t h e a s t  
p a r t  of T 3 N ,  R 4 E ,  t o  i t s  i n t e r s e c t i o n  on t h e  base  w i t h  t h e  T i l e ra s  
f a u l t .  I f  t h e  presumed Sandia  f a u l t  i s  an  ex tens ion  of  it, i t s  l e n g t h  
would be some 22  m i  (35  km) l onge r .  I t  has  almost p e r f e c t  s t r a i g h t  
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l i n e  symmetry from s o u t h  t o  n o r t h  and it a l i g n e d  w i t h  a series of  f r e s h  
water s p r i n g s  i n  t h e  n o r t h e r n  18 m i  ( 2 9  km) of  i t s  l e n g t h .  These s p r i n g s ,  
O j o  Huelos,  C a r r i z o ,  Maes, O j o  d e  l a  Cabra, and Hubbell  Sp r ings ,  are  
l o c a t e d  on an o t h e r w i s e  b a r r e n ,  a r i d  mesa some 4 t o  6 m i  ( 6  t o  1 0  km) 
east  of t h e  Manzano Mountain f r o n t ,  e a s i l y  i d e n t i f i e d  by l a r g e  c o t t o n -  
wood trees ( t h e  o n l y  trees on t h e  east  m e s a ) .  Recent movement has  
r a i s e d  a prominent s c a r p  a long  i t s  n o r t h e r n  l e n g t h  on t h e  east  s i d e  of  
t h e  f a u l t .  The s c a r p  rises 1 0 0  t o  150 f t  (30  t o  4 6  m ) ,  i s  s h a r p l y  d e f i n e d ,  
i s  i n c i s e d  by east-west a r r o y o s ,  and s u p p o r t s  an appa ren t  homogeneous 
b lock  of  f l a t  l y i n g  sed iments  o f  Triassic through Pennsylvanian age  over- 
l y i n g  Precambrian rocks .  These sed iments  are exposed i n  t h e  v i c i n i t y  of  
Ojo Huelos ,  Hubbell  Sp r ings ,  and t h e  T i j e ra s  f a u l t  and appear  t o  be  
covered by a t h i n  veneer  of  a l luv ium and f a n  mater ia l  e l sewhere .  

T i t u s  (1963) has  an  e x c e l l e n t  d e s c r i p t i o n  of  t h e  f a u l t ,  i t s  i d e n t i -  
f i c a t i o n ,  and r e l a t i o n s h i p  t o  t h e  groundwater regime which i s  impor tan t  
t o  t h e  geothermal  model on K i r t l a n d  AFB: , 

"Ground water moves westward from t h e  Manzano Mountains 
toward t h e  R i o  Grande i n  t h e  Cenzoic sed iments  which res t  on 
r o c k s  of  Permian and Tr iass ic  age  i n  t h e  upthrown block of  t h e  
Ojue los  (Hubbel l  S p r i n g s )  f a u l t .  Ground water a lso i s  presumed 
t o  move westward toward t h e  f a u l t  th rough permeable beds of  t h e  
o l d e r  unde r ly ing  rocks .  E a s t  of t h e  Ojue los  (Hubbel l  Sp r ings )  
f a u l t  t h e  w a t e r  t a b l e  i n  much of  t h e  area i s  less t h a n  1 0 0  f e e t  
below l and  su r face :  a t  t h e  f a u l t  t h e  several s p r i n g s  i n d i c a t e  
t h a t  t h e  w a t e r  t a b l e  i s  a t  t h e  s u r f a c e :  w e s t  of  t h e  f a u l t  t h e  
water t a b l e  i s  400 t o  500 f e e t  below t h e  s u r f a c e .  A s  water 
moves across t h e  f a u l t  i n t o  t h e  more permeable rocks of t h e  
San ta  Fe,  it cascades  a b r u p t l y  t o  t h e  lower leve l  w i t h i n  a 
s h o r t  d i s t a n c e .  The slope of t h e  w a t e r  table east of t h e  
f a u l t  i s  between 1 0 0  and 200  f e e t  a m i l e .  West of  t h e  f a u l t ,  
beyond t h e  zone of cascading  ground water, t h e  water-table 
s l o p e  i n  most p l a c e s  i s  less t h a n  1 0  f e e t  a m i l e .  Although 
t h e  Ojue los  (Hubbel l  S p r i n g s )  f a u l t  does  n o t  have a topographic  
e x p r e s s i o n  t h a t  i s  r e c o g n i z a b l e  i n  t h e  sou the rn  p a r t  of  
Valenc ia  County, t h e  l o c a t i o n  o f  t h e  ground-water cascade  
over t h e  f a u l t  can  be de termined  w i t h i n  f o u r  or  f i v e  m i l e s  
by t h e  c o n f i g u r a t i o n  o f  t h e  water t a b l e . "  

Whether t h e  Hubbell  S p r i n g s  f a u l t  i s  a master f a u l t  i d e n t i f y i n g  t h e  
east s i d e  o f  t h e  R i o  Grande r i f t  or  one  of s e v e r a l  s t e p  f a u l t s  t h a t  
c o n t r o l  basement topography i s  :p re sen t ly  unknown. Unlike t h e  s u r f a c e  
geology t h a t  can be mapped wit-hout great d i f f i c u l t y  throughout  t h e  base  
and a d j o i n i n g  areas, s u b s u r f a c e  s t ruc tura l  and s t r a t i g r a p h i c  r e l a t i o n -  
s h i p s  appear  t o  be  complex and subjec t  t o  v a r i o u s  i n t e r p r e t a t i o n s .  

C o r d e l l  (1976) ,  C o r d e l l  and o t h e r s  (1978) ,  and Aiken and o t h e r s  
(1978) have prepared  g r a v i t y  maps o f  t h e  r e g i o n  t h a t  s t r o n g l y  sugges t  
t h a t  t h e  Hubbell  Sp r ings  f a u l t  2s a s t e e p l y  d ipp ing  f r a c t u r e .  C o r d e l l  
(1979) i n t e r p r e t s  t h e  g r a v i t y  data t o  mean t h a t  t h e  r e g i o n a l  ( R i o  Grande 
r i f t )  f a u l t  system may comprise a r e l a t i v e l y  small number of  l a r g e ,  
wide ly  spaced,  h igh  a n g l e  ( a t  sha l low levels) master f a u l t s  t h a t  may be  
i d e n t i f i e d  by long ,  l i n e a r ,  large ampl i tude  g r a v i t y  g r a d i e n t s .  B i r c h  
(1980) has  a t tempted  t o  de te rmine  t h e  subsu r face  geology o f  t h e  
Albuquerque-Belen b a s i n  by a n a l y s i s  and i n t e r p r e t a t i o n  o f  g r a v i t y  
anomalies  on t h e  pub l i shed  maps of  C o r d e l l  and o t h e r s  (1978) .  H i s  
g r a v i t y  p r o f i l e s  (cross sec t ions)  w e s t  t o  east across t h e  r i f t  i n d i c a t e  
t h a t  t h e  Hubbel l  Sp r ings  f a u l t  i s  a s i n g l e  e lement ,  s t e e p l y  d i p p i n g  i n t o  
t h e  b a s i n .  F i g u r e  4 i s  C o r d e l l ' s  1976 g r a v i t y  map of c e n t r a l  New 
Mexico showing t h e  geophys ica l  c o m p l e x i t i e s  of  t h e  Albuquerque Bas in .  
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Figure 4. Preliminary Complete Bouguer Anomaly gravity map of part of the 
Rio Grande rift in northcentral New Mexico. Countour interval: 
2 mgals. A: Albuquerque: B: Belin; C: Cuba; L: Las Vegas; 
S: Santa Fe; T: Taos. (Source: Cordell, 1976.) 
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Parke r  ( t h i s  report, Appendix A ) ,  conducted a g r a v i t y  survey  on t h e  
base  t h a t  f e a t u r e d  a s h a r p  break  i n  t h e  g r a v i t y  s l o p e  c r o s s i n g  t h e  South 
Fence road  a t  t h e  n o r t h  boundary of  t h e  I s l e t a  I n d i a n  Rese rva t ion ,  i n  
t h e  east h a l f  of  s e c t i o n  5 ,  T 8 N ,  R 4 E .  An east-west t r a v e r s e  on 
Magazine road  encountered t h e  same subsu r face  f e a t u r e  about  i n  t h e  c e n t e r  
of t h e  n o r t h  h a l f  of s e c t i o n  33,  T 9 N ,  R 4 E, about  3,800 f t  ( 1 , 1 5 8  m ) ,  
w e s t  of  t h e  w e s t  e n t r a n c e  t o  t h e  solar power tower. I t  i s  be l i eved  t h a t  
t h e s e  are traces of  t h e  Hubbell  Sp r ings  f a u l t .  

I' S and i a F au 1 t 

Ke l l ey  ( 1 9 7 7 ) ,  Kel ley  and Northrop (19751, and Woodward and o t h e r s  
(1975) p o s t u l a t e  a major r i f t  f a u l t  s e p a r a t i n g  t h e  Sandia  Mountain u p l i f t  
from t h e  Albuquerque Basin t h a t  ex tends  from t h e  southwest  e x t e n s i o n  of 
t h e  Four H i l l s  u p l i f t  on t h e  base  northward t o  t h e  P l ac i t a s  a r e a  o f  
Sandoval County, a nor th-south  d i s t a n c e  o f  about  25 m i  ( 4 0  k m ) .  Th i s  
f r a c t u r e  may be  c a l l e d  t h e  Sandia  f a u l t  and ,  acco rd ing  t o  Kel ley  and0 
Northrop (1975)  i t s  s u r f a c e  trace can be seen  i n  o n l y  t h r e e  p l a c e s .  To 
t h e  sou th  a f a u l t  i s  exposed a t  t h e  mouth o f  T i l e ra s  Canyon on t h e  east 
s i d e  of  t h e  road  l e a d i n g  i n t o  t h e  Four H i l l s  Subd iv i s ion  i n  approximate ly  
t h e  c e n t e r  of  t h e  w e s t  h a l f  of  s e c t i o n  2 6 ,  T 1 0  N ,  R 5 E .  Another expo- 
s u r e  i s  a minor s c a r p  l o c a t e d  by Kel ley  a t  t h e  base  of  t h e  Rincon spur  
of t h e  Sandia  Mountains on t h e  Sandia  I n d i a n  Rese rva t ion .  The t h i r d  
o u t c r o p  i s  a p p a r e n t l y  where t h e  f a u l t  crosses NM-44 nea r  t h e  n o r t h e r n  end 
of t h e  Sand ias  i n  s e c t i o n  1, T 1 2  N ,  R 4 E .  Other  ev idence  f o r  t h e  
Sandia  f a u l t  i s  found i n  t h e  g r a v i t y  maps of  C o r d e l l  and o t h e r s  ( 1 9 7 8 )  
and Aiken and o t h e r s  (1978) .  C o r d e l l  (1978b) d e s c r i b e d  a bu r i ed  f a u l t  
on t h e  s t e e p ,  l i n e a r  g r a v i t y  g r a d i e n t  t aken  from a d e t a i l e d  p r o f i l e  
a long  Tramway road  between 1-25 and t h e  Juan Tab0 p i c n i c  area (approxi -  
mate ly  t h e  southwest  c o r n e r  of  s e c t i o n  3 ,  T 11 N ,  R 4 E )  a s  be ing  a 
s i n g l e  l a r g e ,  s t e e p  f a u l t  w i t h  s t r u c t u r a l  r e l i e f  o f  a t  l eas t  3 , 0 0 0  t o  
6 , 0 0 0  f t  (1 t o  2 km). 

Evidence f o r  t h i s  f a u l t  bounding t h e  w e s t  s i d e  o f  t h e  Four H i l l s  
u p l i f t  p a r t  of  t h e  Sandia  Mountains on K i r t l a n d  AFB i s  somewhat sub- 
j e c t i v e .  Geo log ica l ly ,  a major f a u l t  should be  p r e s e n t  h e r e  i n  o r d e r  
t o  account  f o r  t h e  enormous s t r u c t u r a l  r e l i e f  between t h e  d e e p e s t  p a r t s  
of t h e  r i f t  i d e n t i f i e d  by w e l l  d a t a  and t h e  t o p  of  t h e  Sand ias ,  a p p a r e n t l y  
more t h a n  3 0 , 0 0 0  f t  ( 9 , 1 4 4  m ) .  

