
1 I 
at New Mexico State University 

b 
STATE-COUPLED LOW*TEKPERATURE GEOTHERMAL 

RESOURCE ASSESSPIENT PROGRAP u 
il F I S C A L  YEAR 

F I N A L  -TECHNICAL REPORT u A u g u s t  1981 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



c 
L 

I 
i u 

L 
L 

e 

,-- \ DOE/ID/01717-2 
Distribution Category UC-66b 

DOE/ID/O1717--2 

DE82 019755 

STATE-COUPLED LOW-TEMPERATURE GEOTHERMAL- 

RESOURCE-ASSESSMENT PROGRAM, 

FISCAL YEAR 1980, 

FINAL TECHNICAL REPORT 

Edited by 

Larry Iceman, Arlene Starkey, and Nora Trentman 
:New Mexico Energy Institute 

at 
tate University 

August, 1981 



t '  

& 

NOTICE 

This report was prepared to document work sponsored by 
the United States government. Neither the Unites States nor 
its agent, the United States Energy Research and Development 
Administration, nor any federal employees, nor any of their 
contractors, subcontractors or their employees, makes any 
warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe 
privately owned rights. 

c 

L 

L 
I; 
L 
t 
L 

t 

L': 



% -  
U FOREWORD 

hl 
This  r epor t  summarizes t h e  r e s u l t s  of low-temperature geothermal 

energy resource assessment e f f o r t s  i n  New Mexico during t h e  period from May 

15, 1979, through June 14, 1980, under t h e  sponsorship of t h e  U.S. 

Department of Energy (Contract DE-AS07-78ID01717). The research program 

w a s  administered by t h e  New Mexico Energy I n s t i t u t e  a t  New Mexico S t a t e  

L 

l i d  
Universi ty  and t h e  research w a s  conducted by un ive r s i ty  f acu l ty  members a t  

New Mexico S t a t e  Universi ty ,  t h e  Universi ty  of New Mexico, and t h e  New 

Mexico I n s t i t u t e  of Mining and Technology. h 
The r epor t  is divided i n t o  seven chapters ,  which correspond t o  t h e  

tasks  del ineated i n  t h e  above contract .  This work extends t h e  knowledge of 

low-temperature geothermal r e se rvo i r s  i n  New Mexico with t h e  po ten t i a l  for 

d i r e c t  heat ing appl ica t ions .  The research e f f o r t  focused on compiling 

b a s i c  geothermal d a t a  throughout se lec ted  areas i n  New Mexico i n  a format 

c 

i d  

Id 



TABLE OF CONTENTS 

Chapter 1 Magnetic, Gravity, Seismic-Refraction, and Seismic- 
Reflection Profiles across the Las Alturas Geothermal 
Anomaly, New Mexico . . . . . . . . . . . . . . . . .  

Chapter 2 Seismic, Water Analyses and Hydrology Studies in the 
Socorro Area . . . . . . . . . . . . . . . . . . . .  
Seismic Measurements of the Tertiary Fill in the Rio Part 1 
Grande Depression West of Socorro, New Mexico . . . .  

Part 2 Geothermal Data Availability for Computer Simulation 
in the Socorro Peak KGRA, Socorro County, New Mexico . 

Part 3 Groundwater Circulation in the Socorro Geothermal Area 

Chapter 3 Regional Geothermal Exploration in the Truth or 
Consequences Area . . . . . . . . . . . . . . . . . .  
Truth or Consequences, New Mexico . . . . . . . . . .  Part 1 Geological Mapping of the Mud Springs Mountains near 

Part 2 Hydrogeology of the Thermal Aquifer near Truth or 
Consequences . . . . . . . . . . . . . . . . . . . .  
Electrical-Resistivity Investigation of the Geothermal Part 3 
Potential of the Truth or Consequences Area 

Vado, Chamberino and Mesquite, New Mexico . . . . .  
Counties . . . . . . . . . . . . . . . . . .  
A Heat-Flow Study of Dona Ana County, Southern Rio 
Grande Rift, New Mexico . . . . . 

. . . . .  
Chapter 4 Geothermal Exploration with Electrical Methods near 

Chapter 5 Geothermal Investigation in Southcentral New Mexico 

Part 1 

Part 2 Preliminary Heat-Flow As sment of Southeast 
County, New Mexico . . . . . . . . . . . . . . .  

Chapter 6 Active Fault adiometric Dating of Young 
Basalts in S ico . . . . . . . . . . .  

Chapter 7 Evaluation of the Geothermal Potential of the San Juan 
Basin ,in Northwestern New Mexico . . . . .  

iii 

Page 

1-1 

2-1 

2-1 

2-1 1 

2-97 

3- 1 

3- 1 

3-5 

3-49 

4- 1 

5-1 

5-1 

5-4 1 

6-1 

I 
7-1 



II 
LIST OF FIGURES 

Figure 

1-1 

Page 

1-2 
Index map of Las Cruces, New Mexico, including the NMSU 
campus and the Las Alturas area. . . . . . . . . . . .  

1-2 Gravity-looping diagram displaying the mode field 
measurements that were recorded to enable accurate 
calculations of drift. . . . . . . . . . . . . . . . .  1-6 

1-3 Geophone array and shotpoint location diagram for the 
refraction survey. . . . . . . . . . . . . . . . . . .  1-8 

1-1 1 Elevation, magnetic, and gravity profiles. . . . . . .  1-4 

1-5 

1-6 

Example of time-distance plot as used for delineation 
of near-surface weathering layers. . . . . . . . . . .  
recording. . . . . . . . . . . . . . . . . . . . . . .  Time-distance plot of long offset-refraction surveying 

1-13 

1-14 

1-7 

1-8 

Display of results of the seismic-refraction survey. . 1-15 

1-16 

Plot of time versus depth of the first arrivals 
recorded at the geophone station nearest the hole 
and compiled from uphole-survey data. . . . . . . . .  

c 1-9 Meisner diagram compiled from the uphole data of the 
twodeepwells. . . . . . . . . . . . . . . . . . . .  1-17 

1-10 Display of shotpoint-geophone station seismic-refraction 
recording configuration. . . . . . . . . . . . . . . .  El. 

c 
1-19 

1-20 

1-2 1 

1-1 1 Display of shotpoint-geophone station seismic-reflection 
recording configuration for instrument 145-01. . . . .  

1-1 2 Display of shotpoint-geophone station seismic-reflection 
recording configuration for instrument 146-02. . . . .  

1-1 3 Display of shotpoint-geophone station seismic-reflection 
recording configuration for instrument 170-03. . . . .  1-22 

1-14 Display of shotpoint-geophone station seismic-reflection 
recording configuration for instrument 253-U1. . . . .  1-23 

1-15 Display of shotpoint-geophone station seismic-reflection 
recording configuration for instrument 176-05. . . . .  1-24 

1-16 Data coverage plot of common-depth point versus 6 '  
bd . . . . . . . . . .  shotpoint-geophone station offset. 1-25 

Record section with increasing shotpoint-geophone b 1-17 
station offset (Station 1003). . . . . . . . . . . . .  1-28 

iv 



Figure 

1-18 

1-19 

1-20 

1-2 1 

1-22 

1-23 

1-24 

1-25 

1-26 

1-27 

1-28 

1-29 

1-30 

1-3 1 

1-32 

1-33 

2-1 

2-2 

2-3 

*. 

Record section with increasing shotpoint-geophone 
station offset (Station 1010). . . . . . . . . . 
Record section wi.th increasing shotpoint-geophone 
station offset (Station 1014). . . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1015). . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1022). . . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1026). . . . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1027). . . . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1031). . . . . . . . . . 
Record section with increasing shotpoint-geophone 
station offset (Station 1037). . . . . . . . . . 
Two-peg offset section (92 m or 300 ft). . . . . 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
Three-peg offset section (140 m or 450 ft). . . . . . . 
Six-peg offset section (280 m or 900 ft). . . . . . . 
Eight-peg offset section (370 m or 1200 ft). . . . . . 
Twelve-peg offset section (550 m or 1800 ft). . . . . . 
Diagram of well log and velocity model used to calculate 
reflected arrival times from each interface. . . . . . 

int time depth section. . . . . . . . . 
Trace comparisons for equal common-depth point and 
offset. . . . . . . . . . . . . . . . . . . . . 
Linear velocit functions for Tertiary sedimentary 
rocks in the Rio Grande Rift. . . . . . . . . . . . 
Map showing the line along which seismic-reflection 
and seismic-refraction measurements were made. . . . . 
Cross section along the seismic profile showing 
velocities and discontinuities detected within the 

Page 

1-29 

1-30 

1-31 

1-32 

1-33 

1-34 

1-35 

1-36 

1-38 

1-39 

1-40 

1-41 

1-42 

1-44 

1-45 

1-46 

2-3 

2-4 

Tertiary fill. . . . . . . . . . . . . . . . . . . . . 2-6 

V 



Page Figure 

2-4 

2-5 

2-6 

Location of t he  study area. . . . . . . . . . . . . . .  2-14 

Geographical ex ten t  of t h e  extensive magma body. . . .  2-15 

Bouguer g rav i ty  map of t h e  Socorro area; t e r r a i n  and 
regional  cor rec t ions  have been applied.  . . . . . . . .  2-1 7 

Generalized geologic map of t h e  Socorro geothermal 
area, Socorro, New Mexico. . . . . . . . . . . . . . .  2-20 

2-7 

Composite s t r a t i g r a p h i c  column of t h e  Socorro area. . .  2-2 2 

Plot  of permeabili ty as a func t ion  of hydros t a t i c  
stress fo r  fused t u f f .  . . . . . . . . . . . . . . . .  2-40 

2-a 

2-9 

Empirical co r re l a t ion  between average values  of 
thermal conduct ivi ty  and porosi ty  f o r  samples of t u f f .  2-42 

- 2-10 

2-1 1 Terrestrial heat-flow contour map of New Mexico and 
southern Colorado. . . . . . . . . . . . . . . . . . .  2-57 

2-12 Dis t r ibu t ion  map of water q u a l i t y  and t o t a l  dissolved 
so l id s .  . . . . . . . . . . . . . . . . . . . . . . . .  2-67 

2-13 Deuterium and oxygen-18 i n  thermal and nonthermal waters 2-69 

2-14 Dis t r ibu t ion  of tritium a c t i v i t y  i n  groundwater 
and springs.  . . . . . . . . . . . . . . . . . . . . .  2-7 1 

2-15 Simplified geological  c ross  sec t ion  f o r  two-dimensional 
hydrogeothermal modeling. . . . . . . . . . . . . . . .  2-79 

2-16 

2-1 7 

2-18 

Location of t h e  study area. . . . . . . . . . . . . . . .  2-96 

Physiography and sampling loca t ions .  . . . . . . . . .  2-97 

Generalized geologic map of t h e  Socorro geothermal area, 
New Mexico. . . . . . . . . . . . . . . . . . . . . . .  2-99 

Geologicmap. . . . . . . . . . . . . . . . . . . . . .  2-105 2-19 

2-20 Sketch map of t h e  Socorro area showing t h e  Pl iocene 
Popotosa Basin and i ts  segmentation by modern in t r abas in  
hors t s .  . . . . . . . . . . . . . . . . . . . . . . . .  2-1 08 

2-21 

2-22 

Geologic column used i n  g rav i ty  in t e rp re t a t ions .  . . .  2-112 

Hypothetical geologic c ross  sec t ion  through 

computed g rav i ty  anomalies. . . . . . . . . . . . . . .  2-113 

t h e  I 
i#,; Magdalena Quadrangle a t  34 '7.' 30"N with observed and 

v i  L 



Figure 

2-23 

2-24 

2-25 

2-26 

2-2 7 

2-28 

2-29 

2-30 

2-3 1 

2-32 

2-33 

2-34 

2-35 

2-3 6 

2A- 1 

2A-2 

2B-1 

3-1 

3-2 

3-3 

Page 

Hypothetical geologic cross section through the 
Socorro Quadrangle at 34°2'30"N with observed and 
computed gravity anomalies. . . . . . . . . . . . . . . 
Hypothetical geologic cross section crossing the San 
Antonio and Carthage quadrangles at about 33"53'N with 
observed and computed gravity anomalies. . . . . . . . 
Generalized map of the Rio Grande Rift and major crustal 
lineaments. . . . . . . . . . . . . . . . . . . . . 
Socorro and Sedillo spring flow, 1953-1968. . . . . . . 
Water-table map. . . . . . . . . . . . . . . . . . 
Water-quality diagram. . . . . . . . . . . 
Distribution map of water quality and total dissolved 
solids. . . . . . . . . . . . . . . . . . . . 
Tritium activity in Socorro precipitation, Socorro 
Spring and Sedillo Spring. . . . . . . . . . . . . . . 
Distribution of tritium activity in groundwater and 
springs. . . . . . . . . . . . . . . . . . . . . . . 
Tritium activity in Upper and Lower Nogal Canyon 
springs, 1977-1978. 3 .  . . . . . . . . . . . . . 
Tritium activity thermal waters, 1977-1978. . . . . 
Deuterium and oxygen-18 in the and nonthermal waters 

Tritium rainout computed from 
records and tritium activity in Socorro Spring, 

Tritium rainout computed from Socorro precipitation 
records and tritium activity in Socorro Spring, 1956-1976 

y Ranch precipitation 

Water-level contour map. . . . o . . . . . . . .  

Coordinate system * .  
Driller's log of J.B. Kelly Ranch deep well. ' . . . . . 
Geologic map of the Mud Springs Mountains. 

near Truth or Consequences, New Mexico. . . . . . . .  
. . .  

Generalized map of major Rio Grande Valley aquifers 

Generalized contour map of the water table in unconfined 
aquifers of piedm and floodplain. . . . . . . . . . 

vii 

2-1 14 

2-1 15 

2-1 18 

2-120 

2-122 

2-123 

2-124 

2-127 

2-129 

2-131 

2-132 

2-135 

2-138 

2-139 

2-93 

2-151 

2-161 

3-2 

3-7 

3-10 



Figure 

3-4 

3-5 

3-6 

3-7 

3-8 

3-9 

3-10 

3-1 1 

3-12 

3-13 

3B-1 

3B-2 

3B-3 

3B-4 

3-14 

3-15 

3-16 

Generalized flow chart of the thermal hydrogeologic 
system of the Mud Springs carbonate aquifer. . . . . .  
Major cation and anion classification of thermal and 
nonthermal waters. . . . . . . . . . . . . . . . . . .  
Hydrochemical facies-classification diagram for 
groundwater systems. . . . . . . . . . . . . . . . . .  
Relationship between chloride content and distance 
along the Rio Grande from Elephant Butte Dam. 

of the Rio Grande below Elephant Butte Dam. 

. . . .  
Relationship between chloride content and discharge . . . . .  
Comparison of temperature and chloride content of 
thermal springs and wells in the area near the Mud 
Springs Mountains. . . . . . . . . . . . . . . . . . .  
Cenozoic geology of the Truth or Consequences, New 
Mexico area. . . . . . . . . . . . . . . . . . . . .  
Map showing the geology in the vicinity of Truth or 
Consequences, Sierra County. . . . . . . . . . . . . .  
Geologic map and cross sections of the Truth or 
Consequences area with some of the Tertiary rocks 
removed. . . . . . . . . . . . . . . . . . . . . . . .  
Schematic cross section of the Truth or Consequences 
fault. . . . . . . . . . . . . . . . . . . . . . . . .  
Fault-scarp terminology. . . . . . . . . . . . . . . .  
Fault-scarp profiles near Truth or Consequences, New 
Mexico. . . . . . . . . . . . . . . . . . . . . . . .  
Width of crest plotted against time in years. 

Life of geomorphic features in years. 

Schlumberger soundings and equatorial points. 

. . . . .  
. . . . . . . . .  

Truth or Consequences study area showing locations of . . . . .  

Page 

3-13 

3-16 

3-17 

3-19 

3-20 

3-2 1 

3-24 

3-27 

3-28 

3-29 

3-48 

3-49 

3-50 

3-5 1 

3-55 

Schlumberger sounding S1-TC 158' at Truth or Consequences 
and the interpreted eight-layer model. . . . . . . . .  3-56 

Combined Schlumberger-equatorial sounding S2-TC 135' 
at Truth or Consequences and the interpreted nine-layer 
model. . . . . . . . . . . . . . . . . . . . . . . . .  3-59 

Combined Schlumberger-equatorial sounding S2-TC 45' at 
Truth or Consequences and the interpreted seven-layer 
model. . . . . . . . . . . . . . . . . . . . . . . . .  3-6 1 

viii 



i 
Figure  Page 

Truth o r  Consequences study area showing loca t ions  of 

L w 
3-18 

L bipole  t r ansmi t t e r  and rece iver  s t a t i o n s .  . . . . . . .  3-63 

3-19 Observed t o t a l - f i e l d  apparent r e s i s t i v i t y  map of t h e  
Truth o r  Consequences study area der ived from 315' 
b ipo le  t ransmi t te r .  3-64 L . . . . . . . . . . . . . . . . . .  

3-20 Observed t o t a l - f i e l d  apparent r e s i s t i v i t y  map of t h e  
b Truth o r  Consequences study area derived from 225' 

b ipo le  t ransmi t te r .  . . . . . . . . . . . . . . . . . .  3-65 

3-21 Observed t o t a l - f i e l d  apparent r e s i s t i v i t y  map of Truth 
or Consequences study area derived from mathematically 

b 
combining 315' and 225" b ipo le  t r ansmi t t e r s .  . . . . .  3-66 

id 4-1 Study area on background map of New Mexico. . . . . . .  4-2 

4-2 Map of s tudy area. . . . . . . . . . . . . . . . . . .  4-3 

4-3 East end of p r o f i l e  E. . . . . . . . . . . . . . . . .  4-6 

4-4 East end of p r o f i l e  I. . . . . . . . . . . . . . . . .  4-7 

4-5 East end of p r o f i l e  J. . . . . . . . . . . . . . . . .  4-8 

4-6 E a s t  end of p r o f i l e  R. . . . . . . . . . . . . . . . .  4-9 

4-7 Apparent r e s i s t i v i t y  contours f o r  AB12 = 809 m d a t a  
of Figure 4-2. . . . . . . . . . . . . . . . . . . . .  4-13 

Infer red  f a u l t s  i n  survey area p l o t t e d  as heavy ba r s  4-8 
and superimposed on Figure 4-2. . . . . . . . . . . . .  4-15 

5-1 5-2 

5-2 
I 

(1978)  used f o r  the purpose of est 
conduc t iv i t i e s  above the  water t a b  5-7 

Figure constructed from empir ical  d a t a  by Robertson 
(1978)  used f o r  t h e  purpose of es t imat ing  thermal 

LJ 

5-3 
L 
ii conduc t iv i t i e s  below t h e  w a t  . . . . .  5-8 

5 - 4  Locations and magnitudes of 
above t h e  water t a b l e  i n  Dona Ana County. . . . .  5-12 

b 

i 
LJ 

5-5 of heat-flow va lues  
ona Ana County . . .  5-13 

5-6 Location of temperature-logged w e l l s  i n  t h e  Las  
A l t u r a s a r e a .  5-14 . . . . . . . . . . . . . . . . . . . . .  

L ix 



Figure 

5-7 

5-8 

5-9 

5-10 

5-1 1 

5-12 

5-13 

5-14 

5-15 

5-16 

5-17 

6-1 

7-1 

. 7-2 

7-3 

7-4 

Heat-flow values from above t h e  water t a b l e  i n  t h e  Las 
Alturas  area. . . . . . . . . . . . . . . . . . . . . .  
Locations of temperature-logged w e l l s  i n  t h e  Santa 
Teresa area.  . . . . . . . . . . . . . . . . . . . . .  
Heat-flow values from above the  water t a b l e  i n  t h e  
Santa Teresa area.  . . . . . . . . . . . . . . . . . .  
Bottom-hole temperature gradient  map of Dona Ana 
County. . . . . . . . . . . . . . . . . . . . . . . . .  
Hydrologic map of Dona Ana County. 

Complete Bouguer grav i ty  anomaly map of Dona Ana 

. . . . . . . . . .  
County. . . . . . . . . . . . . . . . . . . . . . . . .  
Tectonic map of Dona Ana County ( late Pliocene 
Pleis tocene and late Quaternary f a u l t s ) .  

Geophysical anomaly map of ex i s t ing  da ta  f o r  Dona Ana 
County. . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . .  

Simple geologic c ross  sec t ions  of the  Santa Teresa 
area  showing 
horizon. . 
Location map 
locat ions of 

topography, water t ab le ,  and a c lay  . . . . . . . . . . . . . . . . . . . . . .  
f o r  southeast  Luna County and the  
the  six temperature-logged w e l l s .  . . . .  

Temperature p r o f i l e s  of w e l l s  logged i n  southeast  
LunaCounty. . . . . . . . . . . . . . . . . . . . . .  
Map showing loca t ion  of f a u l t s  i n  southcent ra l  New 
Mexico t h a t  have been a c t i v e  within t h e  last  0.4 m.y. 

Location of San Juan Basin with respect  t o  surrounding 
physiographic fea tures .  . . . . . . . . . . . . . . . .  
Locations ( t o  the  neares t  quar te r  township) of o i l  and 
gas w e l l s  where bottom-hole temperatures were recorded 
i n  northwesternNew Mexico. . . . . . . . . . . . . . .  
Locations of o i l  and gas w e l l s  with computed gradien ts  

. 

grea te r  than 45' C / h  i n  northwestern New Mexico. . . .  
Northwestern New Mexico 
with computed gradien ts  

loca t ions  of oil and gas  w e l l s  
g rea t e r  than 50" C/km. . . . .  

X 

Page 

5-15 

5-17 

5-18 

5-20 

5-26 

5-28 

5-29 

5-3 1 

5-34 

5-4 2 

5-44 

6-2 

7-2 

7-5 

7-6 

7-7 



I "  
W 

t 
! Table 

1-1 

LIST OF TABLES 

Predicted f i r s t -break  times derived from t h e  seismic- 
r e f r a c t i o n  data .  . . . . . . . . . . . . . . . . . . .  
Table of static correct ions.  . . . . . . . . . . . . . .  

1-27 

1-37 

2-25 

2-26 

2-28 

2-29 

2-30 

2-3 1 

2-34 

b 
1-2 

2-1 

2-2 
b Volume compressibi l i ty  oE c r y s t a l l i n e  rocks. . . . . .  

Thermal conduct ivi ty  of c r y s t a l l i n e  rocks. . . . . . .  
Speci f ic  heat  of c r y s t a l l i n e  rocks. . . . . . . . . .  b 2-3 

2-4 Density of c r y s t a l l i n e  rocks. . . . . . . . . . . . .  
h Porosity of c r y s t a l l i n e  rocks. . . . . . . . . . . .  

Permeabili ty of c r y s t a l l i n e  rocks. . . . . . . . . .  
2-5 

2-6 

2-7 
L 

Permeabili ty of sedimentary rocks. . . . . . . . . .  
b 2-8 

Li 
2-9 

2-10 

Thermal conduct ivi ty  of sedimentary rocks. . . .  . .  2-35 

. .  2-36 Speci f ic  heat  of sedimentary rocks. . . . . . . .  
Porosity ( f r ac t iona l )  and sa tura ted  bulk densi ty  of 
sedimentary rocks.  . . . . . . . . . . . . . . .  
Permeability of volcanic  rocks. . . . . . . . . .  
Thersal conduct ivi ty  of volcanic  rocks. . . . . .  

. .  2-37 

. .  2-39 

. .  2-4 1 

. .  2-44 

. .  2-46 

L 2-1 1 

t 2-12 
ki 

2-13 Porosi ty  ( f r ac t iona l )  of volcanic  rocks. . . . .  
2-14 lj Density of volcanic  rocks. . . . . . . . . . . . .  

ermal da ta .  . . e  . . . .  
r a t u r e s  (OF) i n  t h  ma 

Deuterium, oxyge 
nonthermal water . . . .  
Well da ta .  

t r i t i u m  i n  thermal and 

. .  2-5 8 2-15 

I . 2-62 

. .  2-134 

2-16 

2-17 

* .  2-155 

. .  2-158 

. .  2-160 1 2B-3 Welllogs.  . . . . . . . . . . . . . . . . . . . .  



Table 

2D-1 

2D-2 

3-1 

3-2 

3-3 

3A-1 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

6-1 

6-2 

Tritium and precipitation data. . . . . . . . . . . . .  
Spring and well data. . . . . . . . . . . . . . . . . .  
Hydrogeologic parameters of major aquifers in the 
Truth or Consequences area. . . . . . . . . . . . . . .  
Chemistry (in ppm) of selected well, spring and river 
water near Truth or Consequences, New Mexico. . . . . .  
Selected heat-flow data in the Truth or Consequences, 
NewMexicoarea. . . . . . . . . . . . . . . . . . . .  
Temperatures in water wells near Truth or Consequences, 
New Mexico. . . . . . . . . . . . . . . . . . . . . . .  
Temperature gradients and estimated heat-flow values 
for Dona Ana County wells. . . . . . . . . . . . . . .  
Estimated thermal-conductivity values. . . . . . . . .  
Near-surface heat-flow values used for the Las Alturas 
area. . . . . . . . . . . . . . . . . . . . . . . . . .  
Wells from the USGS WATSTORE file. . . . . . . . . . .  
Water-table temperatures and bottom-hole temperature 
gradients for Dona Ana County. . . . . . . . . . . . .  
Depths to the water table and a particular clay 
horizon for the Santa Teresa area. . . . . . . . . . .  
Water-table and bottom-hole temperature data for 
southeast Luna County. . . . . . . . . . . . . . . . .  
Locations and heat-flow values for temperature-logged 
wells in southeast Luna County. . . . . . . . . . . . .  
Locations and ages of basaltic rocks sampled from 
southcentral 

Petrographic 

New Mexico. . . . . . . . . . . . . . . .  
descriptions of "basalt" thin sections. . 

xii 

Page 

2-173 

2-186 

3-8 

3-15 

3-68 

3-37 

5-5 

5-9 

5-16 

5-2 1 

5-22 

5-35 

5-43 

5-46 

6-5 

6-6 



Chapter 1 

Magnetic, Gravity, Seismic-Re f rac t ion, and 

Seismic-Reflection Profiles across the 

Las Alturas Geothermal Anomaly, New Mexico* 

Introduction 

The Las Alturas Geothermal Anomaly lies a few kilometers southeast of the 

city of Las Cruces and immediately west of Tortugas Mountain in central Dona 

Ana County, New Mexico (see Figure 1-1). It is situated centrally in the 

southern Rio Grande Rift system at the eastern margin of the Basin and Range 

Province. 

As described by Seager (1975), three major stages are recognized in the 

Cenozoic tectonic evolution of the area: 

1. Laramide Uplift: The deeply eroded structurally-highest folds of 

this uplift approximately underlie the present course of the Rio Grande. 

2. Eocene-Oligocene andesite and rhyolite vulcanism: These silicic 

volcanic sequences overlie the eroded Laramide uplifts and basins. 

Immediately east of the anomaly area is Tortugas Mountain, an uplifted block 

of Paleozoic limestone which is thought to be a emnant part of the rim of the 

Organ Caldera (Seager and Brown 1978) The caldera is described as a 

"trap-door It type; ter and hinged along its northern margin 

extending east to th gan Mountains. Two sheets of ash-flow tuff (up to 

600-m thick), the tuff and the Cox Ranch tuff, (Dunham 1935; Seager and 

d beyond the caldera boundaries and are considered to 

be representative of the eruption prior t o  the jor cauldron subsidence. 

Immediately east of the anomaly area is Tortugas Mountain, an uplifted block 

of Paleozoic limestone which is thought to be a emnant part of the rim of the 

Organ Caldera (Seager and Brown 1978) The caldera is described as a 

"trap-door It type; ter and hinged along its northern margin 

extending east to th gan Mountains. Two sheets of ash-flow tuff (up to 

600-m thick), the tuff and the Cox Ranch tuff, (Dunham 1935; Seager and 

d beyond the caldera boundaries and are considered to 

be representative of the eruption prior t o  the jor cauldron subsidence. 

*The principal authors of Chapter 1 are Timothy R. Dicey, Graduate Assistant, 
Department of Physics, New Mexico State University and Dr. Paul Morgan, Staff 
Scientist, Lunar and Planetary Institute, Houston, Texas. 
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1. . 

One of t h e  s h e e t s  of t he  Cueva t u f f  has  been K-Ar dated a t  32 m.y. (mi l l i on  

years) .  Another 2150 m (7000 ft) of ash-flow t u f f  later erupted (which was  

t h e  cause of t h e  cauldron subsidence) and w a s  contained by the  walls of t h e  

ca ldera .  Because no major unconformities have been recognized throughout t h e  

sequence, t he  d a t e  of 32 m.y. (mid-Oligocene) i s  thought t o  be representa t ive  

of t h e  whole s t ruc tu re .  Furthermore, t he  Organ Bathol i th  which appears t o  

have intruded t h e  ca lde ra  on i t s  eas t e rn  margin i s  a l s o  dated a t  32 m.y. and 

has been in t e rp re t ed  t o  be probably the  magma chamber from which the  ca ldera  

volcanics  erupted. It has  been u p l i f t e d  by block f a u l t i n g  on t h e  r i m  of t h e  

ca ldera  during the  Rio Grande R i f t  movements. 

3. Late Te r t i a ry  block fau l t ing :  26 m.y. marked t h e  t r a n s i t i o n  to  

a c t i v e  r i f t i n g  shown by a h a l t i n g  of t h e  s i l i c ic  vulcanism. After  a period of 

quiescence, a lka l i  o l i v i n e  b a s a l t s  appeared around 13 m.y. Ramberg and 

Smithson (1975) suggest t h a t  b id i r ec t iona l - f au l t  p a t t e r n s  may be inhe r i t ed  

from pre-existing s t r u c t u r a l  g ra ins .  This  r i f t i n g  has c rea ted  l o c a l  bas ins  

separated by ranges which have now been p a r t l y  buried i n  t h e i r  own debr i s .  

The Organ Mountains are rep resen ta t ive  of t he  late Ter t i a ry  f a u l t  block t h a t  

extends north-south f o r  over 160 km. Upl i f t  has  been p r inc ipa l ly  along t h e  

boundary f a u l t  on t h e  e a s t e r n  s i d e  of t h e  block, Gravity and topographical 

da t a  i n d i c a t e  a t o t a l  throw of more than  3000 m. Piedmont scarps  i n d i c a t e  

movement has continued i n t o  t h e  late Quaternary. 

The area of t h e  geothermal anomaly is charac te r ized  by v a l l e y - f i l l  

depos i t s  which increase  i n  depth away from Tortugas Mountain (King and Hawley 

1975). There is no su r face  manifestat ion of t h e  anomaly; it w a s  discovered by 

acc ident  i n  t h e  1960's when water wells encountered temperatures of 45OC 

around 100 m. 



i 

The L a s  Cruces area is a zone of unusually high hea t  flow as compared t o  

adjacent  Basin and Range and High P la ins  areas (Cook et al. 1979; Reiter et 

a l .  1979). A prominent north-to-northwest t rend  of high geochemical 

temperatures passes through t h e  Las Alturas  area (Swanberg 1979) and follows 

what is thought t o  be a f a u l t  as indicated by g rav i ty  surveys i n  t h e  region. 

Both t h e  si l ica and t h e  Na-K-Ca geothermometers i n d i c a t e  temperatures around 

15OOC (Swanberg 1975). 

Previous su r face  explora t ion  work includes an electrical r e s i s t i v i t y  

(dipole-dipole) survey and subsequent two-dimensional modeling ( J i racek  and 

Gerety 1978). This  work not  only shows a low-res i s t iv i ty  l a y e r  i n t e rp re t ed  to 

be the geothermal r e se rvo i r  but i nd ica t e s  t h e  presence of a h igh - re s i s t i v i ty  

b a r r i e r  t o  t h e  east, possibly a f a u l t  s t r i k i n g  no r th  t o  northeast .  It is 

considered t h a t  t h i s  f a u l t  may be a primary s t r u c t u r a l  con t ro l  governing the 

r i s i n g  ho t  water. 

S ix  shallow (approximately 30-m) and two deep (approximately 300-m) ho le s  

have been d r i l l e d  across  t h e  L a s  Alturas  Anomaly ( see  Figure 1-1). The 

maximum water temperature measured i n  t h e  DT-1 w e l l  a t  a depth of 300 m (975 

f t )  w a s  63°C (Morgan et al. 1979). 

The g rav i ty ,  magnetic, seismic-refract ion and se i smic- ref lec t ion  

p r o f i l i n g  which is t h e  subjec t  of t h i s  r epor t  is an attempt t o  d e l i n e a t e  

s t r u c t u r e  r e l a t ed  t o  t h e  geothermal anomaly. 

F i e ld  Techniques 

The four  geophysical explora t ion  techniques were recorded along t h e  same 

p r o f i l e  t o  enable  d i r e c t  comparison between the  da t a  sets. The p r o f i l e  w a s  an 

approximately east-west t r ave r se  from a kilometer east of I n t e r s t a t e  10 t o  the 
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base of Tortugas Mountain, iuch  t h a t  it in t e r sec i ed  t h e  two deep w e l l  sites 

(DT-1 and DT-2) and a l s o  l ay  approximately perpendicular t o  the  s t r i k e  of t h e  

suspected f a u l t ( s ) .  The t r ave r se  w a s  chained and pegged a t  46-m i n t e r v a l s  

(150 f t )  with pegs numbered from 1000 i n  the  w e s t  t o  1058 i n  t h e  east. The 

boundary between New Mexico S t a t e  Universi ty  (NMSU) and Bureau of Land 

Management (BLM) land c u t s  across  t h e  l i n e  a t  peg 1040 ( see  Figure 1-1). 

Magnetic Survey 

The t o t a l  magnetic f i e l d  a t  each peg on 

proton precession magnetometer using a s tandard 

the  l i n e  w a s  measured with a 

"looping" technique t o  c o r r e c t  

f o r  d r i f t  i n  t h e  data .  F i e ld  da t a  were recorded t o  wi th in  5 1 gamma. 

Gravity Survey 

Measurements of t h e  v e r t i c a l  component of g rav i ty  were recorded a t  each 

peg using a La Coste Romberg gravimeter. The base s t a t i o n  w a s  t h e  corner  of 

t h e  p o l i c e  s t a t i o n  on Picacho Avenue where t h e r e  is  a g rav i ty  base re ference  

s t a t i o n .  A "looping" technique w a s  used ( see  Figure 1-2) t o  ensure accu ra t e  

d r i f t  co r rec t ions  might be appl ied t o  t h e  data .  F i e ld  d a t a  w e r e  recorded t o  

an accuracy of 2 0.01 mgal. 

Seismic-Refraction Survey 

Data were recorded on a six-channel engineering seismograph wi th  an 

analogue paper recorder.  A l l  da t a  were recorded without f i l t e r s  on t h e  input  

da ta .  It w a s  necessary t o  vary t h e  ga in  on each channel so as t o  o f f s e t  t h e  

d i f f e r e n t i a l  i n t e n s i t y  of arrivals with respect to  varying shotpoint-geophone 

s t a t i o n  d is tance .  A t  each spread loca t ion ,  each geophone w a s  buried 0.3 m (1 
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Figure 1-2. Gravity-looping diagram displaving the mode field measurements 
that were recorded to enable accurate calculations of drift. 
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f t )  beneath the  su r face  t o  maximize geophone-ground coupling and t o  reduce 

ambient (pa r t i cu la r ly  wind) noise.  Charges var ied  from one detonator  t o  a 

four-hole- pa t t e rn  t o t a l i n g  six s t i c k s  of 65-percent Powerdyne dynamite (3 

l b s ) .  Charges were tamped i n  a 1 t o  1.33 m (3 t o  4 f t )  deep hole  dug with a 

post-hole digger. The maximum charge per ho le  w a s  1 l b  of dynamite, as any 

g rea t e r  charge caused cra te r ing .  Thus, fo r  l a r g e  o f f s e t s  (up t o  523 m [1700 

f t ] ) ,  a pa t t e rn  charge of simultaneously detonated charges i n  up t o  four holes  

w a s  used. 

The second mode of recording w a s  designed t o  record arr ivals  from as deep 

a r e f r a c t o r  as possible .  A geophone spread with 15.4-m spacing (50 f t )  w a s  

b located between pegs 1023 and 1025. Recordings were made from shotpoin ts  with 

progressively g rea t e r  o f f s e t s  east of t h e  spread, 15.4 m (50 f t )  t o  523 m 

(1700 f t ) .  A similar set of da t a  w a s  recorded i n  t h e  reverse sense i n  t h a t  

the  spread w a s  located a t  1033 t o  1035 and shotpoin ts  recorded with 

progressively g r e a t e r  o f f s e t s  t o  the  w e s t  ( s ee  Figure 1-3). 

L 

L 

t 
Uphole Survey 

F i r s t  a r r i v a l s  from charges (1 detonator  of 0.25 l b s  dynamite) detonated 

a t  1O-m i n t e r v a l s  (32.5 f t )  down each deep w e l l  (DT-1 and DT-2) w e r e  recorded 

on t h e  engineering seismograph by a l i n e a r  spread of equally-spaced 15-m 

bf geophones (48.75 f t )  l a i d  i n  an e a s t e r l y  d i r e c t i o n  away from each w e l l  site. 

A complete set of recordings f o r  a l l  10-m pos i t i ons  (30 f t )  w a s  not  recorded 

* 

kr due to  hole  c 

clr 
Seismic-Reflection Survey 

Five Sprengnether DR 100 d i g i t a l  cassette magnetic tape recorders  and 

assoc ia ted  ampl i f ie rs  were used, each a t  one geophone s t a t i o n .  Each 

i 
i 
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instrument recorded both v e r t i c a l  and hor izonta l  motions (perpendicular t o  the  

line--north being p o s i t i v e  d i r ec t ion ) .  The geophones used were those used f o r  

t h e  r e f r a c t i o n  survey. Recording parameters f o r  t h e  instruments w e r e  deduced 

empir ical ly  t o  optimize "triggering" and make t h e  s i g n a l  t o  noise  r a t i o  a 

maximum. The instrument s e t t i n g s  were as follows: 

Gain .................... 78 dB. 

Hi-cut f i l t e r  ----------- 30 Hz 

Low-cut f i l t e r  ---------- out  

Signal  Duration --------- 5 secs 

Rat io  ------------------ 12 dB. t r i gge r ing  parameter 

Short-term average ------ 
Long-term average ------- 100 secs 

Sample rate ------------- 2 channels, each a t  100 sample/sec 

'e' }triggering parameters 

Each instrument has  an i n t e r n a l  c lock which was  synchronized before  each 

day's recording, f i r s t  v i s u a l l y  using a WWV rad io ,  and then via a co r rec t ion  

computed later by comparison of t h e  clock pulses  and those recorded d i r e c t l y  

from a WWVB radio.  

Geophones w e r e  buried 0.3 t o  0.5 m (1 t o  1.5 f t )  beneath t h e  su r face  t o  

maximize t h e  geophone-ground coupling and a l s o  t o  minimize t h e  ambient no i se  

which might otherwise be high enough t o  t r i g g e r  t h e  instruments. 

Charge sizes were from 0.33 l b  t o  1 l b  i n  a s i n g l e  w e l l ,  tamped i n  a 1.00 

t o  1.33 m (3 t o  4 f t )  deep hole  dug with a post-hole digger  o r  shovel. An MEQ 

analogue smoked paper drum recorder  (Sprengnether MEQ 800) with a geophone 

(and a t tenuat ing  c i r c u i t r y )  w a s  used to record t h e  shot  t i m e .  The sho t  

recorded was a l s o  synchronized using t h e  WWV and WWVB radios .  The geophone 

w a s  placed on t h e  sur face  over t he  charge; t h e  delay from t h e  charge t o  t h e  



f *. 
L: geophone a t  t h e  su r face  w a s  assumed constant  and n e g l i g i b l e  f o r  the whole 

survey. L 
Each geophone s t a t i o n  spread (named 2, 0, A, B ,  C, D, E and F) 

Up t o  cons is ted  of t h e  f i v e  instruments w i t h  a separa t ion  of 46.2 m (150 f t ) .  

eleven sho t s  were f i r e d  i n t o  t h e  spread from each d i r ec t ion .  Recording w a s  

ca r r i ed  out  between 5:30 a.m. and 7:30 a.m. so t h a t  no in t e r f e rence  from t h e  

gravel  p i t  located t o  the  nor theas t  and any no i se  from I n t e r s t a t e  10 would be 

a t  a minimum. 

The only instrument problem encountered w a s  wi th  t h e  WWVB r a d i o  which 

i n t e r m i t t e n t l y  reduced t h e  amplitude of i ts  output s i g n a l  t o  a random noise.  

Because t h i s  problem w a s  no t  completely de t ec t ab le  i n  t h e  f i e l d ,  it is 

suggested t h a t  f o r  f u t u r e  s t u d i e s  the  WWVB s i g n a l  be monitored by a por t ab le  

osc i l loscope  when being recorded as p a r t  of t he  clock co r rec t ion  procedure. 

I f  any f u t u r e  r e f l e c t i o n  recording is t o  be attempted, i t  would be 

recommended t h a t  a low-cut o r  small-range band reject (possibly "notch") 

f i l t e r  be placed i n  series with the  input  before  recording t o  a t t e n u a t e  t h e  

low-f requency groundrol l  and leave unaffected any r e l a t i v e l y  higher  frequency r1 

r e f l e c t i o n s .  

Processing and Data Reduction 

(Peg 

da ta  

Magnetic Data 

The r a w  f i e l d  da t a  were cor rec ted  f o r  

number). Also p lo t t ed  w a s  a centered 

d r i f t  and p l o t t e d  aga ins t  d i s t a n c e  

three-point moving average of t h e  

t o  smooth l o c a l ,  near-surface,  s h o r t  wavelength per turba t ions  (see Figure 
1 -  

1-4). 
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Gravity Data 

The r a w  f i e l d  da t a  were cor rec ted  f o r  instrument and t i d a l  d r i f t .  Free 

A i r  and Bouguer co r rec t ions  (with a dens i ty  of 2.67 gms-cm ) were a l s o  appl ied  3 

t o  t h e  data .  N o  t e r r a i n ,  l a t i t u d e ,  o r  regional  co r rec t ions  w e r e  applied.  The 

r e s u l t i n g  da ta  were p lo t t ed  aga ins t  d i s t ance  (peg number). 

For ease of comparison, t h e  g rav i ty ,  magnetic, and e l eva t ion  p r o f i l e s  

w e r e  p lo t t ed  above each o ther  ( see  Figure 1-4). 

Seismic-Ref r a c t i o n  Data 

The f i e l d  da t a  are on u l t r a v i o l e t  s e n s i t i v e  paper, which is very 

s e n s i t i v e  t o  overexposure. Each f i e l d  record w a s  labeled and picked the  time 

of the  f i r s t  a r r i v a l s  of each channel. 

The da ta  from the  s h o r t e r  spreads were p lo t t ed  on a time-distance graph 

f o r  each record ( see  Figure 1-5). Veloc i t ies  and depths were ca l cu la t ed  from 

these  graphs using one- o r  two-layer weathering computations. 

The f i r s t - a r r i v a l  t i m e s  of t h e  long o f f s e t  records were a l s o  p lo t t ed  but  

wi th  the  shot- and geophone-station pos i t i ons  interchanged (see Figure 1-6). 

Veloc i t ies  and depths were a l s o  computed from these  p l o t s .  

A diagram c o r r e l a t i n g  a l l  t h e  results from t h e  r e f r a c t i o n  survey is  shown 

i n  Figure 1-7. 

w e l l  

Uphole Data 

The f i r s t - a r r i v a l  times f o r  t h e  geophone nea res t  (Q 2 m [6 f t ] )  t o  t h e  

top w a s  p lo t t ed  aga ins t  charge depth ( see  Figure 1-8). The f i r s t - a r r i v a l  

times f o r  a l l  6 t r a c e s  were p lo t t ed  aga ins t  charge depth i n  t h e  form of a 

Meisner diagram (see  Figure 1-9). Both p l o t s  show da ta  from the  w e s t  w e l l ,  ~ - 
I= 

Ld 
t’ DT-2, t o  a depth of 90 m displayed v e r t i c a l l y  above d a t a  from DT-1 p r o f i l i n g  

h 
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depths  of 120 m t o  190 m. The Meisner diagram w a s  contoured with 10-m 

i n t e r v a l s .  

Seismic-Reflection Data 

The da ta  from each day's recording w e r e  read onto  a PDP 11/60 computer 

and v i a  a s u i t e  of da t a  handling programs, t h e  raw da ta  w e r e  copied onto d i s c ,  

ed i t ed  f o r  unwanted events ,  and each event cropped t o  t h e  same time length.  

The da ta  were then pr in ted  on the  p l o t t e r  and f i n a l l y  t h e  output  copied onto a 

t ape  s u i t a b l e  f o r  use  on an  Amdahl 470 ver s ion  5 computer. The r a w  f i e l d  d a t a  

and t h e  ed i t ed  da t a  w e r e  copied onto sepa ra t e  tapes  and f i l e d .  The output  

t a p e  was taken t o  the Amdahl and t h e  traces p l o t t e d  sequent ia l ly .  These p l o t s  

were grouped by instrument recordings f o r  each day. 

A d i sp lay  of t h e  t o t a l  shooting-recording conf igura t ion  is shown i n  

Figure 1-10. Figures 1-11 through 1-15 are d i sp lays  of the shotpoin ts  

recorded for each instrument as a funct ion of day recorded and pos i t i on  on t h e  

l i n e .  With t h i s  information, a d i sp lay  of recorded information (trace name) 

as a funct ion of common-depth po in t  (posi t ioned half-way between shotpoin t  and 

geophone s t a t i o n  a t  an a r b i t r a r y  depth) and shotpoint-geophone s t a t i o n  o f f s e t  

w a s  drawn (see  Figure 1-16). 

There were up t o  e leven shotpoin ts  recorded from each d i r e c t i o n  ( e a s t  and 

west) by each spread. For each conf igura t ion  of e leven s h o t s  recorded by a 

p a r t i c u l a r  spread, i t  is  poss ib le  t o  compile e leven records of f i v e  traces 

each. However, using t h e  p r i n c i p l e  of " revers ib le  ray  paths" these da ta  could 

be grouped together  t o  form f i v e  records of e leven traces each. The p r inc ipa l  

advantages of t h i s  mode of d i sp l ay  are: 

1. There are more traces on each record; thus,  r e f l e c t i o n s  present  may 

be picked and t h e i r  movement computed more accura te ly  wi th  eleven traces than  

wi th  f ive .  
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2. There is a smaller quant i ty  of ind iv idua l  data .  

To be a b l e  t o  compile these  records,  t he  shot  t i m e  r e l a t i v e  t o  t h e  

Because of the  problems encountered with the indiv idua l  traces must  be known. 

WWVB radio,  these  could not  be computed d i r e c t l y  with any c e r t a i n t y  on c 
approximately 30 percent  of t he  traces, and no t  a t  a l l  on approximately 20 

percent of t he  traces. 

L From t h e  r e s u l t s  of t he  r e f r a c t i o n  survey, a t a b l e  of pred ic ted  

f i r s t - a r r i v a l  t i m e s  versus  shotpoint  instrument o f f s e t  w a s  computed (see Table 

1-1). Because of t he  v e l o c i t y  c o n t r a s t  between t h e  r e f r a c t i n g  medium and t h e  

c material above, t h e  r e f r ac t ed  a r r i v a l s  are of a high enough i n t e n s i t y  t o  be 

observed on a l l  t r a c e s  up t o  the  g r e a t e s t  o f f s e t .  Hence, t h i s  method of 

compiling the  eleven trace records w a s  accura te ly  completed. Nine examples 

from d i f f e r e n t  p a r t s  of t he  l i n e  are displayed i n  Figures  1-17 through 1-25. 

Ref lec t ions  were picked from the  records with the  a i d  of a g r a t i c u l e  

overlay,  p lo t t ed  t o  show the  predicted normal moveout (NMO), and ca l cu la t ed  

using v e l o c i t i e s  from the  r e f r a c t i o n  data .  Normal moveout is t h e  geophysical 

effect of increasing a r r i v a l  times of r e f l e c t e d  d a t a  due t o  t h e  lateral 

increase  of t he  shotpoint-geophone s t a t i o n  d is tance .  

Ref rac t ion  da ta  were used t o  cons t ruc t  static co r rec t ions  f o r  each 

instrument and shot  pos i t ion .  However, these  co r rec t ions  only accounted f o r  

t h e  gradual increase  i n  e l eva t ion  for t h a t  p a r t  of t h e  l i n e  recorded on, and 

so, by using an inc l ined  datum, these  co r rec t ions  would not  need t o  be appl ied  

t o  t h e  da t a  ( see  Table 1-2). 
L 
L From Figure 1-16, traces were chosen f o r  s p e c i f i c  shotpoint-geophone 

s t a t i o n  o f f s e t s  and compiled i n t o  sec t ions  with o f f s e t s  of :  140 m (450 f t ) ,  

( s ee  Figure 1-26); 185 m (600 f t ) ,  ( s ee  Figure 1-27); 275 m (900 f t ) ,  (see 

Figure 1-28); 370 m (1200 f t ) ,  ( see  Figure 1-29); and 555 m (1800 f t ) ,  (see 

Figure 1-30). Groundroll ( sur face  o r  Rayleigh waves) were t h e  most 

1; 
Ld 
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L Table 1-1. Predicted first-break times derived from the seismic-refraction 
data. 

b 

la 
Shot p o in t- 
Instrument 

(m) O f f  se tft) 

Firs t-Brea k 

T S ' E S )  

h 
t 
Lid 

ii 

b 

id 

92.3 (300 )  
138.5 (450)  
184.6 (600 )  
230.8 (750)  
276.9 (900 )  
323.1 (1050)  
269.2 (1200)  
415.4 (1350)  
461.5 (1500)  
507.7 (1650) 
583.8 (1800) 
600.0 (1950)  
646.2 (2100)  
692.3 (2250)  
738.5 (2400) 

0.125 
0.188 
0.250 
0.287 
0.302 
0.317 
0.333 
0.348 
0.363 
0.378 
0.394 
0.409 
0.424 
0.440 
0.455 
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Table 1-2. Table of s t a t i c  correct ions.  t 13 
Difference 

Elevation of Elevation 
above from Datum 
m.s.1.  Plane 

“I - . 

1000 4067 
1001 407 7 
1002 4086 
1003 4088 
1004 4094 
1005 4100 
1006 4106 
1007 4112 
1008 4119 
1009 4127 
1010 4127 
1011 4130 
1012 4132 
1013 4139 
1014 4138 
1015 4143 

1017 4148 
1018 4153 
1019 4154 
1020 4158 
1021 4161 
1022 4166 
1023 4169 
1024 4174 
1025 4173 
1026 4173 
1027 4182 
1028 4188 
1029 4199 
1030 4197 
1031 4201 
1032 4198 
1033 4200 
1034 4201 
1035 4210 
1036 4227 
1037 4228 
1038 4216 
1039 4215 
1040 4277 

i$ 
I$ 

b 1016 

i, 
L 
u 
Li 
L 
1, 
i w 
I 

b 

-20.6 0.009 0.013 
-14.1 0.006 0.009 
- 8.6 0.004 0.006 
-10.1 0.004 0.907 - 7.5 0.003 0.005 
- 5.0 0.002 0.003 
- 2.5 0.001 0.002 

0 0 0 
3.5 -0.001 -0.002 
8.0 -0.003 -0.005 
4.5 -0.002 -0.003 
4.1 -0.002 -0.003 
2.6 -0.001 -0.002 
6.1 -0.002 -0.004 
1.6 -0.001 -0.001 
3.1 -0.001 -0.002 

-0.001 -0.001 
1.2 -0.001 -0.001 
2.7 -0.001 -0.002 
0.2 0 0 
0.7 0 0 
0.2 0 0 
1 .7  -0,001 -0.001 
1.2 -0.001 -0.001 
2.8 -0.001 -0.002 
1.7 -0.001 -0.001 - 5.2 0.002 0.003 - 0.7 0 0 

0 0 0 
2.3 -0.001 -0.001 
4.8 -0.002 -0.003 
5.4 -0.002 -0.003 - 1.1 0.001 0.001 

- 2.6 0.001 0.002 
- 5.1 0.002 0.003 

0.4 0 0 
13.0 -0.006 -0.009 

-0 005 -0.008 11.5 - 4.0 0.002 0.003 
- 8.5 0.004 0.006 

0 0 0 

(1.6) 
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Figure 1-26. Two-peg offset section (92 m or 300 ft) . 
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prominently recorded event;  thus,  o b l i t e r a t i n g  r e f l e c t i o n  information a t  

d i f f e r e n t  t i m e s  on the  records.  Therefore, t h e  choice of o f f s e t  f o r  a 

p a r t i c u l a r  s e c t i o n  w a s  governed by t h e  pos i t ion  of t h e  groundrol l  wi th  respec t  

t o  the  t i m e  window of i n t e r e s t .  

The da ta  from t h e  logs of t he  two deep w e l l s  DT-1 and DT-2 were used w i t h  

v e l o c i t i e s  from the  r e f r a c t i o n  da ta  t o  p red ic t  t h e  pos i t i on  of r e f l e c t i o n s  

shallower than 300 m (1000 f t )  ( see  Figure 1-31). These pred ic t ions  w e r e  

p lo t t ed  onto the  g r a t i c u l e  t o  assist i n  picking of r e f l e c t i o n  events  from t h e  

records.  

Ref lec t ion  events  picked from t h e  sec t ions  were co l l ec t ed  together  ( a f t e r  

moveout co r rec t ions  had been appl ied)  and p lo t t ed  t o  g ive  a f i n a l  s ec t ion  f o r  

t h e  p r o f i l e  ( see  Figure 1-32). Comparison traces were picked from t h e  

common-depth point  o f f s e t  diagram (see  Figure 1-16) for t h e  same common-depth 

poin t  ( s e e  Figure 1-33). 

Resul t s  

Magnetic and Gravity 

Displays of t h e  e leva t ion ,  magnetic, and g rav i ty  p r o f i l e s  are shown in 

Figure 1-4. 

Seismic-Refraction Survey 

A c o r r e l a t i o n  of t h e  r e s u l t s  from t h e  survey is  shown i n  F igure  1-7. The 

maximum observable depth w a s  l imi ted  by a high v e l o c i t y  "s t r inger"  a t  a depth 

assoc ia ted  with t h e  top of t h e  water t ab le .  Although r e f r ac t ed  f i r s t  arrivals 

might be recorded using shot  o f f s e t s  g rea t e r  than those of t h i s  survey, n o t  

only would the  instrumentat ion and increased o f f s e t  l i m i t  t he  q u a l i t y  of t h e  

arrivals observed due t o  probable lateral changes i n  l i t ho logy ,  bu t  
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i n t e r p r e t a t i o n  of such r e s u l t s  would be a major problem. The r e s u l t s  of t h e  

uphole survey are displayed i n  t h e  Meisner diagram (see Figure 1-9) and i n  t h e  

time-depth p l o t  f o r  t h e  near trace t o  the  w e l l  (see Figure 1-8). 

Seismic-Reflection Survey 

The cons t ruc t ion  of t he  common-depth poin t  (CDP) sec t ion  f o r  each o f f s e t  

(see Figures 1-26 through 1-30) has been described i n  t h e  sec t ion  on 

processing and da ta  reduction. Reflected arr ivals  were traced by comparison 

of s igna l  charac te r  from s t a t i o n  t o  s t a t i o n  on each CDP sec t ion .  The 

r e f l e c t e d  events w e r e  corrected f o r  normal moveout (with v e l o c i t i e s  from t h e  

model) and p lo t t ed  onto 'a f i n a l  CDP sec t ion  versus t i m e .  Between 0.7 seconds 

and 1.10 seconds, it w a s  impossible t o  d i s t ingu i sh  any r e f l ec t ed  events 

because groundroll had dominated a l l  other input  da ta  on a l l  o f f s e t  sec t ions .  

The depth scales ( i n  meters and f e e t )  are intended as an ind ica t ion  of depth 

and are not t o  be used as a d i r e c t  t r a n s l a t i o n  t o  be applied t o  each poin t  

p lo t t ed  . 

I n t e r p r e t a t i o n  of Resul t s  

Magnetic Survey 

The p r o f i l e  of t h e  magnetic da t a  shows considerable s h o r t  wavelength 

information which must be due t o  near-surface lateral v a r i a t i o n s  i n  t h e  

concentration of d e t r i t a l  magnetic minerals. The 25- to 30-gamma amplitude 

anomaly t o  t h e  east is completely due t o  one very high point and is thus a l s o  

supposed t o  be of l o c a l  o r  

Between s t a t i o n s  1015 and 1025 (0.7 km t o  1.15 km from the  western end of 

t h e  p r o f i l e ) ,  t he re  is an anomaly which most probably relates t o  d i s t i n c t  
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l i t h o l o g i c  s t ruc tu re .  No q u a n t i t a t i v e  a n a l y s i s  of t h i s  anomaly has  been 

attempted because only one p r o f i l e  w a s  recorded. 

Gravity Survey 

The p r o f i l e  of t he  v e r t i c a l  component of g rav i ty ,  a f t e r  d r i f t ,  Free Air, 

and Bouguer co r rec t ions  were appl ied,  was p lo t t ed  above the  magnetic p r o f i l e  

t o  a id  d i r e c t  comparison. The p r o f i l e  shows a rapid g rad ien t  t o  the  east 

which must be in t e rp re t ed  as the  thickening of low-density, probably 

poorly-consolidated sediments t o  t h e  w e s t .  Immediately east of t he  p r o f i l e ,  

t h e  Paleozoic l imestone of Tortugas Mountain rises above t h e  sediments. 

Between s t a t i o n s  1013 and 1022 (0.60 km and 1.02 km from t h e  western end 

of t he  p r o f i l e ) ,  t he re  is  a "step" of approximately 0.9 mgal in the otherwise 

r e l a t i v e l y  f l a t  p r o f i l e .  This anomaly, although probably of deeper o r i g i n  

than t h a t  shown on the  magnetic p r o f i l e ,  is  poss ib ly  of a s i m i l a r  gene t i c  

o r i g i n  as indica ted  by i t s  s p a t i a l  coincidence. 

Uphole Survey 

The da ta  displayed i n  the  time-depth p l o t  and t h e  Meisner diagram 

ind ica t e  a high-velocity region near t o  the  w e l l  site. This high ve loc i ty  of 

5200 m/sec (17,200 f t / s e c )  is  approximately t h e  P-wave v e l o c i t y  of steel; 

thus, it is i n t e rp re t ed  to  be r ep resen ta t ive  of the  steel cas ing  in t he  w e l l ,  

although the re  are o ther  slower v e l o c i t i e s  t h a t  a r e  apparent.  

Seismic-Refraction Survey 

Four l aye r s  were d i f f e r e n t i a t e d  by t h e  r e f r a c t i o n  data:  

1. A t h i n  in t e rmi t t en t  su r f ace  "weathering" l aye r  of v e l o c i t y  250 m / s  

(800 f t / s e c ) .  

t o  2 m ( 6  f t ) .  

The thickness  of t h i s  l aye r  var ied between no t  being de tec t ab le  
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L 
W 2 .  A weathering l aye r  with ve loc i ty  between 420 m/s (1350 f t / s )  and 540 

m / s  (1750 f t / s )  and a depth between 4 .5  m (14  f t )  and 9 m (29 f t ) ,  va r i ab le  

over t he  lateral ex ten t  of t he  p ro f i l e .  

3. A l a y e r  which is probably poorly consolidated with a ve loc i ty  of 

between 540 m / s  (1750 f t / s )  and 880 m/sec (2950 f t / s ) .  This layer  extends 

down t o  a depth of 80 m (260 f t )  as ca lcu la ted  from t h e  long o f f s e t  data.  

i 

1 4. A t  80 m (260 f t ) ,  a high-velocity material with a ve loc i ty  of 2900 

m / s  (9400 f t / s )  and with an indeterminable depth. The l aye r  may not  be very 

th ick ,  but r e f r a c t s  a l l  energy along i ts  upper i n t e r f a c e  because of t he  

high-velocity con t r a s t  with t h e  material above. By recording charges 

detonated i n  opposi te  d i r ec t ions ,  t he  d ip  of t h i s  i n t e r f a c e  w a s  ca lcu la ted  t o  

L 

I 
c 

be approximately 3" t o  t h e  hor izonta l  on t h e  element of l i n e  observed. This 

layer  is in te rpre ted  t o  be a cementation (cal iche)  l aye r  i n i t i a l l y  assoc ia ted  

wi th  t h e  water tab le .  li 
Seismic-Reflection Survey 

The display of common-depth point  (CDP) and two-way time (and depth as 

predicted by t h e  model) shows f i v e  d i s t i n c t  r e f l ec t ions .  Because of t h e  

presence of groundroll  any r e f l e c t i o n s  between 0.7  seconds and 1.10  seconds 

could not  be dis t inguished.  Some of t h e  r e f l e c t o r s ,  notably t h a t  a t  0 .6  

seconds, could be del ineated on severa l  CDP sec t ions  wi th  d i f f e r e n t  o f f se t s .  