Reiche ( 1 9 4 9 )  mapped a f a u l t  on t h e  s u r f a c e  ex tending  southwest  
th rough t h e  n o r t h  c e n t r a l  p a r t  o f  sect ion 22  t o  t h e  c e n t e r  of  s e c t i o n  2 8 ,  
T 9 N ,  R 4 E .  H e  d e s c r i b e s  a s m a l l  a l l u v i a l  f a n  b u i l t  by Coyote a r r o y o  
a t  t h i s  l o c a t i o n  as be ing  o f f s e t  v e r t i c a l l y  abou t  25 f t  ( 8  m )  and,  
"Although t h e  s c a r p l e t  i s  b a t t e r e d ,  t h e  ev idence  i s  d e f i n i t e :  it i n c l u d e s  
s m a l l  f i s s u r e  f i l l i n g s  of t raver t ine due t o  a former a r t e s i a n  s p r i n g . "  
F i e l d  i n v e s t i g a t i o n  fa i led  t o  locate t h e  s c a r p  Reiche d e s c r i b e s ,  b u t  
t r a v e r t i n e  is p r e s e n t ,  and t h e  l o c a t i o n  h a s  been s u b j e c t e d  t o  con- 
s i d e r a b l e  e a r t h  moving for  roads and a b r i d g e  across Coyote a r r o y o  sub- 
sequent  t o  h i s  f i e l d  work. 

Bartel  and o t h e r s  (1980)  conducted a geophys ica l  experiment  u t i l i z i n g  
c o n t r o l l e d  sou rce  aud io -magne to te l lu r i c  (CSAMT) e l ec t romagne t i c  (EM) 
t echn iques  between t h e  K i r t l a n d  g o l f  course and t h e  w e s t  f e n c e  l i n e  of 
Manzano Base, i n  and a d j a c e n t  t o  s e c t i o n  1 0 ,  T 9 N ,  R 4 E .  Th i s  expe r i -  
ment w a s  s p e c i f i c a l l y  des igned  t o  tes t  t h e  t echn ique  i n  an area where 
t h e  Sandia  f a u l t  w a s  presumed t o  be  p r e s e n t  benea th  t h e  a l l u v i a l  cover. 
The r e s u l t s  i n d i c a t e  a s h a r p  break  i n  t h e  d e p t h  t o  g r a n i t e  p r o f i l e  
benea th  t h e  a l luv ium a t  approximately t h e  common c o r n e r s  of  s e c t i o n s  3 ,  
4, 9 ,  and 1 0 .  The s l o p e  from t h e  Four H i l l s  g r a n i t e  o u t c r o p  t o  t h e  east  
t o  t h i s  p o i n t  i s  about  25' no r thwes t ,  almost t h e  same a s  t h e  s l o p e  on 



Figure 5. Controlled source audio-magnetotelluric (CSAMT) electromagnetic 
(EM) geophysical experiment. Sandia fault identified by long 
dashed line, downthrown to the northwest. Depth to basement 
(granite) in meters shown by dotted lines. Qal: Quaternary 
alluvium; pe: Precambrian granite. (Adapted from Bartel and 
others, 1980 in Riddle and Grant, 1981). - 

26 



t h e  exposed u p l i f t  i t s e l f ,  sugges t ing  t h a t  t h e  Four H i l l s  g r a n i t e  i s  
s imply bu r i ed  benea th  t h e  a l l u v i a l  cover .  CSAMT d a t a  i n d i c a t e  a sha rp  
break  i n  slope o c c u r s  i n  t h e  nor thwes t  c o r n e r  of s e c t i o n  1 0  where t h e  
dep th  t o  basement ( g r a n i t e )  i n c r e a s e s  f r o m  about  2,625 f t  ( 8 0 0  m )  t o  more 
than  4,265 f t  (1 ,300 m )  i n  a h o r i z o n t a l  d i s t a n c e  of less t h a n  325 f t  
(100 m ) .  The i n v e s t i g a t o r s  conduct ing  t h e  experiment  i n t e r p r e t  t h i s  
break  as  t h e  trace of  a major f a u l t  (F igu re  5 ) .  

Parker  ( t h i s  r e p o r t ,  Appendix A)  conducted s e v e r a l  d e t a i l e d  g r a v i t y  
traverses on t h e  base .  The survey  l i n e s ,  i d e n t i f i e d  by t h e  d o t t e d  l i n e s  
on P l a t e  1 and F i g u r e  3 ,  w e r e  s e l e c t e d  t o  cross t h e  presumed Hubbell  
Sp r ings  and Sandia  f a u l t s  a t  approximate ly  r i g h t  a n g l e s .  Sharp ly  d e f i n e d  
b reaks  i n  t h e  g r a v i t y  p r o f i l e s  i n  t h e  sou the rn  p a r t  of  t h e  base  c o i n c i d e  
w i t h  t h e  trace o f  t h e  Hubbell  S p r i n g s  f a u l t .  The n o r t h e r n  p r o f i l e s ,  
however, show smooth curves w i t h  g r a v i t y  v a l u e s  d e c r e a s i n g  s t e a d i l y  t o  
t h e  w e s t .  These d a t a  r e f l e c t  g r e a t e r  d e p t h s  t o  basement and a sub- 
s t a n t i a l  increase i n  t h i c k n e s s  of  v a l l e y  f i l l  sed iments  westward, bu't 
show no a b r u p t  s l o p e  changes t h a t  could  r e p r e s e n t  and d e f i n e  t h e  sub- 
s u r f a c e  p o s i t i o n  of t h e  Sandia  f a u l t .  The p r o f i l e s  i n s t e a d  sugges t  
a l o w  a n g l e  f a u l t  d ipp ing  i n t o  t h e  b a s i n  or  bu r i ed  topography r a t h e r  
t han  t h e  s i n g l e  h igh  a n g l e  f r a c t u r e  o r  series o f  s t e e p l y  d ipp ing  s t e p  
f a u l t s  expected i n  t h i s  area. 

The q u e s t i o n  of  i n t e r p r e t a t i o n  of g r a v i t y  d a t a  a long  t h e  presumed 
master f a u l t s  bounding t h e  R i o  Grande r i f t  where c l o s e l y  spaced c o n t o u r s  
occur  has  been addres sed  by C o r d e l l  (1979) .  D e t a i l e d  p r o f i l e s  he ob- 
t a i n e d  t h a t  cross t h e s e  s t e e p  l i n e a r  g r a v i t y  g r a d i e n t s  i n  o t h e r  p a r t s  of  
t h e  Albuquerque Basin resemble t h e  d a t a  acqu i r ed  by Pa rke r  on K i r t l a n d  
AFB. The g e n t l e ,  unbroken s l o p e  of t h e  g r a v i t y  cross s e c t i o n s  r e q u i r e  
t h e  b a s i n  boundary f r a c t u r e s  t o  be i n t e r p r e t e d  a s  e s s e n t i a l l y  p l a n a r  
s u r f a c e s  d i p p i n g  about  35O toward t h e  b a s i n .  The smooth cu rve  of  t h e  
p r o f i l e ,  i t s  appa ren t  l o w  a n g l e ,  and l a c k  of c h a r a c t e r i s t i c  b reaks  
t o g e t h e r  w i t h  d e n s e l y  spaced o b s e r v a t i o n  p o i n t s  0.1 t o  0 .2  m i / 0 . 1 6  t o  
0.32 km on t h e  base) p rec lude  i n t e r p r e t a t i o n  of h igh  a n g l e  master o r  
s t e p  f a u l t s  i f  t h e r e  are no o t h e r  c o n s i d e r a t i o n s .  

C o r d e l l  (1979) s u g g e s t s  t h e  g r a v i t y  d a t a  r e q u i r e  o n l y  one l a r g e  
f a u l t  and t h a t  t h e  d i p  of t h e  f a u l t  i s  g e n t l e  i f  t h e  ( g r a v i t y )  d e n s i t y  
c o n t r a s t  i s  c o n s t a n t .  I f ,  however, t h e  v a l l e y  fill sediments  close t o  
t h e  mountain u p l i f t s  (and t h e  bounding faults) are coarser and m o r e  
poor ly  s o r t e d  t h a n  t h o s e  f a r t h e r  away, t h e n  a subsu r face  g r a d a t i o n a l  
d e n s i t y  c o n t r a s t  i s  e s t a b l i s h e d  and t h e  bounding f a u l t  can be i n t e r -  
p r e t e d  a s  a s t e e p l y  d i p p i n g  one. The i n t e r p r e t a t i o n  favored  by 
C o r d e l l  i s  t h a t  t h e  r e g i o n a l  f a u l t  system i n  t h e  Albuquerque Basin 
compr ises  "a r e l a t i v e l y  small number of large, wide ly  spaced,  h igh  
a n g l e  ( a t  sha l low levels) master f a u l t s  t h a t  are i d e n t i f i e d  by long ,  
l i n e a r ,  l a rge-ampl i tude  g r a v i t y  gradients ,  (complimented by) numerous 
secondary f a u l t s  t h a t  are e s s e n t i a l l y  l a r g e  slump f e a t u r e s  sympathe t ic  
t o  t h e  master f a u l t s . "  The concep t  of t h e  master b a s i n  bounding f a u l t s  
t o g e t h e r  w i t h  t h e i r  subsu r face  c o n f i g u r a t i o n  cou ld  be  t e s t e d  by means 
of a d e t a i l e d  seismic r e f l e c t i o n  prof i le  across one o r  more of  t h e  
s t e e p ,  l i n e a r  g r a v i t y  g r a d i e n t s .  

C o r d e l l  (1979) admits t h a t , " t h e  concept  of a master f a u l t  i s  
e s s e n t i a l l y  s p e c u l a t i v e ,  c o n s i s t e n c y  w i t h  t h e  g r a v i t y  d a t a  be ing  a 
necessa ry ,  b u t  n o t  a s u f f i c i e n t ,  cond i t ion . "  Many g e o l o g i s t s ,  however, 
would a g r e e  t h a t  t h e  concept  of l a r g e ,  e x t e n s i v e  b a s i n  bounding f a u l t s  
i s  a l o g i c a l  i n t e r p r e t a t i o n  o f  s t r u c t u r a l  c o n d i t i o n s  and t h e  s t e e p ,  
l i n e a r  g r a v i t y  g r a d i e n t s  o b t a i n e d  by C o r d e l l  (1976) ,  C o r d e l l  and o t h e r s  
( 1 9 7 8 ) ,  and Aiken and o t h e r s  (1978) suppor t  t h i s  e x p l a n a t i o n  (see 
F i g u r e  4 ) .  I t  i s  u n l i k e l y ,  however, t h a t  t h e  q u e s t i o n  w i l l  be  
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resolved without detailed seismic reflection profiles across the 
assumed faults or deep drilling near a fault on its basinward, down- 
thrown side. 

The "Travertine Hills" 

Feth and Barnes (1979) define travertine as "a carbonate-mineral 
deposite dominated by calcium carbonate, formed through the agency of 
spring water." 
occurring as much as hundreds of meters above present levels of spring 
activity or without any nearby springs present: 

These authors describe extinct travertine deposits 

"(Deposits of travertine) have potentials for 
interpretation of ancient hydrologic systems, rates of 
downcutting, or rates of tectonic uplift that remain 
virtually unexploited ... (and) imply hydrostatic heads that 
have long since vanished. ..Travertine seems to be a geo- 
logical'ly transient phenomenon, subject either to removal 
by erosion or to burial and disappearance ... Many traver- 
tine deposits are known to be on or close to faults. 
Their occurrence in otherwise structurally featureless 
alluvial valleys may, therefore, suggest the possibility 
of a hidden fault...The temperature of spring water listed 
as actively depositing travertine ranges from 41°F to 
205OF (5OC to 96OC), but the greatest-concentration is in 
the range from 50°F to 86OF (lO°C to 3OOC). 

"Possibly the most common mode of formation of 
travertine is from leaching of calcium carbonate from rocks 
by ground water and subsequent deposition of travertine in 
stream channels...Calcium carbonate dissolved in a COP-rich 
water may reprecipitate when CO2 is lost from solution 
after the ground water enters a stream channel...The funda- 
mental cause of the accumulation is a greater time rate of 
supply of unstable (supersaturated) solution per unit area 
of substrate where the water velocity is greater. The 
maximum development in stream channels is a series of pools 
separated by rims of travertine." 

Bargar (1978) describes the origin and composition of travertine 
deposits associated with Mammoth Hot Springs in Yellowstone National 
Park, Wyoming: 

"Chemical and isotopic analysis of hot-spring waters 
supply important information-about the history of the thermal 
water. Cold, dilute meteoric water (rain or snow) has a 
distinctive hydrogen and oxygen isotopic composition that 
distinguishes it from water that comes from magmas deep in 
the earth. Such information suggests that over 95 percent 
of the hot-spring water emerging in Yellowstone National 
Park probably originates as meteoric water. 

"The thermal water beneath the Mammoth travertine 
deposits contains a large amount of dissolved gas, mainly 
carbon dioxide. Measurements...showed that the confining 
pressure necessary to keep the gas dissolved in the water 
is greater than 6 kg/cm2 ( 2  lb/in2). 
upward through a labyrinth of channels in the old fractured 
terraces, the confining pressure gradually decreases, and 
hot gas, consisting mainly of C02 separates and escapes 
at the surface. The effect is similar to removing the 

As the water flows 
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c a p  from a carbonated  s o f t  d r i n k .  The escape  of C02  
c a u s e s  t h e  w a t e r  t o  become s u p e r s a t u r a t e d  w i t h  ca lc ium 
ca rbona te  (CaC03) , which p r e c i p i t a t e s  o u t  of s o l u t i o n  t o  
form t r a v e r t i n e ,  mainly i n  t h e  form of  t h e  mine ra l  calci te ."  

T r a v e r t i n e  d e p o s i t s  are abundant on K i r t l a n d  AFB. Reiche ( 1 9 4 9 )  
noted t h a t ,  " A t  Coyote Spr ings ,  fo rmer ly  known a s  Soda S p r i n g s ,  nea r  
t h e  c e n t e r  of  t h e  n o r t h  h a l f  of  s e c t i o n  2 4 ,  T 9 N, R 4 E ,  a terrace of  
t r a v e r t i n e  h a s  been formed by waters e m i t t i n g  carbon d i o x i d e ,  which 
r ise under l o w  p r e s s u r e  thorugh t h e  c r u s h  zone a d j a c e n t  t o  a f a u l t .  
Mass movement o r  c l o u d b u r s t  run  o f f  r e p e a t e d l y  in t roduced  angu la r  
q u a r t z i t e  f ragments  d u r i n g  terrace growth." With t h e  excep t ion  of  a 
s m a l l  s p r i n g  i n  t h e  Manzano Mountains 1 0  t o  1 2  m i  ( 1 6  t o  1 9  km)  sou th  
of t h e  base ,  Reiche found no o t h e r  s p r i n g s  i n  t h e  area d e p o s i t i n g  t r a v e r -  
t i n e ,  a l though  s e v e r a l ,  u n l i k e  Coyote Spr ing  which i s  a p p a r e n t l y  i n  a 
g r a n i t e  t e r r a i n ,  i s s u e  d i r e c t l y  from l imes tone .  The geo log ic  map byl 
Myers and McKay (1970) shows t h e  t r a v e r t i n e  d e p o s i t  d e s c r i b e d  by Reiche,  
b u t  no o t h e r s .  

I n  d e s c r i b i n g  T e r t i a r y  v a l l e y  f i l l  d e p o s i t s  (Santa  Fe  Forma t ion ) ,  
Reiche ( 1 9 4 9 )  s tates:  

" I n  t h e  area of  t h i s  paper  T e r t i a r y  beds are of  l i m i t e d  
d i s t r i b u t i o n  and are g e n e r a l l y  mantled by Qua te rna ry  d e b r i s .  
However, i n  s e c t i o n s  27, 28, and 33, T 9 N, R 4 E ,  s e v e r a l  
l o w  h i l l s  and a f l a t  d i s t r i c t  t o  t h e  east  are  formed of  ill- 
s o r t e d  sandy coarse T e r t i a r y  g r a v e l s  ( f ang lomera te ) .  These 
are e s s e n t i a l l y  impermeable, owing t o  an i n t e r s t i t i a l  c l a y  
f r a c t i o n  which i s  about  h a l f  calci te  and h a l f  k a o l i n i t i c  
c l a y .  Along t h e i r  wes t e rn  margin t h e  g r a v e l s  are dragged 
t o  e a s t e r l y  d i p s  as  h igh  as  4 8 O ,  exposing a s e c t i o n  1 , 1 0 0  
f t  t h i c k ;  i t s  e x t e n s i o n s  t o  east  and w e s t  are masked by 
Quaternary  g r a v e l s  and coluvium which h i d e  f a u l t s .  

"The l o w e r  p a r t  o f  t h e s e  T e r t i a r y  beds has  pebb les ,  
cobb les ,  and,  r a r e l y ,  boulders d e r i v e d  from t h e  Magdalena 
(Madera) format ion  and l a c k s  f ragments  o f  Precambrian d e r i -  
v a t i o n ;  t h e  upper p a r t  has  abundant  Precambrian d e b r i s .  
The Magdalena (Madera) crops o u t  i n  a f a u l t  b lock  2 m i  
( 3  km) wide, less t h a n  a m i l e  (km) east of t h e  g r a v e l s .  
Apparent ly  d r a i n a g e  w a s  e s t a b l i s h e d  across t h i s  b lock  wh i l e  
t h e  g r a v e l s  w e r e  accumulat ing."  

I n v e s t i g a t i o n s  conducted f o r  t h i s  p r o j e c t  conf i rm t h a t  none of  t h e  
s p r i n g s  on t h e  east m e s a  t h a t  a p p a r e n t l y  mark t h e  trace o f  t h e  Hubbell  
Sp r ings  f a u l t  are d e p o s i t i n g  t r a v e r t i n e .  However, t r a v e r t i n e  d e p o s i t s  
are f a r  more widespread on K i r t l a n d  AFB t h a n  Reiche or  any o t h e r  
i n v e s t i g a t o r  determined.  The T e r t i a r y  g r a v e l s  d e s c r i b e d  by Reiche 
(above) are massive, 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 .  

One of  t h e  more s i g n i f i c a n t  r e s u l t s  o f  o u r  s t u d y  i s  t h e  i d e n t i f i c a -  
t i o n  and mapping of  large d e p o s i t s  of t r a v e r t i n e  on t h e  base .  T r a v e r t i n e  
i s  known t o  be abundant on t h e  w e s t  w i d e  o f  t h e  Albuquerque Basin 
bounding t h e  east s i d e  of  t h e  Lucero u p l i f t ,  some 1 7  t o  2 0  m i  ( 2 7  t o  
32 km) w e s t  of  Belen and L o s  Lunas (Kel ley ,  1977; T i t u s ,  1963; 
Kot t lowski ,  1962) .  On t h e  east s i d e  o f  t h e  b a s i n  t r a v e r t i n e  w a s  known 
t o  e x i s t  o n l y  as  minor d e p o s i t s  l o c a t e d  j u s t  w e s t  of  P l a c i t a s  on t h e  
n o r t h  end of  t h e  Sandia  Mountains and t h e  s m a l l  o u t c r o p  a t  Coyote 
Spr ing  d e s c r i b e d  by Reiche ( 1 9 4 9 )  and mapped by Myers and McKay ( 1 9 7 0 ) .  
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The l o w  h i l l s  i n  s e c t i o n s  2 7 ,  28, and 33, T 9 N ,  R 4 E ,  de sc r ibed  
by Reiche ( 1 9 4 9 )  as T e r t i a r y  g r a v e l s  are a c t u a l l y  t r a v e r t i n e  mounds 
r i s i n g  some 100 t o  125 f t  (30 t o  38 m )  above t h e  mesa, cove r ing  about  
240 acres (97 h e c t a r e s ) .  T r a v e r t i n e  i s  also abundant i n  t h e  channel  

of  Coyote a r r o y o  f r o m  abou t  100 yds  ( 9 1  m )  w e s t  of  t h e  b r i d g e  ove r  t h e  
a r r o y o  i n  s e c t i o n  2 2 ,  T 9 N ,  R 4 E t o  a p o i n t  nea r  a s m a l l  s p r i n g  i n  
t h e  a r royo  bed almost 1 m i  (1.6 km) east. The t r a v e r t i n e  i s  w e l l  
exposed a t  t h i s  l o c a t i o n  immediately under and a d j a c e n t  t o  t h e  b r i d g e  
and i n  l e d g e s  and benches on bo th  sides r i s i n g  about  30 f t  ( 9  m )  above 
t h e  channel .  E x c e l l e n t  exposures  of t r a v e r t i n e  i n  t h e  mounds ( h i l l s )  
are found i n  t h e  road  c u t  abou t  3,000 f t  (914 m )  w e s t  o f  t h e  w e s t  
e n t r a n c e  t o  t h e  solar power tower complex, and i n  t h e  east-west a r r o y o  
s e p a r a t i n g  t h e  t w o  southernmost  h i l l s .  The h i l l s  are a l i g n e d  i n  a 
nor th-south  d i r e c t i o n ,  o f f s e t  less t h a n  one-half  m i  (0 .8  km) east  from 
t h e  prominent bench of  t h e  Hubbell  Sp r ings  f a u l t  s c a r p  on t h e  I s l e t a  
Ind ian  Rese rva t ion  some 2.5 m i  ( 4  km) south .  

( 

Thickness  of t h e  t r a v e r t i n e  i s  unknown. I ts  base  w a s  encountered 
i n  o n l y  one l o c a t i o n ,  about  60 t o  100 yds (55 t o  91 m )  n o r t h e a s t  of  t h e  
mouth of  a s m a l l  a r r o y o  behind an  e a r t h e n  bunker ,  nor thwes t  of  a l a r g e  
water t ank  i n  t h e  s o u t h e a s t  q u a r t e r  of s e c t i o n  28. Here, a r e s i s t a n t  
l edge  o f  t r a v e r t i n e  unconformably o v e r l i e s  a weathered pinkish-brown 
Precambrian q u a r t z i t e .  The t r a v e r t i n e  i s  o n l y  about  30 f t  (9  m )  t h i c k  
a t  t h i s  p o i n t ,  c o n s i d e r a b l y  less t h a n  t h e  m o r e  t h a n  1 0 0  f t  ( 3 0  m )  
exposed i n  t h e  t r ave r t ine  h i l l s  s o u t h  of t h e  "water t a n k  a r royo . "  

A l l  of t h e  t r a v e r t i n e  fo rma t ions  are conglomera t ic .  Those i n  t h e  
d r a i n a g e  of  Coyote a r r o y o  c o n t a i n  c las ts  t h a t  are predominant ly  
Precambrian g r a n i t e s ,  s c h i s t s ,  and q u a r t z i t e s ,  wh i l e  t h o s e  i n  t h e  l o w  
h i l l s  have a preponderance o f  Pa leozo ic  l imes tones ,  s ands tones ,  and 
s h a l e s .  C l a s t s  range  i n  s i z e  from sand- s i ze  mater ia l  th rough bou lde r s  
as  l a r g e  as  1 2  i n  (30 c m )  i n  d i ame te r .  I t  would be d i f f i c u l t  t o  a s s i g n  
any s i g n i f i c a n t  t o  t h e  conglomerate  components i n  t e r m s  of  a t t e m p t s  t o  
d a t e  t h e  accumula t ions  of t r a v e r t i n e :  t h e  beds c o n t a i n i n g  a m a j o r i t y  
of  Precambrian c las ts  are a d j a c e n t  t o  t h e  T i j e ra s  f a u l t  where o l d e r  
r o c k s  were probably  exposed p r i o r  t o  t h e  beginning  o f  t r a v e r t i n e  depo- 
s i t i o n ,  and t h e  t r a v e r t i n e  h i l l s  are w i t h i n  1 m i  ( 1 . 6  km) o f  Paleozoic 
o u t c r o p s  on t h e  Hubbell  Bench. Boulder errat ics  of  Precambrian 
q u a r t z i t e  up t o  6 f t  ( 2  m )  i n  d i ame te r  are found on t h e  n o r t h  s l o p e  of 
t h e  northernmost  t r a v e r t i n e  h i l l ,  w e s t  of  t h e  water t ank  i n  s e c t i o n  2 8 ,  
t h a t  imply an  enormous load  c a p a c i t y  o f  streams of  p e r i o d i c  f l o o d s  from 
t h e  mountains  t o  t h e  east. 