A l l  t h e  r e f l ec t ed  events  picke have been corrected f o r  normal moveout (NMO) 

before  being p lo t t ed  on t h i s  display;  thus,  t h e  coincidence of 3 o i n t s  on those 

ii 

r e f l e c t o r s  fo r  var ious o f f s e t s  indicated a good agreement of t h e  da ta  with t h e  

model v e l o c i t i e s  used f o r  t h e  NMO correc t ions .  The var ious f ea tu res  are as 
I i follows : 

U 



1 '  
1. The most shallow r e f l e c t o r  d i sce rn ib l e  i s  t h a t  associated with t h e  

water tab le .  As w a s  shown by the  refraction-survey r e s u l t s ,  t he re  is a 

high-velocity material with a ve loc i ty  of 2900 m/sec (9400 f t / s )  and with a 

ca lcu la ted  depth of t h a t  of t he  water tab le .  This layer  has been 

in t e rp re t ed  not t o  be of any g rea t  thickness  and t o  be representa t ive  of a 

cementation l aye r  (cal iche) .  The r e f l ec t ed  a r r i v a l s  w e r e  not  e a s i l y  

d i f f e r e n t i a t e d  due t o  change i n  charac te r  and were weak i n  amplitude. The 

l a rge  scatter i n  the  poin ts  p lo t t ed  is  a t t r i b u t e d  t o  t h e  d i f f e r e n t  ray path 

involved ( fo r  d i f f e r e n t  o f f s e t s )  encountering l o c a l  lateral inhomogeneities, 

most predominantly present  i n  the  near-surface material. It is noted t h a t  t h e  

d ip  ca lcu la ted  from the  r e f r a c t i o n  da ta  i s  not  evident  i n  t h e  CDP-time depth 

sec t ions .  

2. The r e f l e c t o r  with a two-way time oE 0.40 seconds is bes t  

d i f f e ren t i a t ed  on t h e  6-peg sec t ion  (280 m o r  900 f t ) .  An event may picked on 

t h e  8-peg (370 m o r  1200 f t )  and t h e  12-peg (550 m o r  1800 f t )  sec t ions .  

However, ne i the r  of the  lat ter two picked events correspond t o  any i n t e r f a c e  

as predicted from the  w e l l  logs and t h e  ve loc i ty  model. 

3. The r e f l e c t o r ,  as bes t  d i f f e r e n t i a t e d  by 3 sec t ions ,  has  a two-way 

time which is from 0.50 seconds i n  t h e  w e s t  t o  0.68 seconds i n  t h e  east. A t  

w e l l  s i te DT-1, t h i s  r e f l e c t i o n  would correspond t o  a l aye r  (or  poss ib le  lens)  

of gravel  and sand. Possibly t h i s  r e f l e c t i o n  i s  not  a s i n g l e  r e f l e c t o r  but  

severa l  lenses  of sand and gravel  along t h e  length of t h e  p r o f i l e .  

4. Reflect ion with two-way time varying from 1.15 seconds i n  t h e  w e s t  t o  

1.30 seconds i n  t h e  east has  a minimum of 1.10 seconds and maximum of 1.30 

seconds; i t  shows not only a general  d i p  t o  t h e  east but a r ap id ly  varying 

two-way -time. 
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5. The r e f l e c t i o n  s igni fy ing  

from 1.40 seconds t o  1.55 seconds. 

t he  deepest recorded event v a r i e s  markedly 

As compared t o  the  r e f l e c t i o n  above, t h e r e  
. &  

is  no apparent d ip  towards t h e  east. This r e f l e c t i o n  has  been in t e rp re t ed  t o  

be t h e  upper i n t e r f a c e  of t h e  Paleozoic limestone of which Tortugas Mountain 

i s  an upthrus t  block. 

6. The two deep r e f l e c t i o n s  apparently have a similar charac te r .  

However, such l a rge  d ips ,  as have been in te rpola ted  between p l o t s  of t h e s e  

r e f l e c t i o n s ,  are of an order  (30' t o  40') s o  t h a t  d i r e c t  i n t e r p r e t a t i o n  of an 

i n t e r f a c e  without any cons idera t ion  t o  migration appears t o  be an 

over-s implif icat ion.  However, i t  i s  supposed t h a t  t hese  i n t e r f a c e s  are broken 

by f a u l t i n g .  

7. The two shallow r e f l e c t i o n s  appear t o  be p a r a l l e l  t o  t h e  surface.  

However, t he  r e f l e c t o r  i n t e rp re t ed  t o  be t h e  upper i n t e r f a c e  of a l aye r  (or 

l ens )  of gravel  and sand d i p s  towards the  east implying a thickening of t h e  

volcanic-fragment l aye r  towards the  east. The p o s s i b i l i t y  t h a t  t h i s  apparent  

d i p  is  due t o  an eastward lateral increase  of ve loc i ty  has  been considered 

and, if t rue ,  would r equ i r e  a ve loc i ty  a t  t h e  eastern end of t h e  p r o f i l e  of 

2500 m / s  (8000 f t / s )  from t h e  water t a b l e  down t o  t h i s  i n t e r f ace .  

8 .  It is  f u r t h e r  noted t h a t  although t h e  1.20-second r e f l e c t o r  has  a 

similar d i p  t o  t h a t  of t h e  sand and grave l  lens;  t h e  l imestone i n t e r f a c e  

appears t o  have no general  dip.  Further ,  as previously s t a t e d ,  r e f l e c t e d  

a r r i v a l s  f o r  t h e  0.60-second r e f l e c t o r  as picked from various offset-CDP 

sec t ions  show good coincidence and, i f  t h e r e  was  a marked increase i n  v e l o c i t y  

towards t h e  east, app l i ca t ion  of a s i n g l e  v e l o c i t y  f o r  the NMO co r rec t ions  

would produce an increas ing  d i f f e rence  i n  r e f l e c t i o n  t i m e  which w a s  no t  

observed. 
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9 .  If the apparent easterly dip is a true representation of interface 

inclination, then it may be conjectured that an interface between the 

0.60-second reflector and the 1.10-second reflector may be the western 

structural control for geothermally-heated water which has risen via faulting 

in the Paleozoic limestone. 

Summary 

Five velocity interfaces have been delineated from the seismic-ref lection 

data, the deepest of which has been interpreted to be the Paleozoic limestone. 

The anomalies as indicated by the magnetic and gravity profiles have no direct 

correlation with the five reflected events and are thus considered to have a 

deeper origin, although it is quite possible that the magnetic anomaly may be 

created by a lateral change of magnetic mineral content in the ash-flow tuff. 

Further exploration work would involve a more detailed (higher 

resolution) seismic-reflection survey using larger charge size, geophone 

patterns (to both enhance signal and attenuate groundroll), and more sensitive 

equipment. 

This survey recorded a profile in only two dimensions. To justify 

results from a higher resolution survey would necessitate the recording of an 

areal grid of profile to delineate three-dimentional structures. 

Conclusions with Respect to the Geothermal Anomaly 

The seismic-reflection data show that there is no major faulting above 

300 m (1000 ft); thus, the rise of hot water in the portion of the geothermal 

anomaly penetrated by test hole DT-1 must be a pore- or 

microfracture-controlled flow, as opposed to a major fracture-controlled flow. 

A dip in the third reflector from approximately 180 m (600 ft) in the west to 

245 m (800 ft) in the east possibly exerts structural control on the westerly 
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lateral migration of t h e  hot  water away from the  loca l  peak i n  t h e  geothermal 

anomaly. Consistent with t h i s  hypothesis,  temperatures i n  a second test hole ,  

DT-2, decrease s i g n i f i c a n t l y  beneath t h i s  r e f l e c t o r  (Morgan et al .  1979). The 

depth of the  maximum temperature i n  DT-2, 50.8OC (123OF) a t  160 m (525 f t )  is  

j u s t  below t h e  second r e f l e c t o r ,  which is  in t e rp re t ed  as t h e  top of t h e  f i r s t  

volcanic  l aye r ,  i nd ica t ing  t h e  lateral water flow is  somehow confined 

pr imari ly  wi th in  t h e  volcanic  layer .  

I n  con t r a s t  t o  t h e  apparent cont inui ty  of t h e  t h r e e  shallow r e f l e c t o r s ,  

s i g n i f i c a n t  o f f s e t s  are indicated i n  t h e  two deeper r e f l e c t o r s ,  t he  g r e a t e s t  

of which is coincident with the  peak of t h e  shallow temperature anomaly a t  t h e  

DT-1 w e l l  site. These o f f s e t s  are thought t o  be f a u l t  cont ro l led ,  with 

downthrows of t h e  order  of 30 m (100 f t )  t o  t h e  east, and possibly represent  

minor a n t i t h e t i c  f a u l t s  r e l a t e d  t o  t h e  major normal f a u l t  on the  western 

margin of Tortugas Mountain, downthrown t o  t h e  w e s t ,  which has been del ineated 

by Seager and Brown (1978) and J i r acek  and Gerety (1978). From t h e  

information ava i l ab le ,  t h e  f a u l t  indicated by t h e  r e f l e c t i o n  d a t a  beneath t h e  

DT-1 s i t e  is t h e  s t r u c t u r a l  f ea tu re  most l i k e l y  t o  act as a conduit  along 

which t h e  hot  water of the geothermal anomaly ascends from depth. Other 

f a u l t s  i n  the  area, including the  westward-dipping western marginal f a u l t  of 

Tortugas Mountain, may a l s o  act as condui ts  f o r  ascending hot  water. The 

shallow temperature gradien t  da t a  (Morgan et al. 1979) i n d i c a t e  t h a t ,  at  least 

l o c a l l y ,  t h e  r e l a t i v e l y  minor f a u l t  beneath t h e  DT-1 s i te acts as t h e  dominant 

conduit  f o r  t he  geothermal anomaly. 

Although s u f f i c i e n t  g rav i ty  d a t a  are not  ava i l ab le  f o r  a r igorous 

ana lys i s  t o  be made, t he  magnitude of t h e  g rav i ty  decrease westwards from 

Tortugas Mountain across  t h e  geothermal anomaly is cons i s t en t  with t h e  depth 

of t h e  deepest r e f l e c t o r ,  550 t o  580 m (1800 t o  1900 f t ) ,  being t h e  top of t h e  
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downfaulted su r face  of t h e  Paleozoic limestone, which outcrops a t  Tortugas 

Mountain. Extensive water flow through so lu t ion  c a v i t i e s  con t ro l l ed  by j o i n t  

and f a u l t  planes i n  l imestone beds is  very common. I f  l imestone beds do 

unde r l i e  L a s  Alturas ,  they would probably provide ex tens ive  channels f o r  both 

lateral and v e r t i c a l  flow of hot  water i n t o  t h e  L a s  Al turas  Geothermal 

Anomaly. This p o t e n t i a l  f a c t o r  should be considered very c a r e f u l l y  before  

deep exp lo i t a t ion  of t he  L a s  Al turas  anomaly is  attempted. 
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Chapter 2 

Seismic, Water Analyses, and Hydrology Studies  

i n  t h e  Socorro Area 

P a r t  1 

Seismic Measurements of t h e  Te r t i a ry  F i l l  i n  t he  

Rio Grande Depression West of Socorro, New Mexico* 

t Introduct ion 

An area between Socorro Mountain and t h e  main New Mexico Tech campus 

has been suggested as a d r i l l  s i te  t o  explore f o r  geothermal waters t o  hea t  iri 
1 

buildings a t  New Mexico Tech. The t a r g e t  of t h e  geothermal explorat ion is 

a poss ib le  aqui fe r  within the  lower Popotosa Formation. A 400-111 t o  800-m 

t h i c k  aqui ta rd  i n  t h e  upper Popotosa Formation would separa te  any aqu i f e r  

i n  t h e  lower Popotosa from the  main Rio Grande aqu i f e r  (Chamberlin, 

personal communication 1979). Detai led information on t h e  Te r t i a ry  

s t r u c t u r e  and s t r a t ig raphy  i n  t h e  Socorro area can be found i n  Chapin et 

al. (1978a; 1978b). 

h 

b 
c 

The economic f e a s i b i l i t y  of heat ing t h e  campus with geothermal waters 

hinges t o  a l a r g e  extent on t h e  depth of t h e  resource.  I f  a production 

w e l l  has  t o  be d r i l l e d  through severa l  kilometers of Te r t i a ry  f i l l ,  t h e  

c o s t  of t h e  w e l l  could f a r  exceed any long-term economic gains  from t h e  

pro jec t .  The purpose of t h e  seismic study was t o  determine t h e  depth t o  

t h e  aqui ta rd  using active r e f l e c t i o n  and r e f r a c t i o n  techniques. 

e 
L 

*The p r inc ipa l  authors  of Chapter 2, P a r t  1 are D r .  Allan Sanford and D r .  
W i l l i a m  Schlue of t h e  Geoscience Department, New Mexico I n s t i t u t e  of Mining 

L 
l 

L d  and Technology. 

1 1  
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S e i s m i c  Ve loc i t i e s  from Sonic W e l l  Logs 

As an a i d  t o  i n t e r p r e t i n g  t h e  seismic da t a ,  sonic  logs f o r  t h r e e  w e l l s  

d r i l l e d  i n  the  Albuquerque Basin were examined. These logs  showed i d e a l  

condi t ions  f o r  generat ion of r e f l e c t i o n s  and l a r g e  ve loc i ty  changes (up t o  

about 500 m/sec> i n  a shor t  d i s tance  throughout t h e  Te r t i a ry  sec t ion ,  bu t  

p a r t i c u l a r l y  i n  the  f i r s t  500 m from the  sur face .  
L 
c 

l i n e a r  ve loc i ty  funct ion c 
Inasmuch a s  seismic r e f l e c t i o n  o r  r e f r a c t i o n  da ta  cannot revea l  t h e  

v e l o c i t y  d e t a i l  of t he  sonic  logs,  t h e  latter were smoothed by eye and t h e  

V - V  a Z  , 
0 

where V = ve loc i ty  of water-saturated rock near  t h e  su r face  and 
0 

a=dJ 
dz ’ 

c 
c 
c 
L 

w a s  f i t t e d  t o  the  r e s u l t i n g  ve loc i ty  values.  P l o t s  of t h e  v e l o c i t y  

funct ions f o r  t he  t h r e e  w e l l s  are given i n  Figure 2-1. Note t h a t  t h e  

v e l o c i t y  funct ion f o r  t h e  She l l  81 Santa Fe d i f f e r s  l i t t l e  from those f o r  

t he  o ther  two w e l l s  even though t h e  depth t o  Cretaceous is markedly 

d i f f e r e n t  i n  t h e  two cases. Thus, it appears i t  would be d i f f i c u l t  t o  

e s t a b l i s h  whether one were i n  t h e  upper o r  lower p a r t  of t h e  T e r t i a r y  f i l l  

on t h e  b a s i s  of observed v e l o c i t i e s  alone. 

Seismic Reflect ion and Refrac t ion  Data 

The l i n e  along which seismic-ref lect ion and r e f r a c t i o n  da ta  were 

obtained is shown i n  Figure 2-2. The l i n e  extends from t h e  base of Socorro I *  L 
Mountain t o  t h e  northwest f r i n g e  of t h e  main New Mexico Tech campus i n  a 

S76E d i rec t ion .  Two sets of da t a  were analyzed, cons i s t ing  of recordings 

made by t h e  sen io r  author  i n  1957 and 1958 and recordings obtained i n  the 

I *  
I/: 

summer of 1979. Although the  p r inc ipa l  purpose of t h e  1957 and 1958 work 
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Figure 2-1. Linear ve loc i ty  functions for Tertiary sedimentary rocks i n  
the Rio Grande Rif t .  The l inear increases i n  ve loc i ty  with 
depth are based on sonic lags of exploratory d r i l l  holes i n  
the Albuquerque Basin and seismic-refraction shooting i n  the 
Socorro Basin along the l i n e  shown i n  Figure 2-2. 



c 

c 

c 

- P 

l i d  Figure 2-2. Map showing the line along which seismic-reflection and 
seismic-refraction measurements were made. 
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w a s  t o  de f ine  t h e  depth and p rope r t i e s  of t he  shallow Rio Grande aqu i f e r ,  

an attempt w a s  made to  obta in  information on deeper s t r u c t u r e  by shooting 

both a 2500-m unreversed r e f r a c t i o n  p r o f i l e  and some spreads f o r  

r e f l e c t i o n s .  A desc r ip t ion  of procedures used i n  t h e  1957 and 1958 work 

along with an ana lys i s  of t he  da t a  re levant  t o  the  depth and p rope r t i e s  of 

the  shallow aqu i fe r  is given by Ihrahim (1962). 

No a t t e m p t  w a s  made t o  i n t e r p r e t  t he  1957-1958 seismic da t a  f o r  deeper 

s t r u c t u r e  u n t i l  1979. Re-examination and ana lys i s  of t hese  da t a  revealed 

d e f i n i t e  shallow reElec t ions  ( a t  depths up t o ' ~ 4 0 0  m) on t h e  w e s t  end of 

t h e  l i n e  and probable deep r e f l e c t i o n s  on the  east end of t he  l i n e .  Depths 

and v e l o c i t i e s  based on the  shallow r e f l e c t i o n s  are p lo t t ed  on t h e  western 

end of t h e  c ross  sec t ion  shown i n  Figure 2-3. The lengths  of t h e  l i n e s  

shown f o r  these  and o the r  r e f l e c t i o n s  on t h e  c ros s  sec t ion  correspond t o  

approximately t h e  subsurface extent  of t h e  r e f l e c t i n g  v e l o c i t y  

d i scon t inu i ty .  

The depths of t h e  r e f l e c t i o n s  on the  east end of t h e  l i n e  are g r e a t  

r e l a t i v e  t o  the spread length,  and the re fo re  average v e l o c i t i e s  t o  t h e  

d i s c o n t i n u i t i e s  cannot be ca lcu la ted .  The depth shown t o  t h e  top and 

bottom of t h e  zone of r e f l e c t o r s  is  based on t h e  v e l o c i t y  funct ion 

v = 1.8 (km/sec) + 1.0 (llsec) Z (km) , 

which is  c l o s e  t o  t h e  average funct ion f o r  t h e  w e l l  ve loc i ty  da t a  shown i n  

Figure 2-1. The observed moveout on the r e f l e c t i o n s  ind ica t e s  t h a t  t h e  

r e f l e c t o r s  c innot  have d ips  i n  excess of about 5 degrees  t o  t h e  w e s t  or 

east. . 
The apparent v e l o c i t i e s  observed on t h e  long unreversed r e f r a c t i o n  

p r o f i l e  were used t o  obta in  t h e  v e l o c i t y  funct ion 

v = 1.77 (km/sec) + 1.14 ( l / s e c )  Z (km) . 
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E 
L 
LJ The f i t  of t he  r e l a t i o n  the  observations is  not good along t h e  e n t i r e  

length of t he  r e f r ac t ion  p r o f i l e  because of rapid changes i n  the  ve loc i ty  

a t  shallow depths (<400 m). The ve loc i ty  funct ion ind ica t e s  t h a t  t he  

seismic energy recorded a t  the  end of t he  p r o f i l e  (2500 m from the  shot )  

reached a maximum ve loc i ty  of 2.24 km/sec a t  a depth of 410 m. As shown i n  

Figure 2-2, t he  ve loc i ty  funct ion from the  r e f r ac t ion  da ta  is similar t o  

id 

L 

i 
those obtained from t h e  sonic  w e l l  logs. 

To expand upon and confirm the  r e s u l t s  of t h e  earlier seismic work, 
Id 

i 

L 

id 

I 

L 

L 

i 

observations were made along the  same l i n e  i n  the  summer of 1979 with a new 

12-channel seismograph. The instrument, a Geometrics ES 1210, allows 

s tacking of seismic s igna l s  i n  the  f i e l d .  The f i e l d  procedure w a s  t o  

record s h o r t s  located 312.5 m from a 275-m spread of 1 2  geophones. Shots 

and spreads were posit ioned t o  give equal amounts of moveout information t o  

t h e  east and t o  the  w e s t  as w e l l  as continuous subsurface coverage. A 

f i n a l  record was obtained by s tacking the  seismic s i g n a l s  from four  

separate 0.5-pound TNT explosions t h a t  w e r e  located i n  t renches (wl m x 1 m 

x 7 m) a t  r i g h t  angles t o  t h e  l i ne .  The standard record length w a s  0.5 

secs a t  a sampling rate of 0.5 msecs. A delay of 0.3 secs w a s  used, 

inasmuch as t h e  near-surface s t r u c t u r e  and ve loc i ty  were known from 

r e f r a c t i o n  shooting along t h e  l i n e  in 1957 and 1958 (Ibrahim 1962). The 

reason f o r  t h e  l a r g e  shot  o f f s e t  (312.5 m) w a s  t o  avoid severe in t e r f e rence  

between su r face  waves and shallow re f l ec t ions .  

The depths and v e l o c i t i e s  ca lcu la ted  from some of the  observed 

r e f l e c t i o n s  i n  t h e  1979 survey are shown i n  Figure 2-3. The main purpose 

of t h e  ana lys i s  w a s  t o  obta in  v e l o c i t i e s ,  and thus no attempt w a s  made t o  

e s t a b l i s h  prec ise ly  t h e  beginning of a r e f l e c t i o n  event even i f  t h i s  w e r e  

possible .  
td 
i 

Thus, t h e  depths of r e f l e c t o r s  shown on the  sec t ion  should not  
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be in t e rp re t ed  as the  depth t o  a p a r t i c u l a r  geologic horizon nor should t h e  

o f f s e t  i n  horizons between t h e  1957-58 and 1979 r e s u l t s  be in te rpre ted  as 

f a u l t  displacements. Actually,  t he  r e s u l t s  of both seismic surveys 
c 
c ind ica t e  a f a i r l y  l a rge  number of r e f l e c t i n g  horizons wi th in  500 m of t h e  

surface.  Those shown i n  Figure 2-3 were se l ec t ed  because of t h e i r  c l a r i t y  

and cont inui ty  which allowed t h e  bes t  determination of ve loc i ty .  

c 
Discuss  ion and Conclusions 

The de t a i l ed  seismic-refract ion da ta  on shallow s t r u c t u r e  

revealed two f a u l t s  o f f s e t t i n g  the  sur face  layer ;  t h e  one located about 1 

km from t h e  w e s t  end of t he  l i n e  w a s  the  b e s t  defined (Ibrahim 1962). c 
Neither f a u l t  has an obvious sur face  expression but John Hawley (personal 

communication 1979) be l ieves  t h e r e  is geomorphic evidence f o r  s eve ra l  

recent  f a u l t s  i n  t h e  area between t h e  main New Mexico Tech campus and t h e  

mountain f ron t  t o  t h e  w e s t .  The importance of t hese  observat ions of recent  

f a u l t i n g  is t h a t  a deep d r i l l  ho le  may penet ra te  recent  f a u l t s  even i f  

located away from t h e  mountain f ront .  

The v e l o c i t i e s  obtained from analyses  of t h e  seismic-refract ion and 

L r e f l e c t i o n  da ta  t o  depths of a l i t t l e  over 500 m are c h a r a c t e r i s t i c  of 

Te r t i a ry  f i l l ,  although i t  would be d i f f i c u l t  t o  a s c e r t a i n  pos i t i on  i n  

t h e  Te r t i a ry  sec t ion  from t h i s  information alone. However, it appea r s  c 
t h a t  t h e  absence of a l a rge  d i p  on t h e  r e f l e c t o r s  does i n d i c a t e  t h a t  t h e  

aqui ta rd  lies below t h e  deepest observed r e f l e c t i o n s .  On t h e  b a s i s  of 

extensive geologic mapping i n  t h e  Socorro area, Chamberlin (personal . 

communication 1979) bel ieves  t h a t  t h e  aqui ta rd  should have westward d ips  
i ’  

from 10 t o  20 degrees. The l a r g e s t  d ips  poss ib le  on t h e  deep r e f l e c t i o n s  

appears t o  be about 5 degrees, e i t h e r  w e s t  or east. Thus, t h e  
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seismic da ta  suggest t h a t  t h e  aqu i t a rd  m u s t  l i e  a t  depths g r e a t e r  than 2200 

m. 

Assuming a minimum thickness  of 400 m f o r  t h e  aqu i t a rd ,  t he  t a r g e t  

a q u i f e r  i n  t h e  lower Popotosa is a t  a depth of a t  least 2600 m. This 

r e s u l t  i s  compatible with i n t e r p r e t a t i o n s  of g rav i ty  d a t a  (Sanford 1968; 

Heckert, unpublished i n t e r p r e t a t i o n  of g rav i ty  da t a  i n  t h e  Socorro area) i n  

same area as t h e  seismic measurements. 
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Part 2 

Geothermal Data Ava i l ab i l i t y  f o r  Computer Simulation 

i n  t h e  Socorro Peak KGRA, Socorro County, New Mexico* 
L 

L 
In t roduct ion  

e On t h e  b a s i s  of t h e  presence of severa l  thermal spr ings  (32OC o r  90°F) 

which i s s u e  from the  mountain f r o n t  t o  the  w e s t  of Socorro, New Mexico, t h e  U. 

S. Geological Survey designated a 362-square kilometer (140-square mile) 

area i n  t h e  Socorro area as t h e  Socorro Peak Known Geothermal Resource Area 

(KGRA) i n  1976. Supporting evidence f o r  ex is tence  of a geothermal resource 

comes from geophysical s t u d i e s  which show anomalously high-heat flows i n  the  

iil 

h 

L 
area of Socorro Peak, as high as 11.7 heat-flow u n i t s  (HFU) (Reiter e t  al .  

1975; Reiter and Smith 1977; Sanford 1977b). 

It is  poss ib le  t h a t  t h e  source of heat  i n  t h e  Socorro Peak KGRA is a L 
magma body which is present ly  in t ruding  the  c r u s t  i n  t h e  v i c i n i t y  of t h e  KGRA. 

This  magma body has  been s tudied over a period of years  by Sanford and h i s  

s tudents  a t  New Mexico Tech (Sanford and Long 1965; Sanford et al. 1973; 

Sanford 1977a, 1977b; Caravel la  1976; Rinehart  1976; Shuleski  1976; Fischer  

1977; Sanford 1977a; Shuleski et  al. 1977; Rinehart  et  al. 1979). Their 

i n t e r p r e t a t i o n s  of microearthquake seismograms have led  t o  t h e  mapping of f i v e  

hallow (3- t o  5-km o r  1.9- t o  3.1-mi) d ike- l ike magma bodies t o  the  south of 

Socorro Peak and of an extensive midcrustal  (20-lan o r  12.4-mi depth) s i l l - l i k e  

magma body. Leveling s t u d i e s  by Rei l inger  and Oliver (1976) and Rei l inger  et 

a l .  (1979) document a modern u p l i f t  over t h e  proposed magma body. 
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Research Ass is tan t ,  and Daniel  B. Stephens, Ass is tan t  Professor of Hydrology, 
New Mexico I n s t i t u t e  of Mining and Technology. 

k 

Y 
b 

2-1 1 



Several recent  geological s tud ie s  have shed considerable  l i g h t  on t h e  

nature  of t he  rocks which make up t h e  Socorro Peak geothermal reservoi r ,  

notably those of Chapin et  al. (1978) and Chamberlin (1980). As a r e s u l t  of 

these  s t u d i e s  of t he  s t r u c t u r e  and s t r a t ig raphy  i n  t h e  Socorro area i n  

conjunction with i n t e r p r e t a t i o n  of geophysical da t a ,  Chapin et al. (1978) 

proposed t h e  exis tence of a "leaky lineament" trending northeast-southwest 

c 
L 
c through t h e  KGRA. This "leaky lineament" is composed of a t ransverse  shear  

zone which may allow the  upward leakage of magma forming t h e  bodies which have 

been located by geophysical techniques. L 
Most of t he  s t u d i e s  mentioned above on t h e  Socorro Peak area are s p e c i f i c  

i n  nature.  Our purpose here  is t o  synthesize por t ions  of previous s t u d i e s  

which could be used as inputs  t o  a hydrogeothermal computer s imulat ion i n  t h e  

Socorro Peak KGRA. Such information would include i d e n t i f i c a t i o n  of bas in  
Li 

geometry, hydrologic and thermal p rope r t i e s  of geologic un i t s ,  sources  of 

groundwater recharge and discharge,  and chemical c h a r a c t e r i s t i c s  of t h e  

geothermal f lu ids .  Where no information f o r  these  ca tegor ies  w a s  ava i l ab le  

c 
c 

s p e c i f i c a l l y  from t h e  Socorro area, da ta  were co l l ec t ed  from areas outs ide  t h e  

KGRA which were in te rpre ted  as having similar hydrogeothermal proper t ies .  

Deep Subsurface Features 

One of t he  most important requirements i n  designing a computer s imulat ion c 
of a flow system is t h e  loca t ion  of geologic f ea tu res  which con t ro l  f l u i d  

movement within t h e  geothermal system. To date ,  i n t e r p r e t a t i o n  i n  t h e  

subsurface i s  based mostly on s tud ie s  of t ec ton ic  s e t t i n g ,  microearthquakes, 

seismic r e f l e c t i o n ,  g rav i ty ,  and land e leva t ion  changes. 
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The Socorro Peak KGRA is  located within t h e  Rio Grande R i f t  zone where 

the  r i f t  t r ansec t s  t he  northeastern edge of t h e  Datil-Mogollon volcanic  f i e l d  

of Oligocene t o  ea r ly  Miocene age (Chapin e t  al .  1978). The Rio Grande R i f t  

is a major north-trending s t r u c t u r e  formed by an e a s t - w e s t  c r u s t a l  extension 

beginning between about 25 and 29 m.y. ago and continuing t o  t h e  present  

(Chapin and Seager 1975). 

To t h e  nor th  of Socorro the  r i f t  c o n s i s t s  of l inked north-trending 

s t r u c t u r a l  depressions and t o  the  south of Socorro near Las Cruces, New 

Mexico, t h e  r i f t  merges i n  a complex way with t h e  Basin and Range Province. 

In  t h i s  area, t h e  Socorro-Lemitar mountains and t h e  Chupadera Mountains 

comprise intergraben h o r s t  blocks which separa te  t h e  La  Jenc ia  Basin (which 

includes t h e  Snake Ranch F l a t s )  t o  the  w e s t  from t h e  Rio Grande Valley t o  t h e  

east ( see  Figure 2-4). These intergraben h o r s t s  were formed r e l a t i v e l y  late 

i n  the  h i s t o r y  of t h e  r i f t ,  about 9 t o  10 m.y. ago (Chapin and Seager 1975). 

The only o ther  l oca t ion  along t h e  r i f t  a t  which a similar development of 

h o r s t s  through several thousand f e e t  of Cenozoic f i l l  is known t o  occur is a t  

L a s  Cruces, New Mexico (Sanford, Mott, Shuleski,  Rinehart ,  Caravella,  Ward, 

and Wallace 1977). 

Within t h e  KGRA, microearthquake s t u d i e s  suggest t h e  presence of an 

extensive magma body i n  the  c r u s t  a t  a depth of about 18 t o  20 kilometers 

(11.2 t o  12.4 m i )  (Sanford, i n  Chapin et  al .  1978; Sanford, Mott, Shuleski,  

Rinehart ,  Caravella,  Ward, and Wallace 1977). Similar  s tud ie s  de l inea te  a 

number of smaller and shallower magma bodies south of t h e  deeper in t rus ion  a t  

depths of as l i t t le  as 2.5 km (1.6 m i l e s )  (Sanford, Rinehart ,  Shuleski,  and 

Johnston 1977) (see Figure 2-5). High temperature grad ien ts  and high hea t  

flows measured i n  boreholes i n  t h e  Socorro Mountains suggest t h a t  t hese  

shallow bodies may be in t e rp re t ed  as a geothermal heat  source (Rei te r  and 

Smith 1977; Sanford 1977b). 

2-13 



NEW 

c 
c 

I 

Figure 2-4. Location of the study area (Gross and Wilcox 1980). 
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Figure 2-5. Geographical extent of the extensive magma body. A so l id  

l i n e  indicates that the boundary is  c lose ly  defined; a 
dashed l i n e  denotes some uncertainty of its location. 
Posit ions of the Consortium on Continental Reflection 
Profi l ing (COCORP) l ines  and the shallow magma bodies are 
a l s o  shown (Sanford 1978).  
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Large scale seismic-ref lect ion s t u d i e s  c a r r i e d  out  by t h e  Consortium on 

Continental  Reflect ion P ro f i l i ng  (COCORP) a l s o  suggest t h e  presence of t h e  

ex tens ive  magma body (Brown e t  al. 1979). I n t e r p r e t a t i o n  of the  COCORP 

r e s u l t s  i nd ica t e s  t h a t  t he  magma body w a s  intruded a f t e r  t h e  main episodes of 

r i f t  f a u l t i n g  and thus could be q u i t e  recent  (Brown e t  al .  1979). In  f a c t ,  

Rei l inger  et a l .  (1979) have noted a topographic u p l i f t  of 20 cm (7.9 in) 

between 1911 and 1951 about 25 km (15.5 mi) no r th  of Socorro. This u p l i f t  may 

i n d i c a t e  t h a t  t h e  magma body i s  present ly  in t ruding  a t  midcrustal  depths. 

The COCORP has  ca r r i ed  out  severa l  deep se i smic- ref lec t ion  surveys i n  t h e  

v i c i n i t y  of t he  Socorro Peak KGRA (Brown et al. 1979). One l i n e  has been run 

i n  t h e  v i c i n i t y  of t he  southern end of t he  La Jenc ia  Basin (see Figure 2-5), 

and t h e  da ta  from t h i s  p r o f i l e  could be usefu l  i n  def in ing  t h e  thickness  and 

ex ten t  of t he  hydrogeologic un i t s .  

A d e t a i l e d  g rav i ty  survey covering p a r t s  of t h e  Rio Grande depression and 

adjacent  areas i n  Socorro County w a s  performed by Sanford (1968). This 

g rav i ty  survey shows t h a t  t h e  Rio Grande Valley i n  t h e  Socorro area is 

a c t u a l l y  made up of t h r e e  l inked s t r u c t u r a l  depressions ( see  Figure 2-6). The 

two s t r u c t u r a l  depressions which l i e  t o  t h e  east of the  Socorro-Lemitar 

mountains are asymmetrical. Their western margin appears t o  be a high-angle 

normal f a u l t  with a displacement of as much as 4 km (2.5 mi). The eastern 

margins of these  depressions rise much more gradual ly ,  possibly ind ica t ing  t h e  

presence of s t e p  f a u l t i n g  (Sanford 1978). From t h e  g rav i ty  survey, the La 

Jenc ia  Basin appears t o  be more symmetrical than t h e  Rio Grande Valley, bu t  

wi th  comparable s t r u c t u r a l  r e l i e f .  Sanford (1968) constructed g rav i ty  

p r o f i l e s  based on a s u i t e  of rocks which included a complete Mesozoic sec t ion .  

However, according t o  Chamberlin (1980), t he  Mesozoic s e c t i o n  is probably 

missing and therefore  the  p r o f i l e s  computed by Sanford may be inaccurate .  
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Sanford (personal communication 1980) i n d i c a t e s  t h a t  r e i n t e r p r e t a t i o n  of t h e  

grav i ty  p r o f i l i n g  i n  l i g h t  of t h e  present ly  a v a i l a b l e  geological  da ta  would 

probably produce a s i g n i f i c a n t  increase  i n  the  depth of t h e  post-Mesozoic 

v a l l e y - f i l l  sediments which would cons i s t  p r imar i ly  of rocks of t h e  Santa Fe 

Group. Based on t h e  o r i g i n a l  model proposed by Sanford (1968), t h e r e  are a t  

least 305 m (1000 f t )  of Santa Fe va l l ey  f i l l  present .  Gross and Wilcox 

(1980) performed some ca l cu la t ions  which i n d i c a t e  t h a t  i f  t h e  e n t i r e  Mesozoic 

sec t ion  is  missing, t he  thickness  of t h e  Santa Fe Group i n  t h e  La  Jenc ia  Basin 

may be as much as  1000 m (3300 f t ) .  

Another method of de l inea t ing  the  geometry of t h e  geological  u n i t s  

comprising the  geothermal system is analyses  of samples  from deep d r i l l  holes.  

Such s t u d i e s  have been undertaken i n  t h e  area of i n t e r e s t  by var ious p r i v a t e  

companies involved i n  explora t ion  f o r  geothermal energy. Unfortunately,  t h e  

r e s u l t s  of t he  co re  analyses  are propr ie ta ry  and are no t  a v a i l a b l e  t o  t h e  

publ ic  (Chapin, personal communication 1980). Exploratory d r i l l i n g  of 

deep-core holes  has been proposed by a number of p r i v a t e  companies (Chapin, 

personal communication 1980). 

Geologic Units  and Material P rope r t i e s  

There have been a number of geologic s t u d i e s  and su r face  mapping p r o j e c t s  

which have been ca r r i ed  out  i n  t h e  immediate v i c i n i t y  of t h e  Socorro Peak 

KGRA, notably those of Lasky (1932); Miesch (1956); Waldron (1956); Debrine et  

a l .  (1963) ; Smith (1963) ; Lowell (1967) ; Burton (1971) ; Bruning (1973) ; 

Machette (1977); Osburn (1977); and Chamberlin (1980). Useful summaries of 

much of these  da ta  may be found i n  r epor t s  by Chapin et a l .  (1974, 1975, and 

1978) and Chapin and Seager (1975). 
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Probably t h e  most comprehensive and up-to-date work deal ing with t h e  

rocks of t he  Socorro Peak geothermal reservoi r  system is  t h a t  of Chamberlin 

(1980). These geological i n t e rp re t a t ions  and those of Chapin e t  a l .  (1978) 

are used here  t o  o u t l i n e  the  geological u n i t s  within t h e  geothermal system. 

For a de ta i l ed  descripxion of t h e  geologic s t r u c t u r e  and s t r a t ig raphy  of t h e  

Socorro Peak KGRA, r e f e r  t o  the  study by Chamberlin (1980). 

The rocks of t h e  Socorro Peak KGRA are composed of a complex series of 

depos i t iona l  un i t s .  Precambrian metamorphic rocks and Paleozoic sediments are 

ove r l a in  by ash-flow t u f f s  and flows of varying compositions vented from a 

nearby chain of Oligocene cauldrons. Because of t h e i r  depos i t iona l  

environment, these  volcanic  u n i t s  vary considerably i n  thickness.  During t h e  

Miocene, a broad, e a r l y - r i f t  depression i n  t h e  Socorro area ca l l ed  t h e  

Popotosa Basin w a s  being f i l l e d  by h e t e r o l i t h i c  mudflow depos i t s ,  

fanglomerates, playa mudstones, and minor interbedded b a s a l t  flows. Numerous 

rhyodaci te  t o  h igh-s i l ica  r h y o l i t s  domes and t u f f s  erupted i n  t h e  Socorro Peak 

area 12 m.y. t o  seven m.y .  ago onto the  playa f l o o r  of t h e  Popotosa Basin. 

The f l o o r  of t h e  Popotosa Basin w a s  disrupted by r i f t  f a u l t i n g  and epeirogenic 

u p l i f t  seven t o  four  m.y. ago t o  form t he  modern Lemitar-Socorro mountains. 

Some b a s a l t i c  e rupt ion  occurred t o  t h e  southwest of Socorro Peak as recent ly  

as four  m.y. ago. Erosion of t h e  modern highlands i n  t h e  area led t o  t h e  

depos i t ion  i n  t h e  Rio Grande Basin of t h e  S i e r r a  Ladrones Formation cons is t ing  

rtonguing f l  a1 sands and piedmont grave ls  (Chamberlin 1980). A 

s impl i f ied  geologic map of t h e  area is shown i n  Figure 2-7 and a composite 

I 
t; 

u 
I;; 

1 
olumn of t h e  Socorro Peak area is shown i n  Figure 2-8. 

developed i n  cks i n  t h e  study area as a r e s u l t  of a t  least 

t t h ree  major t ec ton ic  events: (1) the  formation, co l lapse ,  and resurgence of 

t h e  Socorro Cauldron; (2) f a u l t i n g  due t o  movement along t h e  t ransverse  shear  
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GEOLOGIC CROSS SECTIONS 

Figure 2-7& (continued). 
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Figure 2-8. Complete stratigraphic column of the Socorro area. 
Thickness of units are not to scale (Chapin et al. 1978). 
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zone r e l a t ed  t o  the  northeast-trending Morenci Lineament; and (3) h o r s t  and 

graben-type f a u l t i n g  r e l a t i n g  t o  the  formation of t he  Rio Grande R i f t  zone 

(Chamberlin 1980; Chapin e t  al .  1978). An add i t iona l  poss ib le  source of 

f r a c t u r i n g  of t he  rock matrix is  j o i n t i n g  due t o  cooling of t h e  welded 

ash-flow t u f f s  and lavas .  

I n  a t tempting t o  model t h e  geothermal system, bas i c  rock p rope r t i e s  must 

be quant i f ied .  These parameters include permeabi l i ty ,  s to rage  c o e f f i c i e n t ,  

po ros i ty ,  compress ib i l i ty ,  thermal conduct ivi ty ,  s p e c i f i c  hea t ,  and densi ty .  

Unfortunately,  very l i t t l e  s p e c i f i c  information on t h e  physical  parameters of 

t h e  rocks a c t u a l l y  present  i n  t h e  Socorro Peak KGRA is  known. For t h i s  

reason, t h e  ex i s t ing  l i t e r a t u r e  must be used t o  provide physical  parameters 

f o r  t h e  general  rock types which are thought t o  be present  i n  t h e  geothermal 

system. Unfortunately,  t h i s  approach has some l imi t a t ions .  For ins tance ,  

many of t he  physical  parameters presented i n  t h e  l i t e r a t u r e  were determined i n  

the  labora tory  from experiments on s m a l l  rock samples. The parameters 

determined from such a s m a l l  sample may not  a c t u a l l y  be r ep resen ta t ive  of t h e  

macroscopic proper t ies  of rocks i n  t h e  geological  environment. Another 

c l o s e l y  assoc ia ted  problem is  t h a t  rocks under high-confining pressures  o r  

high hea t  may exh ib i t  p rope r t i e s  which d i f f e r  s i g n i f i c a n t l y  from rocks of 

s i m i l a r  l i t h o l o g i e s  which are not  exposed t o  t h e s e  condi t ions.  Nonetheless, 

physical  parameters reported in t h e  l i t e r a t u r e  provide a use fu l  s t a r t i n g  poin t  

f o r  model c a l i b r a t i o n .  

Precambrian Basement Rocks 

Rocks of Precambrian age presumably unde r l i e  the e n t i r e  geothermal system 

and are presumed t o  de f ine  a lower boundary of t h e  groundwater flow system. 

I n  some places,  Precambrian rocks have been displaced upward by f a u l t i n g  and 

present ly  are very near the  su r face  (see Figure 2-7; Sanford, 1968, Figure 8; 
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Chamberlin, 1980, cross  sec t ions  G G '  and H-HI). The p r inc ipa l  su r f ace  

exposures of rocks of Precambrian age are located on t h e  e a s t e r n  s i d e  of the 

L e m i t a r  Mountains and on t h e  e a s t e r n  s i d e  of t h e  Magdalena Mountains from 

Water Canyon nor th  t o  Magdalena (Waldron 1956). Outcrops of Precambrian rocks 

i n  t h e  L e m i t a r  Mountains include porphyr i t ic  g r a n i t e s ,  b i o t i t e  gneisses ,  and 

low-grade metasedimentary a r g i l l i t e s  and q u a r t z i t e s  intruded by f e ldspa th i c  

and bas i c  d ikes  (Waldron 1956; Chapin et  al. 1978). Precambrian metasediments 

such as a r g i l l i t i e s  are common i n  the  Water Canyon area. Grani tes  are exposed 

a t  t h e  no r th  end of t he  Magdalena Mountains. 

I n  general ,  t he  c r y s t a l l i n e  Precambrian rocks have unfavorable aqu i f e r  

p rope r t i e s  except where extensively f r ac tu red  o r  weathered. A w e l l  i n  t h e  

Magdalena Mountains (T.3.S, R.3.W, Sec. 10) is reported to  produce groundwater 

from a weathered g r a n i t e  zone (Waldron 1956). Tables 2-1 through 2-6 present  

some physical  parameters of rocks presumed t o  be similar t o  those  Precambrian 

rocks present  i n  t h e  Socorro Peak KGRA. 

of rocks similar t o  

those of t h e  Precambrian i n  t h e  Socorro Peak geothermal system may be obtained 

from t he  equation 

sS , An estimate of t h e  s p e c i f i c  s to rage  c o e f f i c i e n t ,  

S = pg(a+ nf31, s 
where p = dens i ty  of water, g = acce le ra t ion  of g rav i ty ,  a = 

compress ib i l i ty  of rock, n = poros i ty  of rock, and f3 = compress ib i l i ty  of 

I 3 2 2 water. If p E 1000 kg/m , g E 9.8 m / s  , a = 1.56 x lo-'' m s  /kg ( g r a n i t e  @ 

-11 2 0 kb pressure)  t o  1.76 x 10 m s  /kg ( g r a n i t e  @ 9 kb pressure)  (values from 

Brace 1965; as given i n  Table 2-l) ,  n = 0.00013 to 0.011 (maximum and 

2 minimum values  from Table 2-5 i n  Brace 1965), and f3 = 4.4 x 10-l' m s  /kg, f '  
-7 -1 1 S ranges from 1.73 x 10 m t o  1.58 x m- . 
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Table 2-1. Volume compressibility of crystalline rocks. 

Volume Compressibility 
Enclosed Unenclosed 

Lithology Pressure (cm2/dyne) (cm2/dyne) Reference Comments 

75.6 19.2 Zisman 1933 Laboratory experiments on cores. 
NOTE: This is only a sampling of 
the values available. For a more 
comprehensive treatment, which is 
beyond the scope of this work, see 
Birch 1966. 

(from 100 ft 
depth in quarry) I t  

Granite, Quincy, 0 89.9 21.1 I, 

(from 275 ft 120 50.8 
depth in quarry) 600 25.0 I ,  

Granite., Rockport 0 91.7 19.5 ,I I t  

120 50.4 18.7 I, I ,  

600 26.6 1, 

(bars) - Birch 1942 Granite, Westerly 2,000 21.2 - 11 

10,000 18.2 I, 1 

Granite. Stone 
Mountain 2.000 - 20.6 

Granite. Washington 2,000 - 22.3 I ,  

Granite, Stone 2,000 - 20.6 I, 

- I 

10,000 18.2 I, ,I 

- 11 

10,000 18.2 I, ,I 

- I t  

Mountain 10,000 18.2 I ,  ,I 

(ltbars) 
Granite 0 15.6 - Volume compressibility of jacketed 

9 -76 I t  samples measured by electric resis- 
Brace 1965 

tance strain gauges. 
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Table 2-2. Thermal conductivity of crystalline rocks. A 

Lithology Temperature Thermal Conductivity Reference 
( O C \  at One Atmosuhere 

Comments 
- -. 

(mcal f sec-crn-'C) 

Granite 

Barre, Vermont 

Westerly, R.I. 

Granite, Rockport, 
Massachusetts 

Granite gneiss 
parallel to foliation 

perpendicular to 
foliation 

(including granite, 
gneissic granite, 
amphibolite, grano- 
diorite gneiss) 

Crystalline rock complex 

0 
50 
100 
200 

0 
50 
100 
200 

0 
50 
100 
200 
300 

0 
100 

0 
100 
0 
50 
100 
150 
200 
250 

6.66 
6.25 
5.90 
5.50 

5.80 
5.60 
5.42 
5.12 

8.4 
7.8 
7.2 
6.5 
5.9 

7.42 
6.58 

5.17 
4.82 

5.43 - 9.08 
5.20 - 8.30 
5.03 - 7.66 
4.89 - 7.16 
4.76 - 6.74 
4.65 - 6.40 

Birch and Clark 1940 

11 

11 

I, 

I, 

Sibbit. Dodson, Tester 1979 
I, 

11 

I, 

,I 

11 

NOTE: For more complete listing 
of values, see Clark 1966. 

Experiments were conducted on 
rock disks in the laboratory. 

11 

tt 

From laboratory experiments performed 
on 14 drill cores (maximum depth 
2929 m) drilled into Precambrian rock 
in the Jemee Mountains of New Mexico. 
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Table 2-2. (continued). 

Thermal Conductivity 
Temperature a t  One Atmosphere 

Lithology ( "C) (mcal/sec-cm-°C) Reference Comments 

Grani te  

Gneiss 

Grani te  

Granodior i te  

Dior f te  

Quartzi t ic  sandstone 
p a r a l l e l  to bedding 0 

100 
200 

perpendicular t o  
bedding 0 

100 
200 

bedding 0 
00 

200 

Diabase 0 
100 
200 
300 
400 

300 
4 00 

7.86 - 10.34 

5.4 

6.9 

5.1 

4.9 

13.6 
10.6 

9.0 

13.1 
10.3 

8.7 

4.6 
4.2 
4.1 

5.04 - 5.62 
5.01 - 5.35 
5.03 - 5.37 

5.03 
5.06 

4.75 - 5.55 
4.75 - 5.25 
4.76 - 5.13 

4.78 
4.81 , 

Lundstrom and S t i l l e  
1978 

Combs 1980 

11 

1 ,  

Birch and Clark 1940 
11 

I, 

II 

It  

II 

Determined i n  s i t u  by f i l l i n g  a 
borehole wi th  warm water and 
measuring t h e  temperature decrease 
a s  a funct ion of time. 

Mean of 38 samples. 

Mean of 27 samples. 

Mean of 17 samples. 

Mean of 1 0  samples, 

Experiments were conducted on rock 
d isks  i n  t h e  laboratory.  

I 

II 

I 1  

I t  
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Table 2-3. Specific heat of crystal l ine rocks. 

Temperature Specific Heat 
Lithology ( "C) (cal/g-'C) Reference Comments 

Granite 

Granodiorite 

N 
I 
N 
CQ 

Diabase 

Gabbro 

Gneiss 

Slate 

Quartzite 

0 
200 
400 
800 

0 
200 
400 
800 

0 
200 
400 
800 
1200 

0 
200 
400 
800 

0 
200 

0 
200 
400 
800 

0 
200 
400 
800 
1200 

0.155 - 0.191 
0.227 

0.256 - 0.260 
0.270 - 0.332 

0.167 
0.232 
0.258 
0.279 

0.167 
0.208 
0.234 
0.284 
0.325 

0.172 
0.236 
0.263 
0.282 

0.177 
0.241 

0.170 
0.239 
0.263 
0.287 

0.167 
0.232 
0.270 
0.279 
0.318 

Goranson 1942 
0, 

I, 

,I 

Computed from data on constituent 
minerals. 

I ,  

I, 

0, 

t 

a 
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Table 2-4. Density of c r y s t a l l i n e  rocks. 

Density (g/Cm3) Ref erence coments NO. of Samples 
Mean Range Lithology 

25 
Gneiss (Precambrian 
Grewille Formation) 

Quartzite (Precambrian 

Granite and Syenite 

Grenville Formation) 1 

(Precambrian) 11 

Anorthosite (Precambrian) 3 

Gabbro (Precambrian) 3 

Slate (Taconic Sequence) 17 

Phyllita (Nassau Formation 
of Taconic Sequence 1 

in Green Mountain anti- 11 
Precambrian rock assemblage 

clinorum 

Precambrian gneiss in Chester 
Dome 7 

2.05 

2.62 

2.70 

2.72 

2.97 

2.81 

2.02 

2.74 

2.69 

2.70 - 3.06 

2.63 - 2.79 
2.60 - 2.75 
2.91 - 3.04 
2.72 - 2.04 

2.72 - 2.04 

2.60 - 2.8.2 

2.66 - 2.73 

NOTE: For additional values, see Daly 
et al. 1966. 

Bean 1953 Laboratory experiments on fresh, unweathered 
samples from outcrops. 

I 

11 

11 

'1 * 

I t  *., 

, 
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Table 2-5. Porosi ty  of c r y s t a l l i n e  rocks. 

Porosi ty  
Lithology ( f r a c t i o n a l )  Reference Comments 

Grani te  0.003-0.011 Brace 1965 These p o r o s i t i e s  were obtained by 
using t h e  expression (ps-pb) /pS, 
and t h e r e f o r e  may not  r ep resen t  
e f f e c t i v e  porosi ty .  

I 1  I 1  Quar t z i t e  0.006 

Grani te  0.00013 Lunds trom and 
S t i l l e  1978 

This po ros i ty  was obtained from an 
i n  s i t u  tracer test of a w e l l  i n  a 
f r ac tu red  g r a n i t e .  

hl 
I w 
0 



Table 2-6. Permeability of 

Confining Pressure 
Lithology (bats) 

I 

crystalline rocks. 

Permeability 
(m2) Reference Comments 

Experiments performed on core samples. Westerly Grani te  50 3.5 10-19 e 4.0 Brace et al. 1978 

100 2.3 x (5 2.5 x 11 11 

250 1.2 (5 1.2 x 10-20) 

500 

1000 

2000 

6.3 x lo-” e 7.0 x 

3.5 x lo-’’ e 4.0 x lomz1) 

1.6 x lo-” e 3.0 x 

4.2 x (f. 8.0 x lo-”) 4000 

60 1.18 10-l~ 

11 

I t  

1, 

11 

I, 

P r a t t  e t  al. 1977 

1 

Measured along a j o i n t  i n  an in-place 
block of gran i te .  

- NOTE: Lundstrom and S t i l l e  (1978) 
found a h d r a u l i c  conductivity of 
0.4 x ,,-TO m / s  from i n  s i t u  t e s t s  
i n  gran i te .  This value was found t o  
be independent of pressure gradient  
but  t h e  hydraul ic  conduct ivi ty  was 
reduced by 50% with a bedrock 
temperature increase from 10’ t o  35OC. 
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Rocks of Paleozoic Age 

A r e l a t i v e l y  t h i n  l aye r  of Mississ ippian rocks o v e r l i e s  t h e  Precambrian 

u n i t s  i n  par ts  of t he  study area. The basa l  Mississ ippian u n i t  is t h e  Caloso 

Formation which cons i s t s  of a sequence of basa l  sandstones,  arkoses,  and 

sha le s  followed by a series of gray-cherty, sandy o r  pebbly m i c r i t i c  

l imestones.  The Caloso is uncomformably ove r l a in  by t h e  Mississ ippian age 

Kelly Limestone which is a gray, medium-to-coarse-grained, thick-bedded 

c r i n o i d a l  b i o s p a r i t e  (Armstrong 1962; Chapin et  a l .  1978). The Kelly 

Limestone is  w e l l  j o in t ed  and b r i t t l e  and may have good f r a c t u r e  permeabi l i ty  

a t  f a i r l y  shallow depths. Ores deposited i n  t h e  Kelly mining d i s t r i c t  by 

hydrothermal f l u i d s  c i r c u l a t i o n  a l s o  suggest t h a t  t h e  Kelly Limestone i s  

r e l a t i v e l y  permeable (Chapin et a l .  1978). 

The Mississ ippian rocks i n  t h e  study area are unconformably ove r l a in  by 

rocks of Pennsylvanian age: t h e  Sandia Formation and Madera Limestone. The 

o ldes t  of t he  Pennsylvanian rock u n i t s  is  the  Sandia Formation. The Sandia 

Formation is  a pod-shaped body which reaches a maximum thickness  of 211 m (692 

f t )  along a north-south l i n e  through Socorro. This formation contains  a 

varying s u i t e  of l i t h o l o g i e s  with sandstones predominating i n  t h e  lower 

one-third of t h e  u n i t  and’  l imestones and sha le s  being t h e  p r i n c i p a l  

l i t h o l o g i e s  i n  t h e  upper two-thirds . Overall, coarse-grained te r r igenous  

c l a s t i c s ,  p r inc ipa l ly  sandstones,  make up approximately 18 percent of t h e  

Sandia Formation. The g ra ins  of t hese  depos i t s  are genera l ly  poorly 

sor ted  and w e l l  cemented with s i l i ca  and c a l c i t e ,  r e s u l t i n g  i n  a very low 

in t e rg ranu la r  porosi ty .  Terrigenous mudrocks, mostly c l ay  shales, make up 

approximately 70 percent of t he  Sandia Formation. Porosi ty  in  these  rocks is 

low and occurs as microscopic f r ac tu res ,  vugs, and channels. The remainder of 

the  Sandia Formation cons i s t s  of carbonate rocks, p r i n c i p a l l y  carbonate 

2-3 2 
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mudstones. In t hese  u n i t s ,  in te rgranular  porosi ty  i o  low and secondary 

porosi ty  a l s o  e x i s t s  i n  channels and f r ac tu res  (Siemers 1978). 

The Sandia Formation grades upward i n t o  t h e  Madera Limestone. In t h e  

study area, t h e  Madera Limestone ranges i n  thickness  from 152 t o  457 m (499 t o  

1499 f t )  (Chapin et a l .  1978). Carbonate rocks, p r inc ipa l ly  mudstones and 

wackestones, make up approximately 69 percent of t h e  Madera Limestone. 

Terrigenous mudrocks, mainly mud sha les ,  form approximately 27 percent  of t h e  

Madera with the  remainder composed of well-cemented granular  terr igenous 

c l a s t i c s  (Seimers 1978). Primary porosi ty  i n  a l l  of t h e  var ious l i t h o l o g i c  

u n i t s  of t h e  Madera is considered t o  be q u i t e  low; however, secondary poros i ty  

may be s i g n i f i c a n t .  Reportedly, a municipal w e l l  f o r  t h e  town of Magdalena 

produces 6.3 x m /sec (100 gpm) from f rac tured  Paleozoic limestones 

(Chapin et al .  1978). 

ai 

ki 
3 

bi 

The rocks of Paleozoic age which might be involved i n  t h e  Socorro Peak 

geothermal system form a r a the r  d iverse  s u i t e  of sedimentary l i t ho log ie s .  

Physical parameters f o r  similar l i t h o l o g i e s  are presented i n  Tables 2-7 

L 

ibd 

through 2-10. 

Values f o r  s p e c i f i c  s torage  of rocks similar t o  t h e  Paleozoics i n  t h e  b 

Socorro Peak geothermal area could be q u i t e  va r i ab le ,  based on reported 

values.  As an example, Mercer e t  al. (1975) used a s p e c i f i c  s to rage  of 1 x 

loo3 m f o r  a s u i t e  of similar rocks i n  t h e i r  

Wairakei geothermal system i n  New Zealand. Winograd and Thordarson (1975) 

estimate the s p e c i f i c  s torage  of similar rocks t o  be on t h e  order of 3 x 

-1 

u 
1 
$ 9  

to 3 x lo-6 m-l. 

01ig: 

Rocks of Oligocene age are separated from Pennsylvanian rocks i n  the -u 
Socorro Peak area by an e ros iona l  unconformity. The rocks of Oligocene and 

2-33 
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Table 2-7. Permeability of sedimentary rocks.  

Permeabili t y  Depth confining Pore 
of Sample Pressure Pressure (m2) 

Location Lithology Description (m) (kbat) (kbar) Temp.- 21'C Temp.- 104'C Reference Comments 

- 1.97 x P r a t t  e t  a l .  Values obtained i n  t h e  lab- 
3194 x loe1' 1977 oratory under i n  s i t u  stresg 

I1 
condi t ions from experiments 

2.96 x 5.92 x on rocks from geothermal 
reservoi rs .  Note t h e  ef-  
f e c t  of f r a c t u r e s  on perme: 

9.87 10-l9 9.87 10-19 a b i l i t i e s .  

- 

I t  

Geysers, 
Cal i f .  

Raft River, 
Idaho 
RRGE-3 

Franciscan 
Greywacke 

Calcareous 
sandstone 

S i l t y  s h a l e  

I n t a c t  rock 
Open j o i n t  

Healed f r a c t u r e  

0.34 
0.34 

0.34 

0.34 

0.34 

0.34 

---_ 
---- 
---- 

0.101 
0.131 

---- 

Healed f r a c t u r e  
( lntac t) 

Healed f r a c t u r e  

Fracture  f i l l e d  
with silt 

2.96 10-17 1.97 10-17 11 S i l t s t o n e  

S i l t s t o n e  1.18 10-l~ 3.95 10-17 I, 

(data below presented without reference t o  temperature) 

4.72 x 9.87 x 10-17 

7.90 x 4.64 x 

LOO 1.00 

Laboratory samples. 

Laboratory samples. , 

Values from laboratory ex- 
periments on core samples. 

Archie 1952 

Muskat 1937 

Young, Low 
and McLatchie 
1964 

Limestone 

Sandstone 

Very fine- 
grained 
clayey 
shale 

Pine-grained 
s i l t y  sand- 
s tones and 
s i l t s t o n e s  

I t  

I, 
P a r a l l e l  t o  bedding I, 

Shale Gonduin and 
Scala  1958 

Values from laboratory ex- 
periments on sha le  d isks  
Cut from cores  perpondicu- 
lar t o  bedding. 

Values from laboratory 
tests on cores  and pumping 
tests. 

---- 2.71 10-13 3.79 10-12 A l l w i a l  fan,  ------------ 
f l u v i a l ,  fan- 
glomerate, 
lakebed and 
mud-flow de- 
posits, uncon- 
sol idated t o  
poorly consol- 
idated 

Winograd and 
Thordarson 
1975 

r r n  
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Table 2-8. Thermal conductivity of sedimentary rocks. 

Lithology 

Depth of Sample Thermal Conductivity 
("0 (m) (mcal/cm-sec-"C) Ref erence 

Comments Temperature 

Shale  

Sandstone 

20 
35 
35 
35 

20 
35 
30 

s i l t s t o n e ,  minor limestone 25 
and sha le  

Dense blackehale, some sand- 
s tone  and s i l t s t o n e  

Quartzite sandstone, minor 

Dolomite limestone 25 

shale 

Argillaceous limestone. 25 

Quar tz i te  sandstone 25 

p y r i t i c  i n  p a r t s  

318 - 1685 
1685 - 2796 - 

30 - 739 

739 - 1029 

1029 - 1128 

1509 - 2118 

2118 - 2301 

2301 - 2766 

5 . 4  - 8.2 
4.9 - 7.0 
4.8 - 6.5 

3.26 
3.55 
4.20 
5.70 

6.62 - 6.78 
4.7 

9.67 - 17.7 

7.13 f. 0.18 

7.13 5 0.22 

10.67 f. 0.56 

12.42 2 0.51 

8.19 f. 0.75 

10.87 5 0.78 

Clark 1966 
I, 

I, 

I, 

I ,  

Woodside and 
Messmex 1961 saturated core samples. 

Sass et el. 
197 1 saturated d r i l l  cu t t ings .  

Laboratory experiments on water 

Laboratory experiments on water 

" 

I t  



Table  2-9. Specif ic  heat of sedimentary rocks. 

Lithology 
Temperature 

("C) 
Specif ic  Heat 

(cal/g-O~) Ref er enc e Comments 

L i m e s  tone 50 0.16 - 0.24 Goranson 1942 Computed from con- 
s t i tuent  mineral 

65 0.20 I t  percentages 

Shale 

Sands tone 

65 0.18 I t  I 1  

50 

59 

65 

0 .17  - 0.19 

0.22 

0.19 
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Table 2-10. Porosity (fractional) and saturated-bulk density of sedimentary rocks. 

Saturated Bulk 
Depth of Sample Number of Porosi ty  Density 

( i t )  Samples Range Mean (average, g/cm3) Reference Comments 
Lithology 

13,005 - U,605 9 0.002 - 0.025 0.007 2.70 Daly et al. NOTE: The values  l i s t e d  a r e  

For a more complete l i s t i n g ,  
see  Daly e t  a l .  1966. 

Cambrian Mount Simon 
sandstone 

1966 only representa t ive  values. 

18 0.047 - 0.195 0.141 2.39 Mississ ippian Berea 0 - 2,160 I t  

sandstone I 1  

Cretaceous sandstones 0 - 3,187 33 0.083 - 0.270 0.197 Wyoming 2.32 

24 0.022 - 0.149 0.057 2.56 
Carboniferous limestones Outcrop 
G r e a t  B r i t a i n  

Cretaceous Rose Limestone 20.5 - 30.5 10 0.160 - 0.188 0.168 2.37 Texas 

600 6 0.313 - 0.358 0.335 2.17 
3,500 9 0.178 - 0.256 0.211 2.35 
6,100 3 0.091-  0.106 0.096 2.52 

shale Venezuela 

Limestone 0.066 - 0.557 0.300 

Mudrocks 0.014 - 0.452 0.350 
0.430 
0.060 

S i l t s t o n e  
Claystooe 
Shale 

Morris and 
Johnson 1967 

11 

I, 

Sandstone 0.137 - 0.493 0.330 I 



F 
e a r l y  Xiocene age include t h e  Spears Formation, H e l l s  Mesa Tuff ,  A-L Peak 

Tuff,  a u n i t  of S i m i l e  Canyon, t u f f  of t h e  L e m i t a r  Mountains, a u n i t  of Luis  

Lopez, t u f f  of South Canyon, and t h e  l avas  of Water Canyon Mesa. These u n i t s  

(,..J' 

L 
L form a complex s u i t e  of l i t h o l o g i e s  which are mainly welded t u f f s  with some 

a n d e s i t i c  t o  r h y o l i t i c  flows, brecc ias ,  and o the r  minor vo lcan ic l a s t i c s  

(Chapin et a l .  1978). Because of erosion and t h e  na tu re  of t h e i r  depos i t ion  

c 
c 
E 
I; 
L 
c 

these  u n i t s  have thicknesses  which vary widely from p lace  t o  place. In 

outcrops,  many of the  t u f f s  have been observed to  be densely welded and 

b r i t t l e  with w e l l  developed j o i n t i n g  and presumably good f r a c t u r e  

permeabili ty.  Geochemical s t u d i e s  have shown t h a t  i n  many cases these  t u f f s  

d i sp l ay  a l t e r a t i o n  and probably served as an important r e se rvo i r  rock i n  an 

anc ien t  geothermal system (Chapin et al. 1978). 

Fortunately,  similar l i t h o l o g i e s  are common i n  o the r  geothermal systems 

and the re  has been a s u b s t a n t i a l  amount of da t a  published f o r  t hese  types of  

volcanic  rock. Table 2-11 g ives  va lues  f o r  pe rmeab i l i t i e s  of s i m i l a r  volcanic  

rocks. As noted earlier, the  physical  parameters may vary with depth of 

b u r i a l .  Figura 2-9 shows 

stress f o r  fused t u f f  . 
pressure  r e l a t ionsh ip  is  

a p l o t  of permeabi l i ty  as a func t ion  of hydros t a t i c  

This p l o t  implies  t h a t  t h e  permeabili ty-confining 

hys t e re t i c .  Figure 2-9 a l s o  suggests  that t h e  

e f f e c t s  of decreasing confining pressure  are s m a l l  compared to  t h e  e f f e c t s  of 

increas ing  pressure.  Therefore, it is l i k e l y  t h a t  t h e  va lues  of permeabi l i ty  

determined from cores  sub jec t  only t o  atmospheric confining pressure  may 

a c t u a l l y  be f a i r l y  r ep resen ta t ive  of pe rmeab i l i t i e s  a t  t h e  depth sampled. 

Table 2-12 gives 'values f o r  thermal conduc t iv i t i e s  of var ious  volcanic  

rocks similar t o  those i n  t h e  Socorro Peak geothermal system. Note t h a t  one 

c 
1 '  

b;' value  is a c t u a l l y  from rocks i n  t h e  Socorro Peak geothermal system. Figure 

L 2-10 (Kel ler  1960) shows an empirical  c o r r e l a t i o n  between values  of thermal 

2-3 8 



Table 2-11. Permeability of volcanic rocks. 

Permea i l i t y  
Reference 9 

Lithology Cm 1 Comments 

Pumice breccias  and 1.00 10-l3 - 1.00 10-14 Mercer e t  a l .  1975 
v i t r i c  t u f f s  3.00 10-l~ - 3.00 10-14 

Mercer and Faust 1979 

Sorey et el. 1978 Welded t u f f ,  f r a c t u r e  2.96 x IO-" - 4.94 x 

Ash 3.20 x - 7.10 x 1O-l '  Ash 3.20 x - 7.10 x 1O-l '  

Rhyolite flow 8.30 x - 4.50 x 

Rhyolite t u f f  1.80 x 10-l7 - 1.40 10-14 

Basalt flow 5.50 10-17 

7.20 x 10-19 

N 
I w 
\o 

Andesite flow 
r 

Rangs Average 

Bedded tuf f  s 1.68 x - 7.5 x 1O-l' 3-95 X Keller 1960 

Bedded t u f f s ,  6.02 10-l~ - 3.65 x 10-15 1.14 10-14 11 

pumaceous 

Fr iab le  t u f f s  2.66 x * 8.29 x 1.38 x 10-15 ,I 

Welded t u f f s  5.72 10-l4 - 8.88 10-l~ 3.26 10-16 I, 

Unwelded ash-flow tuf f  

Ash-fAl1 And ash-flow 3.25 x - 3.25 x 10-l' 

1.08 x lO'I3 

t u f f 8  non-welded t o  
densely welded with 
l o c a l  r h y o l i t e  flows 
and tuffaceous rand- 
e tones and r i l t s tooen .  

Winogrsd and Thordar- 
son 1975 

11 

Values used f o r  Wairakei Formation 
i n  geothermal modeling a t  Wairakei 
Geothermal system, New Zealand. 

Value determined by c a l i b r a t i o n  of 
geothermal system model. I t  w a s  
noted t h a t  these  values  represent  
an in tegra t ion  of the e f f e c t s  ..- 
of f r a c t u r e  permeability over the  , 
volume of t h e  reservoi r  rock. 

Values from experiments performed 
on core samples. 

Values from experiments on core 
samples. 

Values from laboratory t e s t s  on 
cores  and pumping t e s t s .  
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Figure 2-9. Plot of permeability as a function of hydrostatic stress 
for fused tuff (Pratt et al. 1977). 
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Figure 2-10. Empirical correlation between average values of thermal con- 
ductivity and porosity for samples of tuff @eller 1960). f '  
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conduct ivi ty  and porosi ty  f o r  t u f f s  from t h e  Oak Spring Bormation of Tertiary 

age a t  t h e  Nevada T e s t  S i t e .  These t u f f s  were described as r h y o l i t i c  t o  

quartz  l a t i t i c  i n  composition, and they include bedded t u f f s ,  f r i a b l e  t u f f s ,  

and welded tu f f  s. 

Tables 2-13 and 2-14 give  values  f o r  porosi ty  and dens i ty ,  respec t ive ly ,  

f o r  volcanic  rocks. A value of 0.22 cal/g-OC f o r  s p e c i f i c  hea t  w a s  found f o r  

t h e  Waiora Formation (pumice brecc ias  and v i t r i c  t u f f s )  by model c a l i b r a t i o n  

by Piercer et a l .  (1975). Approximate values  f o r  s p e c i f i c  s to rage  f o r  volcanic  

rocks may be computed from the  r e l a t i o n  

S = pg(a + nB). 
S 

3 2 2 
For PE 1000 kg/m , g 

2 to 5.0 x 10-l' m s  /kg (Mercer and Faust 1979), n 

and Weir 1973) o r  0.30 t o  0.47 (Sorey et  al .  1978), and B = 

m s  /kg, t h e  s p e c i f i c  s torage  can be expected t o  range from 3.36 x 10 

about 6.95 x 10 m . 

= 9.8 m / s  , a = 2.9 x 10-l' m s  /kg (Mercer et  al. 1975) 

= 0.12 t o  0.35 (Blankennagel 

4.4 x 10-l' 

m t o  -6 -1 2 

-6 -1 

Santa Fe Group 

The uppermost rocks which form a s i g n i f i c a n t  p a r t  of t h e  Socorro Peak 

geothermal system are probably rocks of t h e  Santa Fe Group of Miocene t o  

Pl iocene age. These include t h e  Popotosa Formation, t h e  r h y o l i t e  of Socorro 

Peak, and t h e  S i e r r a  Ladrones Formation. 

The t h i c k e s t  and most widespread f a c i e s  of t h e  lower Popotosa Formation 

cons i s t s  of tremely well-indurated, dark 

depos i t s  and conglomer s f a c i e s  is  dis t inguished by 

its dark reddish-b d extreme degree of indurat ion by 

c ryp toc rys t a l l i ne - s i l i ca  cement (Bruning 1973). Bruning (1973) suggested t h a t  

t h e  anomalous dark reddish-brown color  and high degree of indura t ion  of t h e  

2-4 3 



Table 2-13. Porosity (fractional) of volcanic rocks. 

Range i n  Averaie nf -_ -  -- 
Number of Number of ._ . of Range of Average Total  Fractures Fractures  

Comm.n+. 8 Tota l  Porosi ty  Porosi ty  Per Foot Per Foot Reference 
Number 

Lithology Cores --I-.._" 

Ash-flow t u f f ,  non-welded t o  
densely welded; mainly devi- 

and top. Zeol i t ized tuff  a t  
base i n  subsurface 

- .  t r i f i e d  but  g lassy  a t  base 
0.140 0.5 - 2.2 1.40 Blankennagel 4 0.072 - 0.172 

and Weir 1973 
Values from laboratory 
experiments on core s a -  
ples  obtained a t  the  
Nevada Test  S i te .  

1.40 9 0.128 - 0.362 0.220 0.7 - 2.5 

0 - 0.1 eo.10 0.229 4 0.137 - 0.311 

0.214 0 -94.0 90.70 

0.121 

14 0.129 - 0.335 

0.90 0 - 3.2 ' 14 0.042 - 0.240 

1.80 0 - 7.5 0.196 5 0.081 - 0.384 

0.07 0 - 0.3 0.355 13 0.280 - 0.449 

Ash-flow t u f f ,  densely welded 
and bedded ash-flow t u f f s  

Rhyolite ' lavas and p a r t i a l l y  
welded ash-flow t u f f s  

Rhyolite lavas  and welded 
ash-flow and ash-fal l  t u f f 8  

ded, d e v i t r i f i e d  
Ash-flow t u f f ,  densely wel-  

II 

Q 
I c. c. 

Ash-flow t u f f ,  non-welded 
t o  densely welded, devi- 
t r i f i e d  

.Ash-fall t u f f  and non-wel- 
ded t o  p a r t i a l l y  welded 
ash-flow t u f f  

Rhyolite lavas  and bedded 
ash- fa l l  t u f f s  and non- 
welded ash-fall and ash- 
flow t u f f s  

Rhyolite lava and non-welded 
ash- fa l l  and ash-flow t u f f s  

II 

It  I t  

84 0.123 - 0..439 0.262 0 - 1 . 4  0.18 

3 0.296 - 0.503 

12 0.194 - 0.386 

0.377 

0.283 

0 - 0.1 eo.10 

0 - 0.3 0.06 
Non-welded ash-fal l  and ash- 

flow t u f f  
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Table 2-13. (continued). 

Range i n  Average of 
Number of Number of 

Number of Range of Average Tota l  Fractures  Fractures  
comments 

Lithology Corea Total  Porosi ty  Porosi ty  Per Foot Per Foot Reference 

Mercer e t  al. 
1975 mation i n  modeling t h e  

Values used f o r  Waiora For- 

Wairakei geothermal system, 
N e w  Zealand. 

Pumaceous and v i t r i c  t u f f s  0.2 

I1 

Mercer and 
Faust 1979 

Keller 1960 

0.25 I, 

Values from laboratory ex- 
periments on core samples 
from t h e  Oak Spring Forma- 
t ion,  Nevada. 

0.388 f 0.070 Bedded t u f f s  

N 
I 

0.402 f 0.126 
f- 
ul I t  

0.355 f 0.138 F r i a b l e  t u f f s  I, 

II 

I 

0.141 f 0.089 . Welded t u f f s  
I1  

Winograd and 
Thordarson 
1975 ~ samples. 

Sorey e t  a l .  
1975 

Values obtained from lab- 
oratory experiments on core 

0.030 - 0.480 Tuffs  and flows 

0.565 - 0.661. Ash 
I, 

Rhyoli te  flow 0.071 - 0.310 I, It  

0.195 - 0.460 Pumaceous tuf f  I, 
11 

0.295 - 0.468 Rhyoli te  t u f f  

Basalt flow 0.139 

Andesite flow 0.102 



, 

Density of volcanic rocks. Table 2-14. 

Grain or Powd r Density 
Ref er enc e 3 W c m  1 Lithology Comments 

. *. 
j :, 

I 

Bedded tuffs 2.44 0.11 Kell er 19 60 Laboratory experiments 
(one standard deviation) on core samples. 

f Bedded tuffs (pumaceous) 2.28 - 0.12 I1  11 t h) 
I * m + 2.33 - 0.24 

f 2.55 - 0.09 
2.36 - 2.69 

Friable tuffs I 1  

11 

Sorey et al. 
1978 

11 

11 

11 

11 

.Welded tuffs 

Ash Laboratory experiments 
on core samples. 

Pumaceous tuff 2.32 11 

Rhyolite tuff 2.28 - 2.35 I 1  

Rhyolite flow 

Andesite flow 

2.52 

2.66 

2.87 

11 

11 

11 

11 Basalt flow 



i lower Popotosa mudflow deposits and conglomerates were formed in situ by 

groundwater alteration. It has been suggested by Chapin et al. (1978) that 

the anomalous coloration and induration were acquired during potassium 

metasomatism related to an ancient geothermal system of late Miocene age. 

Field observations by Chamberlin (1980) led him to propose a syngeneic origin 

for the red color and silica cement and to envision the deposition of the 

mudflows and conglomerates in a hot spring environment which could account for 

both abundant ferric-hydroxide and silica in solution. Chamberlin (1980) 

noted that the dark red color and silica cement are limited in space and time 

to this one particular stratigraphic unit. The remainder of the lower 

Popotosa consists primarily of moderately-indurated muddy conglomerates and 

fine-grained deposits (Chamberlin 1980). 

b-l 
I 1 

ij 

1 

1 
L 
i 

The upper Popotosa is comprised mostly of moderately-to-poorly indurated, 

fine-grained playa deposits with some intertonguing fanglomerates (Chamberlin 

1980). 

L 

L 
* -  

b 
r i  

The rhyolite of Socorro Peak (Chapin et al. 1978) consists of silicic 

domes, flows, and tuffs which are, in places, interbedded with the upper 

Popotosa Formation. This unit is. of variable thickness and probably has 

. physical properties similar to those described in Tables 2-11 through 2-14. 

The Sierra Ladrones Formation of Machette (1977) consists of 

piedmont-slope, river-channel, and flood-plain deposits with local 

intercalated basalt flows. The sediments form a suite of lit logies which 

include fanglomerates, well-sorted medium-grained sandstones, and mudstones. 

u I 

i These sediments are, in general less well-indurated than those of the 

Popotosa Formation and are considered to have more favorable fluid 
L 

i 
transmitting properties . b 

t i  2-47 



The physical p roper t ies  of rocks similar t o  those  of t h e  Santa Fe Group 

are found under var ious l i t h o l o g i e s  as l i s t e d  i n  Tables 2-7 through 2-14. It 

would appear t h a t  t h e  Popotosa Formation would have l i t t l e  primary 

permeabili ty;  however, f r a c t u r e  permeabili ty may be q u i t e  good as evidenced by 

t h e  f a c t  t h a t  Socorro Spring, Sed i l lo  Spring, and an  unnamed cold sp r ing  

northeast  of Strawberry Peak i s sue  from t h e  lower Popotosa Formation (Chapin 

e t  al .  1978). 

Groundwater Recharee 

Recharge t o  a groundwater system is one of t h e  most d i f f i c u l t  parameters 

t o  obta in  i n  most) hydrologic systems, p a r t i c u l a r l y  i n  semiarid basins.  It is 

a l s o  one of t he  most important parameters required f o r  model development. In 

t h i s  area of i n t e r e s t ,  t he re  are e s s e n t i a l l y  two types of recharge: (1) areal 

recharge and (2) recharge from i n f i l t r a t i o n  i n  drainage channels. Areal 

recharge is t h a t  recharge which occurs over l a r g e  areas and involves  

i n f i l t r a t i o n  of p r e c i p i t a t i o n  d i r e c t l y  through t h e  s o i l  and rock t o  t h e  main 

body of t h e  aquifer .  Seepage from ephemeral streams may occur following f l a s h  

f loods i n  a usua l ly  dry arroyo. Recharge occurs along mountain f r o n t s  where 

water i n  mountain streams seeps i n t o  permeable sediments near  t h e  a p e x  of 

a1 l u v i a l  fans. 

The physiography i n  t h e  v i c i n i t y  of t h e  Socorro Peak KGRA is q u i t e  

va r i ab le  and includes steep-sided mountains a t  g rea t  r e l i e f  (Magdalena and 

Socorro-Lemitar mountains) and broad f l a t  areas of very low r e l i e f  (La Jencia 

Basin). The Magdalena Mountains reach e leva t ions  of over 3200 m (10,500 ft) 

i n  places  and t h e  La Jenc ia  Basin has  an e l eva t ion  of t h e  order  of 1830 m 

(6000 f t ) .  The lowest pa r t  of t h e  study area has  predominantly dese r t  scrub 

such as creosote  bush and grasses.  There are some coniferous forests on t h e  



upper e leva t ions  of t h e  Magdalena Mountains and s m a l l  areas of jun iper ,  scrub 

oak, and mesquite growth elsewhere, mostly on t h e  lower s lopes of t he  

Magdalenas and near arroyos. 

Appendix A conta ins  a map of water-table contours i n  t h e  v i c i n i t y  of t he  

Socorro Peak KGRA. These contours show t h a t  t he  general  d i r e c t i o n  of 

groundwater flow is east from the  Magdalena Mountains area through t h e  

southern end of t h e  La Jenc ia  Basin and then through t h e  Socorro Mountains, 

wi th  some discharge occurring a t  spr ings along t h e  eas t e rn  mountain f ront .  

The water-level contour map i n  Appendix A suggests t h a t  recharge occurs 

beneath Socorro Peak. However, t h e  e leva t ion  of a s i n g l e  spr ing is t h e  

p r inc ipa l  b a s i s  f o r  drawing the  contours as indica ted  i n  t h i s  area. 

Additional water-level information i n  many areas would be usefu l  i n  def in ing  

the  d i r e c t i o n  and rate of groundwater flow. Such d a t a  should be co l lec ted  t o  

determine hydraul ic  grad ien ts  wi th in  aqu i f e r s  and across  aqui tards .  

The p r e c i p i t a t i o n  which could cont r ibu te  recharge t o  hydrogeologic u n i t s  

i n  t h e  geothermal system varies considerably i n  time and space. Magdalena, 

located t o  t h e  w e s t  of t h e  KGRA a t  an e leva t ion  of 1993 m (6540 f t ) ,  has  a 

mean annua l .p rec ip i t a t ion  of 29.82 cm (11.74 i n )  from 53 years  of record. The 

mean annual temperature is reported t o  be ll.l°C (52,O0F) from 36 years  of 

record.  The po ten t i a l  evapotranspirat ion f o r  Magdalena is  ca lcu la ted  t o  be 

93.5 cm (36.84 in)  by t h e  Blaney-Criddle method using a monthly crop 

c o e f f i c i e n t  r ep resen ta t ive  of a l f a l f a  (Gabin and Lesperance 1977). On t h e  

average, 57 percent of t h e  p r e c i p i t a t i o n  f a l l s  i n  t h e  summer months (i.e., 

Ju ly ,  August, and September) when t h e  po ten t i a l  f o r  evaporation is q u i t e  high. 

a t  Socorro (e leva t ion  1398 m or 4585 f t )  i s  

23.75 c m  (9.35 i n )  based on 7 6  years  of record. The mean annual temperature 

is reported t o  be 13.8OC (56.8OF) and t h e  p o t e n t i a l  evapotranspirat ion i s  

The mean annual p r e c i p i t a t  

2-49 



. is  . f ca lcu la ted  t o  be 117.22 c m  (46.15 i n )  annually (Gabin and Lesperance 1977). 

5- F On t h e  average, 48 percent of t he  annual p r e c i p i t a t i o n  f a l l s  i n  the  summer 
c C. 

months . 
Romero and Wilkening (unpublished manuscript) r epor t  t h a t  an average of 

44.98 cm (17.71 in )  of p rec ip i t a t ion  w a s  received annually a t  t h e  Langmuir 

r 

Laboratory i n  t h e  Magdalena Mountains a t  an e l eva t ion  of 3240 m (10,630 f t )  

over t h e  period 1966 through 1975, with 67 percent of t h a t  p r e c i p i t a t i o n  

- iv 

er 

L 

li” 
F ’  

L 
f a l l i n g  during t h e  summer months. 

Kelly Ranch, loca ted  on the  margin of t h e  La Jenc ia  Basin a t  an e l eva t ion  

of 2042 m (6700 f t ) ,  receives  a mean annual p r e c i p i t a t i o n  of 34.54 cm (13.60 

:h i n )  from 28 years  of record,  with 59 percent of t h a t  f a l l i n g  i n  t h e  summer 

- n  

L 
1; 
c 

months (Gabin and Lesperance 1977). 

A class-A evaporation pan is  maintained a t  t h e  Bosque d e l  Apache National 

Wi ld l i fe  Refuge, located on t h e  Rio Grande about 32 km (20 m i )  south of 

3 

- .= Socorro a t  an e leva t ion  of 1377 m (4520 f t ) .  The mean annual pan evaporation 

7 ~ ( 8  years of record) is reported t o  be 247.57 cm (97.47 i n )  and the  p o t e n t i a l  

;1 evapotranspirat ion is ca lcu la ted  t o  be 117.98 cm (46.45 i n )  (Gabin and 

11 . Lesperance 1977). The Bosque d e l  Apache National Wi ld l i f e  Refuge receives an 

average of 22.45 c m  (8.84 i n )  of p r e c i p i t a t i o n  annually based on 71 yea r s  of 

c 
1% 

c 
c 

record. 

ri These r ep resen ta t ive  f igu res  i n d i c a t e  t h a t  f o r  t h e  semiarid area adjacent  

it t o  t h e  Socorro Peak KGRA t h e  average annual p r e c i p i t a t i o n  is much less than 

- t h e  average annual po ten t i a l  evapotranspirat ion.  The f i g u r e s  r e l a t e d  for 

5 , po ten t i a l  evapotranspirat ion were determined on t h e  b a s i s  of a ground cover I]” 
t ‘  

. u- 3 cons is t ing  of a l f a l f a .  The ac tua l  ’evapot ranspi ra t ion  would be dependent on 

_., T i  ? t h e  vegetat ion type and dens i ty  and t h e  assoc ia ted  s o i l  type; however, i t  may C? 
be surmised t h a t  recharge t o  the  aqu i f e r  system a t  t h e  Socorro Peak KGRA is  
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r e l a t i v e l y  small and recharge from p rec ip i t a t ion  f a l l i n g  on t h e  s o i l  and 

percolat ing down through the  s o i l  horizon t o  t h e  aqu i f e r  is probably not  very 

s ign i f i can t .  I n  f a c t ,  as s t a t e d  by Wallace and Renard (1967), "Transmission 
i j  

l o s ses  from flow events ,  . . . , are a primary source of groundwater recharge 

i n  t h e  southwestern United S ta t e s .  Direct recharge through the  s o i l  p r o f i l e  

is almost nonexistent because of t he  high-potential  evaporation and low 

p rec ip i t a t ion .  'I 

I .  

A study of t h e  recharge c h a r a c t e r i s t i c s  of t h e  ephemeral stream systems 

i n  t h e  Socorro Peak KGRA could cont r ibu te  s i g n i f i c a n t l y  t o  a computer 

s imulat ion as w e l l  as t o  t h e  general  body of l i t e r a t u r e  deal ing with t h a t  

subjec t .  There has been some research deal ing with t h e  top ic s  of transmission 

lo s ses  and recharge from ephemeral streams i n  a r i d  o r  semiarid areas, f o r  

example, Wallace and Renard (1967) and Gelhar et  a l .  (1979). There is no 

information on recharge along t h e  Magdalena Mountain f r o n t ,  possibly t h e  

p r inc ipa l  source of recharge t o  t h e  geothermal reservoi r .  

Besbes et al. (1978) o u t l i n e  four  techniques f o r  es t imat ing recharge from 

ephemeral streams: (1) es t imat ion of recharge by consider ing flow i n  t h e  

unsaturated zone, which requi res  measurement of average stream width, 

stream-length cont r ibu t ing  recharge, i n f i l t r a t i o n  rate, and flow durat ion;  (2) 

es t imat ion  of recharge by observation of water-tab recovery i n  piezometers 

i n  t h e  v i c i n i t y  of e stream, which requi res  determination of t h e  s p e c i f i c  

y i e ld  of t h e  aqu i f e r  materials; (3) est imat ion of recharge by model 

ca l ib ra t ion ;  and (4) est imat ion o recharge by assumption of a 

e rvo i r  model, w h i  involves deconvolution of t h e  f luc tua t ions  of 

t h e  piezometers i n  t h e  v i c i n i t y  of t h e  e era1 s t r e a m s .  

Gelhar e t  al. (1979) used a s t o c h a s t i c  model of i n f i l t r a t i o n  from a 

perched ephemeral stream t o  a phrea t ic  aqu i f e r  which was developed by using 



1 -  i' 
s p e c t r a l  representa t ion  theory t o  so lve  t h e  flow equation involved. The 

theory was applied by Gelhar et a l .  (1979) t o  a semiarid watershed area near  c 
c 
c 

Roswell, New Mexico. 

i n  the  v i c i n i t y  of t he  ephemeral stream. 

This method w a s  a l s o  used t o  eva lua te  aqu i f e r  parameters 

Although est imat ion of recharge by model c a l i b r a t i o n  is probably t h e  

least c o s t l y  method encountered, it requi res  knowledge of the '  s p a t i a l  
I 

E - =  

L d i s t r i b u t i o n  of aqu i f e r  parameters and accura te  water-level da ta  throughout 

t he  basin.  

d a t a  are general ly  poorly known; therefore ,  es t imat ion  of recharge by model . 

I n  t h e  Socorto Peak KGRA, other  aqu i f e r  parameters and water-level 

c a l i b r a t i o n  could be subjec t  t o  l a r g e  e r ro r s .  

L 
L 
ti 
c 
c 
c 

Groundwater Discharge 

Groundwater discharge from t h e  Socorro Peak geothermal system occurs i n  

the  form of evapotranspirat ion,  w e l l  pumpage ( fo r  domestic, s tock,  and o the r  

uses) ,  spr ing  flow, and underflow i n t o  t h e  Rio Grande Valley. 

Evapotranspiration from the  water t a b l e  is n e g l i g i b l e  because t h e  water t a b l e  

is general ly  very deep. I n  t h e  La Jenc ia  Basin and i n  t h e  f o o t h i l l s  of t h e  

Magdalena and Socorro mountains, near ly  a l l  of t h e  w e l l  pumpage is from small 

domestic and s tock w e l l s .  The ac tua l  amounts of water pumped from these  w e l l s  

c is not  known but is probably s m a l l .  

There are a number of perennial  spr ings  i n  t h e  geothermal system. These 
3 -. c spr ings  are located p r inc ipa l ly  along t h e  east f lank  of t h e  Magdalena 

Mountains, i n  t h e  Nogal Canyon drainage nor th  of Socorro Peak, and south of 

Blue Canyon along the  eas t e rn  f ron t  of t h e  Socorro Mountains. Socorro and 

Sed i l lo  spr ings,  located along t h e  Socorro Mountain f r o n t  south of Blue f -  

u Canyon, are t h e  source of thermal waters (temperatures g rea t e r  than 32'C or 

90°F) and may w e l l  have formed an important water resource s i n c e  p r e h i s t o r i c  

t i m e .  These spr ings  present ly  supply water f o r  municipal use t o  Socorro. 
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t Probably t h e  most s i g n i f i c a n t  component of groundwater discharge is 

underflow i n t o  the  Rio Grande Valley (see Appendix A). Groundwater e n t e r s  t h e  

Rio Grande Valley from t h e  w e s t  where i t  is e i t h e r  discharged by municipal o r  

i r r i g a t i o n  wel ls  o r  flows southward along with groundwater i n  the  alluvium o r  

v a l l e y - f i l l  depos i t s  of t he  Rio Grande Valley. D i s t i n c t  pathways of water 

movement through t h e  Socorro and L e m i t a r  mountains have not  been c l e a r l y  

i d e n t i f i e d  . 
There have been a number of general  s t u d i e s  of t h e  w e l l s  and spr ings  i n  

of t h e  study area including those by Waldron (1956); Bushman 

(1963); Clark and Summers (1971); and Summers (1976). These 

t h e  v i c i n i t y  

(1963); H a l l  

s t ud ie s  provic e a r e l a t i v e l y  good da ta  base f o r  studying discharge i n  t h e  area 

of t he  Socorro Peak KGRA. 

The groundwater discharge 5n t h e  area (excluding underflow i n t o  t h e  Rio 

Grande Valley) may be divided i n t o  thermal and nonthermal flow components. 

The area i n  which thermal discharge occurs is q u i t e  l imited.  According t o  

Summers (1976), thermal waters i s s u e  from th ree  spr ings  and one w e l l :  Cook, 

Socorro, and S e d i l l o  (or  Evergreen as i t  is sometimes re fe r r ed  to)  spr ings ,  

and Blue  Canyon W e l l  (3S.lW.16.323). Socorro, Sedi l lo ,  and Cook springs are 

i n f i l t r a t i o n  g a l l e r i e s  which have been dr iven ho r i zon ta l ly  i n t o  t h e  east face 

of Socorro Mountain t o  in t e rcep t  t h e  flow of na tu ra l  spr ings.  Summers (1976) 

a l s o  notes  t h a t  water having a temperature of 42.2OC (108OF) w a s  found i n  a 

core hole  deep i n  a mine s h a f t  nor th  f Blue Canyon. An attempt was made by 

t h e  author  t o  inves t iga t e  t h i s  co re  hole  i n  May 1980, a t  which time t h e  hole  

was found t o  be plugged at a depth of 1.2 m (4 f t ) .  

t certain whether Cook Gal lery is act l l y  a source of thermal 

discharge.  The entrance t o  t h e  g a l l e r y  is blocked so t h a t  water-temperature 

measurements must be made i n  a pond a t  t h e  mouth of t h e  tunnel r a t h e r  than a t  i 
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t h e  discharge point .  Clark and Summers (1971) give  a temperature f o r  Cook 

Gal lery of 18.9OC (66OF). Summers (1976) gives a temperature f o r  t he  Cook 

Gal lery water of 13.3OC (56OF). It is probable t h a t  t h i s  temperature is lower 

than t h e  temperature  of t h e  discharging water. However, based on a v a i l a b l e  

da ta ,  t h e  water temperature a t  Cook Spring is  less than t h e  32°C (90°F) l i m i t  

f o r  thermal water c l a s s i f i c a t i o n .  Summers (1976) notes  t h a t  temperatures i n  a 

tunnel about 122 m (400 f t )  above Cook Gal lery are above normal. 

There have been a number of s t u d i e s  which have d e a l t  s p e c i f i c a l l y  w i t h  

t h e  thermal waters a t  t h e  Socorro Peak KGRA: Holmes (1963); H a l l  (1963); 

Summers (1976) ; and Gross and Wilcox (1980). Spring discharge i n  t h e  Socorro 

Peak area has been measured pe r iod ica l ly  f o r  nea r ly  80 years .  The f i r s t  

discharge estimate w a s  made i n  1901 by F. A. Jones (1904), then pres ident  of 

t h e  New Plexico School of Mines. Jones (1904) noted t h a t  t h e  thermal waters 

"came from a f r ac tu red  zone o r  f a u l t ,  . . . , oozing and bubbling out  a t  

seve ra l  places." Jones (1904) measured a volume of flow over a 24-hour period 

of 2650 m3 (700,000 gal lons) ,  which is  equivalent  t o  3.07 x 10 m /s (486 -2 3 

gpm). Jones (1904) a l s o  commented t h a t  an earthquake i n  t h e  f a l l  of 1898 had 

produced a v i s i b l e  increase  i n  t h e  volume of water discharged. 

-2 3 

- 4 3  
Waldron (1956) estimated t h e  flow of Socorro Gallery a t  5.68 x 10 m / s  

(900 gpm) and estimated t h e  flow of Cook Gal lery t o  be about 6.3 x 10 m /s 

(10 gpm). Summers (1976) relates t h e  f ind ings  of Franc is  X. Bushm Who 

ca lcu la ted  t h e  following discharges ( i n  gpm) t o  t h e  c i t y  of SOC ter 

supply: 

Socorro Gallery Sedfl  l o  G a l  l e r y  - Date (3s. 1W. 22) (3s. 1W. 22) 

1955 305 
1956 3 10 
1957 313 

155 
166 
172 

Cook Gal le ry  
(3s. 1W.15) 

- 
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It is  i n t e r e s t i n g  t o  no te  t h a t  t h e  sum of t h e  flows from Socorro and S e d i l l o  

g a l l e r i e s  f o r  any one year are q u i t e  c l o s e  t o  t h e  f i g u r e  given by Jones (1904) 

f o r  t h e  t o t a l  spr ing flow. Discharge rates ( i n  gpm) measured by several 

observers are reported by Summers (1976): 

Socorro S e d i l l o  Cook 
Date Gallery Gal lery Gallery Observer 

1-24-57 353 --- --- U.S. Geological Survey 
3-20-58 220 240 10 N.M.I.M.T. 
4-15-64 291 --- --- U. S. Geological Survey, mean s e c t i o n  

c a l c u l a t i o n  of a velocity-meter 
survey 

5-25-64 277 --- --- F. R. H a l l ,  volume-time method 
10-23-65 292 --- --- K. Summers, modified Pa r sha l l  flume 

More r ecen t  measurements ( i n  gpm) by Gross and Wilcox (1980) w e r e  

obtained from t h e  City of Socorro gauges: 

- Year Month Socorro Spring Sed i l  l o  Spring 
1977 J T  274.5 107.8 

1978 

August 
September 
October 
November 
February 

272.8 
282.7 
276.0 
265.2 
299.6 

- 
94.6 
98.9 
97.4 

109.4 

Summers (1976) i n s t a l l e d  a continuous water-level recorder  i n  Socorro 

Gallery i n  1962 and noted a near ly  constant  flow rate over a 48-month period. 

Summers a l s o  found t h a t  some segments of Socorro Gal lery produce more w a t e r  

than o t h e r s  and d i f f e r e n t  f r a c t u r e s  i n  t h e  Gal lery produce waters having 

s l i g h t l y  d i f f e r e n t  temperatures r ang i  32.4OC t o  34.2OC (90.4OF t o  

93.6'F) (Summers 1976, Figure 27). This observation suggests t h a t  

f racture-control led pathways of thermal water c i r c u l a t i o n  are q u i t e  complex. 

The Blue Canyon Well, d r i l l e d  i n  1956, is located i n  Blue Canyon about 

0.2 km (0.5 mi) west of t h e  east f a c e  of t h e  Socorro Mountains. Summers 

(1976) noted t h a t  t h e  s ta t ic  water level i n  t h i s  w e l l  w a s  about 1524 m (5000 

f t )  of e levat ion.  Francis  X. Bushman conducted a pumping test of t h e  Blue 



Canyon w e 1  1 

10 m /s (19 -3 3 
in 1960 and determined 

gpm) (Summers 1976). 

Thermal Charac t e r i s t i c s  

1 ’  
t h e  maximum sustained y i e ld  t o  be 1.20 x L? 

L 
L 

There have been f ’  a number of geophysical i nves t iga t ions  which have 

L addressed t h e  problem of heat  flows and thermal grad ien ts  along t h e  Rio Grande 

R i f t .  Most of these  e f f o r t s  have been i n  t h e  v i c i n i t y  of t h e  Socorro Peak 

KGRA, including inves t iga t ions  by Reiter et a l .  (1975) ; Sanford (1977b); 

Reiter and Smith (1977); Reiter, Shearer, and Edwards (1978); and Reiter, 

Mansure, and Shearer (1979). 

These geophysical da t a  suggest t h e  ex is tence  of a zone of anomalous L 
-6 2 heat-flow values  genera l ly  exceeding 2.5 HFU (1 HFU = 1 x 10 cal/cm - sec) 

coinciding with t h e  western margin of t h e  Rio Grande R i f t  (Rei te r  e t  al. 

1975). This zone con t r a s t s  with lower hea t  flows of 1.5 to 2.0 HFU i n  t h e  L 
eas t e rn  Colorado Plateau.  H e a t  flows of 2.0 t o  more than 2.5 are common i n  

the  Basin and Range Province of southwestern New Mexico (see Figure 2-11). 

Sanford (1977b) and Reiter and Smith (1977) g ive  data r e l a t i n g  t o  

subsurface temperature in and near t h e  Socorro Peak KGRA. These da ta ,  shown 

in Table 2-15, i nd ica t e  t h a t  t h e  d i s t r i b u t i o n  of hea t  flow i n  t h e  KGRA is 

q u i t e  heterogeneous. Temperature grad ien ts  g rea t e r  than 15OoC/km appear t o  be 

confined t o  t h e  eas t e rn  p a r t  of t h e  Socorro Mountain block (Reiter and Smith c 
t 1977), where hea t  flows of 9.6 t o  11.7 HFU have been observed (Sanford 1977b; 

Reiter and Smith 1977). 

Swanberg (1979) uses an empirically-derived l i n e a r  r e l a t i o n s h i p  between 

s i l ica  geotemperatures and heat  flow t o  p lo t  a heat-flow map of t h e  Rio Grande 

R i f t .  Swanberg (1979) uses  an equation of t h e  form 
I ‘  -- . 

ci” 
= mg + b,  sio, L 
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Ftgure 2-11. Terrestrial heat-flow contour map of New Mexico and 
southern Colorado. Contour interval, 0.5 HFU (Reiter 
et  a l .  1975).  

L 



Table 2-15. Dri l l -hole  thermal da ta .  

Borehole No. Temperature 
Borehole No. (or ig ina l  Land Surface Elevation Depth t o  Water Depth In te rva l  Gradient Heat Flow 
( t h i s  repor t )  reference)  (m above sea' l eve l )  (m below surface)  (m below surface)  ( O C / W  (") Reference 

1457 

1451 

1488 

1622 

1616 

1642 

1510 

1511 

1555l 

43 

58 

not encountered 

18.3 

21.1 

not encountered 

Dr i l lho le  was col la red  i n  a mine approximately 125 m below ground surface.  

15.2 - 76.2 

21.3 - 57.9 

21.3 - 71.3 
10.0 - 20.0 
35.0 - 70.0 

12.2 - 39.6 

12.2 - 30.5 

15.2 - 33.5 
33.5 - 64.0 

18.3 - 42.7 
42.7 - 67.1 

12.2 - 21.3 

6.1 - 30.5 
30.5 - 54.4 
54.9 - 67.1 
11.0 - 51.0 

54.7 

33.8 

40.6 
119.0 5 20.0 

35.5 5 0.2 

161.9 

168.2 

183.7 
149.5 

159.1 
83.6 

242.6 

155.9 
129.4 
286.9 
159.0 2 2.0 

Sanford 1977b 

I t  

Reiter  and Smith 
1977 

I, 

6.5 Sanford 1977b 

6.7 ,, 
I t  

11 

9.6 t 
I, 

9.7 I 

I, 

I t  

I ,  

11 .7  f. 1.2 Reiter and Smith 
1977 
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Table 2-15. (continued). 

Temperature Borehole No. 
Land Surface Elevation Depth t o  Water Depth I n t e r v a l  Gradient Heat Flow Borehole No. ( o r i g i n a l  

( t h i s  repor t )  reference) (m above sea l e v e l )  (m below sur face)  (m below surface) ( " C / h )  (HFW Reference 

245.0 2 24.0 Reiter and Smith ~ 

1512 not  reported 1 0  - 20 . 10 2 

11 4 1509 I, 1977 ,, 10 - 20 98.2 2 12.2 
25 - 35 39.2 2 0.7 1 

40 - 60 19.3 L 0.4 I, 

70 -100 24.3 f. 0.7 I 

83.7 2 14.3 10 - 20 12 5 153 n 

25 - 60 45.6 5 2.4 
h, 90 -110 50.1 2 6.6 11 

I cn 
\o 

I, 

I, 
9 6 ~ 2  2 6.7 417 10 - 20 1 3  6 

1 0  - 20 93.9 2 13.4 14  7 1451 I 

10 - 20 96.9 2 1.9  15 8 1417 
20 - 25 44.4 

10 - 20 97.9 2 28.6 1 6  9 
15 - 25 47.8 3.5 
25 - 35 2 8 - 0 5  2.4 

10 - 20 107.0 5 1 0 . 0  17 10  1786 11 

20 - 30 73.0 I t  

18 11 1786 I, 

40 - 50 20.7 I 

50 - 80 10.2 2 0.4 I, 

90 - 170 24.70 2 1.10 Reiter e t  a l .  

I 

11 

I t  

I, 
I, 

II 

not reported 30 - 40 44.2 

11 19 North Ilaldy 2590 
150 - 210 33.86 2 0.94 2.48 b e s t  1975 
230 - 280 44.69 f. 2.09 es t imate  I ,  

(W 
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is  the  s i l i ca  geotemperature i n  degrees Cels ius ,  g is t h e  hea t  

flow i n  mWm'2, m is 0.67OC-m mW Applying t h i s  

formula t o  a s i l i c a  geotemperature of 77OC (171OF) determined by Trainer  

(1975) fo r  t he  Blue Canyon Well, t h e  hea t  flow would be 2.27 HFU. 

2 -1 where si02 
, and b is  13.2OC (55.7OF). 

Vertical temperature grad ien ts  have been observed t o  decrease 

s i g n i f i c a n t l y  i n  the  va l l ey  f i l l  t o  t he  east of t h e  mountain f ront .  It has  

been suggested by Bushman (1963) t h a t  t h e  decrease i n  thermal grad ien ts  may be 

due t o  mixing with groundwater flowing southward i n  t h e  R i o  Grande Valley. 

Although t h e  ex ten t  of e levated geothermal g rad ien t s  t o  t h e  south and w e s t  of 

Socorro Peak appear  somewhat ambiguous, da ta  suggest a decrease i n  geothermal 

grad ien ts  i n  those d i r ec t ions  according t o  Reiter and Smith (1977). 

Several authors  have discussed t h e  p o t e n t i a l  f o r  f l u i d  movement t o  a f f e c t  

t h e  observed temperatures and hea t  f luxes  wi th in  t h e  Socorro Mountain block 

(Holmes 1963; H a l l  1963; Summers 1976; Reiter and Smith 1977; Sanford 1977b; 

Chapin e t  a l .  1978). The movement of f l u i d s  may a l s o  be cont ro l led  t o  a l a r g e  

ex ten t  by f r ac tu res ,  as noted earlier. According t o  Chapin et a l .  (1978), t h e  

flow of thermal waters t o  Socorro and Sed i l lo  spr ings  appears t o  be cont ro l led  

by t h e  in t e r sec t ion  of r ing  f r ac tu res  associated with t h e  Socorro Cauldron and 

t h e  r i f t  f a u l t  zone bounding Socorro Peak along i t s  eas t e rn  f ron t .  Chapin et  

a l .  (1978) a l s o  note  t h e  p o s s i b i l i t y  t h a t  thermal waters are leaking upward 

along t h e  range-bounding f a u l t  from a deep r e se rvo i r  which is heated by a 

shallow magma body. The geology of these  thermal spr ings  is s t i l l  not c l e a r l y  

understood . 
Thermal waters are observed i n  a very l imi ted  area along t h e  eas t e rn  p a r t  

of t h e  Socorro Mountains. These thermal waters are expected t o  comprise only 

a f r a c t i o n  of t h e  t o t a l  heated groundwater as most of t h e  geothermal water may 

flow undetected i n t o  t h e  Rio Grande va l l ey  f i l l .  
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Water temperatures from a l a r g e  number of w e l l s  and spr ings  i n  t h e  

v i c i n i t y  of t h e  Socorro Peak KGRA are given i n  Clark and Summers (1971). This 

r epor t  contains  a compendium of da t a  from a number of sources  co l l ec t ed  over a 

period of a t  least 15 years .  It may be usefu l  t o  c o l l e c t  similiar da ta  within L 

i 

L 
L 
1 
bd 
L 
1 

a s m a l l  span of time using the  same instruments i n  order  t o  minimize 

measurement e r r o r .  Temperature da t a  have been co l l ec t ed  s p e c i f i c a l l y  on w e l l s  

and spr ings  considered t o  be of geothermal s ign i f icance .  Most of t h i s  

information is  summarized by Summers (1976). Table 2-16 i s  a summary of 

water-temperature da t a  which have been co l l ec t ed  from 1852 through 1965. 

These da t a  show only small f l u c t a t i o n s  of temperature over t h e  114-year per iod 

of measurement. 

A continuous-temperature recorder  was i n  operat ion a t  t h e  bottom of t h e  

s h a f t  a t  t h e  Socorro Gal lery from September 1962 t o  January 1965 (Summers 

1976). During t h a t  per iod of t i m e  t h e r e  w e r e  p r a c t i c a l l y  no v a r i a t i o n s  i n  

temperature noted. A l l  v a r i a t i o n s  noted were wi th in  t h e  instrumental  e r r o r  of 

t h e  recorder .  The average temperature measured was 32.99OC (91.3OF) and, 

except f o r  t h ree  low temperatures,  a l l  of t he  measurements f e l l  wi th in  t h e  

range of 32.7"C t o  33.1°C (90.9OF t o  91.6OF). Both the  recorded temperatures 

and discharges of Socorro Gal lery remained remarkably constant  over a f a i r l y  

long period of record,  These da t a  could i n d i c a t e  t h a t  seasonal pu lses  of 

cooler  shallow components of recharge do not m i x  with deeply c i r c u l a t i n g  

thermal waters. If a cool  shallow component does exist, then t h e  temperature 

and recharge are r e l a t i v e l y  uniform. 

G 
ii 

u 
I; 

Summers (1976) i n t e r p r e t s  t h e  uniform temperature and discharge a t  

Socorro Spring t o  i n d i c a t e  t h a t  e i t h e r :  (1) no l a r g e  recharge events occurred 

b 

'hi 
b 

during t h e  recording period, (2) t h e  e f f e c t s  of t hese  recharge events  w e r e  

damped out  by long t r a v e l  t i m e s ,  o r  (3) the quant i ty  of recharge water w a s  so 
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Table 2-16. Water temperatures (OF) in the Socorro thermal area. 

Socorro Spring Sedillo Spring Cook Spring 
or Gallery or Gallery or Gallery Blue Canyon Well 

Date (3S.lW.22.113) (3S.lW.22.131) (3S.lW.15.313) (35.1W.16.323) Observer 

Hammond (1966) ---e ---- ----- 1852 92.0 

1890 90.0 ----- Surveyor's notes in 
N.M.B.M.M.R. files 

8-23-56 

90-92 Bushman, notes In 
N.M.B.M.M.R. files 

---- 91.7 Bottom-hole temper- 
ature 

Hall 3-20-57 88.8 90.0 66.0 e---- 

12-12-61 91.4 88.0 ---- 88.0 Hall (Blue Canyon 
Well measured at end 
of discharge pipe) 

1-22-61 ---- 90.0 56.0 90.0 11 

4-10-61 91.6 

10- 1-65 

---- 90.0 U . S .  Geological 
Survey 

---- e---- 92.3 Summers (at manhole 
above settling basin) 

4-10-65 

10- 1-65 

91.6 

92.3 ---- 
90.0 U.S.Geologica1 

Survey 

----- Summers (at manhole 
above settling basin) 

Summers 10- 2 2-6 5 91.4 

10-25-65 ---- ---- ---- 91.5 Summers 

---- --e- ----- 



--- - ------- 

s m a l l  t h a t  i ts  e f f e c t s  w e r e  masked by more deeply c i r c u l a t i n g  groundwater. Lb 
Summers (1976) a l s o  recorded water temperatures from var ious  f r a c t u r e s  along 

t h e  length  of Socorro Gal lery.  These measurements show (Summers 1976, Figure 

27) t h a t  water discharging from d i f f e r e n t  f r a c t u r e  t r a c e s  d i sp l ays  s l i g h t  

temperature d i f f e rences  ranging from 32.4OC t o  34.2OC (90.4OF t o  93.6OF). 

This r e s u l t  may i n d i c a t e  t h a t  ind iv idua l  f r a c t u r e s  convey thermal water t o  t h e  

sp r ing  from d i f f e r e n t  depths. 

Because of t he  d i f f i c u l t y  of access t o  Sed i l lo  Gal lery,  temperature 

measurements have been made a t  the  o u t l e t  of t h e  discharge p i p e l i n e  seve ra l  

hundred f e e t  from t h e  tunnel mouth o r  a t  a manhole a t  t h e  lower end of t h e  

ga l l e ry .  The temperature a t  t h e  manhole on October 1, 1965, w a s  33.5"C 

(92.3OF) so t h a t  t h e  water temperature a t  t he  po in t  of discharge may w e l l  be 

higher.  

Blue Canyon W e l l  w a s  t e s t ed  by Francis  X. Bushman who recorded t h e  

following temperature-depth Pe la t ion  on August 23, 1956 (Summers 1976): 

Depth ( f t )  Temperature (OF) Remarks 
217.5 89.8 water l e v e l  = 216.8 f t  

casing per fora ted  217.5 t o  
250 f t  

220 89.9 
223.5 89.95 
223.5 90.1 
223.5 90.15 
238.5 90.2 
243.5 90.3 
248.5 90.25 
253.5 90.4 
255 90.45 
258.5 90.5 bottom of casing 
259.5 91.2 
260.5 91.6 
261.5 91.7 
262.5 91.8 
263.5 91.7 
264.5 _-- bottom of hole 

The following temperature-discharge r e l a t i o n s h i p  w a s  recorded during a 

pumping test conducted J u l y  23-24, 1956, by Bushman (Summers 1976): G 

b 
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Time 
(minutes a f t e r  

3 
7 
66 
152 
156 
243 
280 
343 
273 
463 
5 23 
583 
978 
1128 
1240 
1333 
1457 

Discharge 

46 
46.5 
49.5 
40.3 
39.8 
38.7 
38 
30.5 
30.0 
29.2 
28.8 
28.2 
18.7 
18.4 
18.6 
18.7 
18.8 

Agpm) 
Temperature 

(OF) 
91 
90 
90.2 
92 
91.8 
91.8 
91.8 
91.8 
91.8 
91.8 
91.8 
91.8 
90.8 
90.6 
90.4 
90.3 
90.3 

A vertical two-inch corshole d r i l l e d  i n t o  Precambrian rock i n  Woods 

Tunnel, a near ly  hor izonta l  mining a d i t  dr iven i n t o  the  eastern face  of 

Socorro Peak, encountered hot  water. The c o l l a r  e l eva t ion  of t h i s  d r i l l  ho le  

is about 1565 m (5135 f t )  and its t o t a l  depth is  79 m (260 f t )  (Summers 1976). 

The water l eve l  w a s  about 49 m (160 f t )  below c o l l a r  e l eva t ion  o r  1515 m (4975 

f t )  according t o  Summers (1976). The following temperature-depth r e l a t ionsh ip  

w a s  found (Summers 1976): 

Temperature (OF) 
Depth ( f t )  

33 
66 
99 
132 
153 
166 
187 
230 

June 24, 1966 Ju ly  8, 1966 
93.2 -- 
95.9 
98.8 
101.8 

105.5 
107.4 
108.8 

-- -- 
101.2 
105.5 

108.9 
-- 

Overall, these  temperatures are somewhat higher  than those discharging from 

any of t h e  thermal spr ings.  Elevated water temperatures i n  some of t h e  
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deep w e l l s  support t h e  argument t h a t  t h e  geothermal r e se rvo i r  is not  l imi ted  

t o  t h e  areas near t h e  spr ings ,  and t h a t  an appreciable  amount of geothermal 

water discharges i n  t h e  subsurface t o  cooler  water i n  t h e  Rio Grande va l l ey  

f i l l .  

Chemistry of Groundwater i n  t h e  Socorro Peak Area 

The chemistry of t h e  groundwater i n  t h e  Socorro Peak area has been 

s tudied  by severa l  researchers .  Chemical analyses  of groundwater samples are 

published i n  Waldron (1956); H a l l  (1963); Clark and Summers (1971); Summers e t  

a l .  (1972); Summers (1976); and Gross and Wilcox (1980). Bushman (1963) 

discussed t h e  qua l i t y  of groundwater i n  t h e  Rio Grande Valley near Socorro. 

Trit ium concentrat ions i n  t h e  groundwater have been analyzed and discussed by 

von Bu t t l a r  and Wendt (1958); von Bu t t l a r  (1959); Holmes (1963); and Gross and 

Wilcox (1980). 

Primary Const i tuents  

It i s  l i k e l y  t h a t  one of t h e  most important areas of recharge t o  t h e  

groundwater system i n  t h e  Socorro Peak area is t h e  mountain f r o n t  along t h e  

e a s t e r n  margin a t  t h e  Magdalena Mountains. A study by Summers et al .  (1972) 

i nd ica t e s  t h a t  groundwater i n  t h e  Magdalena Mountains is general ly  of t h e  

calcium-bicarbonate (Ca-HCO ) type. In  t h i s  area, t h e  total-dissolved s o l i d s  3 
concentrat ion is  less than 500 p a r t s  per mi l l i on  (ppm). I n  those samples  with 

less than 150 ppm t o t a l  dissolved s o l i d s ,  s i l i ca  represents  as much as 30 

percent of t he  t o t a l .  

Groundwater throughout t h e  La Jencia Basin i s  a l s o  genera l ly  of t h e  

Ca-HC03 type (Gross and Wilcox 1980). Locally, some groundwater samples show 

r e l a t i v e l y  high concentrat ions of s u l f a t e  which are probably t h e  r e s u l t  of 

contact  with the  upper gypsiferous member of t h e  Popotosa Formation 

concentrat ion is  less than 500 p a r t s  per mi l l i on  (ppm). I n  those samples  with 

less than 150 ppm t o t a l  dissolved s o l i d s ,  s i l i ca  represents  as much as 30 

percent of t he  t o t a l .  

Groundwater throughout t h e  La Jencia Basin i s  a l s o  genera l ly  of t h e  

Locally, some groundwater samples show Ca-HC03 type (Gross and Wilcox 1980). 

r e l a t i v e l y  high concentrat ions of s u l f a t e  which are probably t h e  r e s u l t  of 

contact  with the  upper gypsiferous member of t h e  Popotosa Formation 
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c 

5 

o r  o ther  gypsum-bearing sediments. On t h e  o the r  hand , -water  from Socorro, 

Sed i l lo  and Cook spr ings,  as w e l l  as water discharged from Blue Canyon Well, 

i s  of t h e  sodium-bicarbonate (Na-HCO ) type. Gross and Wilcox (1980) no te  3 

3 t h a t  water from two w e l l s  i n  Socorro Canyon is of t h e  N a ,  Ca-S04 and Na-HCO 

types. Waldron (1956) a t t r i b u t e d  t h e  chemical change t o  ion-exchange 

mechanisms, whereby water .flowing east from the  southern end of t h e  La Jenc ia  

Basin exchanges C a  f o r  N a  along i t s  flow path through t h e  r h y o l i t i c  t u f f s  

underlying t h e  Popotosa Formation. Such an exchange might be f a c i l i t a t e d  i f  

e levated temperatures were encountered a t  depth. Figure 2-12 shows a diagram 

of the  chemistry of t h e  groundwater i n  t h e  area as w e l l  as a l i n e  ind ica t ing  

roughly where t h e  ion exchange is taking place.  