The occur rence  o f  t r a v e r t i n e  i s  n o t ,  by i t s e l f ,  ev idence  o f  a 
hydrothermal  regime. I n  connec t ion  w i t h  o t h e r  d a t a ,  however, it l e n d s  
suppor t  t o  a g e o l o g i c a l  b a s i s  f o r  p r e d i c t i n g  one.  The t r a v e r t i n e  h i l l s  
or mounds are a t  t h e  i n t e r s e c t i o n  of t h e  Hubbell  Sp r ings ,  T i j e ra s ,  and 
presumed s a n d i a  f a u l t s  (P l a t e  1 and F i g u r e  3 ) .  The i r  occu r rence  i s  
i n d i c a t i v e  of  an  unde r ly ing  major f a u l t  system thorough and a long  which 
large volumes o f  water f r e e l y  migra ted .  A model of t h e  hydrology would 
sugges t  t h a t  a p rev ious  system e x i s t e d  t h a t  coursed  meteoric water 
through t h e  San ta  Fe Formation i n  t h e  r i f t  t o  a dep th  where it w a s  sub- 
j e c t e d  t o  s u b s t a n t i a l l y  w a r m e r  t empera tu res  and then  rose t o  t h e  s u r -  
f a c e  by convec t ion  c u r r e n t s  a long  t h e  master f a u l t s .  
t o  expec t  t h e  f o c a l  p o i n t  fo r  t h i s  a c t i v i t y  t o  occur  a t  t h e  i n t e r s e c t i o n  
of t h e  t e c t o n i c a l l y  a c t i v e  T i l e ra s  and Hubbell  Springs-Sandia  f a u l t s .  
Later e v e n t s ,  perhaps  i n c l u d i n g  p lugging  of t h e  f a u l t  p e r m e a b i l i t i e s  by 
t r a v e r t i n e  d e p o s i t i o n ,  a change i n  t h e  r e g i o n a l  hydro logic  g r a d i e n t ,  and 
masking o f  t h e  thermal  water by l o w  tempera ture  meteoric water cascad ing  
from t h e  mountains  across t h e  b a s i n  f a u l t  as  d e s c r i b e d  by T i t u s  (1963) ,  
r e s u l t e d  i n  c e s s a t i o n  o f  s p r i n g  and p o s s i b l e  thermal  a c t i v i t y  a t  t h i s  

I t  would be  l o g i c a l  
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s i t e .  Morgan and o t h e r s  (1981) d i s c u s s  a s imi la r  concept  t o  account  f o r  
s u r f a c e  and nea r  s u r f a c e  hydrothermal  anomalies  where ground water  i n  
t h e  b a s i n s  of t h e  Rio Grande r i f t  d i s c h a r g e s  a c r o s s  subsu r face  con- 
s t r i c t i o n s  a t  t h e i r  downstream ends.  F i g u r e  6 i s  a schematic  cross 
s e c t i o n  t o  i l l u s t r a t e  t h e s e  r e l a t i o n s h i p s  on t h e  base .  

Temperature 

Recent i n v e s t i g a t i o n s  o f  t h e  geothermal  c h a r a c t e r i s t i c s  of t h e  Rio 
Grande r i f t  have produced a g r e a t  d e a l  of  i n fo rma t ion  r e l a t i n g  t o  
t empera tu res  i n  t h e  r o c k s  and f l u i d s  of t h e  b a s i n s .  U n t i l  a geothermal  
p rospec t  i s  developed,  however, much of  t h i s  r e s e a r c h  data  remains 
s p e c u l a t i v e  and inconc lus ive .  

R e i t e r  and o t h e r s  (1975, 1978) have a n a l i z e d  h e a t  f low d a t a  and 
determined t h a t  a major geothermal  anomaly w i t h  h e a t  f low v a l u e s  
g r e a t e r  t han  2.5 h e a t  f low u n i t s  ( H F U )  i s  c o i n c i d e n t  w i t h  t h e  wes te rh  
p a r t  of  t h e  R i o  Grande r i f t .  These i n v e s t i g a t o r s  sugges t  t h a t  t h e  
anomaly may o v e r l i e  deep c r u s t a l  f r a c t u r e s  t h a t  p e n e t r a t e  t h e  upper 
mant le  of  t h e  e a r t h  through which magmatic f l u i d s  approach t h e  s u r f a c e .  
A s  ev idence  t h e y  s i t e  r e c e n t  v o l c a n i c  a c t i v i t y  and thermal  s p r i n g s  on t h e  
r i f t ' s  wes te rn  s i d e  and g e n e r a l  absence  of  t h e  same f e a t u r e s  on i t s  
e a s t e r n  s i d e ,  implying t h a t  e x t e n s i o n a l  t e c t o n i c  a c t i v i t y  has  been p r i -  
m a r i l y  concen t r a t ed  on t h e  r i f t ' s  w e s t  wide. 

Chapin ( 1 9 7 1 )  observed t h a t  r i f t i n g  began a t  l eas t  1 8  m i l l i o n  y e a r s  
ago and t h a t  concur ren t  volcanism and h o t  s p r i n g  a c t i v i t y  o c c u r s  mainly 
a long  t h e  r i f t ' s  medial  a x i s  and w e s t  s i d e .  H e  a t t r i b u t e s  t h i s  t o  
s t r e t c h i n g  o f  t h e  c r u s t  and normal f a u l t i n g  on t h e  w e s t  s i d e  r e l i e v i n g  
s u b c r u s t a l  p r e s s u r e s  and p rov id ing  avenues f o r  a s c e n t  of magmas and 
hydrothermal  s o l u t i o n s ,  w h i l e  l o n g i t u d i n a l  f a u l t s  on t h e  east  s i d e  are 
r e l a t i v e l y  t i g h t  and unconducive t o  magmatism. 

A magmatic h e a t  sou rce  benea th  t h e  r i f t  i s  d e s c r i b e d  by Sanford 
(1978) i n  t e r m s  of geophys ica l  ev idence  for a sha l low l e n s  of  f l u i d  magma 
benea th  t h e  Socorro  area. R e i l i n g e r  and o t h e r s  (1980) ex tend  S a n f o r d ' s  
c u r r e n t l y  a c t i v e  magma body t o  benea th  Albuquerque, c i t i n g  ev idence  t h a t  
i n c l u d e s  anomalously h igh  ear thquake  a c t i v i t y  ( i n c l u d i n g  s w a r m s )  and 
g e o d e t i c  ev idence  f o r  h i s t o r i c  c r u s t a l  doming above t h e  magma l e n s .  
These researchers b e l i e v e  t h e  magma t o  be located about  1 2  m i  ( 2 0  k m )  
benea th  t h e  s u r f a c e  and t o  be i n f l a t i n g  a t  a r a t e  of about  2 x l o - '  
km3/yr (7 ,000 f t 3 / y r )  , w i t h  con t inuous  s u r f a c e  u p l i f t  averaging  about  
5 mm/yr (0 .2  i n / y r ) .  T o w l e  (19801, a n a l i z i n g  t h e  geomagnetic v a r i a t i o n  
f i e l d  across t h e  R i o  Grande r i f t ,  s ta tes  t h a t  t h e  ev idence  f o r  magmatic 
i n t r u s i o n  i n  t h e  c e n t r a l  r i f t  between 34' t o  36O n o r t h  l a t i t u d e  
( K i r t l a n d  AFB i s  a t  35ON l a t )  i s  compelling. Jaksha  and o t h e r s  ( 1 9 8 0 )  
measured ear thquake  s w a r m s  i n  1978 and 1979 gene ra t ed  about  1 . 5  m i  
(2 .5  km)  w e s t  o f  t h e  Albuquerque volcanoes  on t h e  w e s t  mesa. They 
i n t e r p r e t  t h e  movement t o  be a s s o c i a t e d  w i t h  a nor th-south ,  h igh  a n g l e ,  
w e s t  d ipp ing  normal f a u l t  t h a t  p r o j e c t s  t o  t h e  s u r f a c e  exposure of  t h e  
f i s s u r e  a long  which t h e  volcanoes  e rup ted .  T h i s  ev idence  could  a l so  be 
i n t e r p r e t e d  t o  be  a s s o c i a t e d  w i t h  i n f l a t i o n  or  d e f l a t i o n  of  a magma 
body. 

Anomalous t empera tu res  and t empera tu re  g r a d i e n t s  i n  t h e  Albuuuerque 
area are d i s c u s s e d  by Pa rke r  and J i r a c e k  (19811, i n c l u d i n g  h ighe r  t han  
normal t empera tu res  i n  c i t y  w a t e r  w e l l s  on t h e  w e s t  mesa and t h e  r e s u l t s  
of a s tudy  t h a t  i d e n t i f i e d  an  area w i t h  tempera ture  g r a d i e n t  v a l u e s  
exceeding 1 2 O o C / k m  (7.6OF/100 f t )  on t h e  mesa 5 m i  ( 8  km) w e s t  of  
Albuquerque. According t o  t h e s e  i n v e s t i g a t o r s ,  t h e  average  t empera tu re  
g r a d i e n t  i n  t h e  R i o  Grande r i f t  i s  35OC/km (2.5'F/100 f t ) .  
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The heat flow data collected by Reiter and others (1975) in the 
immediate Albuquerque area are limited to three locations, all on 
Kirtland AFB lands. These imply lower than normal HFU's and were used 
by the investigators as a basis for limiting the Rio Grande rift's major 
geothermal anomaly to the west mesa where higher than normal heat flow 
was measured. The procedure used to arrive at heat flow values was to 
multiply measured geothermal gradients from drill holes by the thermal 
conductivity of the rocks penetrated by the drill holes. One of the 
drill holes is in section 4, T 9 N, R 4 E and the other two are in 
section 6, T 8 N, R 5 E (personal communication, M. Reiter, September 12, 
1980), in areas on the base where the cascade effect of cold meteoric 
water from the mountains would be expected to mask any valid thermal 
anomaly. These data, then, are probably inconclusive or invalid for 
defining geothermal values. 

Swanberg and Morgan (1980) suggest that on the basis of geochemical 
techniques applied to groundwater in the Albuquerque area the most 
promising part for geothermal development is located on the west mesa 
between the volcanoes and the Rio Grande. They state that there is no 
geGchemica1 data to suggest geothermal resources east of 1-25. Swanberg 
describes the essence of geochemical methods in geothermal analysis is 
that the solubility of various elements (or ratios of elements) is 
temperature dependent and that the concentrations become established 
within the geothermal reservoir and do not change as the water migrates 
to the surface sampling point. By plotting the concentrations (or 
ratios) against known reservoir temperature, empirical curves can be 
established which relate concentrations (or ratios) to the reservoir 
temperature. The technique is known as geothermometry and Swanberg 
suggests that although the most common use of geothermometers is to 
apply them to hot spring waters to estimate reservoir base temperatures, 
they can also be applied to non-thermal waters and the results used to 
detect the presence of a geothermal component in groundwaters. These 
procedures were used to identify the west mesa prospects. The authors 
also applied a theoretical silica heat flow method to the study area to 
supplement the traditional points used by Reiter and others (1975). 
They found that data derived from analysis of water from the city's east 
mesa wells yielded unrealistically high values that did not conform to the 
results of their geothermometry experiments or Reiter's heat flow data 
and were, therefore, suspect. 