In  a study of t h e  mixing of thermal and nonthermal waters along the 

margin of t h e  Rio Grande R i f t ,  Trainer  (1975) examined a sample of water from 

Blue Canyon Well and ca lcu la ted  a r e l a t i v e l y  low antecedent r e se rvo i r  

temperature of 77'C (171'F) by t h e  Si02 geothermometer and 55OC (131'F) by t h e  

Ca-Na-K geothermometer. On t h e  b a s i s  of proportions of p r inc ipa l  ions 

r e l a t i v e  t o  those from other  Rio Grande R i f t  hotspots ,  Trainer  (1975) 

concluded t h a t  t h e  Blue Canyon Well water was a mixture of thermal and 

nonthermal water. 

As shown i n  Figure 2-12, t h e  concentrat ion of t o t a l  dissolved s o l i d s  

(TDS) of Socorro, Sed i l lo  and Cook spr ings  and Blue Canyon W e l l  is r e l a t i v e l y  

f '  
- 

b." c 
L 
I; 
I: 
L 
c 

L 
c 
L 
L 
c 

low, approximately 250 ppm TDS o r  about 350 t o  400 micromhos per cent imeter  

(vmhos/cm) electrical conductivity.  Figure 2-12 a l s o  shows t h a t  t h e  shallow 

c water i n  w e l l s  i n  t h e  southern end of t h e  La Jenc ia  Basin (Snake Ranch F la t s )  

has total-dissolved s o l i d s  concentrat ions which are q u i t e  similar t o  t h a t  of 

t h e  groundwater discharging from the  eas t e rn  s i d e  of t h e  Socorro Mountains. 
I '  
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Figure 2-12. Distribution map of water quality and t o t a l  dissolved so l ids  (Gross and 
Wilcox 1980). 



The e l e c t r i c a l  conduc t iv i t i e s  of water from Upper Nogal Canyon Spring and 

Lower Nogal Spring i n  Nogal Canyon north of Socorro Peak are somewhat higher ,  

on t h e  order  of 480 pmhos/cm and 750 pmhos/cm, respec t ive ly .  Groundwater from 

t h e  Socorro Canyon area  and south toward t h e  Chupadera Mountains is genera l ly  

high i n  t o t a l  dissolved s o l i d s  (see Figure 2-12). 

Oxygen Isotopes 

Gross and Wilcox (1980) present  oxygen-18 and deuterium analyses  of t e n  

samples of thermal spr ing  and w e l l  water, f i v e  samples  of non-thermal sp r ings  

and w e l l s ,  and two Socorro p r e c i p i t a t i o n  samples.  When p lo t t ed  on a 

standard 6D vs. 6 0 graph (see Figure 2-13), a l l  of t h e  samples p l o t  near and 18 

s l i g h t l y  t o  t he  l e f t  of t h e  meteoric l i n e  of Craig (1961). Thermal water 

usua l ly  p l o t s  t o  the  r i g h t  of t he  meteoric l i n e .  Gross and Wilcox (1980) 

conclude t h a t  water sampled from thermal w e l l s  and spr ings  is of meteoric 

o r ig in .  Furthermore, they i n d i c a t e  t h a t  t h e r e  is no evidence t o  suggest 

mixing between the  sampled groundwater and deep thermal water. These f ind ings  

seem t o  con t r ad ic t  those of Chapin et a l .  (1978), who suggest t h a t  t he  thermal 

waters a t  t h e  spr ings  are derived from upward leakage along a f a u l t  from a 

deep r e se rvo i r  heated by a shallow magma body. Gross and Wilcox (1980) do n o t  

d i scuss  t h e  source of hea t  t o  account f o r  t h e  temperatures a t  the  thermal 

spr ings  and w e l l s .  

Tr i t ium 

As t h e  r e s u l t  of large-scale  atmospheric t e s t i n g  of thermonuclear devices  

during t h e  period 1954 t o  1963, environmental tritium concentrat ions 

s i g n i f i c a n t l y  increased. It is  poss ib le  t o  s tudy res idence  times of 

groundwater by c o r r e l a t i n g  peaks of t r i t i u m  a c t i v i t y  i n  spr ing  waters w i t h  
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peaks of t r i t i u m  a c t i v i t y  i n  p r e c i p i t a t i o n  events: Residence. times, 

ca lcu la ted  i n  t h i s  way, are o f t en  sub jec t  t o  mul t ip l e  i n t e r p r e t a t i o n s  because 

of a number of complications, which include t h e  mixing of waters of d i f f e r e n t  

ages and t h e  complex r e l a t ionsh ip  between p r e c i p i t a t i o n  and recharge events  i n  

a semiarid environment. A s  pointed out  by Gross and Wilcox (1980), small 

p r e c i p i t a t i o n  events of high-tr i t ium a c t i v i t y  may con t r ibu te  less tritium t o  

recharge than a l a r g e  p r e c i p i t a t i o n  event of low- or  intermediate- t r i t ium 

a c t i v i t y .  

In applying t h i s  method of residence-time ca l cu la t ion ,  von B u t t l a r  (1959) 

concluded, on the  bas i s  of sparse  da ta ,  t h a t  the  res idence  t i m e  of t h e  

thermal spr ing  water w a s  longer than four  years.  On t h e  b a s i s  of add i t iona l  

da t a ,  Holmes (1963) concluded t h a t  an August 1958 tritiua peak i n  water €rom 

Socorro Spring corresponded t o  increased t r i t i u m  l e v e l s  i n  p r e c i p i t a t i o n  

f a l l i n g  i n  e a r l y  1954. From t h i s  evidence, an average res idence  t i m e  of about 

fou r  years  seems reasonable. Gross and Wilcox (1980) concur with t h e  

c o r r e l a t i o n  of t h e  Socorro Spring t r i t i u m  peak by Holmes (1963), but no te  t h a t  

Holmes did not  take  i n t o  account poss ib le  e f f e c t s  of t h e  mixing of waters with 

d i f f e r e n t  res idence t i m e s .  

\ 

Gross and Wilcox (1980) note  some r a t h e r  i n t e r e s t i n g  general  

r e l a t ionsh ips  between average tritium u n i t  (TU) values* f o r  va r ious  

groundwaters i n  t h e  study area (see  Figure 2-14). Within t h e  Magdalena 

Mountains, t h e  groundwater appears young with TU va lues  of 40 o r  more. This 

water is  discharged from high-elevation spr ings  and w e l l s  i n  shallow alluvium 

soon a f t e r  en ter ing  the  ground. 

*Tritium a c t i v i t y  is expressed i n  fg i t ium u n i t s  (TU), where one t r i t i u m  
u n i t  equals  one t r i t i u m  atom per  10 hydrogen atoms. 
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The TU va lues  of groundwater from w e l l s  i n  t h e  southern La  Jenc ia  Basin 

are q u i t e  low, genera l ly  averaging less than three ,  which ind ica t e s  t h a t  t h i s  

water is  old r e l a t i v e  t o  t h a t  i n  the  Magdalena Mountains. A l l  TU va lues  to  

the  w e s t  of a f a u l t  zone bounding the  e a s t e r n  margin of t he  Magdalena 

Mountains are high and the  TU va lues  j u s t  east of t he  f a u l t  zone are q u i t e  low 

(see F igure  2-14). This northwest-southeast t rending f a u l t  zone is comprised 

of normal f a u l t s  downthrown t o  the  east such t h a t  Oligocene volcanics  of t h e  

Magdalena Mountains contac t  younger a l l u v i a l  depos i t s  t o  the  east (Osburn 

1977). One i n t e r p r e t a t i o n  of t hese  da t a  is t h a t  mountain-front recharge 

occurs along t h i s  f a u l t  zone and most of t h e  young water flows down t h e  f a u l t  

zone and i n t o  t h e  lower Santa  Fe Group o r  o lde r  rocks. Thus, only a very 

small amount of shallow recharge would reach t h e  shallow aqu i fe r  i n  t h e  

southern La Jenc ia  Basin t o  t h e  east of t h i s  f a u l t  zone. This  i n t e r p r e t a t i o n  

follows t h a t  of Gross and Wilcox (1980), who p o s t u l a t e  t he  ex is tence  of a 

shallow-groundwater system i n  t h e  upFer Santa Fe Group i n  t h e  southern La 

Jenc ia  Basin separated from a deeper flow system i n  t h e  Lower Popotosa of t h e  

Santa Fe Group by a low permeable l aye r ,  presumably t h e  Upper Popotosa. This 

deep-flow system may a c t u a l l y  r ece ive  most of t h e  mountain f r o n t  recharge of 

young water and discharge a t  the  spr ings.  

The waters discharging from Socorro, Sed i l lo ,  and Cook spr ings  a l l  have 

TU values  which average 4.7 t o  4.8. Blue Canyon Well has  TU values  which 

average a l i t t l e  higher ,  i.e., 7.7, based on only two samples. These va lues  

are a l l  s l i g h t l y  g rea t e r  than the  TU values  from f a i r l y  shallow w e l l s  

up-gradient in t h e  southern L a  J enc ia  Basin. It should be noted t h a t  t h e  

t r i t i u m  samples from Cook Spring are taken from a s m a l l  pool a t  the mouth of 

t h e  g a l l e r y  and may have s l i g h t l y  higher  TU va lues  than t h e  TU va lues  a t  t h e  

a c t u a l  discharge poin t  of t he  ga l l e ry .  
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Waters which discharge from the  t h e  Upper and Lower Nogal Canyon spr ings  

t o  t h e  north have TU values  of 22.5 and 28.0, respec t ive ly ,  which ind ica t e s  

t h a t  recent  recharge is  an important component of t h e i r  flow. Water-chemical 

da ta  c l e a r l y  d i s t ingu i sh  t h e  o r ig in  of spr ings  i n  Nogal Canyon from t h e  

thermal spr ings . 

Discussion and I n t e r p r e t a t i o n  of Hydrogeothermal System 

I n  formulating a computer model of t h e  geothermal system, i t  is important 

t o  have a reasonably good understanding of hydrogeologic cont ro ls  on 

geothermal r e se rvo i r  behavior. Available evidence ind ica t e s  t h a t  t h e  flow 

system is q u i t e  complex and not w e l l  understood a t  present.  The following 

materia1 summarizes l i n e s  of evidence which lead t o  i n t e r p r e t a t i o n  about t h e  

geothermal system t h a t  may a i d  i n  developing a preliminary conceptual model 

f o r  computer simulation: 

1. Groundwater e leva t ions  i n  r e l a t i v e l y  shallow w e l l s  i n d i c a t e  t h a t  t h e  

general  d i r e c t i o n  of groundwater flow is w e s t  t o  east from the  Magdalena 

Mountain block ac ross  t h e  southern La  Jenc ia  Basin through t h e  Socorro 

Mountain block and i n t o  t h e  Rio Grande Valley. A complex series of 

geologic events  have produced d i f f e r e n t  f a u l t  sets which may 

s i g n i f i c a n t l y  inf luence  t h e  groundwater flow system. Range-bounding 

f a u l t s  along t h e  eas t e rn  margin of t h e  Magdalena Mountains may be avenues 

of recharge t o  a deep-flow system. Faul t s  assoc ia ted  with t h e  t ransverse  

shear  zone and r ing  f r a c t u r e s  along t h e  eastern margin of t h e  Socorro 

Mountains may con t ro l  groundwater discharge,  p a r t i c u l a r l y  t h a t  of t h e  

thermal springs.  The e f f e c t s  of f r a c t u r e s  and f a u l t s  o r  o the r  s t r u c t u r a l  

con t ro l s  on groundwater movement is specula t ive  a t  t h e  present  time. 

2-73 



Lid 2. A l a rge ,  s i l l - l i k e  magma body a t  mid-crustal depths has apparently 

in j ec t ed  small dike-like magma bodies upward near t h e  southern end of t h e  

Socorro Xountains. These small magma bodies may have intruded t o  within 
c 
c 3 t o  5 km (1.9 t o  3.1 mi) of t h e  surface.  One r e s u l t  of t h i s  i n t rus ion  

i s  probably t h e  anomalously high hea t  flows and thermal grad ien ts  

observed along t h e  eas t e rn  pa r t  of t h e  Socorro Mountain block. Thermal 

grad ien ts  away from t h i s  area do not  appear  anomalous. 

3 .  Known areas where discharge of thermal waters occurs is l imited t o  t h e  

southeast  p a r t  of t h e  Socorro Mountains ( i . e . ,  p r i n c i p a l l y  Sed i l lo  

Spring, Socorro Spring, and Blue Canyon Well). The temperature of these  

waters averages about 90°F (approximately 32OC). These temperatures 

L 

i nd ica t e  geothermal po ten t i a l  only i n  l i g h t  of evidence f o r  a 

shallow-nagma hea t  source and high heat-flow measurements. c 
c 

4 .  Correlat ion of t r i t i u m  peaks of discharge water a t  Socorro Spring with 

p r e c i p i t a t i o n  ind ica t e s  t h a t  a t  least some component of t h e  discharge has  

a residence time i n  the  r e se rvo i r  of about four  years.  

5. The thermal water discharge has  s l i g h t l y  higher  TU va lues  t h a t  t h e  

shallow groundwater up-gradient i n  t h e  southern La Jenc ia  Basin and 

s i g n i f i c a n t l y  lower TU va lues  than t h e  groundwater i n  t h e  Magdalena 

Nountain recharge area. 

I 

6 .  Groundwater discharged t o  t h e  east of a north-south t rending l i n e  i n  t h e  

Socorro and northern Chupadera Mountains is of t h e  Na-HC03 type. This 

condi t ion is  genera l ly  considered i n d i c a t i v e  of ca t ion  exchange by 

c i r c u l a t i o n  through t h e  volcanic  rock complex, although it has not  been 

shown t h a t  ca t ion  exchange cannot occur i n  fine-grained f a c i e s  of the  

Santa Fe Group. 

L 
c 
c 

f ‘  
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7.  The thermal discharge waters have r e l a t i v e l y  low concentrat ions of t o t a l  

dissolved so l id s ,  as do a l l  of t he  waters up-gradient and west of t h e  

thermal discharge area. Much higher dissolved s o l i d s  concentrat ions 

would be expected i f  t h e  discharge w a s  assoc ia ted  with deep-reservoir 

c i r cu la t ion .  

8. A l l  of t h e  thermal spr ings  and w e l l  waters t e s t ed ,  and a l l  t h e  t e s t ed  

nonthermal spr ings  and w e l l  waters, p lo t  c lose  to ,  o r  s l i g h t l y  t o  t h e  

l e f t  o f ,  t h e  meteoric l i n e  on a graph of 6 D  vs. 6 0. This r e s u l t  has  

been in t e rp re t ed  as indica t ing  t h a t  t h e  thermal waters are of meteoric 

o r i g i n  and have not  been heated by c i r c u l a t i o n  through a deep geothermal 

r e se rvo i r .  

There are very few hydrogeologic da ta  ava i l ab le  a t  t h i s  t i m e  from depths 

18 

grea te r  than a few hundred f e e t  i n  t h e  Socorro Peak KGRA. Water l e v e l s  and 

most temperature and chemical d a t a  r e f l e c t  very shallow groundwater 

condi t ions.  Information from a l a rge r  number of w e l l s  is necessary t o  

understand t h e  f l u i d  c i r c u l a t i o n  within t h e  geothermal system. 

Based on t h e  a v a i l a b l e  da ta  summarized above, Gross and Wilcox (1980) 

conceptual ize  t h e  flow system as follows: 

"The t r i t i u m  a c t i v i t y  of t h e  spr ing  water is t h e  l a b e l  of l o c a l  
recharge, t h a t  is, p r e c i p i t a t i o n  t h a t  f a l l s  on t h e  Socorro Mountain 
complex, and/or su r face  runoff following l a rge  thunderstorms, c rosses  
t h e  Snake Ranch F l a t s  and is absorbed by t h e  highly f rac tured  and 
permeable volcanics  forming t h e  eas t e rn  edge of t h e  f l a t s .  That is t o  
say, t h e  major por t ion  of spr ing  flow represents  water t h a t  w a s  
recharged a t  t h e  eas t e rn  edge of t h e  Magdalena Mountains and took t h e  
long path,  beneath t h e  mudstone complex i n  t h e  Snake Ranch F l a t s  
[ ( i . e . ,  t h e  deep-flow system across  t h e  southern La Jenc ia  Basin)], 
but a minor component of t h e  spr ing  flow represents  l o c a l  recharge 
around t h e  western f lank  and southern end of t h e  Socorro Mountains. 
This conclusion does not seem unreasonable considering t h e  s i z e  of t h e  
poss ib le  recharge area around t h e  Socorro Mountains. The shallow 
recharge cont r ibu t ion  is roughly estimated a t  10 t o  20 percent of t h e  
t o t a l  spr ing  flow, but is expected t o  vary from year t o  year  with 
l o c a l  climatic conditions." 
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I n  t h i s  scenario,  t h e  c o r r e l a t i o n  of t r i t i u m  peaks ind ica t e s  t h a t  t he  

loca l  recharge component had a residence time of about four  years.  Mixing of 

t h e  young l o c a l  recharge component with t h e  o lder  deep-flow water could r e s u l t  

i n  t h e  average TU values  found a t  the  thermal discharge area being s l i g h t l y  

higher  than those of t h e  southern La  J enc ia  Basin. According t o  Gross and 

Wilcox (1980), t h e  reg iona l  component which had t h e  longer ,  deeper flow path 

had a residence t i m e  which is probably much longer than t h e  h a l f - l i f e  of 

t r i t i u m  ( i .e . ,  12.3 years ) .  Deep and shallow components of t he  reg iona l  flow 

f i e l d  wi th in  t h e  Santa Fe Group would not  contac t  very deep, ho t  regions of 

the  r e se rvo i r .  Presumably ca t ion  exchange occurs i n  t h e  volcanic  complex near  

t h e  po-lnts of spr ing discharge.  The exce l l en t  water q u a l i t y  of the  thermal 

spr ings  could be accounted f o r  i f  salts i n  t h e  Santa Fe Group were flushed 

through t h e  system during p luv ia l  periods,  o r  i f  c i r c u l a t i o n  occurs v i a  

f r a c t u r e s  with l imi ted  contac t  area f o r  chemical i n t e rac t ion .  

Another i n t e r p r e t a t i o n  of t h i s  evidence i s  t h a t  t h e  primary component of 

flow t o  t h e  thermal discharge area could be derived from l o c a l  recharge,  t h a t  

is, p r e c i p i t a t i o n  f a l l i n g  along t h e  western s i d e  of t h e  Socorro Mountains as 

w e l l  as i n f i l t r a t i o n  from su r face  runoff along the  eastern margin of t h e  

southern La Jencia Basin. This  i n t e r p r e t a t i o n  could conceivably f i t  most of 

t he  da t a  t h a t  have been presented. Heat would be t ransmi t ted  t o  the  water 

along i t s  flow path through the  Socorro Mountain block where high hea t  flow 

occurs. Cation exchange could occur as the  groundwater con tac t s  t h e  volcanics  

i n  the  Socorro Mountain block. I n  order  t o  account f o r  t he  observed t r i t i u m  

a c t i v i t y ,  t he  computed residence t i m e  of four  years  would be much too shor t .  

I n  order  t o  test whether t h i s  i n t e r p r e t a t i o n  is reasonable,  some rough 

ca l cu la t ions  were performed t o  determine whether l o c a l  recharge is s u f f i c i e n t  

t o  account f o r  a l l  of t he  spr ing  flow. Using a planimeter and flow l i n e s  
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superimposed on t h e  water-level contour map ( see  Appendix A ) ,  recharge could 

occur over a maximum of 21.7 square kilometers (8.4 square m i l e s )  t o  provide 

l o c a l  recharge t o  the  spr ings.  From da ta  presented i n  Gross and Wilcox 
-2 

(1980), t he  average flow from Socorro Spring w a s  ca l cu la t ed  t o  be 1.76 x 10 

m 3 /sec (278.5 gpm) and t h e  average flow of Sed i l lo  Spring was 6.41 x 10 -3 

m 3 /sec (101.6 gpm), which g ives  a mean year ly  flow of roughly 756,440 m 3 /year 

(613 acre-feet /year) .  Kelly Ranch, which is located i n  t h e  La  Jenc ia  Basin a t  

an e l eva t ion  of 2042 m (6700 f t )  rece ives  a mean annual p r e c i p i t a t i o n  of 34.54 

cm (13.60 i n )  (Gabin and Lesperance 1977). This  f i g u r e  was thought t o  be 

reasonably r ep resen ta t ive  of t he  p r e c i p i t a t i o n  which would occur i n  t h e  

pos tu la ted  recharge area. Based on t h i s  value,  t h e  p r e c i p i t a t i o n  f a l l i n g  on 

t h e  supposed recharge area would be on the  order  of 7.5 x lo6 m3/year 

(6100-acre fee t /year ) .  It would be necessary f o r  10 percent  of t h i s  moun t  t o  

be reaching the  groundwater system as recharge. This estimate appears t o  be  

high consider ing t h e  semiarid condi t ions present  i n  t h e  proposed recharge 

area. 

I n  a water-balance study i n  a similar semiarid watershed i n  southeas te rn  

Arizona, Renard (1970) found t h a t  the  maximum groundwater recharge w a s  about 

four  percent of t h e  mean annual p rec ip i t a t ion .  It appears,  however, t h a t  

t r i t i u m  da ta  do not  support  t h  second i n t e r p r e t a t i o n .  That is, i f  t h e  

estimate by Holmes (1963) of a four-year res idence time based on correlation 
q r  

of tritium peaks is correct, and i f  l o c a l  recharge r ep resen t s  t h e  major 

component of flow t o  t h e  thermal discharge area, then t h e  average TU va lues  of 

t he  thermal spr ings  are much too low. 

Consequently, i n t e r p r e t a t i o n s  of t h e  hydrogeothermal flow system are 

inconclusive.  It is l i k e l y  that t h e  thermal discharge represents  a mixing of 

several flow components. However, no model y e t  proposed s a t i s f i e s  every 



d e t a i l  of t h e  evidence ava i lab le .  A computer s imulat ion may assist i n  

formulating a more cons i s t en t  i n t e r p r e t a t i o n  of c i r c u l a t i o n  within t h e  

geothermal r e se rvo i r ,  although i n  the  absence of subsurface da t a  per ta in ing  t o  

hydraul ic  p rope r t i e s  such a model could not be v e r i f i e d .  

Summary of Model Parameters 

I n  designing a two-dimensional groundwater flow model of t h e  Socorro Peak 

KGRA, i t  is necessary t o  cons t ruc t  a schematic c ross  sec t ion  such as t h a t  

shown i n  Figure 2-15. The c ross  sec t ion  shown i n  Figure 2-15 i s  a 

general ized,  s impl i f ied  diagram which is  based on da ta  presented i n  Chamberlin 

(1980); Sanford (1968); and Osburn (1977). Because t h e  thicknesses  of the 

geological  u n i t s  are t o  a l a r g e  degree unknown i n  t h e  subsurface,  t h e  diagram 

i s  not  drawn t o  sca le .  It should be recognized t h a t  Figure 2-15 r ep resen t s  a 

typ ica l ,  but hypothe t ica l ,  c ross  sec t ion  through the  study area. I n  r e a l i t y ,  

a c ross  sec t ion  would d i f f e r  considerably i n  d e t a i l  from place  t o  p lace  wi th in  

the  study area. Therefore,  i t  may be d e s i r a b l e  t o  consider a 

three-dimensional model should s u f f i c i e n t  da ta  become ava i l ab le .  

Figure 2-15 r e f e r s  t o  t h e  d i f f e r e n t  l a y e r s  as they might be u t i l i z e d  i n  

cons t ruc t ing  a computer model. Each l aye r  c o n s i s t s  of u n i t s  having stmilar 

hydrologic p rope r t i e s  and may contain more than one geologica l  formation. The 

va lues  of t h e  var ious physical  parameters wi th in  one l a y e r  may vary and the  

reported range of values  f o r  a l aye r  may overlap va lues  f o r  o ther  layers .  

Because of t h e  v a r i a t i o n  and overlap,  a computer s imula t ion  a t  t h i s  t i m e  would 

requi re  t e s t i n g  with a number of parameter combinations. 
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Brief descriptions and ranges for the various parameter values for the 

layers may be summarized as follows: 

Layer 1: 

Description: Mostly terrigenous clastic sediments, locally 
poorly-consolidated alluvium and well-sorted, 
fine-to-medium-grained sandstones, but may be characterized 
overall as consisting of moderately-to-extremely well-indurated, 
fine-to-very-fine grained deposits. 
Intrinsic permeability: 7.90 x - 1.0 x 10 -25 m 2 

-6 -1 Specific storage: 1 x - 3 x 10 m 
Thermal conductivity: 
Specific heat: 

3.26 - 7.13 mcal/cm-sec-'C 
0.17 - 0.19 cal/g-'C 

Layer 2: 

Description: Mostly pyroclastic deposits, locally includes lava 
flows, domes, and volcanic breccias but may be characterized 
overall as consisting of welded-to-non-welded, 
jointed-to-unjointed, ash-fall and ash-flow tuffs. 
Intrinsic permeability: 2.96 x - 7.1 x 10- 19 m 2 

-6 -6 -1 Specific storage: 3.36 x 10 - 6.95 x 10 m 
Thermal conductivity: 2.1 - 4.0 mcal/cm-sec-°C 
Specific heat: 0.22 cal/g-'C 

Layer 3: 

Description: Moderate-to-well-indurated, probably fractured 
limestones, shales, and quartzitic sandstones. 

Intrinsic permeability: 7.90 x 
Specific storage: 1 x 10 - 3 x 10 m 
Thermal conductivity: 3.26-12.42 mcal/cm-sec-'C 
Specific heat: 0.16-0.24 cal/g-'C 

- 1 x 10 -25 m 2 
-3 -6 -1 
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Layer 4 :  

Description: 

with g r a n i t i c ,  gabbroic, and diabase in t rus ions .  

Crys t a l l i ne  metasedimentary and metavolcanic rocks 

I n t r i n s i c  permeabili ty:  3.5 x - 4 . 2  x 10 -21 m 2 
-6 -7 1 Spec i f i c  s torage:  1.58 x 10 - 1.73 x 10 m 

Thermal conductivity:  4.82  - 13.6 mcal/crn-scc-'C 

Spec i f i c  heat:  0.155 - 0.318 cal/g-'C 

As noted earlier, these  values  would have t o  be ad jus ted  during t h e  s imulat ion 

t o  allow' f o r  t h e  e f f e c t s  of f r ac tu r ing  and confining pressure,  f o r  example. 

This  s impl i f ied  conceptual model does not  account f o r  d i f f e r e n t i a t i o n  of 

u 
b 

shallow and deep-flow paths  as proposed wi th in  Layer 1 (Santa Fe Group) by 

Gross and Wilcox (1980). I f  add i t iona l  hydrologic parameters become a v a i l a b l e  

from f i e l d  tests, t h e  model should be revised accordingly.  

hi 

Recommendations 

Co l l ec t ion  of add i t iona l  f i e l d  da t a  is considered a p r e r e q u i s i t e  t o  

understanding t h e  o r i g i n  and p o t e n t i a l  f o r  development of geothermal resources  

i n  t h e  Socorro Peak KGRA. The da ta  should include: I; 
( 1 )  

( 2 )  

deep d r i l l i n g  and t e s t i n g  f o r  hydrogeologic parameters; 

water-level and temperature measurements i n  observat ion w e l l s  and i n  

test w e l l s  constructed a t  var ious  depths and loca t ions  i n  the KGRA; u and 

(3) water-quality a n a l y s i s  including oxygen-isotope and tritium analyses  

from various hydrologic its encountered during d r i l l i n g  of test 
L 
cli ho les  and observat ion w e l l s .  

i e n t  da t a  of t h i s  na tu re  are co l l ec t ed ,  a geothermal-computer 

s imulat ion would provide a usefu l  t o o l  f o r  modeling f l u i d  c i r c u l a t i o n  within 

cj 
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and between the  d i f f e r e n t  l i t h o l o g i c  un i t s .  I n  addi t ion ;  d e t a i l e d  hydrologic 

budgets i n  the  mountain areas and i n  the  p r inc ipa l  watersheds i n  t h e  La Jenc ia  

Lf c 
t 
c 
L 
L 
L 

Basin may provide usefu l  estimates of groundwater recharge. Such s t u d i e s  may 

a l s o  help quant i fy  the  component of r e l a t i v e l y  young groundwater which some 

workers suggest appears  i n  t h e  geothermal spr ings.  

Much information regarding the  deeper subsurface has been obtained by 

p r i v a t e  explora t ion  companies and is not ava i l ab le  t o  the  public.  Most of t h e  

holes  are plugged a f t e r  t e s t i n g  and are not access ib le .  Exploration c r e w s  

d r i l l e d  a number of deep holes  i n  t h e  Socorro Peak KGRA during 1980. A format 

should be es tab l i shed  whereby t h i s  information pe r t a in ing  to  t h e  hydrogeology 

of t he  area is ava i l ab le  t o  t h e  publ ic  so t h a t  research e f f o r t s  t o  understand 

t h e  physical  processes governing t h e  geothermal r e s e r v o i r  may be more 

productive.  Our present  knowledge of t h e  system has  no t  even progressed t o  

the  point  where the  impacts of explorat ion and development on t h e  water supply 

of Socorro can be assessed adequately. L 
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Part 3 

Groundwater Circulation in the Socorro Geothermal Area* 

\ 

Introduction 

Socorro and Sedillo springs contribute a major portion of the water 

supply for Socorro, New Mexico. This report attempts to define more precisely 

the groundwater system contributing to these thermal springs with the aid of 

geological, hydrological and groundwater quality, tritium activity, and 

stable-isotope data. An important question is whether or not a hydraulic 

connection exists between the shallow groundwater system and the deep 

geothermal system. This study is partly an extension of the work of Holmes 

(1963). which attempted to determine groundwater-residence times and 

approximate groundwater velocities using tritium activity in spring water and 

precipitation. 

Physiography 

The study area, a rectangular sect ion of 247-square miles in  central New 

Mexico, (see Figure 2-16), s in the eastern portion of the Basin and Range 

Province. Two north-south 

trending fault The 

western boundary of the area is made up by the Magdalena Mountains (see Figure 

2-17). This westward-dipping fault-block range reaches a height of about 

The area is typical of Basin and Range topography. 

k mountain ranges are bounded by alluvial-fill basins. 

*The principal authors of Chapter 2, Part 3 are Dr. Gerard0 W. Gross, 
Professor of Geophysics, and Ralph Wilcox, Graduate Research Assistant, 
Department of Geophysics, New Hexico Institute of Mining and Technology. 
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Figure 2-16. Location of the study area. 
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10,099 f t  on South Baldy. E a s t  of t h i s  range lies t h e  La Jenc ia  Basin, which 

is a graben f i l l e d  t o  an unknown depth with a l luvial  sediments. 

Physiographically,  t h e  Snake Ranch F l a t s  is t h e  southern extension of t h e  La 

Jenc ia  Basin. The f l a t s  are r e l a t i v e l y  f ea tu re l e s s ,  except where d issec ted  by 

major arroyos,  with a gen t l e  eastward slope, and an average e leva t ion  of 6000 

f t .  The f l a t s  are bordered on t h e  east by t h e  Socorro-Lemitar mountains. 

This  horst-block mountain range is approximately 7200 f t  high. East of t h i s  

range lies the  Rio Grande a l l u v i a l  va l l ey  and t h e  town of Socorro a t  an  

e l eva t ion  of 4600 f t .  The southern boundary of t h e  study area i s  where t h e  

Snake Ranch F l a t s  pinch out  and t h e  Magdalena and Chupadera mountains combine 

t o  form a group of h i l l s .  The northern boundary is  determined on t h e  f l a t s  

where groundwater appears t o  be flowing northward ( i n t o  t h e  L a  Jenc ia  Creek 

drainage basin) away from areas which could con t r ibu te  t o  t h e  thermal spr ings.  

Se t t i ng  of Thermal Springs 

Socorro Mountain forms t h e  eas t e rn  rim of t h e  Snake Ranch F l a t s  

s t r u c t u r a l  basin.  It has a core of Precambrian and Paleozoic rocks but  

c o n s i s t s  mainly of lower and middle Miocene cont inenta l  bas in  sediments 

(Popotosa Formation) interbedded with and over la in  by upper Miocene r h y o l i t i c  

domes, t u f f s ,  and flows. This  complex is in tense ly  f au l t ed  and f rac tured ,  and 

t o  t h e  east it i s  bounded by the  f a u l t  system de l imi t ing  t h e  Rio Grande Graben 

(Chapin e t  al. 1978) (see Figure 2-18). 

The vo lcan ic  complex is character ized by an in t ense  geothermal anomaly 

which, based on seismic s tud ie s ,  is  apparent ly  r e l a t e d  t o  magma chambers a t  

depth (Chapin et  al .  1978). The thermal spr ings,  which are a main focus of 

t h i s  discussion,  i s sue  from a f r a c t u r e  system i n  t h i s  complex where it is 

upfaulted aga ins t  bas in  f i l l .  There are present ly  t h r e e  spr ings,  from nor th  
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Figure 2-18. Generalized geologic map of the Socorro geothermal area, New Mexico.(Chapin et al. 1978). 
See following page for legend. 
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t o  south: Cook (3.1:15.311), Socorro (22.111) and S e d i l l o  (22.113). It is  

t h e  latter two which supply water t o  the  c i t y  of Socorro. Cook Spring is 

nea r ly  dry. In addi t ion ,  t h e r e  is Blue Canyon Vel1 (16 .323) ,  which a l s o  

produces water of above-noma1 tempera ture  and contains  a dissolved s o l i d s  

content  similar t o  t h a t  of t h e  springs.  

Surface Drainage 

The Magdalena Mountains d r a i n  i n t o  t h e  Snake Ranch F l a t s  through several 

major canyons which d i s s e c t  the  range front .  Nogal Canyon and Socorro Canyon 

provide through-drainage f o r  t h e  Snake Ranch F l a t s  i n t o  t h e  Rio Grande Valley. 

Without t hese  two canyons which cu t  t h e  Socorro-Lemitar and Chupadera 

mountains, t h e  Snake Ranch F l a t s  would be e s s e n t i a l l y  a closed basin,  which it 

probably w a s  i n  t h e  past .  There are no perennial  streams i n  the  area, except 

t h e  Rio Grande and sec t ions  of arroyo channels near  springs.  

C 1 i m a  t e 

The climate of t h e  area ranges from semiarid i n  Socorro, 7.9 inches of 

p r e c i p i t a t i o n  per year,  t o  a lp ine  near t h e  peaks of t h e  Magdalena Mountains, 

17.7 inches per annum (Romero and Wilkening 1977). Continuous weather records 

are a v a i l a b l  from Socorro (4600 f t )  and Kelly Ranch (6700 f t )  i n  t h e  eas t e rn  

p a r t  of t h e  study area. During t h e  summer, records are a l s o  taken a t  Langmuir 

Laboratory, an atmospheric research f a c i l i t y  of ew Mexico I n s t i t u t e  of Mining 

and Technology, which is located a t  10,631 f t  near  t h e  summit of t h e  Magdalena 

Mountains on t h e  w e s t  s i d e  of t h e  study area (Romero and Wilkening 1977). 
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f ’  
Procedure i; 

c Sampling of Socorro and Sed i l lo  spr ings,  and ana lys i s  f o r ‘  t r i t i u m  

a c t i v i t y ,  w a s  done i r r e g u l a r l y  from 1957 t o  1964. Socorro p r e c i p i t a t i o n  

samples have been analyzed u n t i l  t he  present ,  except f o r  t h e  period September 

1968 t o  June 1971. The co r re l a t ion  of peaks i n  these  two da ta  sets may 

ind ica t e  a groundwater res idence time within t h e  aqu i f e r  cont r ibu t ing  flow t o  

the  thermal spr ings.  

Sampling of t h e  thermal spr ings w a s  resumed i n  February 1977 and Cook 

Spring w a s  included. Based on previous work of Waldron (1956) and H a l l  

(1963), a series of spr ings and w e l l s  wi thin t h e  Socorro-Lemitar mountains, 

t he  Snake Ranch F la t s ,  and t h e  Magdalena Mountains were a l s o  chosen f o r  t h e  

study. Samples f o r  t r i t i u m  ana lys i s  w e r e  then co l lec ted  from the  group of 

w e l l s  and spr ings a t  i n t e r v a l s  of about two months. The coordinate  system 

used f o r  loca t ing  spr ings and w e l l s  is  included i n  Appendix A. The spr ings  

and w e l l s ,  t h e i r  loca t ion ,  and t h e i r  c h a r a c t e r i s t i c s  are tabulated i n  Appendix 

B. Where possible ,  water levels were measured t o  determine piezometric head 

d i s t r i b u t i o n  over t h e  area. Where w e l l s  could not be measured, o lder  da ta  

were used (Clark and Summers 1971). 

Chemical analyses  of groundwater were performed f o r  major ions f o r  each 

w e l l  o r  spr ing being sampled f o r  t h e  study. I n  addi t ion ,  t he re  were o lde r  

chemical da ta  obtained from other  references (see Appendix C). The s t a b l e  

isotopes deuterium and oxygen-18 were measured i n  17 samples. 

Geologic information has been compiled from previous work and from 

ongoing s tud ie s  of t h e  New Mexico Bureau of Mines and Mineral Resources, 

notably t h e  inves t iga t ions  by Chapin and h i s  co-workers. Spring-flow rates 

have been furnished by t h e  City of Socorro and SER, Inc. ,  a l o c a l  p r i v a t e  

consul t ing firm. P rec ip i t a t ion  da ta  were obtained from t h e  U.S. Weather 

Bureau fo r  t h e  Socorro and Kelly Ranch s t a t i o n s  ( see  Appendix D) .  
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gave a c lose  account of spr ing  water q u a l i t y  i n  t h e  Socorro area and noted t h e  

change from predominantly calcium-bicarbonate water i n  t h e  western p a r t  of t h e  

study region t o  sodium-bicarbonate east of t h e  Socorro-Lemitar Range, which 

1 

Es 

L Previous Inves t iga t ions  

...- 
I .  

(1973) described t h e  Popotosa Formation i n  d e t a i l .  Osburn (1978) mapped t h e  
6 

western p a r t  of t h e  study area and Chamberlin (1978) mapped t h e  eas t e rn  L 
port ion.  Chapin et  al .  (1978) discussed t h e  Socorro geothermal area i n  t h e  

context of regional  t ec ton ic  h i s t o r y  and showed t h a t  t h e  Socorro geothermal 

area occupies t h e  'site of an  Oligocene cauldron. This latter work is 

fundamental t o  an understanding of t h e  s tudy area because i t  creates t h e  

conceptual framework within which geologic,  geothermal, and seismic phenomena 

L 
lid 

1 

er c i r cu la t ion .  relate t o  each o the r  and t o  present-day groundwatt 13 
Hydrogeology 

The s tudy area is located within t h e  Rio Grande R i f t .  The two E 
i d  

b 

fault-block mountain ranges, Magdalena ocorro-Lemitar, cons i s t  of t h i c k  ' 

Ter t i a ry  volcanic  iles with some interbedded basin-f ill sediment, underlain 

by a t h i n  sequence of Paleozoic sedimentary rocks and by a Precambrian 

basement of metasedimentary, metavolcanic, and p lu tonic  rocks (Chapin et al. 

t 
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1978) (see Figure 2-19). The Snake Ranch F l a t s  is a graben-type f e a t u r e  which. 

I$ probably has t h e  same sequence of rocks underlying a t h i c k  u n i t  of 

Tertiary-Quaternary f i l l  sediments. The area is charac te r ized  by dipping 

strata and an abundance of northwest-southeast t rending normal fau l t ing .  

Through most of t h e  Te r t i a ry  period, t h i s  area has  been t ec ton ica l ly  

active with per iods oE in tense  volcanism. High degrees of f r a c t u r e  

permeabili ty have developed i n  most well-indurated rocks (Chapin et al. 1978). 

St ra t ig raph ic  throw as a r e s u l t  of f a u l t i n g  has  c rea ted  very jumbled lateral 

r e l a t ionsh ips  between rock uni t s .  A l l  of these  f a c t o r s  have combined t o  

produce a geologically-complicated groundwater system from which Socorro and 

Sed i l lo  spr ings i ssue .  Even though t h e  system is geological ly  complex, t h e  

high degree of f r ac tu r ing  associated with the  tectonism may have crea ted  

r e l a t i v e l y  homogeneous i n t e r v a l s  of permeabili ty corresponding with depth of 

bu r i a l .  

Popotosa Formation (Lower Santa Fe Group) 

According t o  Chapin et  a l .  (1978), t h e  Socorro Cauldron was  formed about 

27 m.y. ago. Its formation w a s  r e l a t e d  t o  t h e  tectonism t h a t  created t h e  Rio 

Grande Graben. A potassium anomaly i n  volcanic  rocks of t h e  cauldron is  

believed t o  be r e l a t e d  t o  t h e  geothermal system of t h a t  t i m e .  

A broad sedimentary basin,  t h e  Popotosa Basin, spanned t h e  Rio Grande 

R i f t  i n  t h e  Socorro area 26 m.y. ago. The basin extended from t h e  Gal l inas  

Upl i f t  i n  t h e  w e s t  t o  t he  mesas east of t h e  Rio Grande and from t h e  Ladron 

Mountains i n  t h e  nor th  t o  t h e  Magdalena and Chupadera mountains t o  t h e  

southwest and southeast .  The lowest p a r t  of t h i s  basin is present ly  occupied 

by t h e  Socorro-Lemitar mountains. From t h e  surrounding mountain ranges, t h e  

basin w a s  f i l l e d  by up t o  1500 f e e t  of a l luv ia l - fan  and piedmont-slope 
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Upper Quaternary alluvium; gravel, sand and mud of major arroyos and 
of the Rio Grande Valley; local alluvium and colluvium. 

Sierra Ladrones Formation. 
fill; poorly consolidated piedmont-slope fanglomerates intertonguing 
with ancestral Rio Grande sandstone and floodplain siltstone and 
mudstone. 

Basalt flows of Sedillo Hill (4 m.y.); interbedded in QTa. 

Pliocene-Pleistocene basin and valley 

Rhyolite to rhyodacite domes, flows, necks, and tuffs of Socorro 
Peak (12 to 7 may.); tuffs interbedded in Upper Popotosa included 
in Tpu. 

Upper Popotosa Formation. 
with minor intertonguing fanglomerates and channel sandstones; 
interbedded basalt flows. 

(upper Miocene); gypsiferous playa clays 

Lower Popotosa Formation. 
deposits and fanglomerates intertonguing with minor purple-gray 
fanglomerates and lacustrine clays and silts. 

(lower Miocene); indurated red mudflow 

Intrusive rocks; silicic to andesitic stocks and dikes (Oligocene- 
Miocene). 

Unit of Luis Lopez. 
tuffs, andesite flows, and rhyolite domes. 
(27 m.y.); densely-welded rhyolite ash-flow tuffs. 
rocks (37 to 32 m.y.); lithic-andesitic conglomerates capped by 
densely-welded rhyolite ash-flow tuffs. 

Paleozoic limestones, shales, and sandstones (Mississippian- 
Pennsylvanian). 

Volcanic rocks (26 to 20 m.y.); lithic-rich 
Tuff of Lemitar Mountains 

Older volcanic 

Precambrian granites, gabbros, diabase dikes, metavolcanic and meta- 
sedimentary rocks. 

Figure 2-19. (continued) 
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depos i t s  (lower Popotosa) and these  i n  tu rn  were topped with playa lake 

depos i t s  (800 t o  2500 f ee t ) .  Rhyol i t ic  i n t rus ions  and vulcanism along t h e  

northern moat of t h e  Socorro Cauldron (buried under t h e  Popotosa Basin) 

occurred sometime between 12 and seven m.y. ago and s p i l l e d  i n t o  and over t h e  

bas in  sediments. 

According t o  Chapin and Seager (1975), t h e  Magdalena U p l i f t  w a s  a f au l t ed  

ho r s t  within t h e  Popotosa Basin p r io r  t o  10 m.y. ago (see  Figure 2-20). Its 

eros ion  contr ibuted t o  t h e  bas in  f i l l  (Bruning 1973; Chapin and Seager 1975). 

I n  t h e  Socorro Mountain area, fanglomerate and playa sediments of t h e  Popotosa 

Formation are intruded with and over la in  by volcanic  domes and flows. One 

flow overlying t h e  Popotosa Formation on Socorro Peak has been dated a t  10.7 

m.y. ago. There is  no evidence of any Popotosa deposi t ion younger than t h e  

Socorro Peak vulcanism. I n  t h e  Socorro area, t h e  Popotosa Formation c o n s i s t s  

of a lower member mostly of poorly-sorted, well-indurated fanglomerates, some 

E 
E 

playa sediments, and an upper member of mostly gypsiferous playa silts and 

clays.  

S i e r r a  Ladrones Formation (Upper Santa Fe Group) 

Present-day s t r u c t u r e  and r e l i e f  of t h e  Socorro-Lemitar mountains w a s  

def ined e i t h e r  contemporaneously with o r  sho r t ly  following t h e  vulcanism i n  

I; he  area (i.e., seven t o  four  m.y. ago). The Popotosa Formation was  t i l t e d  

t and f au l t ed  during t h i s  a c t i v i t y .  Creat ion of t h e  Snake Ranch F l a t s  as a 

s t r u c t u r a l  basin was  accomplished by renewed u p l i f t  of t h e  Magdalena Mountain 

block. Downwarping of t h e  bas in  and b a s i n - f i l l  processes have gone on 

more o r  less continuously s ince  e a r l y  Miocene t i m e .  Formation of an ances t r a l  

Rio Grande drainage system possibly occurred during t h e  breakup of t h e  

Popotosa Basin. Broad, gent ly  s loping piedmont planes descended toward t h e  

k 
u 

L 

i 

L 
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Figure 2-20. Sketch map of the Socorro area showing the Pliocene Popotosa Basin and its segmentation by 
modern intrabasin horsts (Chapin and Seager 1975). 



r i v e r  and were covered with granular  piedmont-slope depos i t s ,  known as t h e  

S i e r r a  Ladrones Formation. 

The S i e r r a  Ladrones Formation (Machette 1978) represents  t h e  Upper Santa 

Fe Group i n  the  study area. It ove r l i e s  t h e  Popotosa Formation with an 

angular  unconformity and c o n s i s t s  of r i v e r  channel and flood-plain depos i t s  

(mainly sand) ,  of t h e  ances t r a l  Rio Grande, l a t e r a l l y  intertongued with 

piedmont-slope fanglomerates and sands derived from t h e  present  highlands. 

Basalt flows (four m.y.) are in t e rca l a t ed  i n  these  sediments; deformation is  

very much less than i n  t h e  Popotosa Formation. The S i e r r a  Ladrones Formation 

i s  an important aqu i f e r  along t h e  eas t e rn  f lank of t h e  Rio Grande Graben i n  

t h e  s tudy area. 

Quaternary Sediments 

Quaternary sediments on t h e  Snake Ranch F l a t s  are very similar t o  t h e  

Upper Santa Fe Group. Waldron (1956) divided t h e  Quaternary depos i t s  of t h e  

Snake Ranch F l a t s  i n t o  t h r e e  groups: (1) t h e  a l l u v i a l  fans  adjacent  t o  t h e  

eas t e rn  f lank  of t h e  Magdalena Mountains, and alluvium deposited i n  arroyos on 

t h e  f l a t s ;  (2) peripediment grave ls  on t h e  f lanks  of t h e  Socorro-Lemitar 

-mountains and at the  .southern end of t h e  f l a t s ;  and (3) l ake  sediments i n  t h e  

i n t e r i o r  of t h e  f l a t s .  

On t h e  east s lope  of t h e  Magdalena Mountains, a l l u v i a l  fans  composed of 

pebbles and boulders of g n i t e ,  gneiss ,  s c h i s t ,  limestone, and volcanics  are 

set in an unconsolidated matrix of sands and silt , Waldron (1956) estimated 

t h a t  t h e  thickness  of t h e  Quaternary a l l u v i a l  cover var ied  from 100 t o  400 

f e e t  over t h e  basin.  Since b a s i n - f i l l  processes  have been going on more or 

less continuously s ince  t h e  c rea t ion  of t h e  basin,  i t  would be v i r t u a l l y  

impossible t o  draw t h e  l i n e  between Upper Santa Fe Group and Quaternary 
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alluvium. Peripediment grave ls  on t he  f lanks  of t h e  Socorro-Lemitar mountains 

and a t  t h e  southern end of t he  f l a t s  are composed of volcanic  pebbles, 

cobbles, and boulders over and i n  an unconsolidated m a t r i x  of sand and silt. 

This gravel  veneer is a def la t ion-lag deposi t .  The lake  depos i t s  are confined 

t o  a one square-mile patch i n  t h e  lowest p a r t  of t h e  bas in  and cons i s t  of 

red-brown silts and s i l t y  clays.  There is no evidence t h a t  t h e  lake  w a s  ever 

l a rge r .  

Possible  Thickness of Santa Fe Group on t h e  Snake Ranch F l a t s  

There are no w e l l s  on t h e  f l a t s  which penet ra te  t h e  e n t i r e  Santa Fe 

Group. The deepest w e l l  on t h e  f l a t s  (20.111) is  540 f e e t  (see Appendix B, 

Table 2B-1), and i t  does not completely pene t ra te  t h e  upper Santa Fe Group. 

Drillers' logs  were located f o r  w e l l s  20.111, 27.223, and 20.311 ( see  Table 

2B-1) on t h e  Snake Ranch F la t s .  

Sanford (1968) ran a g rav i ty  survey over t h e  Snake Ranch F l a t s  and 

discovered t h a t  t he  r e s idua l  Bouguer anomalies ind ica ted  a depression near ly  

as deep as t h e  Rio Grande depression. This s t r u c t u r e  probably is t h e  r e s u l t  

of s t e p  f au l t i ng ,  and possibly t i l t i n g ,  over a broad zone from the  mountain 

f r o n t  t o  near t h e  center  of t h e  depression (Sanford 1968). Step f a u l t i n g  has  

been detected as f a r  as two m i l e s  basinward from t h e  f a u l t - l i n e  scarp of t h e  

Magdalena Mountains. A seismic-ref lect ing horizon has  been dropped about 100 

f t  i n  t h i s  area (Waldron 1956). The r e s u l t s  of recent  s t e p  f a u l t i n g  may be 

seen on t h e  a l l u v i a l  fans  i n  t h e  nor theas te rn  p a r t  of t h e  Magdalena Mountains. 

This f a u l t i n g  has cu t  t he  fans  along a near ly  north-south trend and created a 

terrace 20 f t  high i n  places. There are some anomalously high water-table 

grad ien ts  (Waldron 1956), as evidenced by well levels, i n  t h e  northern p a r t  of 

t h e  Snake Ranch F la t s .  These are suspected t o  be t h e  r e s u l t  of s t e p  fau l t ing .  
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In order  t o  determine t h e  depth of t h e  basin,  Sanford (1968) f i r s t  

compiled a pre-Santa Fe Group geologic sec t ion  f o r  t h e  basin ( see  Figure 

2-21). The sec t ion  w a s  based pr imari ly  on l i t h o l o g i e s  and thicknesses  of 

rocks exposed i n  t h e  l o w  h i l l s  east of t h e  Rio Grande Valley. The t o t a l  

thickness  of t h i s  s ec t ion  from Precambrian t o  t h e  base of t h e  Santa Fe w a s  

8700 f e e t .  This s ec t ion  w a s  divided up i n t o  1000-ft subsections,  and 

percentages of sands tone, shale ,  limestone, and volcanics  f o r  each subsect ion 

were determined. These percentages were then mul t ip l ied  by mean d e n s i t i e s  of 

each rock type and to t a l ed  t o  obta in  t h e  average dens i ty  f o r  each 1000-ft 

subsection. 

Whether o r  no t  t h e  bas in  ac tua l ly  contains  t h e  assumed rock sec t ion ,  

could not be ascer ta ined  by Sanford (1968) with geological  and geophysical 

d a t a  ava i l ab le  a t  t h e  time. However, d e t a i l e d  geological  work of recent  years  

supports t h e  content ion t h a t  t h e  sec t ion  is not  a l l  present  i n  t h e  Snake Ranch 

F la t s .  A broad u p l i f t  during Laramide times took p lace  i n  what is now t h e  

southern p a r t  of La Jenc ia  Basin covering t h e  area w e s t  of t h e  Rio Grande 

p resen t ly  occupied by Socorro Mountain, Snake Ranch F l a t s ,  and t h e  Magdalena 

Range. This u p l i f t  explains  why the upper Permian and all of t he  Mesozoic 

are missing i n  t h e  Socorro-Lemitar and t h e  southern Magdal 

(Smith 1963; Chamberlin, personal communication 1980). It is the re fo re  l i k e l y  

are a l s o  missing i n  t h e  basement of t h e  Snake Ranch F l a t s  

Sanford (1968) then constructed hypothe t ica l  geologic  c ros s  sec t ions  of 

t h e  bas in  using t h e  assumed geologic sec t ion  (see Figures  2-22 through 2-24). 

epresented a ing  one normal f a u l t  a t  each margin t o  

reduce t h e  labor  involved i n  computing g rav i ty  anomalies. 
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Figure 2-23. Hypothetical geologic cross section through the Socorro Quadrangle at 34'2' 30"N 
with observed and computed gravity anomalies (Sanford 1968). 
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To estimate t h e  thickness  of t h e  Santa Fe Group under t h e  Snake Ranch 

F la t s ,  t h e  model proposed by Sanford (1968) was-used, but an a l t e r e d  geologic 
I 

column w a s  assumed. The assumption is  tha t ,  t h e  Ab0 Formation through Baca 

Formation (see Figure 2-21) are not present  i n  t h e  Snake Ranch F l a t s  

c Depression. This is a sec t ion  of 4280 f t  with a mean dens i ty  of 2.41 g/cc. 

Then, i n  order t o  arrive a t  t h e  same computed anomaly, a thickness  of Santa Fe 

Group must be added t o  the  column on top of t h e  D a t i l  volcanics .  The gravi ty  

defec t  of removed material is 

= 2~ UpR% =I 2~ k(2.67 - 2.41) hR = 0 . 5 2 ~  khR, AgR 
L 

where k = t h e  universal  g rav i t a t iona l  constant,Ap = t h e  d i f f e rence  between 

the  dens i ty  adopted f o r  t h e  p l a t e  cor rec t ion  and t h e  mean dens i ty  of t h e  

removed sec t ion ,  and % = t h e  thickness  of t h e  removed sec t ion .  L 
L 
I; 

Ii 
c 
1; 
L 
L 

I The gravi ty  defec t  of added material with a mean dens i ty  of 2.20 g /cc  i s  

Ag, = hrkApAhA hk(2 .67  - 2.20) hA = O.94nkhA, 

where AP, = t h e  d i f f e rence  between t h e  dens i ty  adopted f o r  t h e  p l a t e  

co r rec t ion  and t h e  mean densi ty  of t h e  added sec t ion ,  and hA = t h e  thickness  

of t h e  added sect ion.  However, AgR = AgA so t h a t  hA = (0.52/0.94)hR = 0.553 

(4280) = 2367 f t .  This value must be added t o  1000 f t  of Santa Fe Group 

a l ready  the re  t o  obta in  an equivalent  t o t a l  of 3367 f t .  

Sanford (1968) noted t h a t  a t  a f i r s t  glance t h e  comparison between 

observed and computed anomalies does not  appear very s a t i s f a c t o r y  and ascr ibed 

most of t h e  mismatch as r e s u l t i n g  from using one f a u l t  a t  t h e  basin margins 

ins tead  of using mult iple  f a u l t s .  A thickness  of 1000 f e e t  of Santa Fe Group 

w i l l  r e s u l t  i n  an anomaly of about 6 m i l l i g a l s .  Thus, t h e  f i r s t  order f i t  

f '  between observed and computed gravi ty  p r o f i l e s  can be improved by adding an 

addi t iona l  f e w  hundred f e e t  of Santa Fe Group t o  t h e  s t r u c t u r a l  depression 

model. 
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S t r u c t u r a l  Controls of t h e  Groundwater System 

The general ized geologic map (see Figure-2-18) shows t h a t  a l l  of t h e  

spr ings  i n  and adjacent  t o  t h e  Socorro-Lemitar mountains are f a u l t  control led.  

Impermeable aqui ta rd  rocks have been down f a u l t e d  aga ins t  permeable, aqu i f e r  

rocks i n  each case. Socorro and Sed i l lo  spr ings (22.111) and 22.113), 

respectively, .  i s s u e  

Formation where i t  

ash-flow t u f f s ,  and 

Popotosa Formation*. 

from f r ac tu res  i n  t h e  lower member (?) of t h e  Popotosa 

is interbedded and/or i n  f a u l t  contact  with r h y o l i t i c  

t h e  downfaulted aqui ta rd  is t h e  upper member (?) of t h e  

The upper member of t h e  Popotosa Formation a l s o  appears 

t o  be t h e  aqui ta rd  f o r  Lower Nogal Canyon Spring (30.443), Upper Nogal Canyon 

Spring (31.314), and Snake Ranch Spring (35.324). 

There are two major c r u s t a l  lineaments which i n t e r s e c t  i n  the  Socorro 

(see Figure 2-25), namely, t h e  Morenci and t h e  

These lineaments are deeply pene t ra t ing  flaws i n  t h e  

area (Chapin et al. 1978) 

Capitan lineaments. 

l i t hosphe re  which inf luence  t h e  deformation of b r i t t l e  near-surface rocks. One 

of these,  t h e  Morenci Lineament, has  a near-surface expression as a t ransverse  

shear  zone (see Figure 2-19) i n  t h e  study area (Chapin et  a l ,  1978). To t h e  

north of a line extending from Socorro to South Baldy i n  t h e  Magdalena 

Mountains, strata are dipping t o . t h e  w e s t  and are down fau l t ed  t o  t h e  east. 

South of t h i s  l i n e ,  strata d ip  to  t h e  east and are down f au l t ed  to t h e  w e s t .  

How t h i s  shear  zone a f f e c t s  t h e  groundwater system is  not  known. However, i t  

seems reasonable t o  assume t h a t  

f r ac tu r ing  and b recc ia t ion  has  d which could have c rea ted  a 

high-permeability zone t h a t  channe 

spr ings  i s s u e  along t h e  t ransverse  shear  zone (see Figure 2-19). 

*There is  some disagre thent  among i nves t iga to r s  about t h e  d e t a i l e d  
s t r a t i g r a p h i c  co r re l a t ion  and s t r u c t u r a l  r e l a t ionsh ips  i n  t h e  v i c i n i t y  of t h e  

of t h i s  discussion,  t hese  r e l a t ionsh ips  need not  be 

However, t h e  

spr ings.  For t h e  purposes 
dec i s ive  and are not  being explored fu r the r .  
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Figure 2-25. Generalized map of the R i o  Grande Rift and major 
crustal lineaments (Chapin et al. 1978). 
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ind ica ted  shear  zone loca t ion  is only approximate (Chakberlin, personal 

communication 1980). 

Another major geological  s t r u c t u r e  which may a f f e c t  t h e  groundwater 

system i n  the  study area is t h e  Socorro Cauldron. This e l l i p t i c a l  subsidence 

s t r u c t u r e  (see Figure 2-19) was formed by t h e  co l l apse  of t h e  roof of a l a r g e  

magma body as the  r e s u l t  of huge ash-flow erupt ions.  After  co l lapse ,  t h e  

f l o o r  of t h e  cauldron w a s  probably domed upward by magma pressure  t o  create a 

c e n t r a l  resurgent  dome separated from t h e  cauldron w a l l s  by a topographic low 
1 ’  L c a l l e d  a moat. This  moat w a s  underlain by deeply pene t ra t ing  r i n g  f r a c t u r e s  

which allowed magma an easy path t o  t h e  surface.  The moat f i l l e d  with lava  

flows and domes, t u f f s ,  and sedimentary d e b r i s  from t h e  cauldron w a l l s  and 

resurgent  dome. These moat depos i t s  (un i t  of Luis  Lopez of Chapin et al .  

1978) are a permeable sequence of rocks which may be a s i g n i f i c a n t  p a r t  of t h e  

groundwater system today. The moat depos i t s  are found throughout t h e  Socorro 

li 

Mountains i n  t h e  s tudy area and o v e r l i e  the t u f f  of t h e  Lemi tar  Mountains 

which is a l s o  very permeable (Chamberlin, personal  communication 1980). 