Riddle (Riddle and Grant, 1981) collected well and spring water 
samples on and in the vicinity of Kirtland AFB. Detailed and compre- 
hensive chemical analyses of these samples were conducted. These data 
are presented in their report and suggest no significa-nt geothermal 
parameters were identified in the samples examined. 

Although a large body of geophysical evidence associated with 
seismicity and presumed shallow magma bodies suggests higher than 
normal temperatures should be encountered in the subsurface beneath 
Albuquerque, geochemical data is supportive for the west mesa area and 
contradictive for the east mesa. Of significance, however, is that if 
appropriate geologic conditions of structure and stratigraphy are 
present in the Albuquerque-Kirtland AFB area (basically a thick suite of 
porous and permeable valley fill sediments), there is no requirement 
for exotic and anomalous geothermal regimes. Normal subsurface thermal 
gradients are more than adequate to supply sufficient Btu's for large 
scale space heating and cooling requirements. 

Kelly (1974) indicated that 302OF (15OOC) temperatures should be 
encountered in the Albuquerque Basin at depths of about 17,000 ft 
(5,182 m). He also estimated that wells completed to the 12,000 ft 
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(3,658 m) level would yield about 500 gallons per minute (gpm) (32 
liters per second). Production of water from the valley fill would not 
involve pumping from great depths. Since the aquifer is essentially 
unconfined and the water table is at the surface at the level of the 
Rio Grande and only a few hundred feet below the surface at the higher 
parts of the east mesa, the hydrostatic head or column would bring the 
deeper water to the water table level in a cased wellbore. 

Deep wells drilled in the basin provide the only definitive data 
regarding sub-surface conditions of sediment type, thickness, and 
temperature. The several Shell Oil Company oil and gas tests drilled in 
the vicinity of Albuquerque (Figure 7) exhibit no abnormal sub-surface 
temperatures and a geothermal gradient of about 2'F/100ft + 60'F ambient 
temperature (about 35'C/km). 

Depth to Basement 

Depth to basement in the Albuquerque Basin can be defined as the 
vertical distance between the surface and Precambrian rocks. It com- 
prises, therefore, all the sedimentary section including not only the 
relatively unconsolidated valley fill but also the consolidated, lithi- 
fied Mesozoic and Paleozoic rocks between the base of the Tertiary and 
top of the Precambrian. Depth to basement is zero where Precambrian 
rocks are exposed, as in the Four Hills foothills and Manzanita Mountains 
on Kirtland AFB. It could be in excess of 26,000 ft (7,925 m) at the 
Shell Oil Co. No. 2 Isleta well in the Albuquerque Basin just 2 mi 
( 3  km) west of the Pueblo and 10 mi (16 km) west of the base. 

I 

Knowledge of the thickness of the Tertiary valley fill is crucial 
to an exploration program for geothermal resources on Kirtland AFB. 
The Tertiary Santa Fe Formation is the aquifer that, if thick enough, 
will contain water heated by normal thermal gradients to temperatures 
usable for significant space heating and cooling applications. 

In connection with hydrologic investigations by the USGS in the 
Albuquerque Basin, Birch (1980) attempted to determine the subsurface 
geology of the Albuquerque Basin by analysis and interpretation of 
gravity anomalies. He produced a number of profiles and sediment 
thickness maps that contribute a great deal to understanding the sub- 
surface relationships in the basin, using all available deep well 
control in and near the basin for geologic control. It appears, however, 
that in separating sedimentary units in the basin on the basis of gravity 
densities, Birch may have interjected a major error in attempting to 
separate "Neogene" from "Paleogene" sediments. "Neogene, according to 
Birch, are "post-rift" rocks and he places the base of this layer at the 
top of verious Eocene formations: Galisteo, San Jose, and Baca. The 
latter, defined as "Paleogene," have been included with the basin's 
Cretaceous and Jurassic sediments. Birch acknowledges that, "In practice 
it is not always easy to determine the base of this layer due to omissions 
in the well reports or differences in terminology." 

Illustrative of the difficulties Birch's arbitrary selection of 
valley fill sediments presents in modeling and interpretation is that 
in the Shell Oil Co. No. 1 Isleta in section 7 ,  T 7 N, R 1 E, there 
are more than 12,000 ft (3,658 m) of "valley fill" overlying the 
Cretaceous. Birch assigns the upper 5,300 ft (1,615 m) or so to the 
Santa Fe Formation and includes the other approximately 6,700 ft (2,042 m) 
to the gravity layer that includes Cretaceous and Jurassic strata. This 
artificial delineation of stratigraphic units may fit the mechanical 
requirements of the geophysical model, but it makes little or no sense 
geologically. 

1 
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Shell No. 1 
Santa Fe 11,045 ft (3,367 m) 
236°F 
( 1 13OC) BHT 

Shell No. 3 0 
Santa Fe 10,276 ft  (3,132 m) TD 

c ------- 

Trans Ocean No. 1 

235°F (1 13OC) BHT 
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Figure  7 .  Deep w e l l s  i n  t h e  v i c i n i t y  of Albuquerque. (TD:  Total  Depth; 
BHT: B o t t o m  H o l e  Temperature.)  
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Although t h e y  may be a r e s u l t  of  d i f f e r e n t  p e r i o d s  of  i n - f i l l ,  a l l  . 
of  t h e  T e r t i a r y  r o c k s  above p re -bas in  d e p o s i t s  and t e r r a i n s  as  o l d  as  
Precambrian are t e c t o n i c a l l y  r e l a t e d ,  l i t h o l o g i c a l l y  s i m i l a r ,  are 
probably h y d r o l o g i c a l l y  i n t e r c o n n e c t e d ,  and can  be  c o l l e c t i v e l y  des igna ted  
v a l l e y  f i l l  (or  b a s i n - f i l l ) .  Pr.e-Santa Fe T e r t i a r y  sediments  a r e  d i f f i -  
c u l t  t o  r ecogn ize  i n  t h e  subsu r face  and where t h e y  are d i f f e r e n t i a t e d  i n  
s u r f a c e  exposures  t h e y  are less t h a n  3,000 f t  ( 9 1 4  m )  t h i c k  (Kel ley ,  e 

1 9 7 7 ) .  

Of pr imary importance i n  B i r c h ' s  s tudy  i s  h i s  d e p t h  t o  t h e  Precambrian 
basement map of  t h e  Albuquerque Basin (F igu re  8 ) .  Because t h i s  map 
i n c o r p o r a t e s  a l l  t h e  g r a v i t y  d e n s i t i e s  and sed imentary  l a y e r s  above t h e  
Precambrian, t h e  s i g n i f i c a n c e  o f  t h e  v a l l e y  f i l l  t h i c k n e s s  miscalcula- 
t i o n  i s  lo s t  because it i s  inco rpora t ed  i n  a l l  t h e  sedimentary s u i t e s .  
The map s u g g e s t s  t h a t  t h e  area of  K i r t l a n d  AFB w e s t  of  t h e  Hubbell  
Springs-Sandia  f a u l t  l i n e  has  Precambrian rocks  bu r i ed  a t  a subsea datum 
of -9,840 t o  -11,484 f t  (-3,000 t o  -3,500 m ) .  Added t o  an average  s u r f a c e  
e l e v a t i o n  above sea l eve l  on t h e  base  o f  5,400 f t  (1, 4 6  m ) ,  t h e  d e p t h  t o  
basement on B i r c h ' s  map is  15,240 t o  16,884 f t  ( 4 , 6 4 6  t o  5,146 m )  i n  t h i s  
area. W e l l  d a t a  and o t h e r  i n fo rma t ion  (Kel ley ,  1977) i n d i c a t e s  t h a t  t h e  
Cre taceous  t o  Precambrian i n t e r v a l  i s  about  5 , 0 0 0  f t  1,524 m )  t h i c k ,  
l e a v i n g  a v a l l e y  f i l l  s u i t e  of  about  1 0 , 0 0 0  t o  12,000 f t  (3 ,048 t o  
3,658 m ) .  

ba se  w a s  ob ta ined  through an  experiment  conducted November 2 6 ,  1 9 8 0 .  
A s  p a r t  of  a r o u t i n e  t e s t i n g  program t h e  C i v i l  Engineer ing  Research 
F a c i l i t y  of UNM (CERF) de tona ted  a l a r g e  q u a n t i t y  of e x p l o s i v e s  i n  
s e c t i o n  36, T 9 N ,  R 3 E.  The b l a s t w a s  measured and recorded  by equip-  
ment f u r n i s h e d  and monitored by t h e  USGS Albuquerque Se ismologica l  
Labora tory  under  t h e  guidance  of  g e o p h y s i c i s t  Lawrence H.  Jaksha .  The 
l o c a t i o n  of  t h e  r e c o r d i n g  s t a t i o n s  i s  shown on F i g u r e  3 and t h e  r e f r a c -  
t i o n  r e s u l t s  are d e s c r i b e d  i n  Table  2.  Although t h e  experiment  w a s  
l i m i t e d  i n  scope,  somewhat c r u d e ,  and,  acco rd ing  t o  Jaksha  ( p e r s o n a l  
communication February  6 ,  19811, "The estimates of t h e  t h i c k n e s s  of  t h e  
sedimentary sec t ion  have a l o t  o f  assumptions behind them, and should be 
used as  f i r s t  approximat ions  o n l y , "  t h e y  do  c o n t r i b u t e  t o  o u r  knowledge 
of  t h e  b a s i n ' s  development and c o n f i g u r a t i o n .  

A d d i t i o n a l  geophys ica l  d a t a  r e l a t i n g  t o  d e p t h  t o  basement on t h e  

Like  t h e  t empera tu re  d a t a ,  geophys ica l  i n fo rma t ion  on subsu r face  
c o n d i t i o n s  of  s t r u c t u r e ,  sediment t h i c k n e s s ,  and d e p t h  t o  basement i n  
t h e  Albuquerque Bas in  i s  somewhat s u b j e c t i v e  and i n c o n c l u s i v e .  B i r c h ' s  
basement map i n t e r p r e t e d  from g r a v i t y  d a t a  (F igu re  8 )  i s  a c c u r a t e  where 
deep  w e l l  d a t a  e x i s t s  b u t  may i n c o r p o r a t e  s u b s t a n t i a l  errors e l sewhere .  
The S h e l l  N o .  2 I s le ta  i n  s e c t i o n  1 6 ,  T 8 N ,  R 2 E ,  f o r  i n s t a n c e ,  may 
have 60 p e r c e n t  more d e p t h  t o  basement t h a n  t h e  map i n d i c a t e s .  I t  
should be  r e a l i z e d  t h a t  g e o l o g i c a l  and geophys ica l  d a t a  and i t s  i n t e r -  
p r e t a t i o n  i n  t h i s  r e g i o n ,  though f a r  more advanced, e x t e n s i v e ,  and 
balanced t h a n  j u s t  1 0  or  so y e a r s  ago,  s t i l l  l a c k s  m a t u r i t y .  Addi- 
t i o n a l  w e l l  d a t a  coupled w i t h  more s o p h i s t i c a t e d ,  focused,  and expens ive  
seismic t e c h n i q u e s  w i l l  l e a d  t o  o t h e r  conc lus ions  and new i n t e r p r e t a -  
t i o n s  t o  un rave l  t h e  c o m p l e x i t i e s  of t h e  Albuquerque B a s i n ' s  s t r u c t u r a l ,  
sed imentary ,  and hydro logic  h i s t o r y .  
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F i g u r e  8.  E l e v a t i o n  of Precambrian basement re la t ive  t o  sea-level datum 
i n  t h e  Albuquerque Basin.  
D o t s  show l o c a t i o n s  of Precambrian w e l l s .  Source: Bi rch ,  1 9 8 0 .  

Contour i n t e r v a l  0 .5  km (1,640 f t ) .  
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Table 2. Refraction Geophysical Experiment, CERF Explosion, Kirtland 
AFB, November 26, 1980 

Stat ion 

1 

2 

3 

4 

5 

6 

7 

8 

Indicated Thickness 
of Valley Fill 
(Gross Thickness 

Depth to Basement -5,000 ft/-1,524 m) 
Location km ft ft m 

Sec. 3, T 9 N, R 4 E No records 

Sec. 32, T 10 N, R 4 E No records 

Sec. 31, T 10 N, R 4 E 3.49 km 11,451 ft 6,451 ft 1,966 m 

Sec. 35, T 10 N, R 3 E No records 

Sec. 34, T 10 N, R 3 E 4.03 km 13,222 ft 8,222 ft 2,506 m 

Sec. 5, T 9 N, R 3 E 5.22 km 17,127 ft 12,127 ft 3,696 m 

Sec. 25, T 9 Nt R 2 E 3.57 km 11,713 ft 6,713 ft 2,046 m 

Sec. 13, T 8 N, R 2 E 3.15 km 10,335 ft 5,335 ft 1,626 m 



CON CLU S I ON S 

Geo log ica l ,  geophys ica l ,  and hydro log ica l  d a t a  i n  t h e  Albuquerque 
Basin,  though i n s u f f i c i e n t  i n  some areas and c o n t r a d i c t o r y  and incon- 
c l u s i v e  i n  o t h e r s ,  are adequate  t o  p r e d i c t  t h e  e x i s t e n c e  of an e x t e n s i v e  
i n t e r m e d i a t e  (200°F/930C) t o  high-temperature  ( i n  e x c e s s  of 300°F/1490C) 
geothermal  system benea th  p o r t i o n s  of  K i r t l a n d  AFB l a n d s .  The base  i s  
t h e  f o c a l  p o i n t  f o r  a number o f  major t e c t o n i c  e v e n t s  t h a t  p rov ide  e v i -  
dence f o r  a p o s s i b l e  anomalous hydrothermal  convec t ive  regime nea r  t h e  
s u r f a c e ,  as w e l l  as a deepe r  system i n  an  unconfined a q u i f e r  of  r e l a t i v e l y  
unconso l ida t ed  b a s i n - f i l l  sed iments  t h a t  exceed 20,000 f t  ( 6 , 0 9 6  m )  i n  
t h i c k n e s s  i n  a w e l l  11 m i  (18 km) southwest .  

V i r t u a l l y  a l l  of  t h e  p r i n c i p a l  t e c t o n i c  e v e n t s  t h a t  formed t h e  east  
s i d e  o f  t h e  R i o  Grande r i f t ,  t h e  Albuquerque Bas in  and t h e  a d j o i n i n g  
Sandia ,  Manzanita,  and Manzano mountain r anges  occur red  on and have pro-  
foundly  a f f e c t e d  K i r t l a n d  AFB l a n d s .  The Ti je ras  f a u l t  t h a t  has  beeh 
t e c t o n i c a l l y  a c t i v e  and expe r i enc ing  movement from t h e  Precambrian t o  
t h e  p r e s e n t  b i s e c t s  t h e  base  i n  a nor theas t - southwes t  d i r e c t i o n .  Where 
it i n t e r s e c t s  t h e  Hubbell  Sp r ings  f a u l t ,  be l i eved  t o  be t h e  major no r th -  
s o u t h  r i f t  bounding f a u l t  on t h e  east  s i d e  of t h e  b a s i n ,  i n  t h e  v i c i n i t y  
of s e c t i o n s  28 and 33, T 9 N, R 4 E ,  t h e r e  i s  an  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 .  

Although t r a v e r t i n e  i s  n o t  by i t s e l f  c o n c l u s i v e  ev idence  o f  a hydro- 
thermal  regime,  and i n a c t i v e  thermal  s p r i n g  areas are n o t  n e c e s s a r i l y  
i n d i c a t i v e  o f  nea r  s u r f a c e  u s e f u l  h e a t ,  i t s  occur rence  superimposed on 
major f a u l t  systems w a r r a n t s  f u r t h e r  i n v e s t i g a t i o n .  I t  i s  appa ren t  t h a t  
l a r g e  volumes o f  water f r e e l y  migra ted  a long  t h e s e  f a u l t s  t h a t  i s s u e d  
as  t r a v e r t i n e  d e p o s i t i n g  s p r i n g s .  A model of t h e  hydrology would 
sugges t  t h a t  t h i s  p r e e x i s t i n g  system coursed  meteoric w a t e r  th rough t h e  
v a l l e y  f i l l  sed iments  o f  t h e  R i o  Grade r i f t ' s  San ta  Fe Formation where 
it w a s  s u b j e c t e d  t o  s u b s t a n t i a l l y  w a r m e r  t empera tu res  a t  d e p t h  and t h e n  
rose t o  t h e  s u r f a c e  by convec t ion  c u r r e n t s  a long  t h e  master f a u l t s .  I t  
is  l o g i c a l  f o r  t h e  f o c a l  p o i n t  of  t h i s  a c t i v i t y  t o  be a t  t h e  i n t e r -  
s e c t i o n  of t h e  t e c t o n i c a l l y  act ive T i j e ra s  and Hubbell  S p r i n g s  f a u l t s .  

Later e v e n t s ,  perhaps  i n c l u d i n g  p lugging  of  t h e  f a u l t  p e r m e a b i l i t i e s  
by chemical  d e p o s i t i o n ,  a change i n  t h e  r e g i o n a l  hydro logic  g r a d i e n t ,  and 
masking of t h e  t h e r m a l  w a t e r  by l o w  t empera tu re  m e t e o r i c  w a t e r  cascading  
from t h e  nearby  mountains  across a sha l low,  r e l a t i v e l y  impermeable 
s t r u c t u r a l  bench b e f o r e  p lunging  i n t o  t h e  b a s i n  across t h e  boundary f a u l t ,  
r e s u l t e d  i n  c e s s a t i o n  of  s p r i n g  and p o s s i b l e  thermal  a c t i v i t y  a t  t h i s  
s i te .  Although s t r o n g  thermal  s p r i n g  a c t i v i t y  i s  g e o l o g i c a l l y  s h o r t  
l i v e d  and probably  r e p r e s e n t s  a minor phase o f  a more e x t e n s i v e  p e r i o d  
of  h o s t  rock  h e a t i n g  and c o o l i n g ,  it should  be  recognized  t h a t  a g r e a t  
d e a l  o f  u s e f u l  h e a t  would c o n t i n u e  t o  be  s t o r e d  i n  a h o s t  rock  and 
a s s o c i a t e d  a q u i f e r s  long  a f t e r  s u r f a c e  m a n i f e s t a t i o n s  have d i sappea red .  
The basinward s i d e  o f  t h e  t r a v e r t i n e  d e p o s i t s ,  t h e n ,  i s  a pr imary pros-  
p e c t  f o r  e v a l u a t i n g  t h e  p o s s i b i l i t y  o f  t h e  occur rence  of r e l a t i v e l y  nea r  
s u r f a c e  h o t  w a t e r .  

A l a r g e  body o f  geophys ica l  ev idence  associated w i t h  s e i s m i c i t y  and 
presumed sha l low magma bod ies  s u g g e s t s  h ighe r  t h a n  normal t empera tu res  
should be encountered  i n  t h e  s u b s u r f a c e  benea th  Albuquerque. Geochemical 
d a t a  from water a n a l y s i s ,  t empera tu re  g r a d i e n t  exper iments ,  and terres- 
t r i a l  h e a t  f low measurements appear  t o  suppor t  t h i s  premise f o r  areas 
w e s t  of  t h e  R i o  Grande and are c o n t r a d i c t i v e  and i n c o n c l u s i v e  €or t h e  
east  mesa areas. 



Of s i g n i f i c a n c e  is  t h a t  i f  a t h i c k  s u i t e  of  porous and permeable 
v a l l e y  f i l l  sed iments  u n d e r l i e s  t h e  Albuquerque-Kirtland AFB r e g i o n  
t h e r e  i s  no requi rement  f o r  e x o t i c  and anomalous geothermal  regimes 
supported by mechanical  and t h e o r e t i c a l  d a t a .  N o r m a l  subsu r face  thermal  
g r a d i e n t s  are more t h a n  adequate  t o  supply  s u f f i c i e n t  B t u ' s  f o r  l a r g e  
scale space  h e a t i n g  and c o o l i n g  requi rements .  Depth t o  basement approxi -  
mat ions  from g r a v i t y  and r e f r a c t i o n  geophys ica l  r e s e a r c h  and experiments  
i n d i c a t e  t h e  Albuquerque Basin and t h e  wes te rn  p a r t  of  t h e  base  t o  be  
u n d e r l a i n  by between 6,500 t o  12,000 f t  (1 ,981  t o  3,658 m )  of  water 
s a t u r a t e d  v a l l e y  f i l l  d e p o s i t s .  

Deep w e l l s  d r i l l e d  i n  t h e  b a s i n  p rov ide  t h e  o n l y  d e f i n i t i v e  d a t a  
r ega rd ing  sub-sur face  c o n d i t i o n s  of sediment t y p e ,  t h i c k n e s s ,  and 
tempera ture .  S e v e r a l  S h e l l  O i l  Company o i l  and g a s  tes ts  d r i l l e d  i n  
t h e  v i c i n i t y  of  Albuquerque-Kirtland AFB e x h i b i t  no abnormal sub-sur face  
t empera tu res  and show t h e  v a l l e y  f i l l  sed iments  t o  be  more than  21,000 f t  
( 6 , 4 0 0  m )  t h i c k .  N o r m a l  t empera tu re  g r a d i e n t s  of  about  2OF/100 f t  p l u s  
60°F ambient background (about  35OC/km) would p rov ide  w a t e r  t empera tu res  
i n  t h e s e  sed iments  r ang ing  from 260°F t o  460°F ( 1 2 7 O C  t o  238OC) a t  d e p t h s  
of  1 0 , 0 0 0  t o  20,000 f t  (3 ,281  t o  6,562 m ) .  

RECOMMENDATIONS 

Shallow Temperature Grad ien t  W e l l s  

Shal low t empera tu re  g r a d i e n t  h o l e s ,  normally cons ide red  t o  be  an  
e f f e c t i v e  and r e l a t i v e l y  inexpens ive  phase of geothermal  r e s e r v o i r  d e f i n i -  
t i o n ,  are n o t  recommended f o r  K i r t l a n d  AFB. Wells d r i l l e d  east of  t h e  
Hubbell  S p r i n g s  f a u l t  w i l l  encounter  groundwater i n  perched a q u i f e r s  a t  
sha l low d e p t h s  o v e r l y i n g  c o n s o l i d a t e d ,  r e l a t i v e l y  impermeable bedrock. 
T h i s  water i s  immediately d e r i v e d  from r a i n  and snowfa l l  on t h e  nearby 
mountains. Wells d r i l l e d  w e s t  o f  t h e  Hubbell  Sp r ings  f a u l t  w i l l  encounter  
groundwater t h a t  i s  t h e  over f low from t h e  perched a q u i f e r s  t o  t h e  east  
a s  it cascades  over  t h e  f a u l t  i n t o  t h e  t h i c k  Albuquerque Basin v a l l e y  
f i l l .  Depending upon topography and s u r f a c e  e l e v a t i o n s ,  t h e  water t a b l e  
on K i r t l a n d  AFB w e s t  of t h e  Hubbell  S p r i n g s  f a u l t  i s  encountered  a t  about  
450 t o  550 f t  (137 t o  168 m )  below t h e  s u r f a c e ,  about  4,900 f t  ( 1 , 4 9 4  m )  
above sea l e v e l  ( U . S .  Army Corps of  Engineers ,  1979) .  I t  i s  u n l i k e l y  t h a t  
w e l l s  d r i l l e d  t o  less t h a n  2,000 t o  3,000 f t  (610 t o  9 1 4  m )  w i l l  o b t a i n  
u s e f u l  d a t a  above t h e  zone of  i n t e r f e r e n c e .  