Characteristics of Thermal Springs 

Socorro and S e d i l l o  spr ings  probably i s s u e  from t h e  lower member of 

osa Formation. Socorro Spring i s s u e s  from a series of j o i n t s  

1976) i n  a g a l l e r y  which has  been dug t o  i n t e r c e p t  sp r ing  flow. 

Spring probably i s s u e s  from t h e  same j o i n t  set. The water i s su ing  

pr ings is of excellent q u a l i t y  and cons i s t en t ly  ranges between 

[a 

1 
1 

l i  

90°F and 92°F i n  temperature. 

flow has been 

Socorro (see Figure 2-26). 

i t o r e d  incons i s t en t ly  since 1953 by t h e  Ci ty  of 

The values  shown on t h i s  f i g u r e  are quest ionable ,  

however, because the City of Socorro gauges have always given values  t h a t  L 



c 

0
 

m
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c o n f l i c t  with those determined by some other  means. Figure 2-26 shows t h a t  

Socorro Spring usua l ly  i s sues  about 315 gpm. %en recent  gauge readings w e r e  

obtained and monthly average flow values  ca lcu la ted ,  t h e  following r e s u l t s  (in 

gpm) w e r e  obtained: 

~ . -  

- Month Socorro Spring S e d i l l o  Spring Year 

1977 .July 274.5 107.8 
August 272.8 I- 

September 282.7 94.6 
October 276.0 98.9 
November 265.2 97.4 

1978 February 299.6 109.4 

- 

These va lues  are lower than those given i n  Figure 2-26, and i t  seems t h a t  they 

are more co r rec t ,  a t  least f o r  Socorro Spring, since t h e  va lues  are c l o s e r  t o  

va lues  measured by Hall (1963) and Summers (1965). 

The e leva t ion  of t he  water t a b l e  in t h e  study area is shown i n  Figure 

2-27. The two e l l i p t i c a l  contours going around Socorro Mountain have been 

drawn to  i n d i c a t e  t h a t  here is some local recharge t o  the  spr ings .  

I 

Groundwater Qual i ty  

H a l l  (1963) devised a method of chemical c l a s s i f i c a t i o n  which is adopted 

here.  A water-quali ty 

percentages of equivalen as 100 percent  ca t ions  and 100 

percent anions,  According criteria f o r  both ca t ions  and 

anions are: ( 

water-quality g r e a t e r  than 50 percent ,  then t h e  

ions  g r e a t e r  t 

Figure 2-28 s h  types for the  s tudy area. Figure 

2-29 shows t h e  range of water chemistry and t o t a l  dissolved s o l i d s  represented 

by p i e  diagrams. Chemical analyses  da ta  are presented i n  Appendix C. 
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Figure 2-28. Water-quality diagram. The point P indicates the chemistry 
of average potable groundwater. Dashed lines show the method 
of plotting points in the diamond-shaped field. The solid 
black circles and the circumsribed black circles refer to 
nonthermal and thermal springs and wells, respectively 
(format after Davis and Dewiest [1967]). 
tabulated in Appendix C. 

These data are 
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id 
Spring and w e l l  water from t h e  Magdalena Mountains is  a l l  of t h e  Ca-HC03 

type,  except €or  Garcia C n Spring (10.311 i ch  is of t h e  Mg, Ca-HC03 

type. H a l l  (1963) noted t h a t  t h e  thermal spr ings  (22.111 and 22.113). along 

with Cook Spring (15,311) and thermal Blue Canyon Well (16.323), discharged 

: '  

Id 

Na-HC03-type water and t h a t  ion exchange, sodium f o r  calcium, must be going on 

somewhere within t h e  system between the  Snake Ranch F l a t s  and the  loca t ion  of 

s 
h 

t hese  spr ings  and w e l l s .  Two w e l l s  i n  Socorro Canyon (33.144 and 36.212) 

y i e l d  N a ,  Ca-S04, and Na-HCO type waters, respec t ive ly .  

Well (12.112) and spr ing  (5.211) wi th in  t h e  Chupadera Mountains i s s u e  N a ,  

H a l l  (1963) has a l s o  observed 

3- 

Ca-S04, and Na-HCO -type waters, respect ively.  I /  3 u t h a t  Doming0 Spring (3s. 1W.6.331), which rece ives  recharge from l o c a l  

u p r e c i p i t a t i o n  only, discharges Na-HCO type water. In t h i s  instance,  t h e  3- 
- 

Na-HCO -type water is due t o  leaching of t h e  r h y o l i t i c  material throughwhich 3 

L t h e  spr ing  i s sues ,  r a t h e r  than ion  exchange. This spr ing  was  not sampled 

during t h i s  study and is not  shown i n  t h e  i l l u s t r a t i o n s .  A rough l i n e  has  

been drawn through t h e  Socorro-Lemitar and t h e  Chupadera mountains t o  i n d i c a t e  

where t h e  ion exchange is taking place (see Figure 2-27). %-I 
Y 
w- 

Springs and w e l l s  which have w a t e r  high i n  s u l f a t e ,  such as Lower Nogal 

Canyon Spring (30.443), Chupadera Spring (5.211), and Gianero Windmill Ll 
(12.112), t ap  groundwater which has probably had prolonged contact  with t h e  

upper gypsiferous membe of t h e  Popotosa Formation. 

Environmental T r i t i u m  i n  Groundwater and P rec ip i t a t ion  
Y 

3 uns tab le  hydrogen i so tope  t r i t um (I3 ) is  usefu l  f o r  understanding 

c e r t a i n  groundwater systems. Trit ium is produced n a t u r a l l y  i n  the  e a r t h ' s  
L 
1 

s t r a tosphe re  when atmospheric n i t rogen  molecules are bombarded by cosmic rays. 

T r i t i u m  is read i ly  incorporated i n t o  t h e  vapor system of the  atmosphere and 1 
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f a l l s  t o  e a r t h  i n  p rec ip i t a t ion .  Because t r i t i u m  has a ha l f  l i f e  of 12.3 

years,  i t  is only s u i t a b l e  for dat ing water up to about 50 years  old. Natura l  

t r i t i u m  l eve l s  i n  atmospheric moisture were of t h e  order  of 10 TU* p r i o r  t o  

1954. Beginning with t h a t  year ,  they were dramatical ly  increased by 

atmospheric t e s t i n g  of thermonuclear devices,  which ended i n  1963 with t h e  

adoption of . t h e  Nuclear Test-Ban Treaty. T r i t i u m  a c t i v i t y  i n  atmospheric 

moisture,  peaked out i n  1963 t o  1964, and has  been decreasing since. These 

developments are re f l ec t ed  i n  Figure 2-30, which shows tritium a c t i v i t y  i n  

p r e c i p i t a t i o n  a t  Socorro, New Mexico, as a func t ion  of time f o r  t h e  period 

1957 (when tritium measurements s t a r t e d  a t  NMIMT) t o  1976. 

The increased levels of environmental t r i t i u m  a c t i v i t y  are the b a s i s  for 

a method of t r ac ing  na tu ra l  waters. By co r re l a t ing  t r i t i u m  peaks i n  

p r e c i p i t a t i o n  with t r i t i u m  peaks i n  groundwater suppl ies ,  res idence times and 

v e l o c i t i e s  of water migration have been determined (Holmes 1963; Rabinowitz e t  

al. 1977). 

Holmes (1963) examined th ree  years (1957 t o  1959) of t r i t i u m  da ta  f o r  

Socorro Spring and Socorro p rec ip i t a t ion  and concluded t h a t  an August 1958 

peak i n  t r i t i u m  a c t i v i t y  i n  Socorro Spring water c o r r e l a t e s  with the  mid-1954 

t r i t i u m  a c t i v i t y  rise i n  p rec ip i t a t ion ,  which w a s  caused by the  f i r s t ,  or 

Castle, series of atmospheric thermonuclear tests. Thus, t h e  residence time 

of Socorro Spring water (i.e., the  t i m e  elapsed between p r e c i p i t a t i o n  i n  t h e  

recharge area and i t s  reappearance i n  t h e  spr ing)  is  a t  most four years.  

For t h i s  study, some of the  tritium da ta  Holmes (1963) used could not  be 

located i n  t h e  laboratory records. Other da ta  not used by Holmes were located 

f o r  t h e  year 1957 (see Figure 2-30), and it  appears t h a t  t h e  1957 l i n e  of 

t r i t i u m  a c t i v i t y  in spr ing  water given by Holmes (1963), though based on only 

*Tritium a c t i v i t y  is expressed i n  t r i t i u m  u n i t s  (TU), where one t r i t i u m  u n i t  
equals one tritium atom per  hydrogen atoms. 
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two da ta  poin ts ,  w a s  correct. Sampling of Socorro Spring stopped i n  e a r l y  

1959 and w a s  resumed f o r  only two per iods of about s i x  months each i n  1961 and 

1962. There are some quest ionable  da t a  po in t s  wi th in  t h i s  group of samples. 

S e d i l l o  Spring was  sampled r egu la r ly  f o r  t h r e e  yea r s  (1962 t o  1964). 

Socorro p rec ip i t a t ion ,  on t h e  o the r  hand, has been sampled r egu la r ly ,  except 

f o r  a three-year gap (mid-1968 t o  mid-1971). s i n c e  1957 (see Figure 2-30). 

S e d i l l o  Spring is charac te r ized  by seasonal peaks of t r i t i u m  a c t i v i t y .  The 

h ighes t  peak was  seen i n  June 1963 (9436 TU). The peak amplitude has  been 

s t e a d i l y  dec l in ing  s i n c e  t h a t  time. 

The t h r e e  years  of da t a  f o r  S e d i l l o  Spring show very e leva ted  levels 

compared t o  recent values  (see Figure 2-30 and Appendix D) and even relative 

t o  t h e  peak i n  Socorro Spring s tudied  by Holmes (1963). The major peak i n  

March 1964 (334 TU) should correspond t o  a t r i t i um-ac t iv i ty  peak i n  

p r e c i p i t a t i o n  i n  e a r l y  1960 i f  t h e  hypothesis  by Holmes (1963) i s  co r rec t .  

There w a s  no s i g n i f i c a n t  p r e c i p i t a t i o n  peak observed i n  e a r l y  1960, but  t h e r e  

w a s  one i n  March 1959. This  latter peak c o r r e l a t e s  b e t t e r  with t h e  December 

1962 a c t i v i t y  peak i n  S e d i l l o  Spring (165 TU). S imi la r ly ,  t h e  J u l y  1962 peak 

i n  Socorro Spring (192 TU) c o r r e l a t e s  with t h e  August 1958 peak i n  

p r e c i p i t a t i o n  (608 TU). 

For t h e  present  s tudy,  sampling of Socorro and S e d i l l o  spr ings  w a s  

resumed i n  February 1977. Other w e l l s  and spr ings  have a l s o  been sampled i n  

order  t o  i n v e s t i g a t e  t h e  na tu re  of t he  groundwater r e se rvo i r .  Figure 2-31 

shows t h e  d i s t r i b u t i o n  of groundwater tritium a c t i v i t y  i n  t h e  study area 

determined on t h e  b a s i s  of t h i s  sampling program. 

Within the  Magdalena Mountains, most of t h e  water seems t o  be q u i t e  young 

wi th  TU values g rea t e r  than 40. This  is not su rp r i s ing  i f  one considers  tha t :  

(1) t h e  spr ings  i s s u e  from high mountain groundwater systems i n  limestone; (2) 

L 

c 

L 

L 
c 
I; 
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_ _  
t h e  w e l l s  are sunk i n t o  t h e  alluvium covering of t h e  canyon f l o o r  which is 

very permeable and shallow; and (3) t h e  water t a b l e  has  a high gradien t  going 

down t h e  canyons. 

I n  t h e  Snake Ranch F la t s ,  however, t h e  groundwater is o ld  r e l a t i v e  t o  

t h a t  i n  t h e  Magdalena Mountains; TU values  are less than 3. This r e s u l t  seems 

t o  i n d i c a t e  t h a t  t he  groundwater r e se rvo i r  i n  t h e  f la t s  is  q u i t e  la rge ,  and 

t h e  recharge from t h e  Magdalena Mountains is s t rongly  d i lu t ed  within t h i s  

r e se rvo i r ,  o r  t h a t  recharge from the  Magdalena Mountains is  smaller than 

o r i g i n a l l y  thought. Verhagen et al .  (1970) noted t h e  same phenomenon i n  t h e  

a l l u v i a l  Lobatse Basin i n  southern Africa.  Vertical s t r a t i f i c a t i o n  of t r i t i u m  

a c t i v i t y  i n  the  aqui fe r  was  a l s o  noted. 

t o  near  zero with depth. 

For example, tritium values  decreased 

The two spr ings wi th in  Nogal Canyon show an i n t e r e s t i n g  r e l a t ionsh ip  ( see  

Figure 2-32). The tritium a c t i v i t y  i n  these spr ings  seems t o  vary somewhat i n  

phase, with Lower Nogal Canyon Spring always being higher  i n  t r i t i um.  These 

two spr ings  are f a u l t  cont ro l led ,  and t h e  water i ssu ing  from these  spr ings  is 

p a r t l y  from t h e  Snake Ranch F l a t s  as evidenced by t h e  moderate t r i t i u m  va lues  

(20 t o  30 TU). The lower spr ing  may rece ive  a l a r g e r  component of l o c a l  

recharge. 

The values  f o r  t h e  thermal spr ings  and Blue Canyon Well are p lo t t ed  i n  

Figure 2-33. There is good co r re l a t ion  between tritium values  i n  S e d i l l o  and 

Cook spr ings.  Socorro Spring and Blue Canyon Well a l s o  follow t h e  same 

general  trend, which ind ica tes ,  e spec ia l ly  when the  similar water q u a l i t y  is 

considered, t h a t  Cook Spring is p a r t  of t h e  same groundwater system as Socorro 

and Sed i l lo  spr ings  and Blue Canyon Well. Whether o r  not  t he  water i s su ing  

from Cook Spring was ever heated and cooled along i t s  rou te  cannot be 

determined from t h e  ava i l ab le  data.  These th ree  spr ings  have mean values  of 
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about 4.8 TU, which is about 2.0 TU higher than t h e  Snake Ranch F l a t s  system. 

This f a c t  suggests t h a t  t he re  is  a l o c a l  component of recharge which is, a t  

least i n  p a r t ,  supplying t r i t i u m  t o  t h e  spr ing water. 

Oxygen-18 and Deuterium 

Ten samples of thermal spr ing and w e l l  water were analyzed f o r  t h e i r  

oxygen-18 and deuterium content.  The da ta  are exhibi ted i n  Table 2-17 and 

Figure 2-34. Five samples from nonthermal spr ings  and w e l l s  and two 

p r e c i p i t a t i o n  samples are given f o r  comparison. Trit ium a c t i v i t y  f o r  t hese  17 

samples  is  a l s o  indicated i n  Table 2-17. 
18 The d a t a  f a l l  i n  two groupings. On t h e  standard p l o t  of 6D vs. 6 0 (see 

Figure 2-34), both are c lose  t o  and s l i g h t l y  t o  t h e  l e f t  of t h e  meteoric l i n e  

of Craig (1961). Typical thermal waters tend t o  be displaced t o  t h e  r i g h t  of 

t h i s  l i n e  (Faure 1977, Figure 18.11). I so topic  exchange of groundwater with 

t h e  r e se rvo i r  rocks, which are general ly  low i n  hydrogen content,  usua l ly  

a f f e c t s  pr imari ly  t h e  i so top ic  oxygen composition. On t he  b a s i s  of t h e  

l imi ted  evidence a v a i l a b l e  here,  no such i n t e r a c t i o n  can be detected.  

Discussion of Resul ts  

Hydrogeology \ 

Preliminary d r i l l i n g  evidence Chap i n ,  personal communication 198 0) 

i nd ica t e s  t h a t ,  i n  t h e  Snake Ranch F l a t s ,  t h e  permeable gravel  and sand 

depos i t s  which top t h e  bas in  f i l l  are underlain a t  1000 ft o r  deeper by a 

th i ck  complex of impermeable playa mudstones. These, i n  turn,  are underlain 

by permeable strata. These observations suggest  t h a t  t h e  hydrologic system 

cons i s t s  of two independent aqu i f e r s ,  a shallow aqui fe r  above t h e  mudstones, 
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Table 2-17. Deuterium, oxygen-18, and tritium in thermal and nonthermal 
waters. 

Oxygen-18 Deuterium T r i t i u m  
Notation i n  Sample 6018 6D 

Location Figure 2-34 Number Date ( %c.) ( %o) (Tu) 

Socorro Spring 

Sed i l lo  Spring 

Cook Spring 

Blue Canyon W e l l  

Upper Nogal Canyon ' 

Spring 

Lower Nogal Canyon 
Spring 

S t r o z z i  Windmill 

Armijo Windmill 

Kelly Ranch deep w e l l  

Socorro Rain 

Socorro Snow 

2320 
2348 
2423 
2428 

2429 
2321 
2422 

2322 
2424 

2425 

2421 

2420 

2375 

2325 

2381 

2537 

---- 

41 141 77 
61 221 77 
11 191 78 
31 14/78 

31 141 78 
4/14/77 
11 191 78 

4/14/77 
11 191 78 

21 06/78 

11 191 78 

11191 78 

31 121 77 

51 131 77 

91 191 77 

-10.8 
- 8.1 
-10.5 
- 8.4 
- 8.1 
-10.2 
-11.5 

- 8.6 
- 8.6 
- 8.6 
- 8.6 

-10.3 

- 6.7 
- 6.1 
- 8.2 

3121-22177 -12.2 

1/19-20/77 -17.9 

- 61.0 
- 51.7* 
- 62.0 - 41.7* 
- 49.8* 
- 66.0 - 67.0 
- 51.0* 
- 50.5* 
- 56.7* 
- 52.0 

- 65.0 

- 37.8 
- 45.9 
- 44.4 
- 76.0 
-120.0 

5.9 
9.8 
3.5 
1.5 

0.5 
11.2 
0.2 

10.8 
0.5 

3.3 

20.8 

21.8 

0.0 

54.1 

0.0 

44.5 

**-- 

*Analysis by D r .  Gary Landis, Department of Geology, t h e  Universi ty  of New Mexico. A l l  
o the r s  by Geochron Laborator ies ,  Cambridge, Massachusetts. 

**Tr i t i um a c t i v i t y  w a s  not measured separa te ly  from other  p r e c i p i t a t i o n  f o r  t h e  month 
(Sample 12479, 40.6 TU). 
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IU Table 2-17). 

Deuterium and oxygen-18 i n  thermal and nonthermal waters. 
(Numbers refer  t o  nonthermal sampling points specif ied i n  

L, 
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f '  - 
and a deeper aqu i f e r  below the  mudstones. Within t h e  Snake Ranch F la t s ,  t hese  Lt 

L two aqu i f e r s  are not connected. Water from t h e  Magdalena Mountains flows 

below t h e  mudstones i n t o  t h e  volcanic  complex of Socorro Mountain where it 

feeds t h e  spr ings.  

Groundwater Quality L 
c The Na-HC03 charac te r  of t h e  thermal spr ings  ind ica t e s  t h a t  t h e  

groundwater i n t e r a c t s  with t h e  volcanic  complex (Hal l  1963), perhaps aided by 

L above-normal temperatures. Chapin et a l .  (1978) found a s t rong  potassium 

anomaly i n  the  fe ldspars  of t h e  ash-flow tu f f  shee t s  of t h e  Socorro Mountain 

volcanic  complex. Plagioclase fe ldspars  have been replaced by potassium 

t 
L 

fe ldspar .  Such a l t e r a t i o n  is typ ica l  of geothermal aqueous systems and, i n  

t h i s  case, i t  is a t t r i b u t e d  t o  t h e  Oligocene geothermal system. The sodium 

removed from t h e  p lag ioc lases  i n  t h i s  metasomatic r eac t ion  may have been 

t ransported away by groundwater. Mafic flows interbedded with t h e  ash-flow 

t u f f s  are enriched i n  sodium. The sodium charac te r  of t h e  present  groundwater 

i n  t h e  Socorro Nountain area may i n d i c a t e  t h a t  a similar process is  now going 

on i n  connection with the  present  geothermal anomaly. On the  o ther  hand, 

deuterium and oxygen-18 va lues  of t h e  thermal spr ings  i n d i c a t e  t h a t  t h e  

i n t e r a c t i o n  with bedrock must have been minor. These spr ings  do not have a 

t r u l y  thermal character .  

I: 

I '  

Tri t ium Act iv i ty  and Tri t ium Rainout L 
The t r i t i u m  a c t i v i t y  i n  Socorro p r e c i p i t a t i o n  is  rep resen ta t ive  of a 

broad region including t h e  Snake Ranch F l a t s  and Magdalena Mountains 
t '  

(Rabinawitz et al .  1977). This a s s e r t i o n  does not ,  however, apply t o  t r i t i u m  

ra inout ,  t h e  product of tritium a c t i v i t y  and p rec ip i t a t ion .  T r i t i u m  ra inout  
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r a t h e r  than a c t i v i t y  is t h e  parameter determining t h e '  t r i t i u m  a c t i v i t y  of 

groundwater and spr ings.  

Kelly Ranch is located a t  t h e  western edge of the  Snake Ranch F la t s ,  and 

p r e c i p i t a t i o n  records the re  may be representa t ive  of recharge t o  t h e  spr ings.  

Trit ium ra inout  a t  Kelly Ranch is  shown i n  Figure 2-35 and Appendix D. 

T r i t i u m  rainout  computed on t h e  bas i s  of Socorro p r e c i p i t a t i o n  ( see  Figure 

2-36 and Appendix D) show a similar pa t t e rn  but,  s i n c e  Socorro p r e c i p i t a t i o n  

is lower on t h e  average, t h e  peak amplitudes tend t o  be lower. 

I 
i 
I 

The Magdalena Mountains are believed t o  supply t h e  major p a r t  of recharge 

t o  t h e  aqui fe r  t h a t  suppl ies  t h e  spr ings.  Unfortunately,  p r e c i p i t a t i o n  da ta  

f o r  t h e  Magdalena Mountains have only become ava i l ab le  s i n c e  about 1964 and 

then only f o r  t h e  summer season. These da ta  are a v a i l a b l e  from Langmuir 

Laboratory near  t h e  summit of South Baldy ( see  Figure 2-17). Because mean 

annual r a i n f a l l  is much higher a t  Langmuir Laboratory (17.7 inches a t  10,631 

f t  e levat ion)  than a t  Socorro (7.9 inches, a t  4600 f t  e leva t ion) ,  t r i t i u m  

ra inout  must a l s o  be higher  and may possibly show peaks t h a t  are not  apparent 

at Kelly Ranch o r  Socorro. Trit ium a c t i v i t y  peaks in p r e c i p i t a t i o n  may not 

correspond t o  those in recharge because: (1) a small p r e c i p i t a t i o n  event of 

high a c t i v i t y  may con t r ibu te  less t r i t i u m  t o  recharge than a l a r g e  

p r e c i p i t a t i o n  event of low o r  intermediate  a c t i v i t y ;  and (2) recharge is not  

l i n e a r  with p r e c i p i t a t i o n  (Gross et al .  1976; Rabinowitz et al. 1977). 

Corre la t ion  of T r i t i u m  Act iv i ty  i n  Springs with P r e c i p i t a t i o n  

A d i r e c t  c o r r e l a t i o n  of t r i t i u m  a c t i v i t y  peaks i n  groundwater with those 

i n  p r e c i p i t a t i o n  is poss ib le  only i n  spec ia l  cases. The co r re l a t ion  shown by 

Holmes (1963) f o r  t h e  Socorro peak may have been such a spec ia l  case because 

t h e  measurements occurred so e a r l y  a f t e r  t h e  onset  of t h e  rise i n  atmospheric 
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t r i t i u m  a c t i v i t y .  However, even i n  t h i s  case, t h e  approach cannot y i e l d  

quan t i t a t ive  information concerning t h e  mixing (dispers ion)  of recharge 

cont r ibu t ions  from d i f f e r e n t  sources o r  following d i f f e r e n t  flowpaths. I n  t h e  

case of t h e  Socorro Spring system, the re  are t h r e e  poss ib le  recharge 

contr ibut ions:  (1) water from the  Magdalena Mountains following a deep pa th  of 

long t r a v e l  t i m e  ( i .e. ,  beneath the  mudstone complex i n  t h e  Snake Ranch 

F l a t s ) ;  (2) water from the  Magdalena Mountains following a shallow path of 

intermediate  travel time (i .e . ,  above t h e  mudstone complex); and (3) d i r e c t  

recharge over t h e  Socorro Mountain complex, a f a s t  recharge component. I n  

order t o  inves t iga t e  recharge quan t i t a t ive ly  fu r the r ,  it would be necessary t o  

i n t e g r a t e  a l l  t h e  t r i t i u m  ra inout  cont r ibu t ions  over t h e  recharge area and 

then c a l c u l a t e  t h e  e f f e c t i v e  t r i t i u m  recharge as a funct ion  of time 

(Rabinowitz e t  a l .  1977). The e f f e c t i v e  t r i t i u m  a c t i v i t y  i n  recharge deduced 

from t h i s  curve could then be compared t o  and co r re l a t ed  with athe spr ing  

measurements. 

Data required f o r  these  computations include p r e c i p i t a t i o n  d i s t r i b u t i o n  

over t he  recharge area f o r  t h e  appropr ia te  time i n t e r v a l ;  recharge f r ac t ion ;  

s i z e ,  configurat ion,  and s torage  c o e f f i c i e n t  of t h e  aqu i f e r ,  or, 

a l t e r n a t i v e l y ,  a d ispers ion  coe f f i c i en t  f o r  t h e  aqui fe r .  Most of t h i s  

information is  not  ava i l ab le  and, i n  f a c t ,  one purpose of i so tope  s t u d i e s  is  

t o  obta in  t h e  parameters (such as recharge f r a c t i o n ,  res idence t i m e ,  and 

aqui fe r  s i ze )  needed f o r  t h e  computation. When long series of measurements 

are ava i l ab le  f o r  tritium a c t i v i t y  i n  both groundwater and p rec ip i t a t ion ,  a 

mean mixing r a t i o  may be computed without e x p l i c i t l y  including o the r  

parameters (Gross et al. 1980). An adequate series is  

p rec ip i t a t ion ,  but measurements f o r  t h e  spr ings  ars inadequate 

span, cont inui ty ,  and frequency. The d iscuss ion  of what 
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measurements mean i n  terms of t h e  hydrologic c h a r a c t e r i s t i c s  of t h e  aqu i f e r  

system is therefore  somewhat speculat ive.  

A l t e rna t ive  I n t e r p r e t a t i o n  of Spring Recharge 

The c o r r e l a t i o n  proposed by Holmes (1963) f o r  t h e  1958 tritium peak i n  

spr ing  water with t h e  1954 rise of t r i t i u m  a c t i v i t y  i n  atmosperic water sets a 

maximum t i m e  frame f o r  t he  tritium a c t i v i t y  i n  t h e  spr ing  (i.e., i t  cannot be 

o l d e r  than four  years) ,  but t h e  co r re l a t ion  does not  account f o r  t h e  a c t i v i t y  

amplitude i n  r e l a t i o n  t o  t h e  amplitude of t r i t i u m  a c t i v i t y  i n  precipi ta t ion*.  

Two main f a c t o r s  determine t h e  amplitude r a t i o :  (1) mixing (dispers ion)  of 

t h e  labeled water i n  t h e  groundwater r e se rvo i r ,  assumed t o  be unlabeled 

i n i t i a l l y  and (2) r ad ioac t ive  decay. For a residence time of four  years ,  

rad ioac t ive  decay'alone would reduce tritium a c t i v i t y  t o  about 80 percent of 

i t s  i n i t i a l  value. Subsequent peaks (e.g., t h a t  of 1962) appear t o  conform 

moderately w e l l  t o  t h e  four-year delay pa t te rn .  

The 1964 peak i n  Sed i l lo  Spring a c t i v i t y  poses some d i f f i c u l t y  f o r  

co r re l a t ion .  

For t h e  years  

from month t o  

t o  a certain 

The g r e a t e s t  problem is t o  account f o r  t h e  relative amplitudes. 

i n  question, atmospheric a c t i v i t y  shows very l a r g e  f luc tua t ions  

month (see Figure 2-30), which are averaged out  i n  spr ing  flow 

extent .  The reduct ion due t o  t h i s ,  averaging is  l i k e l y  t o  be 

l a rge r  than t h a t  due t o  r ad ioac t ive  decay. However, i f  a l l  recharge occurs a t  

t h e  western edge of t h e  Snake Ranch F l a t s  and 'has  a residence time of four  

years,  then t h e  r ing  water should a f t e r  four  years  ( t h a t  is, s t a r t i n g  i n  

1958) begin t o  approach t h e  mean t r i t i u m  a c t i v i t y  of p rec ip i t a t ion .  This  is 

c l ea r ly  not t h e  case, nd is evident e spec ia l ly  from t h e  most recent  d a t a  

- 

because t h e  seasonal f l uc tua t ions  i n  t r i t i u m  a c t i v i t y  are becoming 

progressively smaller. 

*NO measurement of t r i t i u m  a c t i v i t y  i n  1954 p r e c i p i t a t i o n  a t  Socorro is 
ava i lab le .  
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For t h i s  reason, two a l t e r n a t i v e  i n t e r p r e t a t i o n s  a re -o f fe red .  F i r s t ,  a l l  

recharge t o  the  spr ings  o r ig ina t e s  i n  the  h g d a l e n a  Mountains o r  near t h e  

western edge of t h e  Snake Ranch F l a t s  and follows paths  of d i f f e r e n t  lengths  

and travel t i m e s  across  t h e  Snake Ranch F l a t s  and t h e  Socorro Mountain 

complex. These s t reamlines  converge i n  t h e  discharge zone so t h a t  they appear 

mixed i n  t h e  spr ings.  The tritium a c t i v i t y  of t he  spr ing  water, therefore ,  

represents  t h e  d i lu t ed  a c t i v i t y  of t h e  shallowest ( sho r t e s t )  of t hese  

s t reamlines .  The residence time of water along t h i s  shallow path is of t h e  

order  of four  years. Second, t h e  tritium a c t i v i t y  of t h e  spr ing  water is t h e  

l a b e l  of l o c a l  recharge, t h a t  is, p r e c i p i t a t i o n  t h a t  f a l l s  on t h e  Socorro 

Mountain complex, and/or su r face  runoff following l a r g e  thunderstorms, c rosses  

the  Snake Ranch F l a t s  and is absorbed by t h e  highly f rac tured  and permeable 

volcanics  forming t h e  eas t e rn  edge of t h e  f l a t s .  That is t o  say,  the major 

por t ion  of spr ing  flow represents  water t h a t  w a s  recharged a t  t h e  eastern edge 

of t h e  Magdalena Mountains and took t h e  long path,  beneath t h e  mudstone 

complex i n  t h e  Snake Ranch F l a t s ,  but a minor component of t he  spr ing  flow 

represents  l oca l  recharge around t h e  western f lank  and southern end of t h e  

Socorro Mountains. This conclusion does not  s e e m  unreasonable considering the 

s i z e  of the  poss ib le  recharge area around t h e  Socorro Nountains. The shallow 

recharge cont r ibu t ion  is roughly estimated a t  10 t o  20 percent of the  t o t a l  

spr ing  flow, but is expected t o  vary from year t o  year  with l o c a l  climatic 

conditions.  

Of t h e  two a l t e r n a t i v e  hypotheses, t h e  second one is favored because t h e  

t r i t i u m  a c t i v i t y  of groundwater i n  Snake Ranch F l a t s  is lower than t h e  

a c t i v i t y  of spr ing  flow (see Figure 2-31) and because t h e  geologic s t r u c t u r e  

of t h e  sedimentary basin of t h e  Snake Ranch F l a t s  seems t o  ind ica t e  long 

residence times. 
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The combined geological,  geochemical, and i so top ic  evidence ind ica t e s  

t h a t  a major component of spr ing  recharge proceeds along a r e l a t i v e l y  deep 

path. Temperature and r nce time along a t h  are such tha t :  (1) 

ca t ion  exchange with bedrock takes place accounting f o r  t h e  Na-HCO charac te r  

of t h e  water; (2) t h e  residence time f o r  t h i s  deep component appears t o  be 

much longer than t h e  h a l f - l i f e  of t r i t i u m  (i.e., 12.3 years);  and (3) 

oxygen-18 and deuterium exchange with bedrock are negl ig ib le .  

3 

Summary 

Recharge t o  t h e  thermal spring system of Socorro c o n s i s t s  of two main 

components t h a t  follow d i f f e r e n t  paths of d i f f e r e n t  travel times. A reg iona l  

component is  fed by p r e c i p i t a t i o n  on t h e  Magdalena Mountains which is 

transmitted t o  t h e  f r a c t u r e  system of t h e  spr ings  through permeable strata of 

t h e  Santa Fe Group (3000 t o  4000 f t ) .  The residence time of t h i s  component is  

probably longer than t h e  12 -year h a l f - l i f e  of tritium. A l o c a l  recharge 

component i s  fed by p r e c i p i t a t i o n  t h a t  f a l l s  d i r e c t l y  on t h e  volcanic complex 

of t h e  Socorro Mountains and/or is transmitted from t h e  Magdalena Mountains as 

su r face  runoff across  t h e  Snake Ranch F l a t s  Basin. The residence time of t h i s  

water source is of t h e  order of four years. ese recharge components w e r e  

d i f f e r e n t i a t e d  on t h e  b a s i s  of t h e i r  t r i t i u m  abe l ,  which y i e lds  a mixing 

r a t i o  of t h e  order of 9 : l  e regional versus the  l o c a l  component. 

Cation exchange, so f o r  calcium, t akes  p lace  along a roughly 

north-south trending l i n e  o and Chupadera mountains and is 

he  geothermal anomaly of Socorro Mountains. Deuterium and 

i n  samples of spr ing  nd w e l l  waters of t h e  

geothermal anomaly i n d i c a t e  t h a t  these  waters are of meteoric o r i g i n  and have 

not been mixed with deep thermal waters. 
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Recommendations f o r  Future  Work 

1. Chemical equilibrium computations wi'th t h e  water qua l i t y  da t a  might 

m a k e  it poss ib le  t o  determine a temperature f o r  t h e  c a t i o n i c  exchange r eac t ion  

and thus t h e  depth of groundwater flow t o  t h e  thermal spr ings.  

2. The water-table map should be subjected t o  s ta t is t ical  computations 

(e.g., kr iging)  which allow t h e  determination of t h e  most l i k e l y  contour 

pa t t e rns  f o r  a l imited set of da ta  poin ts  and t h e  placement of confidence 

l i m i t s  on a l t e r n a t i v e  contour configurations.  Additional water-table 

measurements i n  w e l l s  not s tudied fo r  t h i s  repor t  should be obtained if 

possible .  

3. Trit ium measurements should continue i n  order  t o  de t ec t  systematic  

t i m e  va r i a t ions  i n  the  tritium content of t h e  spr ings  and t o  relate these  

v a r i a t i o n s  t o  recharge processes. An important r e l a t e d  ques t ion  is t h e  r o l e  

of the  through-flowing arroyos fo r  t he  recharge t o  t h e  Socorro Spring aqu i f e r  

and t o  t h e  Rio Grande aquifer .  This quest ion has  broader implicat ions f o r  an  

understanding of recharge processes i n  t h e  Basin and Range environment. 

4. Flow measurements a t  Socorro Spring have been r e l i a b l e  i n  t h e  p a s t  

and accura te  monitoring of spr ing  flow should be continued because of Y t s  

importance t o  f u t u r e  inves t iga t ions .  

l 

5. The f r a c t u r e  system from which Cook, Socorro, and S e d i l l o  spr ings  

i s sue  should be mapped and cor re la ted  between t h e  spr ings.  There is some 

evidence t h a t  t h e  spr ings  are c lose ly  coupled hydraul ica l ly .  This  p o s s i b i l i t y  

needs t o  be s tudied t o  gain a b e t t e r  understanding of t h e  hydraul ic  system 

because of i ts  importance with respec t  t o  t h e  management of t h e  spr ing  waters. 

6. Another top ic  f o r  i nves t iga t ion  is t h e  r e l a t i o n  between t h e  aqu i f e r  

t h a t  feeds t h e  thermal spr ings  and t h e  aqui fe r  o r  aqu i f e r s  i n  t h e  Rio Grande 

Graben. 
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7. Water chemistry of t h e  Socorro thermal system should be compared with 

o ther  thermal spr ings,  e spec ia l ly  those along t h e  Rio Grande. In p a r t i c u l a r ,  

t h e  t r i t i um,  oxygen-18, and deuterium values  should be inves t iga ted .  These 

da ta  could lead t o  broader conclusions concerning reg iona l  aqu i f e r  systems. 
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Common system of numbering 
sections within a township 

System of numbering 
tracts within a section 

4 

Figure 2A-2. Coordinate system for locating springs and w e l l s .  For readibi l i ty ,  the designations 
N and E (or W) are omitted throughout t h i s  chapter. Range and township are generally 
omitted in the text and figures.  
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Table 2B-1. Well data. 

Location Geologic 
Number Name Source 

Al t i tude  Depth Depth t o  Date 
(ft) ( f t )  Water ( f t )  Measured Use Source 

3.1.16.323 Blue Lover 5200 300 219 a-77 Domestic This w e l l  y i e l d s  warm water 
Canyon member ( 9 f F ) .  See log f o r  t h i s  
W e l l  Popotosa w e l l  i n  Table 28-3. 

Formation 

3.1.33.144 Quaternary 5155 sa 20 a-77 Stock 
Windmill alluvium or watering 

Upper Santa 
Fe Group 

2.2.20.311 8 .  Kelly Upper Santa 5842 275 131 a-77 Stock This well is equipped with 
watering an e l e c t r i c  pump. See d r i l -  

ler 's log  f o r  t h i s  w e l l  (Ta- 
b l e  2B-3). 

2.2.ia.422 E. Kelly Upper Santa 

2.2.34.432 Snake Ranch Upper Santa 

2.2.35.323 Snake Ranch Upper Santa ' 

3.2.8.423 Water Can- Upper Santa 

Ranch Fe Group 

Windmill Fe Group 

Windmill Fe Group 

yon Lodge Fe Group 
Well 

5835 160 

5797 134 

'5715 -- 

5075 400 

--- ---- Stock This w e l l  seems t o  have 
watering caved i n  from 125 f e e t  down. 

90 a-77 Stock 
watering 

24 a-77 not  used 

355 6-60 Domestic E l e c t r i c a l  pump (Clark and 
Summers 1971). 



Table 2B-1. (continued). 

Geologic Al t i tude  Depth Depth t o  Date Location 

( f t )  ( f t )  Water ( f t )  Measured Use Source Number Name Source 

3.2.17.423 South 
Canyon 
Windmill 

3.2.20.111 Upper 
South 
Canyon 
Windmill 

3.2.23.123 

3.2.25.443 

4.2.12.112 

4.2.12.112 

2.3.24.411 

2.3.25.115 

2.3.27.223 

S e d i l l o  
Windmill 

S e d i l l o  
Windmill 

Gianero 
Windmill 

Gianero 
Windmill 

A l l i e  
S t rozz i  
Well 

J. B. Kelly 
Windmill 

Courtney 
Well 

---_--__ 

Upper 
Santa Fe 
Group 

Upper 
Santa Pe 
Group 

Upper 
Santa Fe 
Group 

6106 

6232 

5879 

5520 

5955 

5652 

5860 

5955 

400 

540 

173 

180 

115 

300 

160 

217 

6040 415 348 

6-60 

6-60 

8-77 

8-77 

---- 

---- 

6-60 

---- 

8-67 

Stock 
watering 

Stock 
watering 

Stock 
watering 

Stock 
wa ter ing 

Domestic 

Stock 
watering 

Domestic 

Stock 
wa t a r  ing 

Stock 
watering 

(Clark and Summers 1971). 

See d r i l l e r ' s  log  f o r  t h i s  
w e l l  i n  Table 2B-3. 
Summers 1971). 

(Clark and 

See d r i l l e r ' s  log  for  t h i s  
w e l l  i n  Table 2B-3. 

(Clark and Summers 1971). 

See d r i l l e r ' s  log  f o r  t h i s  
w e l l  i n  Table 2B-3. 
(Clark and Summers 197D. 



Geologic Locat ion 
Number Name Source 

Date Altitude Depth Depth to 
Use (ft) (ft) Water (ft) Measured Source 

6593 95 47 8-77 Stock 
watering 

3.3.23.221 Nathan Quaternary 
Hall alluvium 
Windmill 

6593 76 8-77 Stock 
watering 

3.3.13.331 Cibola Quaternary 
National dlWiUm 
Forest 
Windmill 

6677 65 17 3.3.23.342 

3.3.26.111 Water Quaternary 6800 
Canyon 
Campground 
Well 

7-67 Domestic Electric pump (Clark and 
Summers 1971). 

Domestic Hand pump. 



Table 2B-2. Spring da,ta. 

Location 
Yield 

Geologic Rate A l t i t u d e  
Use ( f t )  Number Name Source (gpm) Date Source 

3.1.22.111 

3.1.22.113 

3.1.15.311 

2.1.30.443 

2.1.31.314 

4.1.5.211 

4.2.7.211 

Socorro Lower nenbzi 310 ---- 
Spring Popotosa 

Formation 

Municipal 4960 This spr ing is f a u l t  control led.  
I t  i s s u e s  warm water (91OF) 
from an a d i t  a t  t h e  base of a 
s h a f t  dug t o  i n t e r c e p t  water. 
I t  i s s u e s  through j o i n t s .  

S e d i l l o  Lower member 100-300 
Spring Popotosa 

Formation 

Municipal 5000 This  spr ing  is f a u l t  control led.  
I t  i s s u e s  warm water (91°F) 
from an a d i t  a t  t h e  base of a 
s h a f t  dug t o  i n t e r c e p t  water. 

Adit due severa l  hundred f e e t  

N 
t 

15 

1 

1974 

3-78 

Stock 4900 
wat er ing  

Cook Rhyoli te  of 
Spring Socorro Peak 

r cn 
00 t o  i n t e i c e p t  water ( B i l l i n g s  

1974). 

Lower Quaternary 
Nogal alluvium or 
Canyon Socorro Peak 
Spring volcanics  

Stock 5135 
watering 

This  spr ing  is f a u l t  control led.  

1-78 upper Qua te rnary  1 
Nogal alluvium or 
Canyon o lder  volcanic  
Spring rocks 

Stock 5200 
watering 

This  spr ing is f a u l t  control led.  

Chupadera Lower member 
Spring Popotosa 

Formation 

1 5-62 Stock 5200 
water ing 

This spr ing  has  d r i e d  up s i n c e  
1962 (Hall 1963). 

This spr ing  has  dr ied  up s i n c e  
1963. 

This  spr ing  is f a u l t  control led.  

Box Spring Older volcanic  1 2-63 
rocks 

Snake Upper Santa Fe 1- 2 11-77 
Ranch Group 

Stock 7560 
watering 

Stock 5680 
watering 

2.2.35.324 
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Table 28-3. W e l l  logs. 

Blue Canyon W e l l  (16.323) from Clark (1971) 

Bottom Thickness (f t) Section penetrated Top 

Gravel 0 25 25 

Rhyolite t u f f  breccia,  i n  
p a r t  welded 25 295 27 0 

Andesite 295 300TD 5 

Upper South Canyon Windmill (20.111) from Waldron (1956) 

Section penetrated Top Bottom Thickness 

Red c lay ,  g rave l  0 400 400 

Sand (water) 400 550TD 150 

Gianero Windmill (12.112) from Waldron (1956) 

Section penetrated Top Bot tom Thickness 

F i l l ,  wi th  black volcanic 
rock a t  base 0 96 96 

Clay (water a t  top of clay) 96 250 154 

"Shaley rock" 250 300 50 

--- Clay 300TD --- 
Courtney Well (27.223) from Waldron (1956) 

Section penetrated 

Boulders 

Top Bot tom Thickness 

0 240 240 

Course t o  medium sand 24 0 360 120 

Fine sand 360 420TD 60 

( F i r s t  water a t  385 f e e t ,  separated from second aqu i f e r  by t h i n  black 
seam 2 f e e t  th ick)  

2-160 
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Appendix C 

Water Quality Data 

(All concentrations in ppm; hardness expressed as CaCO ) 3 
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Table 2C-1. Water-quality analyses. 

Locat ion  
Numbe 

3.1.22.1113 

3.1.22.1131 

3.1.15.3114 

I 

Socorro (8) 1 1903 
5-24-31 
2-17-36 

12- 4-36 
2-10-48 

1952 
1-24-57 

(5) 3-20-58 
(1) 12-12-61 
(9) 2- 5-63 
(8) 1-10-64 
(5) 4-10-65 
(8) 10-23-65 
(7) 2- 4-77 
(6)  I 7- -77 

S e d i l l o  (5) I 3-20-58 
Spring i i j  12-12-61 

(8) 1-22-64 
(8) 10-23-65 
( 7 )  2- 4-77 
( 6) 7- -77 

3-20-58 
Spring (1) 3-23-62 

9-24-64 

Cook 

---- --- ---- --- ---- --- ---- -- ---- --- 
91 8 . 2  
90 7 . 8  
90 8 .4  
91.4 8.1 
91 7 . 8  --- 7.8 
91.6 7 .8  
91.4 9 .4  
90 ---- 7.8.  

---- 8 .2  
88 8.4 
90 7 .9  --- 8 . 6  ---- 8.4 
91.4 7 . 9  

---- 8 . 1  ---- 8 . 8  ---- 8 . 4  

--- 

28.01 --I --- I i% I 3.0 C _--- 17 5.0 
26.0 13 4 . 0  3.4 

HC03 - 
114 
85 

168 
156 
165 
163 
154 
160 
163 
156 
164 
155 
133 
109 
150 

159 
154 
164 
109 
137 
151 

175 
163 
158 

co3 so4 

--- 79 
2.0 102 --- 30 --- 30 

31 
30 

0 28 
5 .0  33 

0 28 
0 20 
0 31 

1.0 0 
5.0 75 

23 

0 33 
5 . 0  24 

0 31 
8.0 0 
1 . 2  48 --- 22 

44 
5 . 0  40 
3 .0  42 

--- --- 

--- --- 

--- 

--- 

- 
CL 
- 
16 
38 
14 
13 
13 
13 
15 
16 
8 

12 
13 

16 
20 
12  

14 
10 
12 

16 
15 

14 
12 
14 

-- 

-- 

- 
hrd- 
less  - 

68 
215 

63 
64 
70 
68 
61 
74 
64 
52 
64 
63 --- --- --- 
63 
64 
63 
60 --- --- 
62 
62 
49 

Conductivity 
(pmhodcm) 

---- -_-_ 
340 
347 
352 

348 
362 
370 
356 
352 
346 

370 
342 

---- 

---- 

--- 
370 
352 
336 
360 
340 

393 
412 
391 

T.D.S. 

243 

250 
--- 



h, 
I 
w m m 

Date 
o l l e c t e d  

5-20-74 
2- 4-77 
7- -77 

7-24-56 
2-20-61 
4-10-65 
8- 1-77 

5- 3-62 
3- 4-77 

5- 3-62 
3- 4-77 

5-13-77 

5-13-77 

5-11-62 

2- 8-63 

6-11-62 

1952 

Table 2C-1. (continued). 

Temp. 
(OF) 

---- ____  
75.0 

40.4 
88.0 
89.0 ---- 
61.0 _-__ 
66.0 ---- 
---- 
---- 
63.0 

46.0 

---- 

68.0 

Location 
Number 

3.1.151.3114 

3.1.16.323 

2.2.31.314 

2.2.30.443 

3.1.33.144 

3.2.36.212 

4.1.5.211 

4.2.7.211 

4.3.5.331 

4.2.12.112 

Name Source 

Cook Spring (8) 
(7) 
(6) 

Blue Canyon (5) 
Well (1) 

(5) 
(7) 

Upper Nogal (1) 

Lower Nogal (1) 
Canyon Spring (7) 

Armijo Windmill (7) 

Armijo Windmill (7) 

Canyon Spring (7) 

Chupadera (1) 

Box Spring (1) 

M t .  Baldy (1) 
Spring 

Cianero (2) 
Windmill 

Spring 

PH - 
1.80 
5.80 
1.69 

_--- 
.--- 
1.60 
5.40 

1.90 
1.80 

1.00 
3.00 

%.OO 

5.40 

3.30 

1.80 

1.80 

1.60 

1.50 

Ca - 
17.0 
6.7 

18.0 

_--- 
18.0 
20.0 
13.4 

62.0 
45.0 

89.0 
20.0 

72.0 

22.0 

39.0 

30.0 

25.0 

23.0 

58.0 

cfg 

6.7 
3.6 
4.2 

- 

--- 
5.0 
4.6 
3.5 

9.0 
8.3 

11.0 
12.1 

17.5 

6.2 

3.0 

5.0 

3.0 

35.0 

16.0 

- 
Na 
- 
67 
82 
65 

-- -- 
56 
70 

32 
38 

62 
1 3  

10 

90 

72 

3 

5 

85 

1 7  

HC03 

198 
142 
168 

145 
166 
163 
161 

239 
178 

268 
162 

195 

165 

444 

- 

102 

90 

230 

230 

io4 
- 
4 1  
53 
32 

37 
32 
36 
44 

40 
85  

136 
552 

271 

103 

i7 6 

10 

8 

508 

24 

- 
c1 - 
21 
20 
17 

14 
11 
14  
12  

1 6  
1 6  

20 
4 

28 

28 

43 

6 

2 

24 

24 

?e 
Hard- 
ness  

Conductivity 
(pmhoslcm) 

466 
420 
296 

380 
390 
375 
410 

505 
4 60 

721 
770 

1000 

620 

1812 

219 

159 



Table 2C-1. (continued). 

Location 
Number 

3.2.25.443 

3.2.23.123 

3.3.28.424 

3.3.26.111 

3.3.27.211 

3.3.26.113 

3.3.34.332 

3.3.26.111 

3.3.23.342 

3.3.13.331 

3.2.20.1111 

3.2.14.423 

3.3.10.311 

Name Sourci 

S e d i l l o  (2) 
Windmill 

S e d i l l o  (2) 
Windmill 

Copper Canyon (7) 
Spring 

North Fork, (1) 

North Fork, (1) 

Water Canyon 

Water Canyon 

Water Canyon (1) 

Water Canyon (1) 

Water Canyon (7) 
Campground Well 

Tom Kelly Well (7) 

Cibola Nat ional  (7) 
Pdtes t  Well 

S t r o z t i  (7) 
Windmill 

S t r o z t i  (7) 
Windmill 

Garcia Canyon (1) 
Spring (71 

Date 
Collected 

1952 

1952 

10-29-77 

5-10-62 

2- 8-63 

5-10-62 

2- 8-63 

3- 4-77 

3- 4-77 

10-29-77 

5-13- 7 7 

5-13-77 

7-26-62 
5-16-77 

- 

PH - 
*-- 

7.7 

7.9 

8.5 

8.2 

8.7 

7.8 

8.1 

7.9 

7.8 

7.7 

8.0 

7.8 
8.0 

- 
Ca 
_. 

29 

47 

79 

62 

1 6  

54 

65 

33 

68 

91 

35 

25 

06 
31 

8.0 

11.0 

12.0 

16.0 

9.0 

10.0 

17.0 

14.9 

12.2 

5.2 

6.2 

23.0 
20.2 

- 
N a  - 

---- 

34.0 

9.7 

19.0 

5.0 

15.0 

10.0 

15.3 

18.8 

14.1 

19.1 

17.3 

9.0 
21.2 

HC03 - 
---- 

205 

228 

229 

355 

188 

237 

142 

213 

178 

137 

122 

388 
152 

:03 so4 

.-- i o 8  

*-- 20 

0 65 

5 34 

0 44 

10 20 

0 10 

0 53 

0 87 

0 125 

0 12 

0 --- 

0 48 
0 70 

:1 
- 
22 

26 

4 

LO 

0 

8 

1.5 

8 

LO 

4 

18 

14 

8 
12 

- 
Hard- 
ness  

Conduct i v f t y  
(vmhoslcm) 

---- 

---- 

400 

440 

632 

358 

430 

300 

520 

4 50 

310 

260 

705 
420 



h, 
I 
c-l 
Q\ 
W 

N e  

40 
12.0 

2 3  
26 
16  

20 

1 9  
26 

24 

23.6 

35 
17.9 

25 
22.8 

18 

Table 2C-1. (continued). 

X 

--- 
1.7 

--- --- 
1.5 

--- 

--- 
2.0 

--- 

3.0 

--- 
1.9 

--- 
1.5 

.-- 

Locat i o n  
Number 

3.2.8.423 

2.2.35.324 

2.2.35.323 

2.2.34.432 

2.2.19.422 

2.2.20.311 

2.3.24.411 

2.3.25.133 

2.3.27.223 

Name - 
Water Canyon 
Lodge Well 

Snake Ranch 
S p r i n g  

Snake Ranch 
Windmill  

Snake Ranch 
Windmill  

B. K e l l y  
Ranch Well 

B. K e l l y  
Kanch Well 

Al l ie  S t r o z z l  
Well 

.I. 8 .  K e l l y  
Windmill  

Courtney Well 

Date 
C o l l e c t e d  

1952 
3-4-77 

6-25-60 
5-10-62 

11-29-77 

1952 

1952 
5-16- 77 

1952 

5-16-77 

1952 
5-12- 77 

1952 
5- 12- 77 

1952 

- 
PH - 

7.7 
7.9 

7.4 
8.2 
7.9 

7.9 

7.8 
7.9 

7.8 

8.0 

8.3 
7.9 

7.7 
8.0 

7.8 

- 
Ca - 

6 1  
35 

--- --- 
5s 

5 9  

6 8  
54  

38 

2 1  

35 
34 

34 
26.: 

44  

- 
Mu - 

8 
6.4 

--- --- 
5.6 

9 

.o 
8.3 

9 

5 . 5  

9 
6 .4  

1 
6.5  

0 

- 
HC03 - 
2 78 
152 

201 
237 
218 

200 

244 
195 

181 

14 

190 
157 

1 7 1  
157 

166 

_. 

s04 - 
24 --- 
1 2  
20 
20 

16 

16  
30 

1 6  

4 s  

20 --- 
20 --- 
22 

Hard. 
n e s s  

2 70 

196 --- 
188 --- 
206 

Sources: (1) Hall (1963); (2) Waldron (1956); (3) Scofield (1939); (4) Scott and Barker (1963); 
(5) USGS unpublished data; (6) City of Socorro, Water Department; (7) New Mexico Bureau 
of liines and Mineral Resources; (8) Billings ( 1 9 T 4 ) ;  and ( 9 )  Summers (1965). 

Note: The letter C indicates that Na and K values were calculated. 



L 

Appendix D 

T r i t i u m  and Precipitation Data 

and 

Spring and Well Tritium Data 

2-169 



~ 

c 

2-170 



-- 

Most p r e c i p i t a t i o n  da ta  are from t h e  U.S. Weather Bureau* monthly r epor t s  

f o r  t h e  Socorro and Kelly Ranch s t a t i o n s .  I n  some ins tances ,  t h e  Socorro 

p r e c i p i t a t i o n  d a t a  had not been recorded, although t r i t i u m  a c t i v i t y  w a s  

measured i n  Socorro p rec ip i t a t ion .  In these  cases, p r e c i p i t a t i o n  amounts from 

o the r  s t a t i o n s  were used, namely, Albuquerque, Mount Withington, Snake Ranch 

F l a t s ,  and 5angmuir Laboratory. The last t h r e e  loca t ions  are atmospheric 

physics research s t a t i o n s  operated i n  t h e  study area by New Mexico I n s t i t u t e  

of Mining and Technology Physics Department which has t h e  f i l e s .  The 

Albuquerque d a t a  are from t h e  U.S. Weather Bureau. 

Tritium a c t i v i t i e s  were measured a t  t h e  New Mexico I n s t i t u t e  of Mining 

L i s t ings  of t r i t i u m  i n  p r e c i p i t a t i o n  were given by Rabinowitz and Technology. 

and Gross (1972) and by Gross et al .  (1976). These da t a  were ca re fu l ly  

checked aga ins t  t h e  o r i g i n a l  t r i t i u m  laboratory records and some were 

recomputed. However, t h e  o r i g i n a l  records f o r  sample numbers approximately 

between 1113 and 1233 could not be located. Tritium d a t a  f o r  1977 and 1978 

are new determinations. 

Monthly average t r i t i u m  a c t i v i t y  i n  p r e c i p i t a t i o n  w a s  computed as 

follows. If only one event w a s  measured f o r  tritium i n  a given month then 

t h a t  va lue  was  used as t h e  monthly value. When more than one event w a s  

measured during a given month, then a weighted average value w a s  used f o r  t h a t  

month, viz. 

*Climatological Data - New Mexico: National Oceanic and Atmospheric 
Administration. Environmental Data Service. National C l i m a t i c  Center. 
Asheville,  NC 28801. 



n 

pi i 
where T = monthly weighted average t r i t i u m  a c t i v i t y  (TU) i n  p rec ip i t a t ion ,  n 

= number of events analyzed f o r  t r i t i u m  during a month, Ti = t r i t i u m  a c t i v i t y  

(TU) f o r  t h e  ith event, and P = p r e c i p i t a t i o n  amount (inches) f o r  t h e  i t h  

event. For months when no t r i t i u m  i n  p r e c i p i t a t i o n  w a s  measured, t r i t i u m  

a c t i v i t i e s  were determined by l i n e a r  i n t e rpo la t ion  from t h e  preceding and 

following monthly values (see Table 2C-1). 

m 

i 

Tritium activit ies of spr ings  and w e l l s  i n  t h e  Socorro area p r i o r  to  1977 

have never before been compiled sys temat ica l ly ,  nor have they been ca re fu l ly  

checked aga ins t  t h e  o r i g i n a l  laboratory records ( see  Table 2D-2). 

L 
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c 

c 

t 

2-172 



1 Table 2D-1. Tritium and precipitation data. 

i 
L 

1957 

1 42 f 4.0 0.21 0.34 9 14 74 

t 2 58 f 1.7 0.60 0.40 35 23 89 

3 74 +- .7 0.80 1.58 59 117 99 
bl 

id 4 133 f 8.0 0.40 1.48 53 197 113 

5 194* 0.20 0.44 39 85 
i u 6 254 f 14.0 0.15 0.38 38 97 137,139 

7 103 2 1.7 1.92 7.70 198 

8 96 f 1.2 2.73 5.30 262 

9 119* 0.12 0.57 14 

10 141 k 4.2 3.34 3.00 471 

11 152* 0.57 1.52 87 

1958 u 
1 t 
2 

173 f 

224* 

4.0 0.55 0. 95 

0.05 0. 11 
I 

3 275 f 7.8 1.89 2.21 520 

i 
2-173 

7 93 

509 

68 

423 

231 

0 

121 

20 

608 

141,142, 
147,192 

153,157, 
175,194 

167,168, 
171,173 

196 

209,213, 
216,223 



Table a>-1. (continued). 

7 ;3 

? 8 38 \ .  
< .  

9 22 

10 ',>I 

261 f 41.3 

420 f 11.5 

561 f 21.6 

585* 

608 f 57.3 

165 f 14.67 

218 k 11.0 

354 f 35.0 

514 f 51.0 

1526 

2188* 

2850 

971 f 2.0 

781* 

1.25 

0.60 

0.63 

0.57 

0.49 

2.56 

2.48 

0.16 

0.27 

1.25 

0.25 

1.64 

2.34 

3.27 

5.42 

1.84 

0.00 

0.50 

0.02(') 0.10 

0.06 0.00 

0.34") 0.19 

0.35 0.53 

0.50 0.03 

326 

252 

353 

333 

298 

422 

541 

57 

137 

31 

131 

969 

340 

391 

326 

105 

920 

1369 

1988 

894 

401 

0 

257 

153 

0 

542 

515 

23 

225,226 

229,230, 
236,238 

243,260 
(?I 

261 (?) 

262 (?), 
263 (?), 

278,280, 
281,283 

27 0-2 7 2, 
284,287, 

301 

291,29lB, 
299 

365 (?) 

308 (?) 

383 

384 

409,410 
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Table 2D-1. (continued). 

01 
u 
(d n 

5 

6 

7 

8 

9 

10 

11 

12 

1964 

1 

2 

3 

4 

5 

6 

3154 f 16.0 

9436 f 24.0 

1274 f 29.4 

1362 k 10.3 

602 f 4.0 

504 f 2.0 

1200 k 19.6 

2182* 

3164* 

4147 k 14.0 

1897 f418.0 

2372* 

2847 f 62.0 

1856* 

0.10 0.00 

O . l O ( 2 )  0.00 

0.34 

2.25 

1.13 

1.07 

0.38 

0.00 

0.03 

0.63 

0.06 

0.98 

0.35 

0.00 

2.62 

4.61 

1.34 

1.18 

0.34 

0.00 

0.08 

2.96 

0.00 

0.80 

1.79 

0.29 

2-178 

315 

940 

433 

3065 

680 

539 

455 

0 

95 

2613 

114 

2325 

996 

0 

0 

0 

3338 

6279 

807 

595 

408 

0 

253 

12,275 

0 

1898 

5096 

483 

1107 

651,1106 

661, 664, 
667, 940-1 

941-X 

682, 712, 
722, 730, 

956 

957-1 

957-1, 958 
959 

901-1, 901-A, 
943-1 

738 

903-U 

1108 (?) 

1109 
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Table 2D-1. (continued). 

c 
c 

U a a o c  
k O  
s4-d 
O C I  
O C d  o u  

Ll 

01 
U 
(d 
13 

1966 

1 

2 

3 

4 

5 

6 

7 

234 f 3.0 0.67 0.82 157 192 104 5 

89 1044 

66 

217 k 12.0 0.06 0.41 

329 0.10 0.20 

440* 0.24 0.00 

552* 0.01 0.00 

663 k 18.0 1.90 1.13 

262 f 7.7 1.23(3) 4.99 

13 

33 

106 0 

6 0 

12 60 749 1078 

322 1307 1083,1084 
1186 

132 f 6.0 0.60(') 0.84 

230 f 8.0 1.09 1.44 

8 

9 

79 

251 

111 1187,1190 

331 1191 

10 

11 

12 

1967 

1 

2 

3 

4 

140 f 7.0 0.05 0.00 

129* 0.00 0.00 

117 f 5.0 0.06"' 0.00 

1113 c 
1114 L 

147 k 14.0 0.00 0.00 

233* 0.24 0.90 

319 f 9.5 0.07 0.09 

583 k 10.0 0.00 0.03 

358* 0.00 0.09 

0 

56 

22 

0 

0 

0 

210 

29 

17 

1119 

1 -  1130,1155 

1153 C;' 
5 32 I] 

2-180 
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h :  

t 

i 
b 

6 

7 

8 

9 

10 

11 

12 

1968 

1 

IJ 2 

3 

I 4 

133 k 7.5 0.81 1.30 108 173 

157* 1.81 1.12 284 17 6 

180 k 6.0 0.76 3.66 137 559 

253 rt 6.0 2.01 2.39 509 605 

243* 0.23 0.45 56 109 

232 f 10.0 0.51 0.26 118 60 

340 f 29.5 1.54 1.56 524 530 

100 f 5.0 0.40 0.16 40 16 

127 f 8.0 0.48 0.37 51 47 

226 f 8.0 0.91 2.38 206 538 

214 k 6.0 0.03 0.08 6 17 

1151,1154 

1218 

12 17 

1215,1216 

1188 , 1189 
1192 , 1193 

1212 , 1233 

1226 

1213,1227 

12 14 

5 174 f 6.0 0.71 0.49 124 85 1207 

. 6  244 f 7.0 0.05 0.00 12 0 1208 

7 103 rt 6.5 3.32 4.60 342 474 1200,1205 u 1206,1232 

1210,1211 8 80 * 5.0 2.8 7.47 226 8 i 

--- ---- ---- --- L --- ---- ---c --- 9 
I 

, 

2-181 
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Table 2D-1,. (continued). 

4 

5 

6 

7 

8 

9 

10  

11 

12  

1975 

1 

2 

3 

4 

5 

6 

7 

8 

155 f 2.4 

140 f 2.7 

88* 

36 2 0.9 

81 f 0.5 

65 f 0.5 

39 f 0.6 

45 f 0.7 

50 f 0.5 

50 f 0.5 

109* 

168 f 3.0 

179* 

189 f 2.0 

93 f 2.5 

90 5 2.4 

46 f 2.1  

1.38 

0.01 

0.11 

0.85 

2.52 

2.67 

3.32 

0.05 

0.48 

0.46 

0.23 

0.40 

0.00 

0.23 

0.00 

3.07 

1.47 

0.06 

0.06 

0.04 

1.69 

3.60 

3.39 

4.37 

0.07 

0.63 

1.05 

0.54 

0.73 

0.05 

0.69 

0.09 

5.09 

2.63 

2’184 

2 14  

1 

1 0  

31 

204 

174 

12 9 

2 

24 

23 

25 

67 

0 

43 

0 

276 

276 

9 

8 

6 

1 

2 92 

220 

17 0 

3 

32 

53 

59 

123 

9 

130 

8 

458 

1 2 1  

1855 

1856,1857 

1730,1850, 
1851 

1731 (CR8) 

1732,1733 

1734 

1738 

1739,1740 

1741 

1860 

1858,1859 

1861 

1862,1864, 
1940 

1863,1939 
1942,1943 



Table 2D-1. (continued). 

U a 

9 

10  

11 

12 

1976 

1 

2 

3 

4 

5 

6 

7 

43 +, 1.4 4.12 4.68 17 7 201 1941,1944- 
1947,2176 

33* 0.01 0.21 0 7 

23 k 1.1 0.25 0.65 6 1 5  2177 

67 f 1.7 0.24 0.15 1 6  10 2178 

45 k 1.7 0.00 0.00 0 0 2184 

34 k 1.1 0.48 0.00 14 0 2179 

84 f 2.0 0.00 0.00 0 0 2182 

30 k 1.5 0.60 1.05 18 32 2180 

74 f 1.3 0.94 1.27 70 94 2183 

55* 0.48 0.43 26 24 

36 +, 1.3 3.61 3.12 120 112 2181 

*These v a l u e s  are i n t e r p o l a t e d  da ta .  
Numerical s u p e r s c r i p t s  refer t o  t h e  fol lowing sources:  
p r e c i p i t a t i o n ;  (2) M t .  Withington p r e c i p i t a t i o n ;  (3) Langmuir Laboratory 
and Snake Ranch F l a t s  p r e c i p i t a t i o n ;  (4) Langmuir Laboratory p r e c i p i t a t i o n ;  
and (5) combined samples from Garcia Canyon Spring and S. S t r o z z i  Windmill. 
Some of the d a t a  from sources  (2), (3) and (4) have been taken  from Romero 
and Wilkening (1977). P r e c i p i t a t i o n  is abbrevia ted  as ppt  i n  columns 5 and 
6. 

(1) Albuquerque 

2-185 
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c 
c 
i 

Table 2D-2. Spring and w e l l  data.  r -. 
I 

! 

T r i t i u m  activ-ity 
Location Date Sampled (Tu) Sample No. 

Socorro Spring 18 March 1957 4.0 f 0.5 98 
(22.111) 

16 May 1957 

26 Ju ly  1957 

2.0 f 0.4 

4.0 f 0.3 

4 Sept 1957 

7 Nov 1957 

16 Jan 1958 

5 March 1958 

21 Apr 1958 

5.0 f 0.3 

11.0 f 0.1 

2.0 f 0.5 

3.0 f 0.4 

5.0 f 0.5 

28 May 1958 50.5 +- 3.2 

26 J u l y  1958 11.0 f 0.7 

10 Dec 1958 18.8 5 

2 Feb 1959 28.0 

28 March 1961 20.0 f 1.0 

122 

146 

180 

17 7 

217 

211 

228 

239 

2 54 

307 

310 

450 

c 
1 

11 May 1961 27.0 f 3.0 454 

5 Ju ly  1961 24 o r  92? f 1 or  3 595,602 

11 Sept 1961 39.0 f 3.0 716 

t 
h 

68 o r  231? +- 13 o r  1 728,611 1 

tJ 
c 

1 June 1962 15.0 

2 Ju ly  1962 192.0 f 3.0 (601) 

1 Aug 1962 57.0 f 2.0 590 

5 Sept 1962 68.0 

31 O c t  1962 

! -  3 Dec 1962 135.0 f 3.0 614 

2-186 
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Table 2I.)-2. (continued). L 

1 

W 
T r i t i u m  a c t i v i t y  

Sample No. Locat ion Date Sampled (Tw 

Socorro Spring 4 Feb 1977 6.5 k 0.6 2312 

14  Apr 1977 5.9 f 0.8 2320 

22 June 1977 9.8 f 0.9 2348 

(22.111) 

ti 

25 O c t  1977 

19 Jan 1978 

14  March 1978 

1.7 f 0.8 2384 

3.5 f 1.0 2423 

1.5 f 0.7 2428 

S e d i l l o  Spring 8 Jan 1962 50.0 f: 6.0 579 
(22.113) 

27 A p r i l  1962 54.0 f 6.0 580 

1 June 1962 11.0 1 2.0 

2 J u l y  1962 27.0 

5 Sept  1962 77.0 

9 O c t  1962 48.0 f 3.0 

8 Nov 1962 69.0 f 3.0 

528 

586 

589 

3 Dec 1962 165.0 k 4.0 612 

9 Feb 1963 72.0 f 4.0 598 

1 May 1963 111.0 f 3.0 627 

2 June  1963 45.0 f 37.0 641 

1 J u l y  1963 82.0 f 25.0 668 

75.0 f 14.0 67 8 

7 08 

27.0 2 2.0 736 

5 Dec 1963 69.0 f 68.0 752-1 

1 
I 

4 Jan 1964 98.0 f 26.0 789-1 

2- 18 7 
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L 
1 

f ‘  Table 2D-2. (continued) _. 
, &: 

T r i t i u m  a c t i v i t y  h 
f ‘  

Locat i o n  Date Sampled (Tu) Sample No. 

S e d i l l o  Spring 31 J a n  1964 
(22.113) 
(continued ) 3 March 1964 

31 March 1964 

30 A p r i l  1964 

3 June 1964 

1 J u l y  1964 

4 Aug 1964 

1 O c t  1964 

4 Feb 1977 

14 A p r i l  1977 

Cook Spring 
(15.311) 

22 June 1977 

25 O c t  1977 

19 J a n  1978 

14 March 1978 

4 Feb 1977 

14 A p r i l  1977 

22 June 1977 

25 O c t  1977 

19 Jan 1977 

14  March 1978 

Blue Canyon 1 Aug 1977 
W e l l  (16.323) 

6 Feb 1978 

Lower Nogal 4 March 1977 
Canyon Spring 
(30.443) 

45.0 f 89.0 

334.0 f 7.0 

91.0 f 14.0 

3.0 f 20.0 

0 

33.0 f 6.0 

56.0 f 5.0 

10.0 f 4.0 

8.8 k 0.7 

11.2 f 1.0  

5.9 f 0.8 

2.0 f 0.9 

0.2 f 0.9 

0.5 f 0.7 

6.5 f 0.8 

10.8 f 1.0 

6.3 f 0.7 

1.3 f 0.9 

0.5 f 0.5 

2.6 f 1.0 

12.0 k 0.8 

3.3 f 0.8 

28.3 f 1.0 

2-188 

772-1 

835 

861 

872 

888 

889 

893 

896 

2313 

2321 

2338 

2385 

2422 

2429 

2314 

2322 

2349 

2386 

2424 

2427 

2350 

2425 

2425 

c 



u 
LI Table 24-2. (continued). 

1 
W 

Tritium activity L 
Location Date Sampled (Tu) Sample No. 

Lower Nogal 13 May 1977 31.2 f 1.2 2350 
Canyon Spring 
(30.443) 3 Aug 1977 37.3 5 1.4 2425 
(continued) 

29 Oct 1977 24.0 f 0.8 2411 

ki 

19 Jan 1978 

c 1  

Upper Nogal 
Canyon Spring 
(31.314) 

Id 

L 
A m i  j o Windmill 
(33.144) 

Sedillo Windmill 
(25.443) 

14 March 1978 

4 March 1977 

13 May 1977 

3 Aug 1977 

29 Oct 1977 

19 Jan 1978 

13 May 1977 

5 Aug 1977 

25 Oct 1977 

13 May 1977 

21.8 f 1.3 2420 

25.1 f 1.4 

24.0 f 1.0 

22.8 5 0.9 

26.6 f 1.0 

18.3 5 0.8 

20.8 5 1.2 

54.1 f 1.8 

52.6 f 1.1 

47.2 f 1.6 

10.5 5 0.8 

2426 

2315 

2324 

2352 

2412 

2421 

2325 

2353 

2387 

2326 

Snake Ranch 16 May 1977 7.9 f 0.8 2330 
Windmill 
(34.432) 19 Aug 1977 8.4 k 0.9 2380 

L 25 Oct 1977 5.7 f 0.9 2388 

Water Canyon 4 Mar 1977 4.7 f 0.7 2319 
Lodge Well 
(8.432) 13 May 1977 3.4 f 0.8 2327 

5 Aug 1977 2379 

25 Oct 1977 2410 

u 
L 
t 

B. Kelly Ranch 16 May 1977 
(deep well) 
(20.311) . 18 Aug 1977 

4.3 f 0.8 2331 

0.0 2381 



Table 2D-2. (continued).  

T r i t i u m  a c t i v i t y  
Locat ion Date Sampled (Tu) Sample No. 

B. Kel ly  Ranch 25 O c t  1977 1.0 f 0.7 
(deep w e l l )  
(20.311) 
(continued) 

2389 

Allie S t r o z z i  1 2  March 1977 0.0 2375 
Well 
(24.411) 16  May 1977 3.1 f 0.9 2332 

J.. B. Kel ly  
Windmill 
(25.113) 

South Canyon 
Windmill 
(17.423) 

Upper South 
Canyon Wind- 
m i l l  
(20.111) 

19  Aug 1977 

25 O c t  1977 

1 6  May 1977 

19  Aug 1977 

12  March 1977 

13 May 1977 

5 Aug 1977 

29 Nov 1977 

13 May 1977 

Snake Ranch 29 Nov 1977 
Spring 
(35.324) 

2.0 f 0.7 

0.8 * 0.6 

4.9 f 0.9 

0.8 f 0.8 

3.1 * 0.8 

4.3 * 0.8 

0.5 f 0.7 

1.4 f 0.7 

2.2 * 0.7 

2383 

2390 

2333 

2382 

2376 

2329 

2378 

2418 

23 28 

1.8 f 0.6 2417 

Garcia Canyon(’) 16  May 1977 47.1 f 1.5 2334 

5 Aug 1977 43.0 f 1.6 2354 
I 

29 Nov 1977 34.6 f 1.3 

Nathan H a l l  1 2  March 1977 51.3 f 3.4 
Windmill 
(23.211) 1 6  May 1977 55.2 f 1.7 

2419 

2374 

2335 

r 

c 
c 

t 

t. 
L 
L 
I, 
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I Table 2D-2. (continued). 
-. I 

’tsl 
Tritium’ activity 

Sample No. Location Date Sampled (TU) 

L Tom Kelly 
Well 
(23.342) 

i d  

Cibola National 
Forest Windmill 
(13.331) 

Water Canyon 
Campground Well 
(26.111) 

Copper Canyon 
Spring 

c 
(28.424) 

c 

4 March 1977 50.9 f 1.9 2374 

15 May 1977 50.8 f 1.7 2336 

5 Aug 1977 

29 Oct 1977 

29 Oct 1977 

4 March 1977 

16 May 1977 

5 Aug 1977 

29 Oct 1977 

29 Oct 1977 

39.3 i: 1.0 

37.3 f 1.4 

34.1 f 1.4 

46.2 f 1.6 

41.4 f 1.6 

45.0 f 2.1 

35.4 f 1.0 

35.2 5 1.4 

2355 

2414 

2413 

2318 

2337 

2377 

2415 

2416 



i ’  

t 
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Chapter 3 

Regional Geothermal Exploration i n - t h e  

1 
U 

Truth or  Consequences Area 
! I  

il P a r t  1 

M 
Geological Mapping of the  Mud Springs Mountains 

near Truth or Consequences, New Mexico* 

t 
Because the  Mud Springs Mountains have been nsidered as possibly 

t serving as a recharge area for  the ccurrence of hot water a t  Truth o r  

I Consequences, the mountains were mapped on a topographic base a t  a scale of 

1:24,000. Previous mapping of the area was done by H i l l  (1956) a t  a scale of b 

I 
L 
c 

i, 

1; 
U 

I 
1 .  
"Li 
L 

*The pr incipal  authors of Chapter 3, Par t  1 are Charles J. Zimmerman, Graduate 
Assistant,  Department of Geology, University of New Mexico and D r .  Albert 
Kudo, Associate Professor of Geology, University of New Mexico. 
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EXPLANATION AND MAP SYMBOLS . 

Qu Quoternory bosoltic intrusion 

'*' Tertiory Sonto Fe Farmotion 

rrj,T,,.~4 Tertiory rhyolitic, lotitic, and 

+ 2625 + 33+s 

ho 

Quoternary d!uvium and 

-6 E monzonitic intrusions 

Pa 

Pb Permian Bursum Fbrrnation 

Pm Pennsylvanian Madera Fixmation 

Ps Pennsylvanian Sandia Fbmotion 

Permian Abo and Yeso Formations 

+ D p  Devonian Percho ond Sly Gap Fkmath  

Om Ordavician Montoya Group 

C k  OrQvician El Paso Group 

cb Combrim Bliss Formation 

+ Pr Precambrian granite and gneiss 

- Geologic contact 

/ Normal fault, 0 on downthrown block, 
.a* dotted where concealed 

+ + + mitidind oxis, with direaion of plunge 

-3390' s~ndtna~ oxis, with direction of plunge 

"p Overturned synclinal axis 

Attitude of bedding 

? Attitude of  overturned bedding 

)., Attitude of foliation 

+ 

./ Line of structure section 

+ + 

I 
I 

I 
1 1  Figure 3-1. Geologic map of the Mud Springs Mountains. 
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segments by a northeast-trending high-angle f a u l t  which c u t s  t he  Te r t i a ry  

l a t i t e  i n t r u s i v e  sill. From t h i s  f a u l t ,  a major high-angle f a u l t ,  which w a s  

mapped b y - H i l l  (1956) as a low-angle reverse f a u l t ,  can be traced northward t o  

become t h e  main western boundary of t he  range. This f a u l t  b r ings  Ordovician 

rocks on t h e  w e s t  i n t o  contact with Pennsylvanian formations on t h e  east. 

Although t h e  major f a u l t  on t h e  w e s t  s covered, evidence of i ts  presence may 

be found i n  t h e  Cuchillo o Creek Valley about 2.4 km (1.5 m i )  east of 

Cuchillo, where t h e  Santa are t i l t e d  40° east. The Paleozoic rocks 

are overturned t o  t h e  south near Truth o r  Consequences as mapped by Kelley and 

S i l v e r  (1952). 

The extensive .limestones i n  t h e  Ordovician t o  Pennsylvanian sec t ions  

probably serve as t h e  aqu i f e r ,  and t h e i r  t i l t i n g  upward a t  t h e  he ights  of t h e  

mountains serves t o  provide an exce l l en t  recharge po ten t i a l .  The limestones 

are jo in t ed  and may have c a v i t i e s  s u f f i c i e n t  t o  provide porosity and 

permeability. 

Two periods of igneous a c t i v i t y  occurred during Te r t i a ry  and Quaternary 

times. The e a r l y  period s a w  i n j e c t i o n  of a l a t i t e  porphyry s i l l  and a 

porphyritic rhyolite dike. Because of similarities of these  rocks with those 

found i n  t h e  San Mateo Mountains t o  t h  north,  these  in t rus ions  may have 

occurred 30 t o  35 m.y. ago. Two P l e i s t o c  

have been mapped. Similar b a s a l t s  dated a t  2.5 m.y. o r  younger are found on 

t h e  east s i d e  of t h e  Elephant Butte Reservoir (Loeber 1976). I f  t h e  hea t  

source f o r  t h e  hot spr ings  is  igneous i n  o r ig in ,  b a s a l t i c  magma s imi l a r  t o  

these  would be t h e  most l i k e l y  source of t h e  heat.  
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Part 2 

i Hydrogeology of the Thermal Aquifer near 
h 

L 
Truth or Consequences, New Mexico* 

Introduction 

L The primary goals achieved during this portion of the geothermal 

investigation of the Truth or Consequences area include: (1) the definition 

and description of the thermal and nonthermal aquifers of the study area; (2) 

elucidation of the discharge-area geology including the age of the 

fault-controlled springs; and (3) the development of a qualitative model for 

the thermal-aquifer flow pattern and heat source. Data gathered during this 

investigation include detailed Cenozoic qeologic mapping, detailed field 

observations, measurements of aquifer characteristics,-and aerial photographic 

analysis. These data were combined with all available data previously 

published on the thermal springs of the Truth or Consequences area. 

1 
0 

1 
L 

/J 

I; The following sections describe the results of this portion of the 

geothermal investigation. Some of the results are presented in the appendices 

(e.g., well-temperature data). The first portion of this discussion is 

devoted to a description of aquifer types and characteristics in the study. 

'Emphasis is given to the thermal groundwater system. This section is followed 

by a discussion of the major chemical conditions and hydrochemical facies of 

the study area. Finally, a description of the thermal-aquifer flow pattern 

u 
IJ 

t 
1 
1 
1 
i 

u 

*The principal authors o r. Stephen G. Wells, 
Assistant Professor of Geology, and Howard Granzow, Research Assistant, 
Department of Geology, University of New Mexico. 

w 
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is given, with emphasis on the geology of the discharge area. 

t 

Groundwater Occurrences and Aquifer Characteristics I, 
c 
b 
c 
L 
1 

Cox and Reeder (1962) defined three major types of groundwater 

occurrences in the Rio Grande Valley near Truth or Consequences. In the 

present study, these major groundwater occurrences are redefined and are 

classified as three major aquifers: (1) the Mud Springs Mountains carbonate 

aquifer - artesian and thermal; (2) the Piedmont/Santa Fe Group 

aquifers - artesian, unconfined, and nonthermal; and (3) the Rio Grande 

floodplain aquifers - artesian, unconfined, thermal, and nonthermal. 

Classification of these aquifers is based on regional hydrologic conditions 

and regional flow patterns in this portion of the Rio Grande Valley. Aquifer 

nomenclature is based on the dominant geographic or geologic feature related 

to the aquifer. All three aquifers are related hydrologically to the thermal 
f ’  

groundwater conditions near Truth or Consequences; however, the Mud Springs L 

Ed Mountains carbonate aquifer is the major source of thermal waters. 

Regional Comparisons 

Figure 3-2 illustrates a generalized regional relationship among these 

aquifers. Boundaries between these aquifers are known only at specific 

[ ’  localities and are not accurately portrayed on Figure 3-2. Table 3-1 lists 
t 

the major hydrologic and geologic characteristics of the three major aquifers. 

Data provided in Table 3-1 are synthesized from previous studies (Theis et al. L 
1941; Borton, 1961; Cox and Reeder 1962). Table 3-1 also includes some data 

gathered during the present investigation. 
1 -  
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Table 3-1. Hydrogeologic parameters of major aquifers in the Truth or Consequences area. 

Spec i f i c  

Aquifer ~ o c k  TypeIAge Permeabili ty Range Gradient Transmissivity Coeff ic ien t  Capacity 
(l /s/m) 

Mean 
Temperature Hydraulic Mean Storage . Well 

(dimensionless) ("C) ( m / W  (m2/s) 

Mud Springs Carbonate w i t h  minor Secondary, 36.7 - 45.6 1.6* 6.5 x lom2 6.3 io-' 3.9 
w Mountain clastics of Magdalena f r a c t u r e  flow 
oo I carbonate Group/Pennsylvanian 

aqu i f e r  and Permian 

--- Rio Grande Unconsolidated sands, Primary, 26.7 0.11 4.7 x 3.5 x 
f loodpla in  grave ls ,  and silts/ d i f f u s e  flow 
aqu i fe r s  Quaternary 

---------- --- Piedmont/ Consolidated and un- Primary and 17.0 - 43.0 17 - 15 1.6 
Santa Fe consolidated sands,  secondary, 
Group grave ls ,  and silts/ pr imar i ly  d i f -  
aquif ers T e r t i a r y  and Quater- fu se  flow 

nary 

* i n f e r r e d  ' 



~ 

i 
i 
W Thermal groundwater is  derived from t h e  carbonate aqu-ifers of t h e  Mud 

Springs Mountains area. These carbonate aqu i f e r s  are Pennsylvanian-Magdalena 

Group limestones and dolomites which extend along the  d ip  s lope  of t he  Mud 

Springs Mountains eastward toward Truth o r  Consequences. Between the  Mud 

Springs Mountains and t h e  c i t y  of Truth o r  Consequences, portions of t h e  

carbonate aqui fe r  are exposed as i so l a t ed  bedrock highs within the  Te r t i a ry  

and Quaternary deposits.  The temperature range f o r  groundwater i n  the  Mud 

Springs Mountains aqu i f e r  is  36.7OC (98OF) t o  45 O C  (114OF); whereas, 

temperatures f o r  groundwater i n  the  o ther  two aqu i f e r s  of t h e  Rio Grande 

Valley are t y p i c a l l y  less than 270C (80OF). Some thermal water e x i s t s  i n  the  

Rio Grande f loodpla in  aqu i f e r  due t o  leakage of t he  thermal waters from the  

carbonate aqu i f e r  and the  vertical movement of t he  water i n t o  t h e  Quaternary 

_ .  

alluvium (Theis et' al. 1941) 

A generalized con tour .  confined aqu i f e r s  of t h e  Rio Grande 

piedmont and' .f loodplain'  is given i n  Figure 3-3. Detailed maps of t h e  water 

t a b l e  and potentiometric surf ace ne t h e  c i t y  of Truth o r  Consequences have 

been published p r  t i o n  f o r  t h e  

Grande f o r  

e n t s  of t h e  

(79 and 90 ft/mi). 

Flow d i r e  i o  a i n  aqu i f e r s  p a r a l l e l  t he  

f loodpla in  of t h e  river. Hy i e n t s  t hese  r i v e r i n e  aqu i f e r s  are 

the  shallowest .6 f t / m i )  . Mean t ransmiss iv i ty  f o r  

t h e  piedmont and f loodpla in  e between 1.5 and 5.0 X 10 m /s 

(1.6 and 5.4 X lo'* f t 2 / s ) .  s s i v i t i e s  are much less than those 

-2 2 f o r  t h e  Mud Springs Mountains carbonate qu i f e r  (6.5 X 10 m /s; 7.0 X lo-' 

f t 2 / s ) .  Higher t r ansmiss iv i t i e s  of t he  carbonate aqu i f e r  are due t o  t h e  

f r ac tu re ,  conduit-flow conditions i n  t h e  limestones. 

-3 2 

L 
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Permeability conditions for the piedmont and floodprain aquifers are 

characterized by diffuse flow (i.e., groundwater moving through pore spaces at 

seepage velocity). The Mud Springs Mountains carbonate aquifer has secondary 

permeability, or fracture flow (i.e., groundwater moving through integrated 

fractures and dissolution conduits). Large solutional openings are visible in 

the Magdalena Group carbonates. These solutional openings occur along the 

bedding (parallel to the strike) and occur along fractures with orientations 

of N7"W. These openings are common in the recharge and discharge area for the 

carbonate aquifer, and they are interpreted as one of the dominant recharge 

and discharge paths for the thermal water. 

Mud Springs Mountains Carbonate Aquifer 

The hydrologic properties of the Mud Springs Mountains carbonate aquifer 

were determined by Theis et al. (1941) (see Table 3-1). The thermal waters 

are restricted to integrated joints and bedding planes which have been 

enlarged by solutional activity. Thermal water also occurs in pore spaces of 

altered limestone and siliceous skeletal frameworks (Theis et al., 1941). 

High transmissivities and low coefficients of the Mud Springs Mountains 

aquifer storage-are typical of most types of carbonate aquifers (see Table 

These two hydrologic parameters are significantly different for 

peidmont and floodplain aquifers. The major conclusions drawn by Theis et al. 

(1941) during their hydrologic investigations of the carbonate aquifer are: 

(1) groundwater ement is di cted along the strike of the Pennsylvanian 

limestones; (2) vement of groundwater occurs 

fractures; and (3) groundwater discharges from these openings by vertical 

movement from the carbonate aquifer into the overlying Quaternary alluvium of 

the Rio Grande floodplain. 

3-1 1 



The s t r i k e  of t he  carbonate aqu i f e r s  l i t h o l o g i e s  varies'between N50°W and 

N60°W and is  aligned with t h e  Mud Springs Mountains. Thus, water moves 

p a r a l l e l  t o  t h e  s t r i k e  and from t h e  Mud Spring Mountains. It is  infer red  t h a t  

t h e  Mud Springs Mountains and surrounding area represent  t he  recharge area f o r  

t h e  thermal, carbonate aquifer.  L i t t l e  hydrologic o r  geologic evidence 

suggests t h a t  thermal waters are derived from t h e  piedmont o r  floodplain 

aqui fe rs .  Rather, groundwater moves down t h e  hydraulic gradient,  which is  

p a r a l l e l  t o  t h e  Piedmont/Santa Fe Group hydraulic grad ien t ,  toward the  c i t y  of 

Truth o r  Consequences. Recharge is  supplied t o  t h e  carbonate aqu i f e r  via 

i n f i l t r a t i o n  of t h e  Cuchillo Negro drainage and t h e  a l l u v i a l  aqu i f e r  of t h e  

Cuchillo Negro, as w e l l  as via leakage from t h e  Piedmont/ Santa Fe Group 

aqui fe rs .  

Recharge from the  Cuchillo Negro i n t o  t h e  carbonate aqu i f e r  is  v i s i b l e  

where t h e  limestones are traversed by the  stream. Large so lu t iona l  openings 

permit t h e  rapid i n f i l t r a t i o n  of sur face  waters i n t o  t h e  aqui fe r .  The 

Cuchillo Negro drainage is present ly  ephemeral; however, during t h e  

Pleistocene, l a r g e r  discharges were typ ica l  of t h e  stream. It is  postulated 

t h a t  recharge of t he  carbonate aqu i f e r  w a s  most e f f e c t i v e  during the  more 

moist P le i s tocene  times. A generalized flow c h a r t  i n  Figure 3-4 i l l u s t r a t e s  

t h e  flow pa t t e rns  f o r  t h e  Mud Springs Mountains carbonate aquifer.  The 

hydraulic gradient of t h e  thermal aqu i f e r  is  determined by measuring t h e  

change of e leva t ion  between t h e  recharge and discharge areas and d iv id ing  t h i s  

va lue  by t h e  d i s t ance  between these  two areas. This i n fe r r ed  gradien t  is 

approximately 1.6 m/km ( 8 . 5  ft /mi).  

A discharge of t h e  thermal waters a t  Truth o r  Consequences has been 

measured by Theis et al. (1941) and is 0.099 m /s (3.5 c f s ) .  This information 3 

is  used i n  conjunction with o the r  hydrologic d a t a  t o  determine the  aqu i f e r  

3-1 2 
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Ir 

Figure 3-4.  Generalized flow chart of the thermal hydrogeologic system 
of the Mud Springs carbonate aquifer. 
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width 

w = Q/Ti , 
where w = aqu i fe r  width, m; Q = discharge rate, m3/s; T’= mean transmissivity,  

2 3 m /s; and i = hydraulic gradient,  m/m. I f  a discharge of 0.1 m /s (3.5 c f s ) ,  

2 2 a mean t ransmiss iv i ty  of 0.065 m /s, (0.7 f t  /s), and t h e  average hydraulic 

grad ien t  of 1.6 m/km (8.5 f t /mi)  are used, then the  aqu i f e r  width becomes 962 

m (3154 ft). 

An average aqui fe r  width of 960 m (3150 f t )  appears t o  be a reasonable 

estimate based on f i e l d  observations where aqu i f e r  widths were determined t o  

range from 800 t o  1000 m (2625 t o  3281 f t ) .  Thus, t h e  following values appear 

t o  be reasonable estimates of t he  carbonate aqu i f e r  cha rac t e r i s t i c s :  
3 discharge, 0.1 m /s (3.5 c f s ) ;  g rad ien t ,  1.6 m/km (8 .5  f t /mi) ;  t ransmiss iv i ty ,  

2 2 0.065 m /s (0.7 f t  /s); width, 960 m (3150 f t ) .  

Chemical Charac t e r i s t i c s  of t h e  Mud Springs Mountain Carbonate Aquifer 

The chemistry of t h e  thermal waters near Truth o r  Consequences has been 

analyzed by several researchers  (Theis et al. 1941); Murray 1959; Summers 

1965). In addi t ion ,  da t a  were gathered and were analyzed by Landis and 

Logsdon (personal communication 1979) ( see  Table 3-2). This por t ion  of t h e  

Rio Grande near Truth o r  Consequences has two d i s t i n c t  hydrochemical f a c i e s  

which c o r r e l a t e  t o  thermal and nonthermal waters (see Figures 3-5 and 3-6). 

Thermal aqu i f e r s  are characterized by high chloride-sodium concentrations; 

whereas, nonthermal waters are characterized by high calcium-sulfate 

concentrations (see Figure 3-5).  Calcium-sulfate f a c i e s  are r e s t r i c t e d  t o  

Te r t i a ry  and Quaternary clastic aqui fe rs ,  and chloride-sodium f a c i e s  are 

r e s t r i c t e d  t o  the  thermal, Pennsylvanian carbonate aqui fe rs .  
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Table 3-2. Chemistry (in ppm) of selected well, spring, and river water 

near Truth or Consequences, New Mexico (Logsdon 1979). 
i 
W 

t 

in 
Element 

i 
B 

c 
id 

or Blackstone Sierra. 
Compound 

cg 

Hg 

Na 

1: 

c03 
HCOj 

c1 

s04 
Fe 

F 

B 

P 

sio2 

NO +NO2 3 
Pb 

Sc 

Sr 

Zn 

Hg 

H2s 

m4 

Li 

As 

Br 

(B-9) 

143.9 

18.0 

817.5 

61.4 

0 

164.7 

1285.2 

196.0 

0.38 

1.49 

0.38 

0.01 

64.3 

2.12 

0.202 

0.018 

4.10 

0.05 

0.0009 

< 

1.21 

0 

0.020 

0.77 - 

(3-10) 

143.9 

17.9 

791.5 

63.0 

0 

162.3 

1353.6 

169.1 

0.10 

3.10 

0.35 

0.01 

44.3 

1.88 

0.200 

0.017 

4.12 

0.07 

0.0003 

0.1 

1.23 

0 

0.019 

0.77 

Spring Spring 
(3-11) 13-12) 

136.5 

17.1 

764.6 

62.6 

0 

136.7 

1370.3 

115.3 

0.10 

3.10 

0.35 

0.01 

44,3 

2.01 

0.105 

0.015 

4.19 

0.09 

0.0004 

0.1 

1.24 

2.01 

0.018 

0.75 

110.4 

9.5 

387.4 

21.5 

0 

211.1 

602.7 

138.3 

< 0.10 

2.46 

0.20 

0.05 

37.3 

11.14 

0.623 

0.009 

0.12 

0.000 

< 0.1 

0.42 

1.84 

0.013 

0.78 

Yucca 
Well 
(3-15) 

49.5 

4.5 

78.4 

3.9 

0 

175.7 

80.5 

67.2 

0.12 

1.73 

0.08 

0.01 

32.1 

Spring 
(3-14) 

164.1 

18.7 

785.6 

62.6 

0 

224.5 

1314.2 

107.0 

0.10 

3.20 

0.38 

0.01 

31.3 

1.40 

0.257 

0.029 

4.08 

0.10 

0. 0001 

< 0.1 

1.20 

0 

0.039 

0.82 

River 
Water 

15 

4.1 

6 

2.3 

58.4 

7.8 

11.2 

0.50 

0.10 

0.012 

0.020 

13.1 

1 

0.004 

0.0002 

0.060 

0.030 

0.0005 

0.002 

0.002 

0.020 
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Figure 3-5. Major cation and anion classif icat ion of thermal and 
nonthermal waters. 
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Previous researchers have noted the  d i s t i n c t  d i f f e rence  i n  t h e  chemistry 

between the  thermal and nonthermal aqu i f e r s  and have suggested r e s t r i c t e d  

mixing of t he  aqui fe r  waters. Higher than normal concentrations of ch lor ide  

i n  the  nonthermal waters r e s u l t  from leakage of t he  carbonate aqu i f e r  near 

Truth o r  Consequences. The da ta  i n  Figures 3-7 and 3-8 i n d i c a t e  t h a t  t h e  

carbonate aqui fe r  is the  primary source of the  high ch lor ide  concentrations. 

An increase  i n  ch lor ide  i s  noted i n  t h e  sur face  waters of t h e  Rio Grande as 

one moves from the  Elephant Butte Reservoir and downstream from t h e  spr ing  

o u t l e t  (see Figure 3-7). Thermal waters which t y p i c a l l y  have concentrations 

between 1200 and 1300 ppm discharge i n t o  the  r i v e r  water and create a 

contaminate plume of ch lor ide  f o r  severa l  kilometers downstream. This 

phenomenon occurs regard less  of high or  low stream flow (see  Figure 3-7). 

Dilu t ion  of t he  thermal groundwater i n  t h e  su r face  water of t h e  Rio Grande 

reduces the  ch lor ide  concentration 32 lau (20 m i )  downstream. Figure 3-8 

i l l u s t r a t e s  t h a t  t he  ch lor ide  concentration of t h e  Rio Grande does not vary 

with stream flow above the  discharge area but does vary below the  thermal 

springs.  Again, t h e  da ta  support t h e  i n t e r p r e t a t i o n  t h a t  t he  carbonate 

aqu i f e r  is the  s i n g l e  point source f o r  t he  ch lo r ide  and thermal waters. 

Theis et  a l .  (1941) speculated t h a t  t h e  source of t h e  ch lor ide  i n  the 

carbonate aqui fe r  is magnetic vapors mixing with deeply c i r c u l a t i n g  

groundwater and concluded t h a t  t h e  ch lor ide  w a s  not derived from leaching of a 

high ch lor ide  concentration parent material, ins tead  t h e  ch lo r ide  source w a s  

deep-seated igneous a c t i v i t y .  This hypothesis is  based on the  r e l a t ionsh ip  

between ch lor ide  concentration and temperature. I f  t he  source of ch lor ide  is 

magmatic vapors, then a co r re l a t ion  between t h e  temperature of water and the  

ch lor ide  content should be observed. Figure 3-9 illustrates the  r e l a t ionsh ip  

between these  two va r i ab le s  f o r  t h ree  thermal o r  warm spr ings  i n  the  v i c i n i t y  
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' Figure 3-7. Relationship between chloride content and distance along 
the Rio Grande from Elephant Butte Dam. 
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2 Near Truth or Consequences 
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Figure 3-8. Relationship between chloride content and discharge of 
the Rio Grande below Elephant Butte Dam. 
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of t h e  Mud Springs Mountains. Such chloride-temperature p l o t s  are not  

conclusive evidence of magmatic sources e i t h e r  i n  t h e  vapor or f l u i d  phase. 

Chemical s t u d i e s  on geothermal regions i n d i c a t e  high ch lo r ide  

I concentrat ions i n  thermal waters r e s u l t  from leaching of parent rock o r  

leaching of parent  rock and addi t iona l  cont r ibu t ions  from f l u i d  o r  vapor 
! 
I magmatic sources ( E l l i s  and Mahon 1964; E l l i s  and Mahon 1967; White 1970; 

White 1974). High water/rock r a t i o s  ( >2:1) suggest that some add i t iona l  

ch lo r ide  content  is supplied from a magmatic source because l a r g e  rock volumes 

are required f o r  ex tens ive  ch lo r ide  leaching. The thermal carbonate aqu i f e r  

of t he  Mud Springs Mountains covers a small area (see  Figure 3-2); thus,  a low 

rock volume assoc ia ted  with t h i s  aqu i f e r  suggests  t h a t  add i t iona l  ch lo r ide  

could be derived from a magmatic source. Quaternary igneous i n t r u s i o n s  i n t o  

t h e  Mud Springs Mountains carbonate aqu i f e r  has  been mapped by Zimmerman and 

Kudo (see Chapter 3, P a r t  1). These in s t rus ions  occur along the  c i r c u l a t i o n  

path of t he  carbonate aqui fe r .  

Geology of t he  Discharge Area f o r  the  Mud Springs Mountains Carbonate 

Aquifer 

Previous s t u d i e s  of t he  thermal groundwaters near  Truth o r  Consequences 

concluded t h a t  t he  thermal waters resurge from t h e  Pennsylvanian-age 

carbonates  along an east-west t rending f a u l t  zone. The presence of t h i s  f a u l t  

and other geologic s t r u c t u r e s  of t h e  discharge area f o r  t h e  thermal water is 

obscured by Quaternary and T e r t i a r y  sediments. F ie ld  inves t iga t ions  conducted 

during t h i s  study e luc ida ted  the  l o c a l ,  late-Cenozoic geologic  f ea tu res  and 

h i s t o r y  of t he  discharge area and provided new information on t h e  previously 

hypothesized discharge-area f a u l t .  

k 

c 
c 

c 
c 

c 
L 
c 
L 
L 
P 

3-22 L 



> ,  

1 
t !  study are summarized on Figure 3-10. The major f ea tu res  mapped are: . 

Results of t h e  Cenozoic geologic mapping conducted during the  present W 

u 

1 
F 

t 
L 

(1) Quaternary a l l u v i a l  un i t s :  Qa, Qaf, Qfp,  and Q f ;  

(2) Quaternary age geomorphic sur faces  ( s o i l s  and 
grave l  veneers) truncating t h e  Santa Fe Group 
uni t s :  Q , Q , Q , and Q, ; 

and Qt ; 

"1 s2 s3 4 

Qtl 
(3) Quaternary terraces along the  Rio Grande: 

CI 
L 

(4) Camp R i c e  Formation of t h e  Santa Fe Group and its 
two major fac ies :  Tsfl and Tsf ; and 

2 
( 5 )  late Cenozoic f a u l t s .  

The majority of t he  Quat nary a l l u v i a l  u n i t s  are e i t h e r  Holocene o r  very 

late Pleistocene i n  age. Surfaces developed on these  depos i t s  c o r r e l a t e  i n  

age t o  Fillmore and Leasburg age sur faces  near Las Cruces (Hawley 1978). The 

Quaternary sur faces  beveling t h e  Santa 'Fe  Group u n i t s  range i n  age from late 

Ple i s tocene  t o  mid P le i s tocene  based on co r re l a t ions  with dated sur faces  near 

Las Cruces, New Mexico (Hawley 1 

probably late Pleistocene. 

of t h e  Camp Rice F 

drainage- facies ( e n t  i n  t h e  s dy area. n e  age of 

1 
c 

The major formation of t h e  Santa Fe Group is t h a t  

Both t h e  piedmont facies (QTsf 1 and t h e  a x i a l  t ion .  
1 

ii 

Li 

t on t h e  map; it 

u ar ly 'P le i s tocene .  The Camp Rice Formation o r  

i t s  equivalent i n  t h i s  area is  fau l ted .  Two of t h e  major Quaternary f a u l t s  

are i l l u s t r a t e d  on Figure 3-10 and include: (1) a f a u l t  d i r e c t l y  south of t h e  

Mud Springs Mountains which is t h e  easternmost extension of t h e  Mud Springs 

f a u l t  zone; it is a near-vertical  normal f a u l t  with t h e  nor th  block upthrown; 

I '  

1J 

is a reverse f a u l t  dipping towards t h e  nor th  



Figure 3-10. Cenozoic geology of the Truth or Consequences, New Mexico 
area. (See following page for legend.) 
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Lithologic Symbols 

Alluvium in active arroyos consisting of unconsolidated 
silts. sands and lenticular gravels; thickness undeter- 
mined. 

Qaf Alluvial fans developed on the Rio Grande floodplains 
consisting of uncemented clays, silts and fine-grained 
sands; poorly weathered, thickness undetermined. 

Qfp Floodplain deposits of the Rio Grande compos 
consolidated, fine-grained clays, silts and lenticular 
gravels; thickness undetermined. 

Qf Alluvial fans developed at the base of the Mud Springs 
Mountains composed of indurated, well-cemented, angular 
to subangular limestone fragments. 
30 em; minimum thickness is 18 meters. 

... 
Medium-grained to 

Qt Terrace deposits formed along the Rio Grande consisting 
of unconsolidated, cemented and uncemented gravels and 
sands of varying lithologic composition including igne- 
ous, metamorphic and sedimentary fragments. 
silt lenses; thickness varies from 2 to 8 meters. 
1 = oldest terrace; 2 - youngest. Contains 

id 

t 

QS Erosion surface gravels unconformsbly resting on Tsf, 
the erosion surface deposits contain caliche soil hori- 
ZOES developed on angular to subangular, medium- to 

3 course-grained limestone fragments; increasing CaCO 
content and induration with age of surface; surface 
gravels typically 1 to 5 meters thick with the excep- 
tion of Qs4. 1 oldest surface; 4 - youngest. 

Tsf Santa Fe Group: poor- to moderately-indurated, reddish 
to buff siltstone with interbedded gravels (unit 2); in- 
tertongued with a white. unconsolidated. subangular to 
subrounded, medium-grained sand, containing interbedded 
gravels (unit 1). 

:::-.;:. 
pu Undifferentiated Paleozoics consisting primarily of lime- 

stones,and dolomites. aMaxlmum thickness is 1120 meters. 

BN Granite and gneiss. 
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S t r u c t u r a l  Control of t h e  Thermal Springs 

Several  de t a i l ed  geologic maps of the  Mud Springs Mountain carbonate 

aqu i f e r  discharge area have been published (see  Figure 3-11). Varied 

i n t e r p r e t a t i o n s  have r e su l t ed  from poorly exposed l i t h o l o g i e s ;  however, a l l  

previous i n t e r p r e t a t i o n s  agree  on t h r e e  points :  (1) t h e  in fe r r ed  presence of 

a northwest-southeast t rending normal f a u l t  between t h e  Paleozoic outcrops i n  

Truth o r  Consequences and t h e  Precambrain outcrops near  Carrie Tingley 

Hospital;  (2) t he  presence of a north-south t rending zone of normal f a u l t s  

between the  base of t h e  S i e r r a  Caballo Mountains and t h e  c i t y  of Truth o r  

Consequences; and (3) t h e  presence of overturned Paleozoic l i t h o l o g i e s  forming 

a series of r idges  from Truth o r  Consequences t o  the  e a s t e r n  edge of t he  Mud 

Springs Mountains. 

Summers (1976) discussed t h e  in fe r r ed  f a u l t  south of Truth o r  

Consequences and questioned whether i t  could be an extension of the Mud 

Springs f a u l t  zone i f  t h e  f a u l t  ex is ted  a t  a l l .  During t h e  cu r ren t  f i e l d  

inves t iga t ion ,  th is  previously in fe r r ed  f a u l t  w a s  located i n  an exposure along 

an arroyo wall i n  t he  c i t y  of Truth 

over t he  pas t  f e w  years  exposed t h e  

r e fe r r ed  t o  earlier i n  t h i s  sec t ion .  

previous researchers  had speculated.  

o r  Consequences. Recent gu l ly  e ros ion  

f a u l t  zone which is t h e  T o r  C f a u l t  

The f a u l t  is r eve r se  and not  normal as 

The o r i e n t a t i o n  of t h e  f a u l t  is  N60°W, 

and it  d i p s  59' t o  t h e  nor th  (Figures  3-12 and 3-13). Movement on t h e  f a u l t  

appears  t o  be ep isodic  in t h a t  Pennsylvanian carbonates are f a u l t e d  aga ins t  

t h e  Camp Rice Formation, and the  beds wi th in  the Camp Rice Formation have been 

o f f s e t .  Additional evidence f o r  reverse  motion along t h i s  f a u l t  zone is 

v i s i b l e  i n  displaced c h e r t  l enses  i n  t h e  Magdalena Group carbonates. 

Or ien ta t ions  on t h e  small reverse  f a u l t s  d i sp lac ing  the  c h e r t  l enses  average 

about N55'W and 66' t o  t h e  north.  These o r i en ta t ions  are very similar t o  the  
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Figure 3-12. Geologic map and cross sections of the Truth or Consequences 
Tertiary rocks removed (Kelly and Si lver  1952). 
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Figure 3-13. Schematic cross sections of the Truth or Consequences fault. 
The dark area in the limestones indicates solutional 
openings . 
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major f a u l t  zone mapped as t h e  T o r  C f a u l t .  Reve'rse f a u l t s  of t h i s  

o r i en ta t ion  and geographic pos i t ion  .are not t yp ica l  of t h e  Rio Grande R i f t  but 

have been noted i n  t h e  Taos-Picuris mountains area (Muehlberger 1979). 

Further s tud ie s  are needed t o  understand the  mechanics and dynamics of t h e  T 

o r  C f a u l t  zone. 

The s i g n i f i c a n t  aspect of t h e  T o r  C f a u l t  zone is t h a t  i t  serves as t h e  

o u t l e t  f o r  thermal waters i n  t h e  Mud Springs Mountains carbonate aquifer.  

kis f a u l t  zone w a s  traced l a t e r a l l y  t o  t h e  thermal spr ings  i n  t h e  Quaternary 

alluvium of t h e  Rio Grande floodplain. The deformed Camp R i c e  Formation 

occurs along a trend of N60"W and p a r a l l e l  t o  t h e  outcrops of t h e  f au l t ed  

Pennsylvanian age carbonates. The T o r  C f a u l t  zone w a s  found t o  d isp lace  t h e  

Camp R i c e  Formation which is  estimated t o  be ea r ly  P le i s tocene  i n  t h i s  area. 

Younger mid- t o  late - Pleistocene geomorphic sur faces  are not displaced by 

t h e  T o r  C f a u l t  zone. Thus, it appears t h a t  t h e  last movement on t h e  T o r  C 

f a u l t  occurred a f t e r  deposit ion of t h e  Camp Rice Formation, which occurred 

between 2,000,000 and 300,000 years  ago, and before t h e  development of t h e  

geomorphic surfaces of which t h e  o ldes t  is dated a t  200,000 t o  25,000 years  

B.P (before  present).  Younger f a u l t i n g  occurred 3 km (1.9 m i )  w e s t  of Truth 

o r  Consequences where geomorphic surfaces have been displaced (see  Appendix 

B). This east-west trending f a u l t  ( p a r t  of t h e  Mud Springs f a u l t  zone) has  

been dated by geomorphic techniques a t  70,000 t o  100,000 years B.P. (see 

Appendix B). It would appear from these  s t u d i e s  t h a t  t h e  Mud Springs f a u l t  

zone is younger than, and therefore  t runca tes ,  t h e  T o r  C f a u l t  zone. 

Geomorphic evidence suggests t h a t  l i t t l e  f a u l t i n g  has occurred i n  t h e  study 

area s ince  movement on the  Mud Springs f a u l t  zone during t h e  mid t o  late 

Pleistocene. 
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It is  concluded t h a t  t h e  s t r u c t u r e  which cont ro ls  the o u t l e t  of thermal 

Up l i f t  of t he  Mud Springs groundwater was es tab l i shed  by the  mid Pleistocene. 

Mountains along the  Mud Springs f a u l t  zone i n  t h e  mid t o  late Pleistocene 

probably es tab l i shed  t h e  flow path along which t h e  thermal waters present ly  

migrate. The lateral migration of t h e  thermal waters are retarded by another 

s t r u c t u r e  zone, t h e  normal f a u l t s  of t h e  Hot Springs f a u l t  zone a t  t h e  base b 
of the  S i e r r a  Caballo Mountains. Precambrian igneous and metamorphic rocks 

are displaced aga ins t  t h e  carbonate aqui fe r .  The Precambrian l i t h o l o g i e s  act 

as an aqui ta rd ;  thus, t he  thermal waters i n  the  carbonate aqu i f e r  mound a t  t h e  

i n t e r s e c t i o n  of t h e  T o r  C f a u l t  zone and the  Hot Springs f a u l t  zone. This 

mound creates some of t h e  a r t e s i a n  conditions and causes t h e  carbonate aqu i f e r  

D 

L 

i 
t o  l eak  v e r t i c a l l y  i n t o  the  Rio Grande floodplain aqui fe r .  1, 

L 
€ 1  

Proposed Model f o r  t h e  Thermal Aquifer a t  Truth o r  Consequences 

Figure 3-4 is a flow cha r t  which q u a l i t a t i v e l y  i l l u s t r a t e s  t he  thermal 

U hydrogeologic flow system of t h e  Truth o r  Consequences area. The recharge 

area f o r  t he  carbonate aqui fe r  which suppl ies  thermal waters t o  t h e  Truth o r  

Consequences area is t h e  northwestern extension of t h e  Mud Springs Mountains. 

I n  t h i s  area waters e n t e r  t h e  aqu i f e r  v i a  i n f i l t r a t i o n  from t h e  Cuchillo Negro 

wash and seepage from aqu i fe r s  i n  t h e  Piedmonthanta Fe Group. Aquifer 

recharge was most e f f e c t i v e  during t h e  more moist periods of t h e  late 

Ple i s tocene  when run-off i n  t h e  Cuchillo Negro was  higher. Groundwater 

travels through t h e  Mud Springs Mountain carbonate aqu i f e r  (Pennsylvanian age 

Magdalena Group) probably t o  depths i n  excess of 700 m (2300 f t ) .  The water 

travels along a s t r i k e  through f r a c t u r e s  and bedding planes and down t h e  

southwest-trending hydraulic gradient.  Along t h i s  c i r c u l a t i o n  path, hea t  is 

Id 
b 
\ u 
L; i 

1 
provided t o  the  groundwater by Quaternary-age magmatic sources. Then these  

W 
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thermal waters migrate  v e r t i c a l l y  up f r a c t u r e s  and beading planes as t h e  

groundwater mounds near t he  i n t e r s e c t i o n  of two f a u l t s  (i.e., T o r  C and Hot 

Springs f a u l t s ) .  Seepage of t h e  thermal waters from t h e  carbonate aqui fe r  

i n t o  t h e  Rio Grande f loodpla in  aqu i f e r  ocur rs  along a f a u l t  zone which formed 

around 200,000 t o  300,000 yea r s  B.P. Thus, t h e  f a u l t  zone along which t h e  

thermal spr ings  discharge formed by the  mid Pleis tocene.  The hea t  source f o r  

t h e  thermal aqu i f e r  appears t o  be r e l a t e d  t o  e a r l y  P le i s tocene  igneous 

a c t i v i t y  . 
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Temperature Measurements in Water Wells 

near Truth or Consequences, New Mexico 
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Table 3A-1. Temperatures i n  water w e l l s  near-Truth or Consequences, 
New Mexico. 

Well # 1 

Location 12.5.27.344 Owner M. Foster 

Well Depth Depth t o  water 9 m Elevation' 4720 f t  35 m 

Case type metal Case diameter inch 

Remarks case extends to bottom of well. 

Depth Water Temperature Depth Water Temperature 
(m) or Air ( O C) (d or Air ( O C) 

9 W 21.03 
10 W 20.88 
11 W 20.86 
12 W 20.87 
13  W 20.87 
14 W 20.88 
15 W 20.92 
16 w 20.98 
17 W 21.05 
18 W 21.10 
19  W 21.15 
20 W 21.21 
21 W 21.28 
22 W 21-35 
23 W 

24 W 
25 W 

26 * W 
2 7 .  W 
28 W 
29 W 
30 w 
31 W 
32 W 
33 W 
34 W 
35 W 
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Table 3A-1. (continued). 

Well # 2 Date Awust  6. 1979 

Location 13.4.28.114 Owner T. J. McNabb 

Elevation 4445 Well Depth 45.4 m Depth t o  

Case type m e t a l  Case Water N/A 

Diameter 2 1/2 inch 

Remarks  Dry well. Owner s t a t e s  when well w a s  i n  operation the 

water level w a s  a t  150 f t  and the water was  warm and 
contained iron. 

Depth Water Temperature 
(m) or  Air (O C) 

30 1 2 3 4 5 6 7  

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
22 
23 
24 
2s 
26 
27 
28 
29 
30 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

31.45 
23.16 
20.12 
19.38 
19.18 
19.08 
19.ll 
19.29 
19-50 
19.68 
19.83 
19.96 
20.07 
20.1s 
20.23 
20.34 
20.40 
20.40 
20.51 
20.59 
20.67 
20.77 
20.86 
20.93 
20.96 
21.01 
21.04 
21.08 

30.89 30.U 29.15 28.28 27.27 26.59 25.87 
22.74 23.36 22.00 21.73 21.46 21.22 20.99 
19.99 19.90 19.81 19.70 19.62 19.56 19.49 
19.32 19.39 19.25 19.21 
19.15 19.13 19.11 19.08 
19.08 19.08 
19.13 19.16 19.19 19.22 19.25 19.26 
19.33 19.38 19.42 19.45 19.37 19.49 
19.53 19.57 19.60 19.63 19.65 19.66 19.66 
19.70 19.74 19.76 19.78 19.79 19.80 19.82 
19.85 19.89 19.91 19.92 19.94 19.94 
19.97 20.03 20.04 20.05 20.05 
20.08 20.11 20.12 20.13 
20.17 20.19 20.20 20.21 
20.25 20.27 20.29 20.31 
20.36 20.38 20.39 20.40 
20.44 20.46 20.48 20.49 20.50 20.50 
20.44 20.46 20.48 20.49 20.50 20.50 
20.53 20.54 20.56 20.56 
20.60 20.61 20.62 20.64 20.64 
20.68 20.71 20..72 20.74 20.75 20.76 20.76 
20.79 20.82 20.83 20.84 
20.88 20.90 20.91 20.92 
20.93 20.94 20.95 20.95 
20.97 20.98 20.99 21.00 21.00 
21.02 21.03 21.04 21.04 
21.06 21.06 
21.08 21.09 21.09 
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Table 3A-1. (continued). 
1 
V 

W e l l  # 2 (cont.) Date 

Location Owner 

Elevation Well Depth Depth t o  

Case type Case 

i 

Water 
i d  

b Diameter 

Remarks 
i 

Depth Water Temperature 
(m) or A i r  (O C) 

i 
. L  
1 

Ey 

30 1 2 3 4 5 6 7  

31 a 21.10 21.11 21.12 21.13 21.13 
32 a 21.14 21.15 21.16 21.17 21.17 
33 a 21.18 21.19 21.20 21.21 21.21 
34 a 21.22 21.23 21.23 21.23 

i 35 a 21.24 21.25 21.26 21.26 
36 a 21.27 21.28 21.28 21.28 
37 a 21.30 21.32 21.33 21.33 
38 a 21.34 '21.35 21.36 21;36 

40 a 21.41 21.42 21.43 a21.44 21.44 
41 a 21.46 21.46 21.46 

43 a 21.51. 21'53 21.53 21.53 
44 a 21.54 21.55 21.56 21.56 
45 a 21.57 21.58 21.59 21.60 
45.4 a 21.61 21.62 21.63 21.63 

t 
39 a 21.37 21.38 21.39 21.40 

42 a 21.50 21.50 21.50 
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Table 3A-1. (continued). 

Well # 3 

Location 14.4.33.344 Owner City of Truth o r  Conseq. 