R e f l e c t i o n  Se ismic  Survey 

E x i s t i n g  geophys ica l  d a t a  i s  i n c o n c l u s i v e  r e g a r d i n g  sediment t h i c k -  
I 

n e s s  and d e p t h  t o  basement i n  t h e  K i r t l a n d  AFB area. I t  i s  recommended 
t h a t  a commercial geophys ica l  survey  be  conducted on t h e  base  u s i n g  
r e f l e c t i o n  o r  r e f r a c t i o n  t echn iques .  R e f l e c t i o n  t echn iques  measure t h e  
energy or  wave from an exp los ion  or  o t h e r  seismic source  which has  been 
r e f l e c t e d  ( r e t u r n e d )  from an acoust ic- impedance c o n t r a s t  ( r e f l e c t o r )  or  
series o f  c o n t r a s t s  w i t h i n  t h e  e a r t h .  The o b j e c t i v e  of  m o s t  r e f l e c t i o n -  
seismic work i s  t o  de te rmine  t h e  l o c a t i o n  and a t t i t u d e  of  r e f l e c t o r s  
from measurements of  t h e  a r r i v a l  t i m e  of pr imary r e f l e c t i o n s  and t o  
i n f e r  from t h e  r e f l e c t o r s  t h e  geo log ic  s t r u c t u r e  and s t r a t i g r a p h y .  A 
r e f r a c t i o n  survey  maps geo log ic  s t r u c t u r e  u s i n g  head waves. Head waves 
invo lve  energy which e n t e r s  a h igh -ve loc i ty  medium ( r e f r a c t o r )  nea r  t h e  
c r i t i ca l  a n g l e  and which t r a v e l s  i n  t h e  h igh -ve loc i ty  medium n e a r l y  
p a r a l l e l  t o  t h e  r e f r a c t o r  s u r f a c e .  Head wave a r r i v a l s  are i d e n t i f i e d  
i n  t e r m s  of  t i m e  a f t e r  t h e  s h o t  and of d i s t a n c e  from t h e  s h o t .  The 

.- 

o b j e c t i v e  i s  t o  de te rmine  t h e  a r r i v a l  t i m e s  of t h e  head waves i n  o r d e r  
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t o  map t h e  dep th  t o  t h e  r e f r a c t o r s  i n  which t h e y  t r a v e l e d  ( S h e r i f f ,  
1973) .  The r e f l e c t i o n  seismic survey  would be p r e f e r a b l e  s i n c e  it 
would probably  r e a d i l y  d e f i n e  and s e p a r a t e  t h e  dense  Precambrian g r a n i t i c  
m a s s  from t h e  o v e r l y i n g  Mesozoic and Pa leozo ic  beds ,  as  w e l l  a s  s eg re -  
g a t e  t h e  less dense  v a l l e y  f i l l  from t h e  o t h e r  rocks.  A V i b r o s e i s  
t echn ique  t h a t  induces  v i b r a t i o n s  i n t o  t h e  ground as  t h e  energy source  
t o  g e n e r a t e  a wave t r a i n  of  c o n t r o l l e d  f r e q u e n c i e s  would probably  be 
necessa ry  and a p p r o p r i a t e  s i n c e  it does  n o t  i nvo lve  t h e  u s e  of  explo-  
s i v e s  t h a t  may be  unaccep tab le  i n  t h e  t e c h n i c a l  areas. 

A minimum of 4 l i n e s  invo lv ing  a t o t a l  o f  about  2 4  m i  (39 km) would 
be r e q u i r e d  t o  o b t a i n  d e f i n i t i v e  d a t a :  

1) 8 m i  (13 km) from t h e  n o r t h e a s t  c o r n e r  of s e c t i o n  2 ,  T 9 N, 
R 4 E ,  w e s t  t o  t h e  w e s t  s i d e  of t h e  Albuquerque I n t e r n a t i o n a l  
A i r p o r t  i n  about  t h e  nor thwes t  c o r n e r  of s e c t i o n  3 ,  T 9 N, 
R 3 E. I 

2 )  5 m i  ( 8  km) from t h e  s o u t h e a s t  c o r n e r  of  s e c t i o n  1 0 ,  T 9 N, 
R 4 E ,  a t  about  t h e  w e s t  f e n c e  l i n e  of  Manzano Base w e s t  t o  
t h e  southwest  c o r n e r  o f  s e c t i o n  1 2 ,  T 9 N ,  R 3 E .  

3 )  5 m i  ( 8  km) w e s t  a long  Magazine / Is le ta  Rd. from i t s  i n t e r -  
s e c t i o n  w i t h  Lovelace Rd. i n  t h e  nor thwes t  corner of  
s e c t i o n  35, T 9 N ,  R 4 E ,  t o  t h e  nor thwes t  c o r n e r  of  
s e c t i o n  36, T 9 N ,  R 3 E on t h e  McCormick Ranch s i t e .  

4 )  A t  l eas t  6 m i  ( 1 0  km) of  connec t ing  nor th-south  l i n e  from 
t h e  n o r t h e a s t  c o r n e r  o f  s e c t i o n  32, T 9 N, R 4 E ,  t o  t h e  
Eubank G a t e  i n  t h e  n o r t h e a s t  c o r n e r  of s e c t i o n  32, T 1 0  N ,  
R 4 E.  

The d e s c r i b e d  seismic program could  be  c o n t r a c t e d  f o r  about  $150,000 
t o  $200,000, i n c l u d i n g  i n t e r p r e t a t i o n  o f  d a t a .  

W e l l s  

Two e x p l o r a t i o n  and development programs are recommended t h a t  
i nvo lve  d r i l l i n g  w e l l s  on t h e  base.  The f i rs t  would be  t o  e v a l u a t e  t h e  
p o s s i b i l i t y  of encoun te r ing  a r e s i d u a l  nea r - su r face  hydrothermal  system 
t h a t  may have been r e s p o n s i b l e  f o r  t h e  d e p o s i t i o n  of t h e  l a r g e  t raver-  
t i n e  d e p o s i t s  i n  s e c t i o n s  28 and 33, T 9 N ,  R 4 E .  T h i s  would n e c e s s i -  
t a t e  d r i l l i n g  a 3,000 t o  5 , 0 0 0  f t  (914 t o  1,524 m )  w e l l  on t h e  down- 
thrown s i d e  o f  t h e  Hubbell  S p r i n g s  f a u l t  w e s t  of i t s  i n t e r s e c t i o n  w i t h  
t h e  Tijeras f a u l t .  The location o f  t h i s  w e l l  should be s e l e c t e d  on t h e  
b a s i s  o f  re l iable  seismic d a t a  i n  order t o  avoid  d r i l l i n g  through t h e  
f a u l t  i n t o  t h e  upthrown, impermeable rocks .  A h igh  a n g l e  f a u l t  d ipp ing  
w e s t  a t  abou t  70° would be  i n t e r s e c t e d  a t  abou t  5,400 f t  ( 1 , 6 4 6  m) i n  a 
w e l l  l o c a t e d  2,000 f t  (610 m )  away from i t s  s u r f a c e  expres s ion .  A 45" 
f a u l t  would be  i n t e r s e c t e d  by a w e l l  d r i l l e d  one m i l e  ( 1 . 6  km) away a t  
5,280 f t  ( 1 , 6 0 9  m ) .  

The second d r i l l i n g  program should  come o n l y  a f t e r  t h e  r e s u l t s  of 
t h e  seismic e f f o r t  i s  ana lyzed .  I f  seismic d a t a  shows t h e  v a l l e y  f i l l  
beds t o  exceed 8 , 0 0 0  f t  (2 ,438 m) i n  t h i c k n e s s  i n  t h e  t e c h n i c a l ,  opera-  
t i o n s ,  and a d m i n i s t r a t i o n  areas o f .  t h e  base ,  one or more w e l l s  should 
be d r i l l e d  t o  de te rmine  t h e  p r o d u c i b i l i t i e s  of  B t u ' s  con ta ined  i n  t h e  
thermal  groundwater a t  t h e s e  dep ths .  Obviously,  t h e  t h i c k e r  t h e  v a l l e y  
f i l l  a q u i f e r  i s ,  t h e  h ighe r  t h e  t empera tu res  w i l l  be a t  d e p t h ,  and t h e  
more v a l u a b l e  t h e  r e s o u r c e .  I t  i s  impor tan t  t o  r ecogn ize  t h a t  one  w e l l  
supply ing  800  gpm (50 l/s) of 410°F ( 2 1 O O C )  water would m e e t  85  p e r c e n t  
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of Kirtland's average energy demand (E. R. Hoover, this report, Appendix 
B). With normal temperature gradients, this well would be 18,000 to 
20,000 ft (5,486 to 6,096 m) deep. It is just as important to recognize 
that a series of shallower wells, though producing fewer Btu's, might 
be a very inexpensive method to meet the energy demands of specific 
buildings or special applications. 

Of the two drilling programs described, the second, involving 
drilling wells into a thick aquifer, is preferred. Although more expen- 
sive because of the necessary acquisition of additional geophysical data 
and drilling of deeper wells, its success is more assured. The aquifer 
is known to be saturated with hot water at depth. The major intangibles 
are the producibility and chemical composition of the fluids, factors 
that can be determined only by drilling and testing a well. 

Evaluating the possibility of encountering a remnant of a major 
hydrothermal convection system postulated in the vicinity of the traver- 
tine deposits is intriguing, logical, and a geologically sound premise. 
Although assigned second priority, it warrants further examination. 

costs 

Costs to drill and complete hot water wells should be less than 
$40/ft ($131/m) for wells less than 5,000 ft (914 m) deep; less than 
$100/ft ($328/m) for wells less than 10,000 ft (3,281 m) deep; an average 
$115/ft ($377/m) for wells between 10,000 to 12,499 ft (3,281 to 3,810 m) 
deep; an average $143/ft ($469/m) for wells between 12,500 to 14,999 ft 
(3,810 to 4,572 m) deep; an average $198/ft ($650/m) for wells between 
15,000 to 17, 499 ft (4,572 to 5,334 m) deep; and an average of $238/ft 
($781/m) for wells drilled 17,500 to 19,999 ft (5,334 to 6,096 m) deep, 
based on 1980 costs to drill and complete oil and gas wells (Oil and 
Gas Journal, June 1, 1981). 

These are average costs to produce "to the tanks," that would 
include rig costs, casing, tubing, pump, and other equipment. Based on 
these estimates, a 10,000 ft (3,281 m) well would cost $1 million, a 
15,000 ft (4,572 m) well would cost about $2.25 million, and a 20,000 ft 
(6,096 m) well would cost about $4.75 million to tie to a distribution 
system. Non-productive wells would cost considerably less, as there 
would be no completion costs involved. 

If deep hot water wells are successfully completed, the operators 
should be aware of the probable requirement for water reinjection wells. 
Groundwater from depths below 4,000 ft (1,219 m) will probably be saline 
or mineralized to the extent that it must be isolated from the fresh water 
part of the aquifer. Reinjection wells would probably not be drilled to 
the same depth as the producing well, as the major consideration is to 
reinject a "reasonable" distance below the base of the fresh water 
interface of the aquifer. 

Cost Benefits 

E. R. Hoover (this report, Appendix B) presents an interesting and 
timely analysis of the benefits accruing to the user of a geothermal 
resource on Kirtland AFB, particularly when compared to the use of coal 
as a boiler fuel. He notes that the conventional delivered energy cost 
for coal must include the amortized cost of capital equipment, the 
operating and maintenance costs, the boiler efficiency, and a cost of 
$2/106 Btu for the coal itself. If a geothermal well delivering 800 gpm 
(50 l/s) of 410'F (21OOC) delivers energy at a cost of $2/106 Btu, $10 
million could be invested in the production well, a reinjection well 
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(if necessary), and all other equipment before it would exceed a similar 
cost basis fo r  coal. 
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APPENDIX A 

GRAVITY STUDY ON KIRTLAND AIR FORCE BASE 

INTRODUCTION 

Gravity measurements have been made along six profiles on Kirtland 
Air Force Base; three are in an east-west direction and three trend 
approximately southeast-northwest (see Plate 1 and Figure 3 ) .  Station 
spacing is generally 0.2 mi but was reduced to 0.1 or 0.05 mi in the 
vicinity of subsurface fault scarps so that they could be more accurately 
located. 