Elevation 4240 Well Depth 18.4 m Depth t o  

Case type m e t d  Case Water 0.6 m 
Diameter l2 inch 

~~~b Located in s ide  City Civic Center. Water temperature 

va r i e s  during t e s t ing  possibly ind ica t e s  movement of water. 

Depth Water Temperature 
(m) o r  Air (O C) 

30 1 2 3 

5 W 

6 W 
7 W 
8 W 
9 W 
10 W 

11 W 

12 W 
13 W 

14 W 

15 W 
16 W 
17 W 
18 W 
18.4 w 

38.52 
39.00 
39.32 
39.47 
39.54 
40.36 
40.69 
41.10 
41.39 
41.55 
41.55 
41.55 
41.55 
41.55 
41.55 

38.70 38.61 38.61 
39.00 39.05 39.01 
39.25 39.29 39.33 
39.44 39.50 39.50 
39.76 39.77 39.67 
40.44 40.48 40.50 
40.84 40.79 40.75 
41.10 41.21 41.23 
41.37 41.52 41.56 
41.55 41.55 41.55 
41.55 41.55 41.55 
41.55 41.55 41.55 
41.55 41.55 41.55 
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Table 3A-1. (continued) 
L: 
W 

\Jell # 4 -  Date August 16, 1979 

14.4.4.124 owner City of Truth or Con. 
Location 

Elevation 4235 f t  W e l l  Depth Depth to water  

C a s e  type m t a l  Case diameter 2 1 / 2  inch 

2.8 m 

I '  
R€!IlldCS Abandoned swiminv pool w e l l .  

Ld 

Depth Water Temper a tur e 
(4 or Air ( O C) 

2.8 W 31.02 
3 W 31.21 
I W 31.49 
5 W 31.94 
6 W 32.50 
7 W 33.09 
8 W 33.76 
9 w 34.27 
10 , w  
11 W 35.19 
11.8 W 35.48 c 

Depth Water Temperature 
(m) or Air ( O C) 



1 -  
-1 Table 3A-1. (continued). 

W e l l  .# 5 

Location 13.4.22.333 owner S .  Wilson 

Well Depth 32*5 Depth t o  Elevation 4360 f t  
m 

Case t ~ ~ e  metal Case Water 31.7 
Dime ter 2 1/2 inch 

Remarks Located next to  Webster residence. Butte C i t y  state w e l l .  

L 

c 
I ’  t 

E ”  

Depth Water Temperature 
(m) or Air (O C) 

6 7  1 2 3 4 5 30 

5 
10 
15 
20 
25 
30 
32.5 

a 
a 
a 
a 
a 
a 
W 

30.01 
22.45 
20.17 
19.69 
19.60 
19.68 
19.89 19.89 19.89 

29.47 28.78.27.70 26.78 25.81 25.10 23.91 
22.26 21.86 21.52 21.19 20.94 20.70 20.50 
20.11 20.03 19.96 19.90 19.84 19.79 19.75 
19.68 19.67 19.66 19.65 19.63 19.62 19.61 
19.60 19.61 19.62 19.63 19.64 19.65 19.65 
19.68 19.70 19.72 19.74 19.76 19.77 19.77 

L 
L 
c 
c 

3-42 

I ‘  

L 



Table 3A-1. (continued).  

Well # 6 

I 

e .  

L o c a t i o n  13.4.34.414 Owner Guynn 

Elevation 4325 f t  W e l l  Depth 28m Depth t o  

Case type m e t a l  Case Water 24 m 
Diameter lo inch 

Remarks Owner States w e l l  W a t e r  c o n t a i n s  too  much iron for use.  

Depth Water Temperature 
(m) or  Air (O C) 

30 1 2 3 4 5 6 7  

5 a 26.14 26.08 25.81 25.10 24.77 24.43 24.08 23.81 
10 a 23.19 23.06 22.82 22.58 22.41 22.26 22.09 21.94 
15 a 21.69 21.65 21.59 21.52 21.46 21.41 21.37 21.31 
20 a 21.25 21.26 21.28 21.28 21.28 
25 W 21.24 21.25 21.25 21.25 
26 W 21.25 
27 W 21.26 
28 W 21.26 
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Introduction 
k 
V 

L The east-west trending fault scarp located 3 km (1.8 mi) from Truth or 

Consequences, New Mexico, was analyzed for fault-age determinations by profile 

measurements. The profile methods developed by Wallace (1977, 1978) were 

used. Fault-scarp profiles and a geomorphic map were constructed from field 

e 

measurements. Fault-scarp terminology is shown in Figure 3B-1 (Wallace 1977). I, 

Procedures 
L 

Wallace (1977) developed the profile-measurement technique of dating 

fault scarps. In this study, the procedures outlined by Wallace (1977) were 

followed and two profiles dating the fault scarp west of Truth or id 

Consequences, New Mexico, were measured (see Figure 3B-2). The profiles were 

then analyzed to determine the absolute age by the degree and length of crest 

roundness and the angle of the debris slope. 
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Figure 3B-1. Fault-scarp terminology. 
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Figure 3B-3. Width of crest plotted against t i m e  i n  years, The darkened 
area represents i or L aata (Wallace 1977). 
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Figure 3B-4. L i f e  of geomorphic features,  i n  years. 
(Wallace 1978). 
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P a r t  3 

1 E lec t r ica l -Res is t iv i ty  Inves t iga t ion  of t h e  Geothermal u 
Poten t i a l  of t h e  Truth o r  Consequences Area* 

+ I  id 

iy 

u 
In t roduct ion  

I n  conjunction with geological and hydrogeological s tud ie s ,  an  

e l e c t r i c a l - r e s i s t i v i t y  survey w a s  car r ied  out a t  Truth o r  Consequences, New 

Mexico, during t h e  summer of 1979 by University of New Mexico researchers.  

The purpose of t h i s  p ro jec t  was t o  b e t t e r  def ine  t h e  c h a r a c t e r i s t i c s  of t h e  I 
geothermal occurrence via a ca re fu l  examination of t he  electrical s t r u c t u r e  of 

t h e  region. The value of e l e c t r i c a l - r e s i s t i v i t y  inves t iga t ions  i n  geothermal 

eva lua t ion  has  been es tab l i shed  i n  severa l  loca t ions  i n  New Mexico ( J i racek  et 

a l .  1976; J i r acek  and Smith 1976; Hohmann and J i r a c e k  1979). 

T e s t s  were f i r s t  performed t o  determine t h e  geoe lec t r i c  s ec t ion  w e s t  of L 
Truth o r  Consequences, i n  the  d i r ec t ion  of i n fe r r ed  recharge of t h e  thermal 

waters (Wells and Granzow 1980). Determination of t h e  geoe lec t r i c  s ec t ion  

using Schlumberger soundings enabled the  e l e c t r i c a l  i d e n t i f i c a t i o n  of t h e  

thermal system flowing i n  t h e  Mud Springs Mountains carbonate aqui fe r .  This 

provided estimates of t h e  depth. thickness,  and porosity of t h i s  thermal 

aqu i f e r  af two locations.  
u 
IJ 

1 

e s i s t i v i t y  mapping of t h e  c i t y  Truth or Consequences and t h e  

immediate surroundings was accomplished during a second phase of the  

r e s i s t i v i t y  program. Such mapping has e luc ida ted  lateral r e s i s t i v i t y  

boundaries such s t r u c t u r a l  u p l i f t s .  Conductive 

*The pr inc ipa l  
Professor of Geological Sciences, University of New Mexico, and Maureen 
Mahoney, graduate student,  Department of Geology, University of New Mexico. 
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f -  
Ld- regions mapped during t h i s  a c t i v i t y  may be i d e n t i f i e d ,  i n  pa r t ,  with the  

shallow a l l u v i a l  aqu i f e r  i n t o  which the  underlying carbonate aqu i f e r  

discharges a t  Truth o r  Consequences. However, t h e  geothermal component of 

t h i s  shallow aqui fe r  cannot be uniquely separated from t h e  nongeothermal c l a y  

o r  s a l i n e  portions. 

R e s i s t i v i t y  Soundings 

The f i r s t  s tage  of t h e  r e s i s t i v i t y  survey included th ree  Schlumberger 

soundings a t  two loca t ions  ( see  Figure 3-14). The f i r s t  sounding, S1-TC, w a s  

o r ien ted  158" from t r u e  north, about 2 km (1.2 m i )  east of t he  Mud Springs 

Mountains, and approximately p a r a l l e l  t o  t h e  s t r i k e  of t h e  mountains. This 

sounding was expanded t o  a maximum hal f  spacing (AB/2) of 1000 m (3280 f t ) .  

By combination with equa to r i a l  soundings (Zohdy 1970) i n  t h e  d i r e c t i o n s  of 68" 

and 248", t h e  e f f e c t i v e  e l ec t rode  spacing w a s  expanded t o  5700 m (18,700 f t ) .  

The soundings curve f o r  S1-TC and the  accompanying in t e rp re t ed  

t r u e - r e s i s t i v i t y  model are p lo t t ed  i n  Figure 3-15. This eight-layer 

geoe lec t r i c  s ec t ion  was  obtained using t h e  inversion program f o r  a layered 

e a r t h  developed by Zohdy (1973). The S1-TC o v e r l i e s  i n fe r r ed  loca l  geology 

t h a t  c lose ly  approximates a layered ear th .  The geologic sec t ion  i s  comprised 

of Quaternary alluvium underlain by a sequence of Paleozoic sediments aild 

Precambrian g ran i t e s  and gneisses.  The consolidated sedimentary rocks d i p  

gent ly  t o  t h e  northeast .  The si te is a l s o  w e l l  removed from any mapped f a u l t s  

(Wells and Granzow 1980). 

The computed model c o r r e l a t e s  w e l l  with the  known geology. and hydrology. 

Water-table contours (Thesis et al .  1941) were used t o  estimate a depth t o  t h e  

water t a b l e  of 30 m (98 f t ) .  The model shows a break i n  r e s i s t i v i t y  from 730 

ohm-m t o  8 ohm-m a t  33 m (108 f t )  . This 86-meter t h i c k  layer  probably 

L 
L 
I' 
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c 
L 
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r ep resen t s  t he  piedmont aqu i f e r  i n t o  which t h e  thermal carbonate aqu i f e r  

discharges (Wells and Granzow 1980). Based on t h e  chemistry and temperatures 

f o r  t h e  shallow thermal waters (Wells and Granzow 1980), an estimate of t h e  

porosity of t h i s  aqu i f e r  w a s  computed using Archie's l a w  (Meidav 1970). The 

c a l c u l a t i o n  yielded a porosity around 30 percent,  which is not unreasonable 

f o r  an unconsolidated sediment a t  t h i s  depth. 

A l i t ho logy  log from a w e l l  near S1-TC records t h e  depth t o  t h e  top of 

t h e  Pennsylvanian Madera Limestone as 133 m (436 f t )  (Albright et al .  1955). 

This va lue  is i n  agreement with t h e  119-m (390-ft) depth t o  t he  top of t he  84 

ohm-m layer  i n  t h e  geoe lec t r i c  section. Thus, t he  w e l l  da ta  supports t h e  

contention t h a t  t h i s  1050-m (3445-ft) t h i ck  l aye r  is t h e  f rac tured ,  

water-fi l led carbonate aqu i f e r  discussed by Wells and Granzow (1980) and 

Zimmerman and Kudo (1980). 

Given a water temperature of about 45'6 (113OF) and an equivalent N a C l  

composition of about 3085 ppm (calculated from t h e  chemistry tabulated by 

Wells and Granzow (1980)), a porosity of about 14-percent w a s  ca lcu la ted  using 

a v a r i a t i o n  of Archie's l a w  suggested €or well-cemented, f rac tured  limestones 

(Keller and Frischknecht 1966). Normally, 14 percent porosity would be 

considered high f o r  Paleozoi limestones; however, t h i s  formation e x h i b i t s  

ex tens ive  secondary porosity i n  t h e  rm of f r a c t u r e s  and d i s so lu t ion  

ities, r e s u l t i n g  i n  high permeabili t  nd porosity.  The porosity estimate 

ould decrease i f  a higher than 45OC (113OF) temperature a t  depth w a s  assumed. 

F ina l ly ,  t h e  model i n  Figure 3-15 de f ines  a 114 ohm-m basement at  a depth 

of 1170 m (3840 ft). s r e s u l t  represents  geologically is uncertain; 

however, t h i s  baseme e l l  be unsaturated Paleozoic limestones o r  

sandstones. On t h e  o the r  hand, an inspection of a g rav i ty  model developed by 

Loeber (1966) and t h e  geology map of Zimmerman and Kudo (1980) suggest t h a t  
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t h i s  formation may be a Precambrian basement. Estimated depth is around 1100 Ld I 

m (3610 f t ) ,  coincident with t h e  1170-m (3840-ft) depth. 

The second Schlumberger sounding si te,  S2-TC, w a s  located about 1 km 

(0.62 m i )  w e s t  of t h e  c i t y  and around 1 km (0.62 m i )  southeast  of t he  southern 

extension of t h e  Mud Springs Mountains ( see  Figure 3-14). A 

L 
t 
I '  
Li 

crossed-Schlumberger a r r ay  w a s  completed here a t  o r i en ta t ions  of 135" and 45" 

from t r u e  north. Both a r r ays  were expanded t o  a maximum AB/2 spacing of 800 m 

(2625 f t )  ( i .e. ,  sho r t e r  spacing than Sl-TC due t o  terrain conditions). 
61 
t Equatorial  po in ts  increased t h e  e f f e c t i v e  e l ec t rode  spacing of t h e  135" 

sounding t o  4500 m (14,765 f t ) ,  while t h e  45" sounding w a s  expanded t o  3000 m 

(9845 f t ) .  

Figure 3-16 presents  t h e  S2-TC 135" sounding curve and in t e rp re t ed  t r u e  

r e s i s t i v i t y  with depth. This a r r ay  i s  nearly p a r a l l e l  t o  t h e  one a t  Sl-TC, 

but o v e r l i e s  a d i f f e r e n t  geologic s t ruc tu re .  While l i t h o l o g i e s  a t  both sites 

are similar, t h e  limestones and sandstones underlying t h e  alluvium a t  S2-TC 

are dipping s teeply  a t  71"SW. This s t r u c t u r a l  change has been described as an 

overturned syncline (Zimmerman and Kudo 1980) .  I n  addi t ion ,  two major f a u l t  

zones l i e  within a few kilometers of S2-TC. I n  f a c t ,  t h e  equa to r i a l  po in t s  a t  

225' (see Figure 3-14) cross  over t h e  Mud Springs Fault  about 1 km (0.62 m i )  

from t h e  center  point. For t h i s  reason, t h e  equa to r i a l  po in t s  i n  t h i s  

d i r ec t ion  were not used i n  the  layered inversion (see Figure 3-16). In s p i t e  

of t h e  obvious departure from hor izonta l  l ayers ,  t h e  inversion of t h e  135" 

sounding curve y i e l d s  a nine-layer model which bears important s imi la r i t i es  t o  

t h e  one a t  Sl-TC. 

Figure 3-16 shows an 8 ohm-m l a y e r  a t  a depth of 40 m (131 f t )  . Again, 

t h e  water-table contours of Theis et a l .  (1941)  were used t o  estimate t h e  

water-table depth a t  t h i s  site. The 40-m (131-ft) estimate is i n  excellent 
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agreement with the  geoe lec t r i c  sec t ion .  Using t h e  water chemistry and 

temperatures of Wells and Granzow (1980), t he  aqu i f e r  is again assigned a 

poros i ty  of around 30 percent.  The 8 ohm-m l a y e r  is underlain by th ree  l aye r s  

w i t h  r e s i s t i v i t i e s  of 29, 55, and 34 ohm-m, respec t ive ly . '  A l l  t h r ee  l a y e r s  

below 157 m (515 f t )  a t  S2-TC are more conductive than t h e  84  ohm-m l a y e r  a t  

Sl-TC. This observation could mean t h a t  t he  poros i ty  of t h e  carbonate aqu i f e r  

beneath S2-TC is higher than t h a t  of the  Sl-TC layer .  Given t h e  more in t ense  

s t r u c t u r a l  deformation a t  S2-TC, the  ex is tence  of higher  poros i ty  (i.e., more 

f r a c t u r i n g  and d i s so lu t ion  c a v i t i e s )  is  not  unreasonable. I n t e r p r e t a t i o n  of 

the  r e s u l t s  from S2-TC, however, is  considered un re l i ab le ,  consider ing t h e  

lateral heterogenei ty  of the  area. 

Figure 3-17 i l l u s t r a t e s  t h e  S2-TC 45' sounding curve. Both sets of 

equa to r i a l  po in ts  were used t o  cons t ruc t  t he  sounding curve t o  an e l e c t r o d e  

spacing of 3 km (1.86 m i ) .  Again, t h i s  sounding is over s t r u c t u r a l l y -  complex 

geology, making an i n t e r p r e t a t i o n  of t h e  model ambiguous. However, t h e  

su rp r i s ing  s i m i l a r i t y  between the  two S2-TC soundings ( s e e  Figures  3-16 and 

3-17) out  t o  e f f e c t i v e  spacings of 100s of m e t e r s  warrants  s eve ra l  

observations.  The unsaturated alluvium is  modeled t o  a depth of 60 m (197 

f t ) .  A conductive 10 ohm-m laye r  extends t o  a depth of  228 m (748 f t )  and is 

under la in  by a 77-m (253-ft) t h i c k  r e s i s t i v e  170 ohm-m layer .  I n  f a c t ,  below 

228 m (748 f t ) ,  t h e  sec t ion  is  highly r e s i s t i v e .  T h i s  r e s u l t  is probably 

observed because the Precambrian formation is much shallower i n  the equa to r i a l  

d i r e c t i o n s  of 135' and 315' s ince  these  d i r e c t i o n s  near ly  p a r a l l e l  t h e  t rend 

of t h e  Mud Springs Up l i f t .  

L 
I 
I: 
I: 
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CONSEQUENCE 

EFFECTIVE ELECTRODE SPACING (M) 

Figure 3-1 7. Combined Schlumberger-equatorial sounding S2-TC 45' at Truth or Consequences and the 
interpreted seven-layer model. 
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Resistivity Mapping 

Phase two of the electrical resistivity investigation consisted of 

bipole-dipole mapping. Figure 3-18 depicts the location of the 800-m 

(2626-ft), L-shaped source array and the receiver locations. The two sources 

were coincident with portions of the S2-TC Schlumberger array (see Figure 

3-14). Areal coverage obtained with 62 receiver points was approximately 59 

b 
t: 

2 2 km (22 mi ). The resistivity mapping concentrated in the region of the 

southern portion of the Mud Springs Mountains and the city of Truth or 

Consequences. Receiver stations, in general, consisted of two 100- (328-ft) 

- dipoles orthogonal to each other. Figures 3-19 and 3-20 present the 

total-field apparent-resistivity maps generated from the bipole sources 

b oriented at 315' and 225' from the common point, respectively. The 

total-field apparent resistivity computed mathematically for a bipole joining 

the end points of the 315' and 225' bipoles is plotted in Figure 3-21. 

, 

The area immediately surrounding the bipole source array is dominated by 

the resistive effect of the Mud Springs Mountains to the west-northwest and 

the water-saturated alluvial fill of the Rio Grande Valley to the 

east-southeast. The two most western bipole sources (see Figures 3-19 and 

3-21) are apparently over the contact between the resistive mountain block and 

the conductive valley sediments. This conclusion is evidenced by apparent 

resistivities exceeding 100 ohm-m over the Mud Springs Mountains and sharp 

resistivity gradients straddled by the bipole sources. The uninterrupted, 

steep gradients and corresponding contours crossing the bipole sources in 

Figures 3-19 and 3-21 define the very shallow, nearly-outcropping resistive 

toe of the Mud SGings Mountains. 

c 
L 
c 
1: 
L 
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Figure 3-18. Truth or Consequences study area showing locations of bipole  transmitter and 
receiver s tat ions .  
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The b ipole  source i n  Figure 3-20 is, by con t r a s t ,  e n t i r e l y  Over shallow, 

conductive va l l ey  f i l l .  symmetry of t h e  r e n t - r e s i s t i v i t y  pa t t e rns  

about t h i s  b ipole  source i n  Figure 3-20 def ines  a clear saddle-like s t r u c t u r e  

between the  r e s i s t i v i t y  highs of t h e  Mud Springs and t h e  Caballo mountains. 

Increasingly-thick conductive sediments of t h e  Palomas Basin are apparent i n  

t h e  south-polar d i r e c t i o n  of t h e  b ipole  where resistivities of less than f i v e  

ohm-m are mapped (see Figure 3-20). I n  t h e  north-polar d i r e c t i o n  from t h e  

b ipole  i n  Figure 3-20 the  trace of t h e  20 ohm-m contour def ines  a conductive 

zone p a r t i a l l y  i d e n t i f i a b l e  with t h e  thermal waters leaked i n t o  t h e  shallow 

neogene sediments. The eas t e rn  lobe of t h i s  conductive p a t t e r n  is undoubtedly 

influenced by t h e  Rio Grande flow as evidenced by t h e  obvious coincidence with 

L 
i 
bid 

L 
i d  

u t h e  river i n  each of Figures 3-19, 3-20, and 3-21. The western lobe, however, 

appears t o  mark t h e  shallow a l l u v i a l  thermal waters i n  t h e  v i c i n i t y  of I !  

Schlumberger sounding S1-TC (see Figure 3-14). This zone is only i n d i r e c t l y  

r e l a t e d  t o  t h e  deeper, more r e s i s t i v e  carbonate-source aqui fe r ;  bipole-dipole 

de t ec t ion  of t h i s  layer  (calculated t o  be a t  a 119 t o  1170-n (390 t o  3839-ft) 

depth beneath S1-TC) i s  probably seen as increased apparent r e s i s t i v i t y  on t h e  

north end of the survey area. Conductive sediments, presumably present i n  t h e  

Engle Basin f u r t h e r  t o  t h e  north,  are not sensed by t h e  northern ex ten t  of t h e  

survey. 

Conclusions 

To address t h e  geothermal resource implications of our r e s i s t i v i t y  
li 
L iate heat-f1ow 

i 
mapping and sounding r e s u l  

d a t a  co l l ec t ed  by Geotherm 1 Ser-Jices, Incorporated* Table 3-3 conta ins  d a t a  

presented by Sanford et al .  (1979) fo r  t he  six d r i l l h o l e s  i n  the  mapped areas i" 
3-6 7 



Table 3-3. Selected heat-flow data in  the Truth 
or Consequences, Mew Mexico area (Sanford 
e t  a l .  1979).  

Hole Total Geothermal Gradient Heat 
No. Depth Gradient Interval Flow 

(m) ( "C/km) (m) (") 

67-146 1.0 

73-131 1.9 

1 5A 148 17.7 

17 134 35.0 

I '  

c 

34 152 65.6 

35 152 60.9 

85-152 2.5 

91-152 2.6 
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I '  
L 
W t h e  mapped areas of Figures 3-19, 3-20, and 3-21. Heat-flow values were 

ca lcu la ted  using thermal conductivity measurements made on a minimum of four 

d r i l l  cu t t i ngs  from each hole. 

It is q u i t e  evident t h a t ,  upon excluding d a t a  from holes  15A and 17, t h e  

hea t  flow from t h e  remaining holes is almost exac t ly  t h e  reg iona l  background 

hea t  flow of 2.5 HFU i n  t h i s  s ec t ion  of t he  Rio Grande R i f t  (Reiter et al .  

L 

1975). Jarzabek and Combs (1978) consider t h e  temperature grad ien ts  i n  holes  

15A and 17, as w e l l  as those i n  34 and 35, t o  be disturbed by shallow 

groundwater; however, they be l ieve  t h e  lower portion of ho les  34 and 35 to not 

be se r ious ly  disturbed. The lack of any anomalous hea t  flow i n  t h e  s ix t een  

b holes  logged f o r  Hunt Energy Corporation by Geothermal Services, Incorporated 

r e su l t ed  i n  Hunt dropping i t s  geothermal leases because they were searching 

f o r  a high-temperature resource. Even so, t he  p o s s i b i l i t y  of an economic low- 

t o  moderate-temperature resource i n  t h e  Truth o r  Consequences area still bears 

I 
k 

consideration. 

To t h i s  end we i d e n t i f y  two po ten t i a l  geothermal areas worthy of f u r t h e r  

evaluation by d r i l l i n g .  F i r s t ,  t h e  area surrounding our Schlumberger sounding 

S1-TC is  defined by bipole-dipole mapping as a shallow conductive region 

probably produced, i n  p a r t ,  by leakage of thermal waters from t h e  

limestone-source aqu i f e r  elow. From Schlumberger sounding Sl-TC, we estimate 

t h e  shallow a l l u v i a l  aqu i f e r  t o  be  86-m (282-ft) t h i c k  beginning a t  a depth of 

33 m (108 f t ) .  The carbonate aqu i f e r  immediately beluw may be over 1-km 

hick. Po ros i t i e s  of he  two zones are estimated t o  be  30 percent 

L 
6; 

IJ 
L 

El 

/ 

and 14 percent,  respectively.  

A second area of i n t e r e s t  is defined south and southwest of t h e  Mud 

Springs Mountains, roughly along t h e  trend of Hunt heat-flow holes  34 and 

3-69 i, 



35. These two holes  recorded t h e  h ighes t  temperature g rad ien t s  i n  the 

explora t ion  program c a r r i e d  o u t  by Hunt ( i.e., 65.6OC/km and 6O.O0C/km, 

3.6OF/100 f t  and 3.3OF/100 f t ,  respec t ive ly)  and are s i t u a t e d  on, or  i n  l i n e  

with,  s t eep  bipole-dipole r e s i s t i v i t y  grad ien ts  (see Figures  3-19, 3-20, 

I 3-21). The gradien ts  are thought to  mark a r ecen t ly  (70,000 y r .  B.P.) active 
I 
I f a u l t  (Wells and Granzow 1980) separa t ing  the  Mud Springs Mountains from the 

Palomas Basin t o  t h e  south. Such a basin-bounding f a u l t  could provide deep 

I hydrothermal c i r c u l a t i o n  and a correspondingly enhanced su r face  thermal 

I anomaly. Our r e s i s t i v i t y  mapping and previous g rav i ty  modeling (Loeber 1976) 

I 

1 

j 

I 

i nd i ca t e s  a pronounced deepening of t h e  Palomas bas in  f i l l  i n  t h i s  v i c i n i t y ;  

thus,  ample r e se rvo i r  p o t e n t i a l  is  present .  Recent reg iona l  g rav i ty  modeling 

by Birch (1980) provides an estimate of over 0.5 km (0.31 mi) of low-density, 

high-porosity r i f t  (Neogene) sediments i n  t h i s  v i c i n i t y .  Both of t h e  areas 

described above are considered poss ib le  economic low- t o  moderate-temperature 

resource areas near  t h e  c i t y  of Truth o r  Consequences. 
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L Chapter 4 
- W 
b 

id 

Geothermal Exploration with Electrical Methods 

near Vado, Chamberino, and Mesquite, New Mexico* 
- 

Introduction 
I -  
b 
i 

The area near Vado, Chamberino, and Mesquite, New Mexico, may contain a 

low-temperature resource similar t o  the Las Alturas field adjacent to Las 
- 

Id 
Cruces. A reconnaissance d.c.-resistivity survey was made in the area. The 

results show low-resistivity zones, which may be due to hot water, and abrupt 

variations in bedrock depth, which may be due to faulting. The faults may be 

conduits for the circulation of hot water. 

1 

Geologic Setting 

*The principal author of Chapter 4 is Dr. Charles T. Young, Assistant 
- Professor of Physics, New Mexico State University. 

h 
_ -  
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North-south running faults near Las Cruces extend south to the study 

area. These faults run along Interstate Highway 10 along the east and west 

sides of Tortugas Mountain, and along the east and west sides of the Organ 

Mountains. Gravity measurements show a high east-west gradient in the study 

area, supporting the concept of north-south faulting. 

There may be a buried north-south volcanic ridge in the survey area. 

Andesite hills near the Vado Interstate exit within the survey area and a 

buried volcanic ridge, known from drill holes and located north of the survey 

area just east of Las Cruces, provide evidence that such a ridge exists (King 

and Hawley 1975). 

Groundwater Quality and Geochemical Temperatures 
c 
F' 

The only wells in the study area are along the interstate highway. These b 

c 
c 
L 
c 

L 

wells have water temperatures between 25°C and 3OOC. Geochemical analysis of 

these wells gives maximum estimated equilibrium temperatures greater than 

2OO0C f o r  the Na-K-Ca geothermometer and 100 to 150°C for the silica 

geothermometer (Swanberg 1975). The highest total dissolved solids value for  

these wells is 4500 parts per million (Clyde Wilson, personal communication 

1980). These warm water temperatures, high geochemical temperatures, and the 

possibility that the Mesilla Valley Fault extends through the survey area form 

the basis for the conclusion by Swanberg (1975) that the Mesilla Valley Fault 

probably acts as a conduit for ascending hot water in the survey area. The 

hot water would then move down the water table cooling and mixing with water 

from rainfall. f '  
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E lec tr ic a1 R e s i s t i v i t y  Measur emen t s 

There are two sets of e l e c t r i c a l  r e s i s t i v i t y  da t a  reported here. The 

f i r s t  set is Schlumberger soundings, from which l aye r  thicknesses and 

r e s i s t i v i t i e s  can be determined. These da ta  were obtained by Jackson (1976). 

Clyde Wilson, USGS geologis t  i n  Las Cruces, prepared hydrogeologic and 

geologic in t e rp re t a t ions  of these  data. 

The second set of d a t a  is Schlumberger p ro f i l i ng .  I n  t h i s  method the  

apparatus is  moved along a survey l i n e  at a constant e l ec t rode  spacing. These 

da t a ,  obtained by NMSU personnel under t h i s  research cont rac t ,  are used t o  

loca t e  regions of high and low r e s i s t i v i t y  

t h e  depth t o  the  anomalies. 

Schlumberger Soundings 

Figure 4-2 shows t h e  loca t ion  of p a r t s  of Schlumberger sounding l i n e s  E,  

I, J, and R from Jackson (1976). The author has r e in t e rp re t ed  t h e  o r i g i n a l  

d a t a  and the  r e s u l t i n g  models are presented as p r o f i l e s  i n  Figures 4-3, 4-4, 

4-5, and 4-6. In  general, t h i s  group of soundings shows: 

1. Surface l aye r s  t h a t  d i f f e  thickness and r e s i s t i v i t y ,  from one 

t h e  next. Typically, high r e s i s t i v i t i e s ,  between 100 and 500 

occur near t surface. The dry, loose  material conducts 

e l e c t r i c i t y  poorly. These l aye r s  are not important t o  the  present study. 

2. Intermediate l aye r s  with r e s i s t i v i t i e s  from 3 t o  35 ohm-meters, 

i n t e rp re t ed  as 

high dissolved s o l i  high c lay  content. Even though 

l aye r s  l i k e  these  are aqui fe r ,  water w e l l s  i n  t h e  

Mesilla Valley have shown t h a t  t h e  top of t h e  water t a b l e  is  not coincident 

with t h e  top of t he  low-res i s t iv i ty  layer .  This discordance is probably due 

4-5 , 
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inferred correlations of layers between models. 

The layer resis- 
Layer boundaries are indica- 

L ted by short, heavy, horizontal lines. Dashed lines are 
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t o  t h e  f a c t  t h a t  t h e  top of t h e  water t a b l e  is not an exact depth, but a broad 

zone. There could be an unsaturated zone of s o i l  moisture t h a t  conducts 

e l e c t r i c i t y  w e l l ,  but does not y i e ld  water t o  w e l l s .  I n  f a c t ,  t h e  water t a b l e  

generally f a l l s  roughly i n  the  middle of t h i s  conductive zone. 

3. A r e s i s t i v e  electrical basement, a l aye r  usua l ly  in t e rp re t ed  as t h e  

bottom of t h e  aqui fe r .  The r e s i s t i v i t y  of t h i s  l aye r  is o f t en  d i f f i c u l t  t o  

reso lve  E r o m  the  sounding data.  For t h e  Mesilla Valley, electrical-basement 

r e s i s t i v i t i e s  from 50 t o  200 ohm-meters are in t e rp re t ed  as volcanics. Higher 

r e s i s t i v i t i e s ,  500 t o  1000 ohm-ineters, are in t e rp re t ed  as limestones. The 

d i f fe rences  are due more t o  the  d i f fe rences  i n  water content than t o  rock 

type- 

P r o f i l e  E (see Figure 4-3) shows th i ck  l aye r s  of moderately conductive 

material t o  the  east. The l aye r s  a t  s t a t i o n s  E-5 and E-6 are probably v a l l e y  

f i l l  sa tura ted  with ground water of varying qua l i ty ;  soundings E-8 and E-9 

show an abrupt change of electrical basement which is in t e rp re t ed  as a f a u l t ,  

with t h e  upthrown block t o  the  east. The low r e s i s t i v i t i e s  t o  the  w e s t  of t h e  

infer red  f a u l t ,  a t  s t a t i o n  E-8, suggest geothermal po ten t i a l .  

The I p r o f i l e  (see Figure 4-4) shows th i ck  l aye r s  of moderately 

conductive mater ia l  t o  t he  w e s t  a t  s t a t i o n  1-4. This sounding is i n  the  p a r t  

of t h e  Mesilla Valley which contains the  deepest sediments. The lowest 

r e s i s t i v i t y  i n  the  p r o f i l e  occurs a t  s t a t i o n  1-5, 11 ohm-m i n  a l aye r  370 m 

thick.  This poss ib le  warm o r  hot water l aye r  covers 25 ohm-m material 

in t e rp re t ed  as volcanic. This electrical basement may be t h e  same composition 

as Vado H i l l ,  f i v e  km t o  t h e  south. The abrupt rise i n  basement a t  s t a t i o n  

1-5 may be due t o  f a u l t i n g  or  a broad dyke. 

A t  s t a t i o n  1-6 t h e  aqu i f e r  has higher r e s i s t i v i t y .  The e l ec t rode  a r r ay  

was not extended as f a r  out here  as elsewhere and d id  not d e t e c t  an electrical 

basement. 
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Stations J-9 and J-10, profile J from Jackson (1976), are within our 

survey area. The models for these data, shown in Figure 4-5, show layers of 

10 ohm-m material several hundred meters thick, overlying moderately resistive 

material 25 to 30 ohm-m. The 10 ohm-m material is probably an aquifer 

containing warm or saline water. The underlying 25 to 30 ohm-m layer may be 

volcanic rock. Soundings J-9 and J-10 are situated between two andesite hills 

(not shown on the map) which may form an underground saddle. It is not 

possible to tell from these two soundings whether or not there are faults 

along the profile. 

Profile R from Jackson (1976) is shown in Figure 4-6; stations R-10, 

R-11, R-12, and R-13 are in or near the survey area and show low-resistivity 

aquifers, from 9 to 11.5 ohm-m. In between soundings R-11, R-12, and R-13 

there are abrupt changes in depth to electrical basement which are interpreted 

as faults. The faults and the low-aquifer resistivities suggest the 

circulation of geothermal fluids. 

Soundings R-14 and R-15 to the east indicate higher aquifer 

resistivities, suggesting lower geothermal potential. The easternmost 

sounding, R-16, is about 1.5 km south of R-14 and R-15 and shows a very 

structure, including an eight ohm-m layer below 300 meters. The 

rapid change in geologic structure indicates a probable fault between stations 

the south and R-14 and R-15 to the north. The fault could be an 

extension of a fault along the east or west face of the Organ Mountains. 

Stations R-8, R-9, and R-10 to the west have low resistivities as low as 

-m (R-10); however, water wells th have lower temperatures, and 

geothermometry calculations do not show high geochemical temperatures. 

Data from the NMSU sounding, not shown, are too erratic to model as 



l ayers .  The da ta  i n d i c a t e  near-surface inhomogeneities such as f a u l t s ,  

possibly superimposed on a three-layer s t ruc tu re .  Other nearby soundings are 

needed f o r  a s t r u c t u r a l  i n t e rp re t a t ion .  

Content AB/2 Prof i l i ng  

Sounding d a t a  by Jackson (1976) show r e s i s t i v i t i e s  as low as 10 ohm-m a t  

s t a t i o n s  E-8, 1-5, R-12, and R-13 located near  a probable extension of t h e  

Mesilla Valley Faul t .  To determine the  ex ten t  of t hese  low-res i s t iv i ty  

l aye r s ,  NMSU personnel made Schlumberger r e s i s t i v i t y  measurements a t  cons tan t  

e l ec t rode  spacings. The measurements, loca ted  by l i g h t  c ros ses  on Figure 4-2, 

are 800 m o r  one-half m i l e  apart. There are two da ta  sets f o r  each s t a t i o n ,  

made with AB/2 spacings of 800 m and 100 m. The reason f o r  choosing t h e  800-m 

spacing is t h a t  i n  almost a l l  of the  soundings by Jackson (1976), a deep, 

low-res i s t iv i ty  l aye r  would show up as a low-res i s t iv i ty  anomaly a t  AB/2 = 800 

m. 

Apparent r e s i s t i v i t y  da t a  f o r  each s t a t i o n  are tabula ted  on Figure 4-2. 

The apparent r e s i s t i v i t i e s  f o r  AB/2 = 800 m are contoured on Figure 4-7. Two 

p r i n c i p l e s  of r e s i s t i v i t y  measurement should be kept  i n  mind when i n t e r p r e t i n g  

these  contours:  (1) any apparent r e s i s t i v i t y  value r ep resen t s  a weighted 

average of t r u e  r e s i s t i v i t i e s ;  and (2) t h e  g r e a t e s t  weight is  always less 

than t h e  AB/2 e lec t rode  separa t ion ,  so t h a t  the e f f e c t i v e  depth of 

i nves t iga t ion  is always less than AB/2. 

The contours on Figure 4-7 represent  regions of high and low r e s i s t i v i t y  

a t  depths  less than  800 m. The contours  show a region i n  the survey area w i t h  

r e s i s t i v i t i e s  less than 10 ohm-m, running p a r a l l e l  t o  t he  i n t e r s t a t e  highway, 

approximately 10 ki lometers  long by f i v e  ki lometers  wide. The low- res i s t i v i ty  

zone terminates  abrupty near  the New Mexico Por t  of Entry terminal.  

The f a u l t  detected between sounding s t a t i o n s  R-11 and R-12 lies 
I 
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Figure 4-7. Apparent resist ivity contours for AB/2 = 800 m data of 
Figure 4-2. 
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approximately under t h e  10 ohm-m contour i n  t h e  e a s t e r n  ha l f  of t h e  survey 

area. The 10 ohm-m contour has add i t iona l  t w i s t s  i n  it due to the  two lowest 

apparent r e s i s t i v i t i e s ,  which are less than f i v e  ohm-m, j u s t  nor th  of sounding 

R-12. These contours suggest t h a t  t he  s t r u c t u r e  here  is more complicated than 

may be explained s o l e l y  by a f a u l t  running ac ross  l i n e  R-R'. There could be 

cross-faul t ing,  o r  plumes of geothermal f l u i d s ,  o r  both. The au thor ' s  

i n t e r p r e t a t i o n ,  showing f a u l t s  i n fe r r ed  from high l a t e r a l - r e s i s t i v i t y  

grad ien ts  and abrupt  changes i n  depth t o  electrical basement , is  shown i n  

Figure 4-8. 

I n t e r p r e t a t i o n  of Geothermal Po ten t i a l  of Survey Area 

The electrical r e s i s t i v i t y  da t a  suggest f a u l t i n g  i n  the  survey area and 

updwelling of geothermal f l u i d s  along c e r t a i n  f a u l t s .  There are no w e l l s ,  

measured temperatures, o r  geochemical geothermometer ca l cu la t ions  d i r e c t l y  

over the r e s i s t i v i t y  anomalies o r  i n t e rp re t ed  f a u l t s .  To v e r i f y  the  high 

temperatures in fe r r ed  from these  geological  and geophysical da ta ,  i t  is  

recommended t h a t  t he  low-res i s t iv i ty  zones be d r i l l e d  f o r  temperature grad ien t  

measurements. 
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Chapter 5 

Geothermal Inves t iga t ions  i n  Southcentral New Mexico Counties 

P a r t  1 

A Heat-Flow Study of Dona Ana County, 

Southern Rio Grande R i f t ,  New Mexico* 

In t roduct ion  

Dona Ana County is  located between t h e  Basin and Range and Great P la ins  

physiographic provinces i n  southcent ra l  New Mexico (see i n s e r t ,  Figure 5-1; 

s t i pp led  area is the  approximate boundary of t he  Rio Grande R i f t  i n  New Mexico 

as defined by Chapin and Seager (1975)). Figure 5-1 a l s o  shows the  loca t ion  

of w e l l s  logged i n  t h i s  study and t h e  hot spr ings  and w e l l s  used f o r  

l i t h o l o g i c  cont ro l .  

The main physiographic f ea tu res  of t h e  county are t h e  entrenched va l l ey  

of t h e  Rio Grande, which c rosses  the  area from northwest t o  southeas t ,  and two 

l a r g e  intermountain basins,  t h e  Jornado d e l  Muerto and t h e  Mesilla Bolson. 

The bas ic  geomorphic t i n g  is  one of mountain u p l i f t s  a l t e r n a t i n g  with broad 

s t ruc tura l  basins. ny of t h e  mountains are u p l i f t e d  f a u l t  blocks of 

Paleozoic strata with a general  north-south trend. Other mountain types are 

broad domal u p l i f t s  and igneous i n t r u s i v e  and ex us ive  bodies. King et al. 

(1971) r epor t  t h a t  Fe Group basin ill of Miocene t o  middle 

P le i s tocene  age and t h e  Rio Grande and t r i b u t a r y  arroyo va l l ey  f i l l s  of late 

Quaternary are t h e  two major groundwater r e se rvo i r s  i n  t h e  area. 

*The p r inc ipa l  authors of Chapter 5 ,  Part 1 are Richard L. Lohse, S t a f f  
Engineer, New Mexico Energy I n s t i t u t e  a t  New Mexico S t a t e  University, D r .  Paul 
Morgan, S t a f f  S c i e n t i s t ,  Lunar and Planetary I n s t i t u t e ,  Houston T e x a s ,  and D r .  
Chandler Swanberg, Associate Professor of Earth Sciences and Physics, New 
Mexico S t a t e  University. 
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Figure 5-1. Location map for  w e l l s  i n  Dona Ana County. 
are w e l l s  that were temperature-logged. 
surrounding s o l i d  dots are w e l l s  used for l i t h o l o g i c  
control (Lohse 1980)'. 
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Tectonica l ly ,  t h e  county sits wi th in  t h e  southern Rio Grande R i f t  system 

as defined by Chapin (1971) and modified by Chapin and Seager (1975) and 

Seager and Morgan /(1979). The present  topography is dominated by i n t r a r i f t  

u p l i f t s  and basins  of late Cenozoic age, which are superimposed upon late 

Cretaceous and e a r l y  Cenozoic f ea tu res  and a v a r i e t y  of very d i f f e r e n t  

t ec ton ic  f ea tu res  of middle Te r t i a ry  age (Seager 1975). Reiter et a l .  (1978), 

based on a l imi ted  amount of heat-flow values  throughout southcent ra l  New 

Mexico, have placed t h e  study area wi th in  an envelope of heat-flow va lues  

g r e a t e r  than 105 mWm-2 (2.5 HFU) . 
Other geological  and geophysical da t a  f o r  t h e  area comes from a complete 

Bouguer g rav i ty  anomaly map (Cordell et al. 1978), la te  Cenozoic f a u l t  maps 

> 

(Callender and Seager 1980), geochemistry (Swanberg 1975), electrical 

r e s i s t i v i t y  work (Jackson and Bisdorf 1975; Hoover and Tippens 1975; O’Donnell 

et al. 1975; Young 1979, 1980), and magnetic surveys (Cordel l  1975; Seager 

1978; Keller 1979). 

Temperature Gradients  

In order  t o  ob ta in  a b e t t e r  understanding of t h e  hea t  flow throughout t h e  

county, a search w a s  conducted f o r  abandoned boreholes s u i t a b l e  f o r  

temperature logging. Approximately 60 w e l l s  have been logged (see Figure 

‘5-1) 

The method of least squares  was used t o  c a l c u l a t e  t h e  temperature 

g rad ien t s  from the  temperature-depth da ta .  Obviously d is turbed  sec t ions  and 

t h e  uppermost 10 meters of t he  boreholes (dominated by annual temperature 

e f f e c t s )  were neglected.  Temperature g rad ien t s  were ca l cu la t ed  f o r  depth 

i n t e r v a l s  both above and below t h e  water tab le .  Depth i n t e r v a l s ,  temperature 



gradien ts ,  and standard deviations of 

Table 5-1. The standard devia t ions  

temperature g rad ien t s  are summarized i n  

generally show t h e  magnitude of t h e  

non-linearity of t h e  temperature gradients.  

Thermal Conductivity 

Thermal conductivity values were estimated using empirical  da t a  from 

Robertson (1978) (see Figures 5-2 and 5-3) by assuming a thermal conductivity 

model of a ho r i zon ta l ly - s t r a t i f i ed  e a r t h  composed of two homogeneous l aye r s  

separated by the  water tab le .  Because thermal conductivity values may change 

appreciably over s h o r t  hor izonta l  d i s tances  due t o  f a c i e s  changes and t h e  

heterogeneity of t h e  individual l i t h o l o g i c  u n i t s ,  t h e  boreholes f o r  whfch 

thermal conductivies had t o  be estimated were divided i n t o  groups according t o  

l o c a l i t y .  The average composition of the  l aye r s  f o r  each area were estimated 

from the  neares t  boreholes t o  each group wi th  s u f f i c i e n t l y  de t a i l ed  l i t h o l o g i c  

logs fo r  adequate thermal conductivity va lues  t o  be determined. 

Estimated thermal conductivity values are presented i n  Table 5-2. Table 

5-2 a l s o  contains the  names of t h e  l i t h o l o g i c  logs  used t o  estimate t h e  

conductivity values f o r  each group of w e l l s .  The loca t ion  of t h e  w e l l s  from 

which t h e  l i t h o l o g i c  logs came are shown i n  Figure 5-1. Estimating a minimum 

uncer ta in ty  of k5 percent f o r  porosity values and 210 percent for 

relative-percentage values of c lay  and/or quartz content,  Robertson's (1978) 

method g ives  an uncer ta in ty  of a t  least 20 percent of t h e  estimated thermal 

conductivity values. The cross-hatched areas i n  Figures 5-2 and 5-3 are 

believed t o  be r ep resen ta t ive  of t h e  range of most conductivity values t o  be 

found i n  t h i s  area. 
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U b l e  5-1. Temperature grad ien ts  and e s t ina t ed  heat-flow va lues  
f o r  Dona Ana County w e l l s  (Lohse 1980). 
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inc lude  e r r o r s  In thernnl conduct iv i ty  values (L1.8 r:< I?* = 1 HFU - 1 b c a l  cm-4 sec-1) 

Lrrors are  standard d e v i a t i o n s  of l e a s t  SqUaKes f i t  to  tecperarure data  over s p e c i f i e d  derth 
in t erva 1s. 
;herr.al c o n d u c t i v i t i e s  from R e i t c r ,  11.. t d s ,  C . L . ,  Gerthcrn-1 nnaaal ies  
a long the  Rio Grande r i f t  i n  Neri Ilexico. (;eD?o;\., 5. 85-bB. 1978. 

** 

***- 

++ 
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Table 5-1. (continued).  

~~ ______ 

** 
Kame LonG. L J t .  Elev. 11.1 . Kest.* 1i .F .  

-C..  

DA-7 
DA- 8 
DA- 9 
DA- 10 

DA- 1 1 

M- 12 

DA- 13 
DA-14 
DA- 15 

nA- 16 
2.1-17 
L&- 18 
sr-i 

SE-2 
SL-3 
LA- 1 

LA- 2 

;.:.- 3 

. ... 1 . .a<!'-? 

ST-10 

ST-12 

ST-14 

ST-15 

ST- 2 1 

51-23 

ST-25 

ST-26 

ST-27 

ST-28 

ST-29 

ST-30 

ST-31 

..*.r.._ 

10?.01.8 ' 
106.49.6' 
106.56.9' 
107*05.3' 

107'14.8' 

107.17.7' 

1@7D14.1' 
1 0 h ~ 4 8 . 1 '  
107'12.3' 

107'17.5' 
107'09.8' 
107'00.5' 
106'5?.9' 

106'58.9 ' 
i i6 '54.1'  
106.43. 6' 

ioi e- 3 . 2  ' 

l C f . 4 3 . 1 '  

1 Oi.04 5.0  ' 
! 0 5 4 C 5 . 3 '  
106'4 1.6' 

106'39. 4 ' 

106'42.7' 

106'39.1' 

106.37.3' 

106'36.8' 

106'41.8' 

106.42.3' 

106'40.9' 

106'39.7 

106'41.2' 

106°40.4' 

106'39.8' 

31.50.4. 
31'5E.Z' 
31'57.7' 
22'25.4 '  

32'24.4' 

32-22.7' 

32'32.9' 
32.17.9 ' 
32% -4' 

32'36.2' 
32'35.7' 
32.36.1' 
32'37.6' 

32'36.5' 
32'?5.3' 
43" 1 5 . 8 '  

3ZOi6.1' 

32'15.9' 

32'15.6'  
?f01L. 2 '  
31.49.8' 

31.52.7' 

31'51.3' 

31.52.1' 

31'50.3' 

31°50.1' 

31'52.1' 

31'52.3' 

31.51.5' 

31-51.7' 

31.51.1' 

31.50.5' 

31.50.2' 

1263 
1250 
1250 
1434 

1446 

1398 

1491 
1169 
1290 

1353 
lG10 
1200 
1260 

1373 
1388 
1200 

1226  

1216 

1 I i h  

1223 

1149 

1233 

1146 

1143 

1137 

1233 

1233 

1226 

1191 

1224 

1224 

1218 

..-I) - A I .  

50-105 
50-110 
20-?O 
40-230 

235-250 
10-30 
31.-85 
90-115 
io-60 
(0-90 
10-50 

10-30 
30-70 
10-25 
10-15 
10-15 
10-55 
8G-175 
1G-150 
IC-150 
15-50 
50-85 

65-75 
; b - L D  
60-95 

~r-65 

10-105 
105-170 

10-25 
25-40 
20-100 

100-145 
10-25 
25-35 
10-25 
25-85 
15-25 
25-85 
15-105 

105-175 
10-105 

105-140 
10-100 

100-160 
10-40 
40-65 
10-95 
95-100 
10-100 

100-170 
20-100 

1c0-120 

7 1 . 2 t l  . I  
75.8'0.4 
66.7'0.5 
50.Cfl. 2 
4 4 . 1 ' 2 . 8  
74.0:3.4 
49.720.4 
36.6,2.6 
84.5t6.9 

102.FzG. 5 
nep. pradient 

102.2:11.2 
46.221.1 
8 G . L I l l . 6  

60.020.1 
277.1218.5 

70.4+0.6 
21 3.6=1.1 
219 . f tC i .0  

51.222.3 
26. I 1 1 . L  

32; .?t? .i 
105.?:;.3 
2 5 7 . 9 - 5 . 3  
129. W L . 6  

1 2 . 1 2 . e  

~i .reo. i 

n r y .  FrzC-crt 
nPF. $'=:C:<*-- 

h 6 . 8 t l .  9 
35.822.6 

100.8218.2 
48.4 '1.5 
54.7 23.3 
29.9q .6  

160.0'23.1 
32.OW.O 

194.6'10.2 
36.1'1.4 

171.025. 2 
34.9'1.1 
69.7'2.1 
31.3 '1.1 
79.2'2.4 
35.6 20.5 
67.4'0.8 
? 1 . 6 ~ . 8  

124.624.2 
36.9'1.5 
66.6'0.9 
33.5'0.8 
87.011.5 
32.821.9 
71.5'0.8 
25.224. 2 

1 . 5  
1.5 
1.9 
1.9 
3.2 
1.9 
1.9 
3.2 
1.9 
3.2 
1.9 

1.9 
3.2 
1.5 
3.2 
3.2 
1.9 
3.2 
3.15- 
: . ? 3 4  
2.1 
3.5 
Z.1 
3.5 
: . I  
2 . :  

1.7 
2.5 
1.7 
2 . 5  
1.7 
2 . 5  
1.7 
2 . 5  
1.7 
2.5 
1.7 
2.5 
1.7 
2.5 
1.7 
2 . 5  
1.7 
2.5 
1.7 
2.5 
1.7 
2 .5  
1.7 
2.5 
1.7 
2 .5  

11423 
90'7 

171'31 
121% 

93'6 
75'2 

272239 
80'0 

331217 
90% 

291'9 
8723 

11824 
7 8 s  

1 3 5 5 4  
8921 

1 1 5 f l  
54f2 

212'7 
9224 

11322 
8452 

14823 

122'1 
8225 

63'11 

c 
c 
L 
I] 

t 
L 
a: 
61 
c 
L 

c 
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THERMAL CONDUCTIVITY OF SANDSTONE WITH 
AIR IN THE PORES SHOWING EFFECTS OF 

POROSITY AND QUARTZ CONTENT 
(T.310°K, P=5 MPo) 

7 p 
15 

6 T 
E s 

Y 0 2 
IO k 

4 5  
5 

8 

0 
0 

? 5 

t 
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Y 
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2 5  I 2 
QI 
W 
I c 
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0 0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I .o 

(SOLIDITY)~ 
[SOLIDITY = I- POROSITY] 

. Figure constructed from empirical data by Sobertson 
(1978) used for the purpose of estimating thermal con- 
ductivities above the water table. Cross-hatched area 
shows range of most values thought to exist in Dona Ana 
County. 
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THERMAL CONDUCTIVITY OF SANDSTONE WITH 
WATER IN THE PORES SHOWING EFFECTS OF 

POROSITY AND QUARTZ CONTENT 

n 

0: 

q 15- 
E - (T=31O0K, P=5 MPa) 1" - 0 
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m - 
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Figure 5-3. Figure constructed from empirical data by Robertson 
(1978) used for the purpose of estimating thermal con- 
ductivities below the water table. Cross-hatched area 
shows range of most values thought to exist in Dona Ana 
County. 
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Table 5-2. Estimated thermal-conductivity value&i(Lohse 1980). L 

ki 

t 

Wells Thermal Conductivity W e l l  Logs 
(above w a t e r  (below water Used 

t ab le  t a b l e )  
T- 

L 
Hole-1 
Hole-2 
Hole-3 
Hole-4 
Hole-5 
DA- 2 
DA- 3 
DA- 4 
DA- 7 
DA- 8 
DA- 9 
DA- 10 
DA-11 
DA- 12 
DA-13 
DA-15 
DA-16 
DA- 1 7  
DA- 18 
SD-1 

1.9 
1 .9  
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

Texaco 
Weaver 
a1 no. 

S.H. 
Feder- 
1 



Table 5-2. (cont inued) .  

W e l l s  Thermal Conduct ivi ty  (mWm-2) 
(above w a t e r  (below water Well Logs 

t a b l e )  t a b l e )  Used 

NMSU-3 
NMSU-4 
m u - 5  
"SU-6 
m u - 7  
WSU-8 
m u - 9  
NMSU-10 
DT-1 
DT- 2 
Hacienda A c r e s  
LC-2 

ST-3 
ST-5 
ST-6 
ST-7 
ST-9 
ST-10 
ST-12 
ST-14 
ST-15 
ST-21 
ST-23 
ST-25 
ST-26 
ST-27 
ST-28 
ST-29 
ST-30 
ST-31 

DA- 5 

DA- 6 

2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
2 .1  
2 .1  
2.1 
2.1 

1.7 
1 .7  
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1 . 7  
1 .7  
1.7 
1.7 
1.7 
1.7 

1.7 

1.7 

5-10 

3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

2.5 

2.5 

T 
DT-1 
DT-2 

1 
T 

La Union 700 

Anapra 450 

Southern P a c i f i c  
RR Company Lizard 

G?e 11 

Southern P a c i f i c  
RR South Lizard  

Well 

E l  Paso Natur- 
a l  Gas Well 

Asarco La Mesa 
T e s t  W e l l  



Heat Flow 

Conductive heat-flow values ( see  Table 5-1) w e r e  ca lcu la ted  as simple 

products of temperature grad ien ts  and thermal-conductivity values. Heat-flow 

va lues  were determined f o r  depths above and below t h e  water tab le .  Heat-flow 

values above the  water t a b l e  are shown i n  Figure 5-4. A histogram (see Figure 

5-5) of t h e  heat-flow values above t h e  water t a b l e  shows a modal class of 100 

t o  150 mWmW2 (2.4 t o  3.6 HPU) and a range from less than -42 t o  672 mWin-2 (-1 

t o  16 HFU). In areas of high-density da ta ,  average values are used so as not 

t o  b i a s  t he  regional heat-flow values towards c e r t a i n  l o c a l i t i e s .  Comparison 

of conductive heat-flow values from above and below t h e  water t a b l e  a t  

individual sites show t h a t  t h e  Las Alturas and San Diego Mountain areas have 

an appreciable convective component of heat-f low below t h e  water tab le .  

Some anomalously low heat-flow values and a l l  negative heat-flow values 

(wells DA-14, NMSU-1, and NMSU-2) are located i n  o r  near t h e  Rio Grande 

drainage system. Low heat-flow values of 30 and 65 mWm (0.75 and 1.5 HFU) 

are associated with w e l l s  DA-5 and DA-6, respec t ive ly ,  and are located i n  t h e  

nor th  end of t h e  Mesilla Bolson. Very high heat-flow values ( 400 mWm = 9.5 

HFU) are found i n  the  San Diego Mountain and in t h e  L a s  Alturas areas. A 

-2 

-2 

recent c i t y  w e l l ,  LC-2 (see Figure 5-1), d r i l l e d  by t h e  City of Las Cruces, 

located roughly 7 km (4.5 mi les )  nor th  of t h e  L a s  Al turas  geothermal w e l l s ,  

has a high heat-flow value ( 450 mGm2 = 10.8 HFU) and has a bottom-hole 

temperature of 67.9 O C  (154OF a t  883 f t  

Because of t h e  dens i ty  of da ta  i n  t h e  Las Alturas and Santa Teresa area, 

blow-ups of each area are shown. Figures 5-6 and 5-7 show t h e  w e l l  pos i t ions  

and heat-flow values above'the water t a b l e  (based on Table 5-3) f o r  t h e  Las 

Al turas  area. Figures 5-8 and 5-9 show t h e  w e l l  pos i t ions  and heat-flow 

values above the  water t a b l e  f o r  t h e  Santa Teresa area. There is a d e f i n i t e  
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Figure 5-4. Locations and magnitudes of heat-flow values from above 
the water table i n  DOM Ana County (Lohse 1980). 
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Figure 5-5. Histogram of heat-flow values from above the water table 
i n  Dona Ana County (Lohse 1980). t 
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106.45 ' 

Figure 5-6. Location of temperature-logged wells in the Las Alturas 
area (Lohse 1980). 
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1 0 < 400 400-550 550-700 A 700-850 

0 

I 
IOd41' 

Figure 5-7. Heat-flow values from above the water table in  the Las 
Alturas area. For comparison, only the upper 30 to 40 
meters of the deeper holes were used (see Table 5-3) 
(Lohse 1980) .  
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Table 5-3. Near-surface heat-flow values used for the Las Alturas 
area (Lohse 1980). 

Depth Temperature Thermal 
Well In t erva 1 Gradient Conductivity* Heat Flow** 

(m) ( O C / W  (m-l K -’ ) (mw m-2) 

5-16 

LA-1 

LA-2 

LA-3 

NMSU-1 

NMSU-2 

NMSU-3 

NMSU-4 

NMSU- 5 

NMSU- 6 

NMSU-7 

NMSU-8 

NMSU- 9 

NMSU-10 

DT- 1 

DT-2 

10 - 35 
10 - 30 
10 - 40 
------- 
------- 
lo - 35 

10 - 30 
10 - 30 
10 - 30 
10 - 30 
10 - 30 

10 - 30 
10 - 30 
10 - 30 
10 - 30 

44 

378 

275 

i 

t 

53 

416 

387 

88 

320 

446 

433 

324 

411 

393 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

92 

7 94 

578 

neg 

neg 

111 

874 

8 13 

185 

672 

937 

909 

680 

863 

825 