Measurements were made using the University of New Mexico Geology 
Department's Worden Model 125 gravimeter. Horizontal and vertical cbn- 
trol was facilitated with the aid of General Site Maps provided by 
Kjrtland AFB's Civil Engineering Department. These detailed topographic 
maps are drawn to a scale of 1" = 200' and with a contour interval of 
2 feet. 

The field data were reduced to yield values of free-air anomaly 
(FAA) and complete Bouguer anomaly (CBA). Station 1, located along 
Magazine Road at the east driveway of the Solar Tower, was chosen as the 
base station and assigned an FAA and CBA of zero. Gravity values at all 
other stations are relative to Station 1. In applying the Bouguer 
correction, the intervening layer was assumed to be alluvium with a 
density of 2.0 gm/cm3. 

It is estimated that errors in the gravity values due to inaccuracies 
in elevation control, instrument operation, and terrain corrections are 
no greater than 0.2 to 0.3 mGal and are generally much less. The 
greatest errors could be expected to occur in rugged terrain (e.g., 
within or near Tijeras Arroyo). 

GRAVITY PROFILES 

The gravity profiles are shown in Figures A-1 to A-6, progressing 
from north to south. Marked differences in the character of these 
profiles, the most salient being differences in slope and the appearance 
on some of the profiles of sharp breaks in curvature, can be interpreted 
in term of subsurface structure. Changes in relative gravity along lines 
crossing these profiles reflect differing thicknesses of sediments along 
those lines and therefore provide a means of determining basement con- 
figuration. 

" 0" Street Profile 

This northernmost profile is the longest of the six; it stretches 
4 . 2  miles from a point 0 . 5  miles east of Tijeras Arroyo along the 
boundary between the military reservation and the Four Hills residential 
area, continuing westward along this boundary and then along "0" Street 
to the east-west airport runway, and projecting nearly 1.2 miles onto a 
vacant field which borders the runway to the north. 

Along this profile, gravity values decrease steadily to the west 
reflecting a deepening of dense basement rocks (i.e., an increase in 
thickness of basin fill sediments) in this direction. In relation to the 
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above-mentioned geology profile, and to several subsequent interpretations, 
it is important to note the absence of any slope changes at the longitude . 
of Eubank Boulevard. It has been proposed that the Hubbell Springs fault, 
the major rift-bounding fault west of the Manzano Mountains, continues 
northward into Albuquerque at roughly the longitude of Eubank Boulevard. 
The gravity profile shows no evidence of this but rather suggests a con- 
tinuous deepening of sediments westward from the Sandia fault which lies 
about 2 miles to the east. (The local depression in the FAA curve is 
due to the sharp elevation drop at Tijeras Arroyo and is removed by the 
Bouguer correction. In general, the FAA reflects surface topography and 
the Bouguer correction removes this effect). 

Also notable on this profile is a gentle flattening of the curve to 
the west. This lends support to the proposed listric nature of the Sandia 
rift-bounding fault. However, a series of minor step faults could also 
produce this effect. 

Pennsylvania Avenue and Coyote Arroyo Road Profiles 

Hills Precambrian basement exposure. They dip much more steeply to the 
west than the " 0 "  Street profile and have higher gravity values at their 
eastern starting points. Both features can be related to the Four Hills 
basement uplift. The greater values reflect the shallowness of dense 
granite at the east end of these profiles and the steepness of gravity 
gradients reflects the steepness of the fault which bounds the Four Hills 
on the west. The Coyote Arroyo Road profile displays a greater westward 
dip than the Pennsylvania Avenue profile and is probably more nearly 
perpendicular to the fault trace. The orientation of the Four Hills 
with the Tijeras Fault suggests strongly that their formation is related 
to fault movement. The nature of this relationship is beyond the scope 
of this report. 

These two profiles extend westward from near the base of the Four 

The Pennsylvania Avenue and Coyote Road profiles also display 
decreases in curvature at points along their length; at about 1 mile 
from the eastern end of the Pennsylvania Avenue profile and at about 
2 miles from the eastern end of the Coyote Road profile. The change in 
slope on these profiles is more dramatic than on the " 0 "  Street profile 
and may represent the position of intersection between the steeply 
dipping fault which bounds the Four Hills and a flatter crustal block at 
depth. The direction of the line which connects these two slope breaks 
is also that of the Tijeras fault and Four Hills alignment. 

Magazine Road Profile 

The Magazine Road profile begins at the east driveway of the 5 MW 
Solar Tower and continues westward for 2 miles. It is the first profile 
that depicts a sharp break indicative of a shallow subsurface fault 
scarp. This break in slope coincides with a group of hills composed to 
a large extent of travertine deposits. Westward from this point gravity 
gradients become very steep, nearly equal in slope to that found on the 
two profiles to the north. This fact, coupled with the coincidence of the 
slope break with the projection of the western scarp of the Four Hills 
Precambrian block, suggests strongly that the basement high continues 
in the direction of the Four Hills, approximately south-southeast, at 
least to the latitude of Magazine Road. Also, the fault which forms the 
western boundary of this basement block appears to persist in dip and 
direction to Magazine Road. Discussion of the gravity profiles to the 
south of Magazine Road will show that this orientation of fault and 
basement high continues to the southern edge of the military reservation. 
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An interesting feature on the Magazine Road profile is the slight 
gravity drop at the eastern end of the profile (at the Solar Tower). 
It is positioned on line with, and may be related to, the Tijeras fault 
trace. Time constraints and a lack of probable geothermal significance 
prevented a closer examination of this feature. 

South Fence Road and University Road Profiles 

The South Fence Road profile is 2.3 miles long, extending 0.5 miles 
east and 1.8 miles west of the intersection of South Fence Road with 
Isleta Road. The westernmost station is at the southwest corner of the 
military reservation. Salient on this profile is the increase in slope 
slightly west of the Isleta Road intersection. As on the Magazine Road 
profile, the gravity change coincides with a topographic ridge. This 
feature is also colinear with the western edge of the Four Hills 
Precambrian block and is almost certainly an extension of the associated 
fault. The relative gravity and sharpness of slope break are not as' 
great as at Magazine Road. Both results are explained by a thicker cover 
of low density material to the south. The slope of the gravity curve 
briefly becomes equal to that of the three previously discussed profiles 
but appears to flatten almost immediately. This could mean that the deep 
basin formed by downdropping of basement rocks west of Four Hills becomes 
shallower to the south in perhaps a ramp geometry. Alternatively, the 
decrease in slope could be the result of an enigmatic bench which extends 
westward into the Rio Grande rift south of the military reservation. 

A short (0.6 mi) profile was taken along University Road, which 
trends northwesterly from the intersection of South Fence Road with 
Isleta Road, to better determine the direction of the fault between 
where it crosses Magazine Road and where it crosses the South Fence Road. 
As expected, the gravity indication of the fault along University Road 
is on line with its trace to the north and south. The steep slope west 
of the slope break is the same as that of the steepest portion of the 
South Fence Road profile suggesting that both profiles cross the fault 
at nearly equal angles. The lack of any change in curvature of the 
University Road profile lends further support to the possibility that 
the deep basin west of Four Hills begins to shallow at the south end of 
the military base where a basement bench begins to influence structure. 
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APPENDIX B 

PRELIMINARY EVALUATION OF GEOTHERMAL 

POTENTIAL AT SANDIA 

E. R. Hoover 

May 16, 1980 
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date May 16, 1980 

lo R. K. Traeger - 4 7 4 0  

Sandia Laboratories 
Albuquerque. New Mpxico 
Liver more. Cal i fornia 

Preliminary Evaluation of Geothermal Potential at Sandia $ 

The first step in this evaluation was to determine the heating 
requirements of the Area I facilities. The heating plant and 
distribution system are generalized in Figure 1. 

118 psi steam 

17 0°F Water i 115'F 
water 

60°F Water 50% Losses 
Makeup (includes blowdown) 

Figure 1. Overall SNLA Heating System 

Currently the boiler is fired by natural gas 85 to 95 percent 
of the time. Whenever natural gas is not available, #2 fuel 
oil is used. The average, minimum, and maximum loads are 
given below: 

6 
6 
6 

Average Steam Load = 85,000 lb/hr 9 4  x 10 Btu/hr 
Maximum Steam Load = 200,000 lb/hr 221 x 10 Btu/hr 
Minimum Steam Load = 60,000 lb/hr 66 x 10 Btu/hr 

Earl Gruer in Division 3652 indicated that much of the heat- 
ing and airconditioning equipment around the labs could 
operate satisfactorily w i t h  steam temperatures lower than 
34OoF, but the existing distribution system would probably 
have to be modified extensively. To avoid modifying the dis- 
tribution system, which would be very expensive, the geothermal 
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heating system should be capable of producing 34OoF saturated 
steam. 

The formation temperature in the Albuquerque area.may be deter- 
mined using the following expression: 

T = 60 + .0175*D (OF) 
where T(OF) is formation temperature and D(ft) is the well 
depth. Assuming we drill a 20,000 ft well, the bottomhole 
temperature should be approximately 41O0F. Now, if we assume 
the overall temperature drop in the well, and in the trans- 
mission line, will not exceed 50°F, we should be able to 
deliver 360°F water to the hot side of a counterflow heat 
exchanger. Furthermore, we should be able to achieve at least 
a 2 0 0 ° F  drop across the heat exchanger since the inlet fluid 
temperature on the cold side will be only 115OF (refer to 
Figure 1). If we also assume a nominal flowrate of 800 gpm, 
the thermal output of the well is about 80 x lo6 Btu/hr. 
is very close to the average heating loadof 94 x lo6 Btu/hr. 

NOW, if we know the 1980 cost of delivered thermal energy 
($/lo6 Btu), we can determine the breakeven installed cost 
of the geothermal well, piping, pumps, heat exchange equipment, 
etc. The key economic assumptions are given in Table I. 

This 

Table I. 
Economic Assumptions 

Useful Well Life 
Ownership 
Cost of Capital 
Inflation Rate 
Conv. Energy Escalation Rate 
Effective Income Tax Rate 
Investmqnt Tax Credit 
Annual O&M as fraction of Installed 

Annual Insurance as fraction of 

Base Year 
Price Year 
Expenditure Year 
Startup year 
Well Utilization Factor 
Annual Thermal Energy Delivered 

cost 

Installed Cost 

5, 10, 15 yr 
Government 

10% 
10% 
10% 
0 
0 
1% 

. 2 5 %  

1980 
1980 
1980 
1981 
85% 

595,680 lo6 Btu 

The breakeven installed cost of the geothermal well and all 
of its associated equipment is plotted in Figure 2 as a 
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function of the conventional cost of the delivered thermal 
energy in the price years. 

It is important that the conventional delivered energy cost 
for coal must include the amortized cost of capital equip- 
ment, the O&M cost, and the boiler efficiency, as.well as I 

the cost of fuel. For coal the fuel cost alone for a small 
heating plant may be around $2/106 Btu. If we assume a geo- 
thermal well life of 10 years and $2/106 Btu delivered energy 
cost, we can afford to spend over $10,000,000 on the produc- 
ing well, injection well if necessary, and all other equip- 
ment required. Assuming a drilling cost of $200/ft the 
producing well would cost only $4,000,000. Under these 
conditions, geothermal looks very promising. 

However, a more complete analysis is required before one can 
make any conclusive statements. If geothermal must meet 
100% of the heating load at Sandia, several wells will have 
to be installed in order to always meet the peak load. Thus, 
there will be a significant amount of excess capacity that 
must be amortized. The coal fired boiler, on the other hand, 
will not be penalized as severely, since the fuel cost is a 
significant portion of its delivered energy cost. 

Ideally, the geothermal capacity should be sized for the 
average load in order to maximize its utilization factor. 
Natural gas or fuel oil could be used in the present boiler 
to satisfy the peaking requirements. This may or may not be 
a viable option, depending on the political climate. 

In summary, geothermal could be economically attractive under 
the right conditions and should be evaluated further when 
better data are available on the resource and its cost. In 
addition, a more detailed evaluation of the alternatives is 
justified. 
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