*1 W~-’K-’ = 2.39 mcal cm-’sec-’K-l (thermal-conductivity values estimated) 

**41.8 mW m-2 = 1 pcal cm-2 sec-’ = 1 HFU 

+Wells have negative gradients. 
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Figure 5-8. Locations of temperature-logged wells in the Santa Teresa 
area. The numbers refer to the ST series of wells tabu- 
lated in Table 5-2. 
which the simple geologic section of Figure 5-15 were 
taken and the approximate location of the Aden Rift (Hof- 
fer 1975). 

t 
Also shown are the profiles along 
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31'50'- 

106.40' 

Figure 5-9. Heat-flow values from above the water table i n  the Santa 
Teresa area (Lohse 1980). 
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increase  i n  heat-flow va lues  i n  t h e  L a s  Al turas  area (see Figure 5-7) as one 

approaches t h e  suspected pos i t ion  of the  va l l ey  f a u l t .  The increase  i n  

heat-flow values i n  t h e  Santa Teresa area ( see  Figure 5-9) from w e s t  t o  east 

may be misleading. The increase  i n  heat-flow values is believed t o  be due t o  

a l a r g e  decrease i n  t h e  thickness of t h e  overburden above t h e  water t a b l e  

which is a t  a near constant temperature. 

t h e  temperature grad ien t  and, hence, an increase  i n  hea t  flow. 

This s i t u a t i o n  causes an increase  i n  

Bottom-Hole Temperature Gradients 

An e f f o r t  w a s  made t o  supplement t h e  heat-flow d a t a  with bottom-hole 

temperature da ta  i n  order t o  better understand t h e  thermal regime of t h e  

wi th  t h e  cold under flow of t h e  Rio Grande. No t abu la t ion  of t h e  p rec i se  

loca t ions  of t h e  da ta  from Chaturvedi (1980) is present ly  ava i l ab le ,  although 

t h e  loca t ions  are p lo t t ed  on base maps from which they were taken. 
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Figure 5-10. Bottom-hole temperature gradient map of Dona Ana 
County. 
used and, with the exception of a few wells ,  most 
w e l l s  are less than 300 meters deep (Lohse 1980). 

A surface temperature of 2OoC has been 

5 ~ 2 0  
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Table 5-4. Wells from the USGS WATSORE file # (Swanberg 1980). 

Longitude 

106'51' 
107 '00 ' 
106 "36 ' 
106"44' 
106 "45 ' 
106 '44 ' 
106 '43 ' 
107"Ol' 
106'40 ' 
106O39' 
106 "39 ' 
106"36' 
106 "40' 
106"36' 
1C6 " 37 ' 
106'38' 
106 '48 ' 
106 "59 ' 
106'45' 
106 '49 ' 
106'45' 
106'36 ' 
106'49' 
106'47' 
106'47' 
106'59' 
106'45 ' 
lO7O02' 
106"5&' 
106"41' 
106 "45 ' 
107 '15 ' 
106'40' 
106O55' 

Depth to Bottom- Bottom-hole 
Latitude Hole Temperature * Temperature 

(m) fBHT)* (OC) 

138 27.0 31'54 ' 
64 24.5 32'00 ' 

32'14' 73 20.5 
32'19 ' 223 24.0 

128 25 .O 32'18' 
- 148 27.0 32'16 ' 

320 36 .O 32'16 ' 
122 25 .O 32'10' 
76 31.5 32 "09 ' 
79 27.5 32O08 ' 
171 27.0 32 "04 ' 
186 22 .o 32'04' 
12 3 24.0 32"OG' 

32'04' 153 , 31.0 
306 31.0 32'49' 
610 21.0 32"113' 
116 25.0 32'42 ' 
2 13 21.5 32'10' 
99 21.5 32'23' 
213 25.0 32"24 ' 
82 23.5 32'02' 
215 20.5 32 "23 ' 
52 21.5 32'18' 
24 22.0 32 "18 

32'42' 118 25.0 
32'18' 152 24.0 
32"42' 79 23 .O 
32"29' 2 84 23.5 

32'23' 305 26.0 

32'28' 161 25.0 

31'56' 183 28.0 

32'23' 358 28.0 

32'37' 101 22.0 

32'29' 32 21.0 

Gradient 
from BHT** 
('C/km) 
51 
44 
70 
7 
18 
39 
47 
50 
41 
151 
95 
41 
11 
33 
72 
36 
2 
43 
7 
15 
23 
43 
2 
29 
83 
43 
26 
38 
12 
22 
20 
20 
31 
31 

"Only the wells with bottom-hole temperatures above 2OoC appear in this 
table. 
*The measured temperature of the flowing water at the well head is assumed 
to be the same as the temperature of the water at the depth from which it 
came. The depth of the wells is usually obtained from casing records. 

**Bottom-hole gradients were calculated using a surface temperature of 20°C. 

h 
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Table 5-5. Water-table temperatures and bottom-hole temperature gradients for Dona Ana County (Lohse 
1980). 

Name of Well 

Hole-1 
I10 le-2 
Hole-3 
Hole-4 
Hole-5 

DA- 2 
D.4- 3 

Dtl- 7 
DA- 8 
UA- 9 
DA- 5 
DA- 6 
DA- 10 
DA- 11 
DA- 12 
DA-13 
])A- 15 
DA-16 
DA-17 
DA- 18 

DA-4 

Depth to 
Water Table 

(m) 

95 
90 
.f 

1 0  5 
=P 

20 
9 
9 + 
4 
8 

110 
110 
230 

90 
60 
4 

30 
4 

10 
10 

Temperature of 
IJa ter Tab le 

("0 
24.79 
24.. 25 

>20.00 
25.70 

>22. GO 

19.99 
>28.00 
>23.00 
>23 .OO 
>28.00 
>23.00 

21.. 55 
23.88 
29.97 
22.87 
23.69 

>19.00 
21.1.6 

>19.00 
19.10 
17.33 

Depth to Bottom-Hole 
Temperature 
(4 
130 

95 
30 

130 
60 

25 
115 
110 
110 
115 

90 
110 
260 
250 
115 

80 
SO 
70 
25 
1.5 
15 

Bot tom-Hole Gradient 
Temperature (BHT) (BHT) * 

("a ( O C /km) 
25.63 43 
24.31 45 
20.29 10 
26.13 47 
22.50 4 2  

20.26 
31.20 
27.15 
27.04 
28.55 
26.79 
21.55 
26.17 
30.77 
23.71 
23.93 
19 .83  
22.94 
19.19 
19.31 
17.63 

1.0 
97 
65 
6 4 
74 
75 
14 
24 
43 
32 
49 
t 

42 
t 
t 
t 

t 



Table 5-5. (continued). 

Depth t o  Temperature of 
Water Table Water Table 

(m) 

SD-1 60 28.56 
SI)-2 i 
SD-3 9 

LA- 1 55 23.76 
LA-2 65 40.26 
LA-3 60 37.59 
NMS U- 1 2 5 .  21.26 
ms u-2 25 18.26 
msu-3 70 24.26 
NMSU-4 i: >32.00 
NMSU-5. Q '32.00 
NMSU-6 * >22.00 
NMSU-7 * >30.00 
NFfSU-8 + >34.00 
NMSU-9 9 '33.00 
mrsu-10 75 38.70 
DT- 1 80 48.04 
DT- 2 80 42.93 
DA-1 55 22.86 
DA-14 10  20.77 
J. ABRAM 45 21.13 
HACIENDA ACRES 120 24.54 
LC 4. 130 53 
LC 4 125 48.00 
ST-3 100 26.55 
ST-5 100 26.43 

1 



T a b l e  5-5. (cont inued) .  

N a m e  of Well 

ST-6 
ST-7 
ST-9 
ST-10 
ST-12 
ST-14 
ST-15 
ST-21 
ST-23 
ST-25 
ST-26 
ST-27 
ST-28 
ST-29 
ST-30 
ST-31 

Depth t o  
Water T a b l e  

(m> 

105 
20 
95 

105 
25 

100 
25 
25 
25 

1 0  5 
105 
100 

40 
95 

100 
100 

Temperature of 
Water Table  
("0 

26.52 
24.43 
26.33 
26.85 
24.93 
27.01 
24.95 
24.98 
25.04 
27.32 
27.67 
26.64 
25.52 
26.77 
26.75 
27.17 

Depth t o  Bottom-Hole Bottom-Hole G r a d i e n t  

(m> ("C) (*C/km) 

175 28.71 50 
70 26.60 94 

165 28.67 53 
165 29.02 55 

55 25.92 108 
160 28.43 53 

80 26.06 76 
85 27.34 86 
85 27.24 a5 

175 29.66 55 
140 28.90 64 
15 5 27.90 5 1  

65 24.40 98 
150 28.41 56 
170 29.34 55 
115 27.53 65 

Temperature (BHT) (BHT) * Temperature 

t 

"Bottom-hole g r a d i e n t s  were c a l c u l a t e d  u s i n g  a s u r f a c e  tempera ture  of 2OoC. 

,fBottom-hole g r a d i e n t s  are n e g a t i v e .  

*Wells d i d  n o t  p e n e t r a t e  the water table. 
I 



t I 
There are several trends in the geographical distribution of bottom-hole 

temperature gradients which can be seen in Figure 5-10: (1) abnormally low 

and/or negative temperature gradients associated with the northern part of the 

Mesilla Bolson; (2) a north-northwesterly trend of abnormally high temperature b 
gradients along the eastern boundary of the Mesilla Bolson; (3) a 

west-northwesterly trend of high gradients bounded by more normal gradients 

across the southern part of the Mesilla Bolson; and (4) anomalously high 

gradients associated with San Diego Mountain, Radium Springs, and the Las 

Alturas known geothermal areas. 

L 

I Discuss ion 

Suspected large groundwater flow, flow patterns, and permeabilities 

suggest that the abnormally low or negative bottom-hole temperature gradients 
I 

t 

and heat-flow values in and the northern part of the Mesilla Bolson may be due u 
to local recharge and intrabasin groundwater flow. Fiqure 5-11 shows the 

probable direction of groundwater flow based on the water-table contour map of e 
King et al. (1971). Groundwater moves in the direction of least hydraulic 

head from areas of recharge to areas of discharge (i.e., perpendicular to the 

water-table contours). Also included in Figure 5-11 are the groundwater iJ 
divides (resulting mainly from the groundwate reservoirs, the Miocene to 

Middle Pleis fill, being uplifted a e the present water table), 

groundwater barriers (uplifted bedrock), and the temperature of the water 

level encountered in the boreholes (se Table 5-5) .  Groundwater in the 

Mesilla Bolson is recharged from the north end of the basin and generally 

flows south. King et al. (1971) report that permeabilities are greatest in 

the north and generally decrease to the south and with depth. They also 

L 

report internal drainage in the basin and that, although most of the LJ 
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Figure 5-11. Hydrologic map of 6ona Ana County (after King et a l .  
1971) .  
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natural recharge to the groundwater reservoirs in the county come from only a 

few percent of the annual percipitation, it is generally sufficient to cause 

groundwater movement from the basin towards the Rio Grande Valley drainage 

system. The reversals of temperature gradients for wells DA-14, NMSU-1, and 

NMSU-2 and the abnormally low-temperature gradients of wells DA-5, DA-6, and 

J. A B M s  suggest that groundwater movement and/or recharge is sufficient to 

cause significant temperature disturbances in the boreholes. 

Figure 5-12 is a complete Bouguer gravity anomaly map of the county based 

on the Bouguer gravity anomaly map by Cordell et al. (1978). There is a 

strong correspondence between positive anomalies (-140 to -115 mgals) and 

mountains and/or uplifts and negative anomalies (-160 to -180 mgals) and deep 

sedimentary basins (compare Figures 5-1 and 5-12). There is a zone of 

moderate gravity values (-150 mgals) between the basins which could reflect 

suspected elevated bedrock in this area with respect to the deep basins. The 

negative gravity anomaly (see Figur ) which corresponds to the Mesilla 

Bolson suggests that the deepest part of the basin is in the more permeable 

north end. King et al. (1971) report as much as 1150 meters of 

sandy-to-gravelly Santa Fe basin fill in the central part of the Mesilla 

Bolson (based on d the Grimm Well shown in Figure 5-1). 

Gravity profiles and ate Pliocene-Pleisto and late Quaternary fault 

patterns (see Figure 5-13 suggest that the mo s and/or uplifts and deep 

basins are bounded by faults. The fault patter Figure 5-13 are based on 

Callender and Seager (1980) an show where faults cut late 

Pliocene-Pleistocene and late Quaternary surfaces. Figure 5-13 also includes 

the approximate boundaries of the Mesilla Bolson and southern Jornada del 

Muerto intrarift basins based on gravity data (see .Figure 5-12) and on data by 

Seager and Morgan (1979). 



1 

Figure 5-12. Complete Bouguer gravity anomaly map of Dona Ana 
County (after Cordell et a l .  1978) .  
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i '  It appears t he re  e x i s t s  a s p a t i a l  r e l a t i o n s h i p  between high heat-flow 

t values  (see Figure 5-4), t he  north-northwesterly t rend of high bottom-hole 

temperature grad ien ts  ( see  Figure 5-10), a s t eep  g rav i ty  grad ien t  assoc ia ted  

t with a north-northwesterly trending pos i t i ve  g rav i ty  anomaly (see Figure 

- .  - -  

,i 

... 

.. .. 

5-12), and the  va l l ey  f a u l t  (see Figure 5-13).  This s p a t i a l  r e l a t i o n s h i p  is 

a l s o  supported by anomalous geochemical da t a  (Swanberg 1975) and o the r  

geophysical da t a  (see Figure 5-14). Figure 5-14 shows t h e  areas i n  the  county 

which are charac te r ized  by high subsurface temperatures pred ic ted  by Si0  and 

Na-K-Ca geothermometers, low e l e c t r i c a l - r e s i s t i v i t y  anomalies, and high 

magnetic anomalies. The geochemical da ta  are from Swanberg (1975); t he  

2 

e l e c t r i c a l - r e s i s t i v i t y  da t a  are from Jackson and Bisdorf (1975) ,  Hoover and 

Tippens (1975) ,  O'Donnell et a l .  (1975),  and Young (1979, 1980); t h e  magnetic 

d a t a  are from Cordel l  (1975) ,  Seager (1978) ,  and Keller (1979) .  

~ The valley f a u l t  is thought t o  pass through t h e  L a s  Al turas  geothermal 

anomaly ( see  Figure 5-6). Swanberg (1975) and Morgan et  a l .  (1979) suggest  

t h a t  t he  geothermal anomaly is due t o  a fau l t -cont ro l led  hydrothermal system. 

The geographic loca t ion  of a r ecen t ly  d r i l l e d  and temperature logged w e l l ,  

LC-2 ( see  Figure 5-1), suggests t h a t  t he  geothermal anomaly may be somewhat 

l a r g e r  i n  areal ex ten t  than f i r s t  estimated, and temperature-depth d a t a  

i 
t i  
f 
L 
ai 
I 
c 
L 
L 

suggest t h a t  the  geothermal system i s  warmer than f i r s t  an t i c ipa t ed .  

Temperatures of 68OC (155OF) have been obtained a t  265 m (885 f t )  wi th  no 

3 ind ica t ion  of t h e  w e l l  turning isothermal a t  t h i s  depth.  

The Aden R i f t ,  believed t o  be r e l a t e d  t o  a late Paleozoic deformation a -  

.t6 along the  C l in t  Faul t  (see Figure 5-13), is located across  t h e  southwest i, 
1 -  corner  of t he  county (Hoffer 1975; Uphoff 1978).  The extension of t h i s  

s t r u c t u r a l  f ea tu re  across  t h e  southern p a r t  of t he  Mesilla Bolson is suggested 

I, by a west-northwesterly t rend of high bottom-hole temperature g rad ien t s  
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Figure 5-14. Geophysical an 1Y map of ex 
L County. Geochemical anomalies show high _ -  subsurface 

temperatures; e lectrical  anomalies show highly conauc- 
t ive  zones; and magnetic anomalies show areas with 
relatively higher magnetic values than surrounding 
areas (Lohse 1980). 
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bounded by more normal values  ( see  Figure 5-10). This  anomalous t rend runs 

p a r a l l e l  t o  and on-line between the  C l in t  Faul t  and Aden R i f t .  The ex is tence  

of t h i s  s t r u c t u r a l  f e a t u r e  is  a l s o  suggested by anomalous geochemical da t a  

( see  Figure 5-14). There is high hea t  flow (see  Figure 5-4) i n  t h e  Gardner L 

Cones area (see Figure 5-l), which is s i t u a t e d  a t  t h e  i n t e r s e c t i o n  of t h e  

F i tzgera ld  Faul t  and the  Aden R i f t  (see Figure 5-13). Low electrical 

r e s i s t i v i t y  and high magnetic anomalies (see Figure 5-14) are a l s o  assoc ia ted  

with t h i s  area, although t h e  electrical anomaly is more c lose ly  assoc ia ted  

wi th  t h e  F i tzgera ld  Faul t .  Aden Crater, a middle-to-late P le i s tocene  b a s a l t  

flow (Seager 1980), is located a t  t h e  i n t e r s e c t i o n  of t h e  Robledo Faul t  and 

t h e  Aden R i f t  (see Figure 5-13). A l o w  e l e c t r i c a l - r e s i s t i v i t y  anomaly is 

assoc ia ted  with t h e  Robledo Faul t  ( see  Figure 5-14) i n  t h i s  area. Additional 

evidence comes from g rav i ty  da t a  ( see  Figure 5-12), which suggest  t h a t  a 

west-northwesterly, p o s i t i v e  g rav i ty  anomaly across  t h e  southwest corner  of 

t h e  county may be s t r u c t u r a l l y  r e l a t e d  t o  t h e  Aden R i f t .  Gravity da t a  a l s o  

show a wedging out  of t h e  Mesilla Bolson bas in  f i l l  t o  t h e  south i n  t h e  

general  v i c i n i t y  of t he  Aden R i f t .  

Some i n t e r e s t i n g  observat ions should be noted wi th  respec t  t o  the  w e l l  a t  

Gardner Cones (DA-3) and the  w e l l s  i n  t h e  Santa Teresa area (see Figures 5-1 

and 5-8). The upper por t ion  of w e l l  DA-3 appears t o  be a f f ec t ed  by recharge 

and, a t  t h e  same t i m e ,  t h e  lower por t ion  e x h i b i t s  higher  temperatures and a 

l i n e a r  temperature grad ien t .  This observat ion could be due t o  t h e  ex is tence  

of an impermeable l aye r ,  such as a c l ay  horizon, a t  the depth of t h e  

temperature increase  preventing t h e  recharge w a t e r  from d i s tu rb ing  

temperatures below t h i s  horizon. The Aden R i f t  is a l s o  thought t o  pass  

through t h e  Santa Teresa area (see Figures 5-8 and 5-9). 

L 
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An apparent dropping f of t h e  tempera g rad ien t s  seen i n  w e l l s  

ST-14, ST-29, ST-31, ST-12, and ST-28 appears  t o  be assoc ia ted  with an 

impermeable c lay l aye r ( s ) .  This  l aye r  is  shown i n  Figure 5-15 which shows the  

c ross  sec t ions  along the  th ree  p r o f i l e s  ind ica ted  i n  Figure 5-8. The c ross  

sec t ions  show t h e  present  topography, water t ab le ,  and a d is t inguishable  c lay  

horizon seen i n  t h e  l i t h o l o g i c  logs from t h e  Santa Teresa w e l l s .  The da ta  

used f o r  t he  cons t ruc t ion  of Figure 5-15 are tabula ted  i n  Table 5-6. The 

p r o f i l e s  from w e l l s  ST-6, ST-3, ST-25, ST-15, ST-21, and ST-23 show 

temperature grad ien ts  which correspond t o  t h e  c l ay  horizon. It is  believed 

t h a t  t h i s  dis turbance of t h e  temperature grad ien ts  is due t o  a grout ing 

problem assoc ia ted  with t h e  water w e l l s  (i.e., t h e r e  seems t o  be communication 

of groundwater between indiv idua l  water-bearing s t r a t a ) .  

Wells i n  the  San Diego Mountain area (SD-1, SD-2, and SD-3 of Figure 5-1) 

have abnormally high hea t  flow (see Figure 5-4) and bottom-hole temperature 

g rad ien t s  (see Figure 5-10). Temperatures g r e a t e r  than 5OoC have been 

reported (Summers 1976) a t  t h e  Radium Springs hot  spr ings  ( see  Figure 5-1). 

T rave r t ine  depos i t s  are reported by Seager (1975) i n  t h e  San a i ego  Mountain 

area. The depos i t s  have been estimated by Seager (1980) t o  be late 

Ple i s tocene  t o  e a r l y  Holocene. 

The main. t ec ton ic  f e a t u r e s  i n  t h i s  northwestern p a r t  of t h e  county are 

t h e  S i e r r a  de Las  Uvas surgent  dome a t h e  Cedar H i l l s  Vent Zone (see  

Figure 5-13). Seager (1975) reported t h e r e  is  evidence from t h e  s t r a t ig raphy  

of t h e  bottom depos i t s  of t h e  Miocene i n t r a r i f t  bas ins  (displayed i n  t h e  

u p l i f t e d  blocks of t h e  San Diego Mountain, the Rincon H i l l s ,  and t h e  East and 

West Selden H i l l s  areas) and from t h e  s t r u c t u r e  itself to  suggest t h a t  t h e  

S i e r r a  de L a s  Uvas and t h e  Cedar H i l l s  Vent Zone areas have undergone 

i n t e r m i t t e n t  u p l i f t  throughout t he  Miocene and Pliocene. Faul t  p a t t e r n s  (see 
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Figure 5-15. S imple  geologic cross  sect ions  of the Santa Teresa area 
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Table 5-6. Depths t o  t h e  water t a b l e  and a p a r t i c u l a r  clay hor izon  
for t h e  Santa  Teresa area (Lohse 1980). 

ici 
i '  

Borehole 

ST-3 

ST-5 

ST-6 

ST-7 

ST-9 

ST-10 

ST-12 

ST-14 

Depth t o  t h e  
Water Table* Clay Horizon* 

Depth t o  the 

(m) Cd. , . 

106 141  

1Q7 

106 

113 

105 

105 

109 

l Q O  

137 

146 

138 

13 5 

13 0 

139.- 

145 

La ST-15 112 147 

ST-21 

ST-23 L 
115 

1 2 1  

145 

14 6 



i * Figure 5-13) suggest that uplift of these areas and the Caballo 

t 
c 
L 
h 
L 

Mountain-Rincon Hills continued throughout the late Pliocene-Pleistocene and 

late Quaternary. Faults cutting late Quaternary surfaces (see Figure 5-13) 

suggest that subsidence of the Mesilla Bolson, contemporaneous with uplift of 

the Sierra de Las Uvas and Cedar Hills Vent Zone areas, may have occurred into 

the late Pleistocene and Holocene. 

Geophysical data (see Figure 5-14) show a possible relation between 

faults (see Figure 5-13) and low electrical-resistivity anomalies and 

anomalously high subsurface temperatures predicted by SiOz and Na-K-Ca 

geothermometers in the San Diego Mountain area. 

Conclusion 

Conductive heat-flow values from above the water table have a modal class 

of 100 to 150 IIIWIU-~ (2.4 to 3 . 6  HFIJ) and a range from less than -42 to +672 

mWm-’ (-1 to +16 HFU). The large range in heat-flow values is believed 

attributed to cool groundwater recharge and lateral groundwater flow, which 

causes a reduction in heat flow, and upward convecting warm and hot water, f -‘ 
L 

which increases surface heat flow. 

L The geographic distribution of bottom-hole temperature gradients shows a 

strong spatial relationship between abnormally low bottom-hole 

temperature gradients and the interior of the Mesilla Bolson, an intrarift 

basin, and also between abnormally high bottom-hole temperature gradients and 

the boundaries of the Mesilla Bolson. 

L 
_- I ’  

Large groundwater flow, flow patterns, and large permeabilities suggest 

that the abnormally low heat-flow values and bottom-hole temperature gradients 

associated with the interior of the Mesilla Bolson are due in part to 

groundwater recharge, but mostly are due to a large volume of intrabasin L /  
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groundwater flow, which enters the basin in the north from the Rio Grande and 

generally flows in a southernly direction throughout the basin. 

Early-to-late Quaternary faults generally have a spatial relationship 

with intrarift basin boundaries, abnormally high heat-flow values and 

bottom-hole temperature gradients, and anomalous geophysical data. Because of 

this spatial relatonship, a fault-controlled hydrothermal system(s) is favored 

ai 

as the mechanism and cause of the anomalous data. 

Early-to-late Quaternary fault patterns plus ongoing fault-controlled 

hydrothermal activity suggest that a downwarping of the Mesilla Bolson is 

occurring with respect to adjacent lands (in particular, the Sierra de Las 

Uvas and Robledo Moutain areas) and is structurally controlled by the Mesilla 

1 

Valley Fault, Robledo Fault, and the Aden Rift. . 
L 

b 
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Part 2 

Preliminary Heat-Flow Assessment of Southeast 

Luna County, New Mexico* 

Luna County, New Mexico, (see insert, Figure 5-16) lies adjacent to Dona 

Ana County on the west. Characteristically, Luna County has the same 

tectonics and geomorphology as Dona Ana County (see Chapter 5, Part 1). 

Northwesterly-trending faults are late Pliocene or Pleistocene. There are 

also late Quaternary north-south faults present. These two sets of faults 

control the structure of the basins and uplifts. The basins are deep and 

filled with Quaternary alluvium. The basin fill is generally permeable and, 

as is also the case in Dona Ana County, lateral-groundwater flow is believed 

to be substantial, especially in well-pumped areas. 

S i x  wells were temperature logged in the southeastern portion of Luna 

County (see Figure 5-16). A comparison of bottom-hole temperature gradients 

(see Table 5-7) shows an increase toward the east and decrease to the west. 

The temperature profiles (see Figure 5-17) indicate that the subsurface 

temperatures are the warmest for the wells to the east, Luna-1 and Luna-2. 

Luna-3 has the coolest near-surface temperatures. The temperature-log data 

and the curvature of the temperature profiles suggest that wells Luna-3, 

Luna-4, and Luna-5 are influenced by lateral groundwater flow. These wells 

are temporarily abandoned water wells and Luna-3 and Luna-5 are situated in 

the center of large irrigation areas. Because irrigation areas are 

*The principal authors of Chapter 5 ,  Part 2 are Richard L. Lohse, Staff 
Engineer, New Mexico Energy Institute at New Mexico State University, Dr. Paul 
Morgan, Staff Scientist, Lunar and Planetary Institute, Houston, Texas, and 
Dr. Chandler A. Swanberg, Associate Professor of Physics and Earth Sciences, 
New Mexico State University. 
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Figure 5-16. Location map fo r  southeast Luna Countyand the locations 
of the s ix  temperature-logged wells. 
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Table 5-7. Water-table and bottom-hole temperature data for southeast 
Luna County. 

Bottom-hole 
Well Depth to Bottom-hole Bottom-hole Temperature 
Name Water Table Depth Temperature Gradient" 

(m) (m) ("0 ( OCIkm) 
-~ 

Luna- 1 85 175 

Luna-2 80 85 

Luna-3 80 95 

Luna-4 =-70 70 

Luna- 5 80 90 

Luna-6 90 185 

*A surface temperature of 2OoC was assumed. 

~~ 

28.9 

25.6 

22.4 

21.6 

23.3 

26.1 

66 

25 

22 

37 

33 
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c h a r a c t e r i s t i c a l l y  located i n  permeable aqu i f e r s  and because induced recharge 

is caused by pumping, lateral groundwater flow is  expected i n  these  areas. 

Wells Luna-1 and Luna-2 do not  seem t o  be d is turbed  by groundwater flow, 

although Luna-1 appears t o  have a grouting problem ( i . e . ,  communication of 

groundwater between aqu i f e r s  ou t s ide  t h e  non-cemented casings) .  Neither of 

t hese  two w e l l s  are located i n  an i r r i g a t i o n  area. 

Temperature grad ien ts ,  t h e  depth i n t e r v a l s  over which t h e  g rad ien t s  were 

ca lcu la ted ,  estimated thermal conduct iv i t ies ,  and best-guess heat-flow values  

from above the  water t a b l e  are given i n  Table 5-8 along with t h e  w e l l  

loca t ions .  Depth i n t e r v a l s  w e r e  based on depth t o  water t a b l e  estimates and 

apparent breaks i n  t h e  l i n e a r i t y  of t he  temperature g rad ien t s  due t o  

l i t h o l o g i c  va r i a t ions .  

Depths to  t h e  water t a b l e  shown i n  Table 5-7 could be i n  e r r o r  s i n c e  it 

is not  known whether the head i n  the  w e l l  is t h e  water t a b l e  o r  a deeper 

confined aqu i f e r  under a s l i g h t l y  higher  o r  lower head. Generally t h e  w e l l s  

are cased and screened i n  such a manner t h a t  t h e  head i n  the  w e l l  is the  same 

o r  very near ly  t h e  same as the  water tab le .  Also, c h a r a c t e r i s t i c a l l y  t h e  

near-surface aqu i f e r s  near t h e  cen te r  of t he  bas ins  throughout t h i s  region are 

n o t  sub jec t  t o  very s i g n i f i c a n t  confining pressures .  

The temperature g rad ien t  and estimated thermal conduct ivi ty  were used t o  

estimate t h e  hea t  flow. The values range from abnormally low values  of 48 

mWm-2 and 74 mWm-2 (1.2 FU and 1.8 HFU, respec t ive ly)  f o r  Luna-3 and Luna-5 

t o  va lues  r ep resen ta t ive  of t h e  modal class (2.4 t o  3.6 HFU) f o r  t h e  region 

(see Chapter 5, Part I) ,  namely, 105 mWm-2 (2.5 HFU) f o r  Luna-1 and 132 mWm-2 

(3.1 HFU) f o r  Luna-2. An average temperature grad ien t  w a s  used f o r  Luna-1 and 

t h e  15 t o  30 meter sec t ion  of Luna-4 w a s  disregarded due t o  suspected 

groundwater dis turbance.  Because of t h e  s i m i l i a r i t y  i n  l i t h o l o g i e s  between 
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Table 5-8. Loca t ions  and heat-flow va lues  f o r  temperature-logged w e l l s  i n  sou theas t  Luna County. 

Est imated Best Guess 
Thermal Temperature Heat Flow Well Geographical 

Name Locat ion Conductivity I n t e r v a l  Gradient Above Water Table  
(Wm-lK-1)  (m) ( ' C / W  (mwm- 

Luna- 1 28S.5W.12.123 1.9 1 0  - 30 65 C 1.0  105 (2.5 HFU) 
1.9 30 - 80 45 -I 1.0 

107' 18.5' 31' 51.8' 3.1 85 - 175 39 C 1.0  

Luna-2 27S.5W.36.313 1 .9  15 - 85 69 C 1.0 131 (3.1 HW) 

107'20.5' 31' 54.8 
Ln 
I 

Q\ f. Luna-3 29s. 1OW. 12.244 1 .9  25* 48 (1.2 HFU) 

107'48.7' 31'49.5' 

Luna-4 28s. 1OW.  21.124 1 .9  15 - 30 83 C 1.0 

107'52.3' 31'51.7' 1 .9  35 - 70 43 C 1.0 

Luna-5 278.8W.35.124 1.9 15 - 90 39 C 1.0 

107'38.4' 31'55.1' 

28s. 7W. 6.133 1.9 20 - 50 48 k 1.0 Luna- 6 

107'36.2' 31'54.2' 3.1 55 - 185 44 2 1.0 

*Bottom-hole temperature  g r a d i e n t  taken  from Table  5-7. 

82 (2.0 HFU) 

74 (1.8 HW) 

9 1  (2.2 HFU) 



Luna County and Dona Ana,;County, and because accurate values for thermal 

conductivities were not available, the values used for Luna County are the 

averages of the values used for Dona Ana County (see Chapter 5, Part 1). 

Heat-flow values were calculated for both above and below the water table. 

The error in these values is probably greater than 20 percent and is 

attributed mostly to the uncertainty in thermal-conductivity values. 
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Chapter 6 

Active Fault  Analysis and Radiometric Dating of Young 

Basalts i n  Southern New Mexico* 

Introduction 

The two major ob jec t ives  of t h e  work summarized he re  were: (1) t o  

compile a map showing t h e  loca t ion  of a l l  known f a u l t s  i n  southcent ra l  New 

Mexico which have been a c t i v e  within t h e  las t  0.4 m.y.; and (2) t o  determine 

by radiometric da t ing  

geothermal po ten t i a l .  

t h e  age of 15 b a s a l t i c  volcanic rocks i n  four areas with 

This work w a s  conducted during t h e  summer of 1979. 

Active Fau l t s  

Figure 6-1 shows t h e  loca t ion  of a l l  known f a u l t s  i n  southcentral  New 

Mexico which have been active within the  

from (1) unpublished f i e l d  s t u d i e s  made 

last fourteen years,  (2) published da ta ,  

last  0.4 m.y. 

by t h e  sen ior  

and (3) f i e l d  

This map was compiled 

inves t iga to r  over the  

work and aerial photo 

s t u d i e s  completed i n  1979. 

Dating of t h e  f a u l t s  is  based on determination of t h e  age of t h e  youngest 

geomorphic sur faces  displaced by the  f a u l t s .  The sur faces  have been dated by 

means of s o i l  s tud ie s ,  radiocarbon da t ing  of ca l iche ,  and K/Ar da t ing  of 

volcanic ash associated with the  sur faces  (e.g., Hawley et al. 1976; G i l e  and 

Hawley 1968; Seager an  Hawley 1973; Hawley 1978). A l l  of t h e  f a u l t s  mapped 

d i sp lace  sur faces  a t  least as young as 0.4 m.y. and some, such as t h e  Organ 

Mountains f a u l t  along t h e  eas t e rn  s i d e  o f  t h a t  range, have been active wi th in  

*The p r inc ipa l  authors of Chapter 6 are Dr. William R,  Seager, Professor of 
Earth Sciences, New Mexico S t a t e  University, Muhammad Shafiquallah, Research 
Associate, Department of Geosciences, University of Arizona, and D r .  Russell  
E. Clemons, Professor of Earth Sciences, New Mexico S t a t e  University. 



Figure 6-1. Map showing the location of fau l t s  in southcentral New Mexico 
. that nay have been ac t ive  within the l a s t  0 .4  m.y .  
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t h e  last 4,000 years  (L. G i l e ,  personal communication 1979). The h ighes t  

dens i ty  of young f a u l t s  i n  the  mapped region is f n  'the southern Tularosa Basin 

and the  w e s t  mesa, located southwest of L a s  

and I n t e r s t a t e  10. Major a c t i v e  f a u l t s  

Consequences area and along t h e  western 

southeast  of Deming. The southern Tularosa 

Cruces between t h e  P o t r i l l o  Maar 

a l s o  e x i s t  i n  t he  Truth o r  

s i d e  of t h e  F lor ida  Mountains 

Basin, t h e  Las Cruces west mesa 

(espec ia l ly  t h e  Kilbournk Hole-Aden Crater region),  and the  Truth o r  

Consequences area have been inves t iga ted  as sites of known o r  po ten t i a l  

geothermal a c t i v i t y .  It seems l i k e l y  t h a t  c i r c u l a t i o n  of groundwaters i n  

these  areas is cont ro l led  t o  a l a rge  ex ten t  by permeable, f rac tured  rock on o r  

adjacent t o  recent ly  active f a u l t  systems. 

Age and Mineralogy of F i f t een  Basalts i n  Southcentral  New Mexico 

F i f t e e n  b a s a l t i c  rocks were se lec ted  t o  d a t e  by the  K/Ar  method and 14 of 

these  were analyzed f o r  t h e i r  mineralogical composition. The samples were 

se l ec t ed  from four areas of known o r  suspected geothermal poten t ia l :  (1) t h e  

e a s t e r n  P o t r i l l o  Mountains, including the Aden Volcano-Kilbourne Hole-Potrillo 

Maar area, (2) t h e  Columbus-Hachita area, (3) t h e  Truth o r  

Consequences-Winston area, and (4) t h e  eastern Black Range area. The present 

r e s u l t  of da t ing  and t h e  loca t ion  of samples is shown on t h e  f a u l t  map t o  be 

published as par t  of t he  New Mexico S c i e n t l f i c  Geothermal Resource Map. 

The objec t ive  i n  obtaining these  da t e s  w a s  t o  determine whether t h e  

b a s a l t i c  lavas and volcanoes i n  the  four areas were young enough t o  be 

assoc ia ted  with magmatic h e a t  sources a t  depth. Volcanoes i n  t h e  Columbus 

area appear t o  be about t h r e e  t o  f i v e  m.y. old and volcanic rocks i n  t h e  Truth 

o r  Consequences area a l s o  range from about t h ree  t o  f i v e  m.y. Basalts a t  Aden 

Crater, however, are about 0.5 m.y. and t h e  180,000 year da t e  a t  P o t r i l l o  Maar 
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i * '  
shows t h a t  i t  along with Hunt's and Kilbourne holes  are t h e  youngest volcanic 

f ea tu res  i n  t h e  region. These f ea tu res  c l e a r l y  could be associated with 

modern magmatic heat sources a t  shallow depth as i n  the  Socdrro, New Mexico, 

area. 

c 
L 
c 
L 
I, 
c 

Whether volcanoes th ree  t o  f i v e  m.y. o ld  still have hot bodies of rock 

beneath them is uncertain.  I f  t h e  magmas moved d i r e c t l y  t o  the  sur face  from a 

mantle source as suggested by xenol i th  s t u d i e s  a t  Kilbourne Hole (Padovani and 

Carter 1977), then l i t t l e  associated heat w i l l  remain i n  t h e  shallow c rus t .  

However, i f  t he  magma accumulated within a shallow chamber, say less than 10 

km beneath t h e  surface,  it w i l l  probably s t i l l  be cont r ibu t ing  heat t o  

geothermal systems above it. This condition appears  t o  be t h e  o r i g i n  of 

geothermal waters i n  t h e  Socorro area (Chapin et al .  1978). 

Mineralogical s t u d i e s  were done i n  order t o  he lp  c l a s s i f y  the  basa l t s .  

This c l a s s i f i c a t i o n  is important because it allows one t o  judge whether t h e  

magmas are r e l a t e d  t o  the  Rio Grande R i f t  volcano-tectonic s t r u c t u r e  o r  t o  an  

earlier or  unrelated episode of magmatic a c t i v i t y .  Most of t he  geothermal 

waters i n  New Mexico 

the  primary thermal 

are being heated within t h e  Rio Grande R i f t ;  t h e  r i f t  is 

engine f o r  geothermal waters i n  t h e  state. As f a r  as 

t h e i r  mineralogy is  concerned, a l l  of t h e  b a s a l t s  are typ ica l  of r i f t  b a s a l t s  

except 79-125, 79-124, and possibly 79-119. The two former b a s a l t s  (79-125 

and 79-124) are calc-alkaline b a s a l t s  t yp ica l  of e a r l y  r i f t  o r  back-arc c 
c b a s a l t s  reported from severa l  places along the  r i f t .  

Table 6-1 shows t h e  d e t a i l e d  loca t ions  and ages of t h e  b a s a l t i c  rocks 

Table 6-2 describes t h e  petrographic c h a r a c t e r i s t i c s  of t h e  b a s a l t i c  sampled. 

rock samples. L 
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Table 6-1. Locations and ages of basaltic rocks sampled from southcentral New Mexico. 

~- ~ ~~ ~ 

Sample No. LC-l(79WS12) LC-2 ( 79ws 13) LC-3(79WS14) LC-4 (79WS16) LC-5 (79WS16) LC-6( 79WS17) 
79-119 79-120 79-121 79-122 79-123 79-124 

E%, Sec 3 Locat ion Sk,SEk, Sec 29 NWk, Sec 6 NE%,NW%, Sec 21 SW%,NEk, Sec 18 SEL, Sec 9 
T.27S, R.14W T.29S, R.9W T.28S., R.9W T.29S., R.8W T.l6S., R.7W T.l6S, R.74W 
Hachita, NM 

108 ' 17.16 ' W. Long 31' 49.04' N .Lat 31'51.71'N.Lat 31' 47.15 ' N .Lat 32'55.97'N.Lat 32'55.04'N.Lat 

Palomas Field, Black Top Mt., Palomas Field at Hillsboro Mesa, Percha Narrows, 
31'55.4'N.Lat NM NM Mexico border, NM NM NM 

107'48.07'W. Long 107'46.10'W .Long 107' 41.67'W.Long 107°34.13'W. Long 107' 36.55 'W. Long 

Age 11.7750.26 m. y. 3.9120.18 my. 5.1720.11 m y .  2.9620.07 m.y. 4.2220.01 m. y. 

Sample No. LC-7(79WS18) LC-8( 79WS19) LC-9 (79WS20) LC-lO( 79WS21) LC-ll(79WS22) LC-12 (79WS23) 
79-125 79-126 79-127 79-128 79-129 79-130 

~ ~- 

o\ Location , m,SR, Sec 14 WL,SEL, Sec 12 NW&,S&, Sec 21 SWk,NEk, Sec 19 SWk,SEJt, Sec 15 SW%,SWk, Sec 4 I 
cn T.llS, R.8W T. 11S, R. 8W T.l5S, R.4W T.22S., R1E T.23S., R3E T.26S., R.2W 

Winston, NM Table Top Mt., NM Caballo Mt., NM Robledo Mts., NM Organ Mts., NM Aden Crater, NM 
33'20.96'N. Lat 32'21.82'N.Lat 32'59.2f'N.Lat 32'22.95'N.Lat 32'18.42'N.Lat 32' 04.21 'N. Lat 
10 7' 38.45 ' W. Long 107' 37.12 ' W. Long 10 7' 15.00 ' W. Long 106' 52.88' W. Long 106' 37.24 ' W. Long 107' 03.28 ' W. Long 

18.2720.5 m. y. 4.8120.08 m. y. 3.1220.08 m.y. 

Sample No. LC-l4(79WS25) LC-15 
79-132 79-139 

Location Potrillo Maar T,29S, R.2W NW+,"w+, Sec 33 
central cinder Potrillo Maar, NM T. 15S., R. 6W 
and lava, Chihua- 31'47.52'N.Lat NM Highway 90, 
hua, Mexico 
31'46.51'N.Lat 32'57.31'N.Lat 
106'59.87'W.Long 107~27.32'W.Long 

106'59.91'W.Long east of Hillsboro 
I 

i 

Age 0.183fp.03 m.y. 1.23k0.06 m.y. 4.5220.1 m.y. 



Table 6-2. Petrographic desc r ip t ions  of "basalt" t h i n  sec t ions  

79-119=79WS12: Hachita Mesa f inge r  flow 

Olivine b a s a l t ,  o r  b a s a l t i c  andes i t e  

Microphenocrysts of o l i v i n e  (0.3 t o  1.4 mm) occur i n  a 
groundmass of p lag ioc lase ,  pale-brown aug i t e ,  o l iv ine ,  and 
opaques ranging i n  s i z e  from 0.5 t o  0.3 mm. The groundrqass 
is  subophi t ic  t o  inter-granular  and microvesicular.  The 
a u g i t e  is probably t i t a n i f e r o u s  as suggested by t h e  
pale-brown color .  Plagioclase ranges from andesine t o  
l a b r a d o r i t e  (Anorthite45 t o  55). Bright  reddish material 
i d d i n g s i t e  (?) occurs around t h e  borders and along 
f r a c t u r e s  of t h e  o l iv ine .  Minor carbonate  occurs i n  
i r r e g u l a r  patches. 

79-120=79WS13: Cinder cone flow, o u t l i e r  of Palomas f i e l d ,  w e s t  of 
Columbus 

Ol iv ine  b a s a l t  

Ol iv ine  (0.2 t o  4.0 mm) and minor hypersthene (0.2 t o  0.7 
mm) and a u g i t e  (0.2 t o  1.0 mm) microphenocrysts occur i n  an  
in t e rg ranu la r  matrix of p lag ioc lase ,  pyroxene, o l i v i n e ,  and 
abundant opaques. The p lag ioc lase  l a t h s  (0.55 t o  0.2 mm) 
are labrador i te .  A few corroded, angular  fragments of more 
sodic  p lag ioc lase  are probably xenocrysts.  

79-121=79WS14: Black Top Mesa, southwest corner  Tres Hermanas Mountains 

Olivine b a s a l t  

Phenocrysts of p l ag ioc la se  (0.5 t o  2.1 mm) and 
microphenocrysts of o l i v i n e  (0.2 t o  0.6 mm) and pyroxene 
(0.2 t o  0.8 mm) occur i n  an  in t e rg ranu la r  groundmass of 
plagioclase,  pyroxene, o l iv ine ,  and abundant opaques. The 
pyroxene phenocrysts are predominantly hypersthene whereas 
the  groundmass pyroxene appears t o  be mostly 
clinophyroxene. The p lag ioc lase  phenocrysts are zoned and 
most have corroded margins. They are probably xenocrysts  
as suggested by t h e i r  more sod ic  composition (Anorthite40) 
whereas t h e  al igned,  blocky, groundmass l a t h s  are 
l aborador i t e  (Anorthite65). 
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Table 6-2. (continued). 

< # ,  * .  s', - . 
79-122=79WS15: Flow near Mexico-New Mexico border, nor th  edge of Palomas 

f i e l d  

Olivine b a s a l t  

Microphenocrysts of o l i v i n e  (0.2 t o  1.0 mm) and pyroxene 
(0.2 t o  0.8 mm) occur i n  an in te rgranular  matrix of 
plagioclase,  pyroxene, o l iv ine ,  and abundant opaques. The 
p lag ioc lase  l a t h s  ( 0.2 mm long) are sodic labrador i te .  
One xenocryst of quartz ( 1 . 4  mm) has  corroded borders with 
prominent r eac t ion  corona. 

79-123=79WS16: Basalt capping mesa, nor th  of Hil l sboro  

Olivine-bearing b a s a l t i c  andes i t e  

Microphenocrysts of o l i v i n e  (0.2 t o  0.8 mm) and minor 
aug i t e  (0.2 t o  0.4 mm) occur i n  a s l i g h t l y  ves i cu la r ,  
i n t e rg ranu la r  t o  p i l o t a x i t i c  ground-mass of p lag ioc lase  
l a t h s ,  o l iv ine ,  pyroxene, and abundant opaque gra ins .  Much 
of t h e  o l i v i n e  is a l t e r e d  t o  idd ings i t e .  The p lag ioc lase  
l a t h s  are andesine and vary i n  length from 0.5 t o  1.0 mm; 
t h e  l a r g e r  ones are zoned, ranging from An40 t o  An50. Some 
of t h e  microvesicles are f i l l e d  with carbonate. 

Narrows of Percha Canyon, w e s t  of Hi l l sboro  

Pyroxene andes i t e  

Sparse microphenocrysts of p lag ioc lase  (0.4 t o  1.3 mm), 
aug i t e  (0.1 t o  0.3 mm) and pyroxene (?) replaced by 
ch lo r ide  and serpent ine  (0.3 t o  0.8 mm) occur i n  a 
p i l o t a x i t i c  groundmass cons is t ing  of dominant p lag ioc lase  
l a t h s  and lesser amounts f pyroxene and opaque micro l i tes .  
Plagioclase phenocrysts re sodic  l a b r a d o r i t e  and t h e  

alcic andesine. Several quartz 
onas of pyroxene g ra ins  are 

79-124=79WS17: 

up, east of Winston 

Pyroxene andes i t e  

Sparse p lag ioc lase  microphenocrysts (0.5 t o  1.5 mm) occur 
i n  a p i l o t a x i t i c  matrix of andesine l a t h s ,  pyroxene, and 
opaques. Abundant bright-red, t rans lucent  mic ro l i t e s  (0.01 
t o  0.04 mm) also are p a r t  of t h e  groundmass. Carbonate 
p a r t i a l l y  rep laces  some of the  p lag ioc lase  phenocrysts and 
a l s o  f i l l s  most of t he  vesicles. 
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Table 6-2. (continued). 

79-126179WS19: Table Top Mountain, above Santa Fe Group, east of Winston 

Olivine b a s a l t  (as determined by l a b r a d o r i t e  ex t inc t ion  
angles) Ol iv ine  b a s a l t i c  a n d e s i t e  (by chemical ana lys i s )  

Abundant o l i v i n e  (0.3 t o  2.0 mm) and sparse  p lag ioc lase  
(0.7 t o  3.0 mm) phenocrysts occur in a micro-vesicular, 
i n t e rg ranu la r  matrix of p lag ioc lase  (0.03 t o  0.3 mm), 
pyroxene, o l iv ine ,  and abundant opaque grains .  P lag ioc lase  
phenocrysts are corroded, embayed, and p a r t i a l l y  replaced 
by carbonate. They may be xenocrysts.  Olivine is mostly 
f r e sh  but some phenocrysts have t h i n  red r i m s  and are 
a l t e r e d  t o  i d d i n g s i t e  along f r ac tu res .  A l l  t h e  
microvesicles  are f i l l e d  w i t h  carbonate.  

79-127=79WS20: Along Caballo Faul t  

Olivine b a s a l t  

Abundant o l i v i n e  (0.4 t o  2.0 mm) and spa r se  hypersthene 
(0.4 t o  2.0 mm) phenocrysts occur i n  a groundmass of 
p lag ioc lase ,  o l iv ine ,  pyroxene, and opaques. The 
groundmass is ves i cu la r  and inter-granular  t o  p i l o t a x i t i c .  
Thin i d d i n g s i t e  r i m s  many of t h e  o l i v i n e  phenocrysts and 
o l i v i n e  (?) i n  t he  groundmass is l a r g e l y  replaced by 
idd ings i te .  The narrow plag ioc lase  l a t h s  (0.05 t o  0.15 mm) 
are labrador i te .  A few vesicles are p a r t l y  f i l l e d  wi th  
carbonate. 

79-128=79WS21: Robledo plug 

Ol iv ine  b a s a l t  o r  o l i v i n e  b a s a l t i c  andes i t e  m e l i l i t e  
ba san i t e  

Anhedral t o  subhedral o l i v i n e  microphenocrysts (0.1 t o  0.4 
mm), opaque-rich xenocrysts(?)  (0.3 t o  4.0 mm), and spa r se  
p l ag ioc la se  xenocrysts  (?) occur i n  a "dir ty"  matrix of 
o l iv ine ,  pyroxene, p lag ioc lase ,  opaques, and g l a s s .  
Several  small (0.2 t o  0.7 mm) , anhedral ,  gray phenocrysts 
f i l l e d  with rod-shaped inc lus ions  may be  mel i l i te .  The 
groundmass i s  genera l ly  in t e rg ranu la r ,  ranging t o  
i n t e r s e r t a l  i n  places.  P lag ioc lase  l a t h s  are sod ic  
l a b r a d o r i t e  t o  calcic andesine. 
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Table 6-2. (continued). 

s .+ 
79-129=79WS22: West si& %f Organ Mountains - 

Dacite 

Oligoclase (0.3 t o  3.5 mm), b i o t i t e  (0.3 t o  0.7 mm), and 
hornblende (0.5 t o  1.5 mm) phenocrysts occur i n  a 
reddish-brown groundmass of g l a s s ,  sparse  p lag ioc lase  
mic ro l i t e s ,  and curved brown f lakes .  Oligoclase is 
replaced by kaolin(?) in patches, ve ins  along f r ac tu res ,  
and along cleavage planes. Some b i o t i t e  is f r e sh  appearing 
and some b i o t i t e  and t h e  hornblende is oxidized. One 
aug i t e  phenocrysts (0.4 mm) i s  present.  Flow banding i s  
prominantly displayed around the  phenocryst. 

79-130=79WS23: Aden Crater lava lake  

Olivine b a s a l t  o r  o l i v i n e  b a s a l t i c  andes i t e  

Microphenocrysts o r  o l i v i n e  (0.3 t o  1.5 mm) and p lag ioc lase  
(0.3 t o  0.5 mm) occur i n  a very ves i cu la r ,  i n t e r s e r t a l  t o  
subophitic groundmass. The groundmass is composed of brown 
g l a s s  with abundant t rans lucent  brown mic ro l i t e s ,  pyroxene, 
plagioclase,  o l iv ine ,  and opaques. Plagioclase phenocrysts 
are zoned l ab rador i t e  whereas t h e  groundmass l a t h s  range 
from sodic l ab rador i t e  t o  calcic andesine. Very l i t t l e  
a l t e r a t i o n  is present. 

79-131~79WS24: Cone flow, center  of P o t r i l l o  Maar 

Olivine b a s a l t  

Microphenocrysts of o l i v i n e  (0.3 t o  1.5 mm), minor 
p lag ioc lase  (0.5 t o  1.2 mm) and pyroxene occur i n  a 
groundmass of mostly pyroxene and p lag ioc lase  with lesser 
amounts of opaques, g l a s s ,  and o l iv ine .  Glomerporphyritic 
aggregates of o l i v i n e  are common. The groundmass is 
ves i cu la r  and i n t e r - s e r t a l  t o  in te rgranular .  The g l a s s  
conta ins  abundant brown t rans lucent  rod-shaped micro l i tes .  
P lag ioc lase  is calcic l ab rador i t e ,  present as subparallel-  
aligned, euhedral t o  subhedral l a t h s .  

Northwest edge of P o t r l l l o  Maar 

Olivine b a s a l t  

Subhedral microphenocrysts of o l i v i n e  (0 .5 t o  1.8 mm) occur 
in a vesicular, intersertal groundmass of mostly 
pale-brownish pyroxene and s lender  p lag ioc lase  l a t h s  with 
lesser amounts of opaques and o l iv ine .  Minor patches of 
i n t e r s i t i a l  brownish g l a s s  containing rod-shaped mic ro l i t e s  
are present. Several xenocrysts of quartz and fe ldspar  are 
present and have been deeply corroded. 

79-132=79WS25: 
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Chapter 7 

Evaluation of t h e  Geothermal Po ten t i a l  of t h e  

San Juan Basin i n  Northwestern New Mexico* 

In t roduct ion  E The San Juan Basin is a r e l a t i v e l y  s t a b l e  and less deformed geological  

ij region i n  northwest New Mexico. It is s i t u a t e d  i n  t h e  eas t e rn  p a r t  of t h e  

Colorado Plateau physiographic province and is surrounded by severa l  u p l i f t s ,  

arches,  monoclines, and th rus t s .  Figure 7-1 shows t h e  boundary of t h e  San 

Juan Basin i n  r e l a t i o n  t o  o the r  regional  geologic fea tures .  Because of t h e  

L s t r u c t u r a l  s t a b i l i t y ,  l ack  of geothermal manifestat ion on the  sur face ,  and 

I r e l a t i v e l y  low heat-f low values  ca lcu la ted  from l imi ted  observat ions,  t h e  

geothermal p o t e n t i a l  of t h e  San Juan Basin area has genera l ly  been regarded as 

low o r  even non-existent. 

hi 

A systematic  eva lua t ion  of t h e  geothermal p o t e n t i a l  of t h e  San Juan B a s i n  

has  been undertaken t o  f i l l  t he  e x i s t i n g  gap i n  the  data .  This chapter  

summarizes the  r e s u l t s  of t h e  first s t age  of t h i s  study. The San Juan Basin 

conta ins  seve ra l  producing horizons of o i l  and gas. A l a r g e  number of 

1 
L 

i 
exploratory and producing w e l l s  have, therefore ,  been d r i l l e d  i n  t h i s  area 

i d  
during t h e  pas t  seventy years.  Well logs  and bottom-hole temperatures 

recorded during logging are a v a i l a b l e  f o r  most of t h e  wells d r i l l e d .  

Bottom-hole temperature da t a  were co l l ec t ed  for 12,243 of these  w e l l s  and 

analyzed t o  determine t h e  areas of high geothermal po ten t i a l .  L 
i 
1 *The p r inc ipa l  author  of Chapter 7 is  D r .  Lokesh Chaturvedi, Associate  

Professor  of Earth Sciences and C i v i l  Engineering, New Mexico S t a t e  
Universi ty .  51 
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Figure 7-1. Location of San Juan Basin with respect to surrounding 
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Geologic S e t t i n g  

The cen t r a l  p a r t  of t h e  bas in  is  covered by cont inenta l  sediments of Late 

Cretaceous o r  Te r t i a ry  age. These sediments are surrounded by marine and 

cont inenta l  formations of Cretaceous age. Paleozoic and Mesozoic formations 

are found along the  rim of t h e  basin. The t o t a l  thickness of t h e  sedimentary 

rocks i n  the  center  of t he  bas in  ranges from 10,000 t o  15,000 f e e t .  The 

c e n t r a l  p a r t  of t h e  basin is broadly downwarped. Defiance and Zuni u p l i f t s  

f lank  t h e  basin t o  t h e  w e s t  and south, respectively.  The Nacimiento U p l i f t  t o  

t h e  east, the  Galliana-Archuleta Arch t o  the  nor theas t ,  and the  Hogback 

Monocline t o  t h e  north, f lank  t h e  San Juan Basin. O i l  and gas i s  located in 

domal, fau l ted ,  and s t r a t i g r a p h i c  t r a p s  i n  t h e  basin. 

Bottom-Role Temperatures 

There has been some concern about using bottom-hole temperature readings 

t o  estimate the  c o r r e c t  formation temperature at depth and t o  use these values 

t o  estimate the  approximate thermal gradients.  However, t h e  r e s u l t s  obtained 

by Jaeger (1961), Schoeppel and Gi l la ranz  (1966), Tanner (1976), and Hodge et 

al .  (1979) have shown t h a t  bottom-hole temperatures MY be used as r e l i a b l e  

da ta  t o  estimate the  reg iona l  v a r i a t i o n s  i n  temperature gradients.  These da t a  

have been used t o  o u t l i n e  t h e  areas of anomalous geothermal grad ien ts  and, 

therefore ,  areas of high geothermal p o t e n t i a l  i n  t h e  San Juan Basin. 

The temperature grad ien t  f o r  each loca t ion  was  ca lcu la ted  by using t h e  

e w e l l  log,  minus t h e  

a ted  sur face  temperature, divided by t h e  depth. The mean air 

temperature f o r  northwest e 12°C. However, in 

bottom-hole temperature a t  a given de 

7-3 . 



order  t o  keep the  computed gradien t  values  on t h e  conservat ive s ide ,  a value 

of 15OC was used f o r  t he  su r face  temperature. 

The ca lcu la ted  gradien ts  from 12,243 w e l l s ,  ranging i n  depth from 113 m 

t o  2300 m y i e ld  a low va lue  of 15OC/km and a high va lue  of l lO°C/km.  

Approximately 0.5 percent  of t h e  w e l l s  show temperatures which result i n  a 

gradient  of 15OC/km, which may be caused by unusual depths of flow of co ld  

groundwater o r  by inaccura te  data .  More than 95 percent  of t h e  w e l l s  recorded 

have a t o t a l  depth g rea t e r  than 500 m. The da ta  from shallower w e l l s  w e r e  

used i n  the  ana lys i s ,  e spec ia l ly  s ince  seve ra l  of t hese  have an obviously 

anomalous recorded temperature .  These w e l l s  can be e a s i l y  used t o  confirm t h e  

accuracy of t h e  data .  The average gradien t  computed from the  e n t i r e  da t a  set 

is  26.9OC/km. 

Figure 7-2 shows t h e  loca t ions  ( t o  t h e  nea res t  qua r t e r  township) of t h e  

w e l l s  where the  bottom-hole temperature da t a  were recorded. Figure 7-3 shows 

t h e  loca t ions  of a l l  w e l l s  wi th  computed g rad ien t s  more than 4SoC/km. This  

value w a s  a r b i t r a r i l y  chosen t o  represent  more than 1.5 t i m e s  t h e  average 

computed gradien t .  Figure 7-4 shows t h e  loca t ions  of w e l l s  wi th  computed 

gradien ts  more than 50°C/km. Seven w e l l s  show computed g rad ien t s  which are 

over 90°C/km. 

Conclusions 

The use of bottom-hole temperatures t o  l o c a t e  t h e  a r e a s  of geothermal 

p o t e n t i a l  is  an inexpensive and time-saving technique which appears t o  work 

f o r  reconnaissance of l a rge  areas. It is  espec ia l ly  usefu l  i n  areas where a 

l a r g e  number of well-log records are ava i l ab le .  In  northwest New Mexico, t h e  

area around Shiprock appears  t o  have t h e  h ighes t  geothermal po ten t i a l .  

Several  r e l a t i v e l y  shallow w e l l s  i n  t h i s  area (300 t o  600 m deep) have a 
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recorded bottom-hole temperature ranging from 32OC t o  55OC. There are a 

number of outcrops of igneous i n t r u s i v e s  of T e r t i a r y  age i n  t h i s  area bes ides  

the  famous Shiprock. It i s  conceivable t h a t  t he  anomalous recorded 

temperatures are re l a t ed  t o  t h i s  igneous a c t i v i t y .  

The cen te r  of the  basin,  loca ted  10 t o  20 m i l e s  south and southeast  of 

t h e  Farmington-Aztec area, shows a number of computed anomalous grad ien t  

loca t ions .  S imi la r ly ,  a number of w e l l s  i n  Rio Arriba and Sandoval count ies  

and some i n  McKinley County show s i g n i f i c a n t l y  anomalous temperatures (see 

Figures  7-3 and 7-4). Fie ld  checking of these  w e l l s ,  c o r r e l a t i o n  with t h e  

de t a i l ed  geologic s e t t i n g ,  and t h e  geohydrologic assessment of these  areas 

w i l l  form t h e  conten ts  of f u t u r e  s tud ie s .  
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