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. 
CONVERSION OF UNITS OF MEASUREMENTS -- 

Used i n  t h i s  repor t  Mu l t i p l y  by To obta in  - U I  Y1_ 

Length 
centimeter (cm) 
meter (m) 
k i  1 ometer (km) 

0.3937 
3.281 
0.6214 

Surface 
0.3861 -- square k i  1 ometer ( km2) 

Volume 
cubic meter (m') 

Flow - 
l i t e r  per minute (filmin) 0.2642 
cubic meter per second (m'/s) 15,850 
cubic meter per  day (m'jd) 

Spec i f i c  capacity 
l i t e r  per minute per meter 
( f i /m i  n O m )  

Transmi s s i  v i  t y  
square meter per day (m2/d) 

_e.- Temper a t  u r e  
degree Celsius ("C)  

Heat f low -- 
m i l l i w a t t  per square meter 
(mW/m2) 

E l e c t r i c a l  conduct iv i tv  
m i  c r os i emens p e r - c X i  met e r 
(vS/cm) 

264.2 

0.0805 

10.76 

1.8 (t 32) 

0.0239 

1 .ooo 

inch (in.) 
f oo t  (ft) 
m i l e  ( m i )  

square m i le  ( m i 2 )  

cubic foo t  (ft') 

gal lon per minute (gal/min) 
gal 1 on per minute (gal /m i  n) 
gal lon per day (gal/d) 

ga l lon per minute per foo t  
(gal / m i  n * f  t ) 

cubic f o o t  per day per foo t  
(f t ' /d*f  t ) 

degree Fahrenheit ("F) 

heat f low u n i t  (HFU) 

micromho per centimeter 
(vmho/cm) 

v i  
i 



LOW-TEMPERATURE GEOTHERMAL POTENTIAL OF THE 
OJO CALIENTE WARM SPRINGS AREA, NORTHERN NEW MEXICO 

bY 

F. 0. Vuataz, J. S t i x ,  F. Goff, and C. F. Pearson 
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ABSTRACT 

The Ojo Caliente area is  characterized by north-trending 
Precambrian ho r s t s  unconformably over la in  by Miocene f l u v i a l  
basin-fi l l  sediments tha t  dip gently t o  the southeast. North- 
south facies changes are common w i t h i n  the Miocene section. These 
sediments are i n  t u r n  unconformably overlain by flat-lying t o  
gent ly  d i  pp i  ng Quaternary t e r r a c e s ,  t r a v e r t i  ne, 1 oess , and 
alluvium. "Geothermal manifestations i n  the study area are con- 
t ro l led  primarily by normal faulting tha t  offsets  the Precambrian 
and Tertiary sections. 

A detailed geochemical investigation of 17 waters (thermal 
and cold, mineralized and di lute)  was performed i n  the Ojo  
Cal i ente-La Madera area . Two types of thermomi neral waters have 
separate and d i  sti ncti ve geol ogi c, geochemical, and geothermal 
characterist ics.  The water from Ojo  Caliente Resort emerges w i t h  
temperatures G4'C from a Precambrian metarhyol i te.  I t s  
chemistry, typfially Na-HCO has a total. mineralization of 3600 
m g / a  Isotopic studies have shown that  the thermal water emerges 
from the springs and a ho t  well w i t h o u t  significant mixing w i t h  
the cold shallow aquifer of the valley alluvium. However, the 
cold aquifer adjacent t o  the resort does contain varying amounts 
of thermal water tha t  originates from the warm spr ing  system. 
Geothermometry calculations indicate that  t h e  thermal water may be 
as h o t  as  85% a t  depth before i ts  ascent ,toward surface. Thermo- 
dynamic computations on the reaction s t a t e s  of numerous mineral 
phases suggest tha t  the thermal water w i l l  not cause major scaling 
problems i f  the hot water is  uti l ized for  direct-use geothermal 
applications. By means of a network of very shallow. holes, 
temperature and electr ical  conductivity anomalies have been found 

and res i s t iv i ty  
of thermal water 

w i t h  tempera- 
w i t h  a total  

system w i t h o u t  
.system. I t s  temperature 

seems t o  be inter- 
85'C a t  depth b u t  

The group of lukewa 
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also because large volumes o f  thermal water are continuously 
d i  schargi ng i nto the Val 1 ey a1 1 uvium from conceal ed f i ssures i n 
the metarhyolite. More de ta i led  geophysical studies and two o r  
three s l im  exploratory d r i l l  hol es could ascertain the 1 oca1 
geothermal potent ia l  i n  a quanti t a t 1  ve way. Thus, 1 ow-temperature 
geothermal appl icat ions could be considered f o r  Ojo Caliente, such 
as space heating f o r  bu i ld ings  and greenhouses. 

1. INTRODUCTION I 

The Ojo Caliente warm springs area (Fig. 1) i s  located a t  the boundary 
between Rio Arr iba and Taos counties, i n  north-central New Mexico, 75 km south 
of the Colorado border and 60 km northeast o f  the Val les Caldera. Ojo 
Caliente i t s e l f  i s  a small community b u i l t  around an o l d  spa t h a t  i s  s t i l l  
active. I n  1534, the warm springs o f  Ojo Caliente were v i s i t e d  and named by 

Cabeza de Vaca, an ear ly  explorer o f  New Mexico. These springs have been used 
as a spa f o r  many years and were f i r s t  mentioned i n  the geologic l i t e r a t u r e  i n  
1875 (Summers 1976) . 

The purpose o f  the present study i s  t o  assess the low-temperature 
geothermal po ten t i a l  o f  the Ojo Caliente area and t o  determine (1 )  i f  more 

water i s  avai lable a t  depth than t h a t  na tu ra l l y  discharged, ( 2 )  i f  one can tap 
ho t te r  water, and f i n a l l y ,  (3) i f  the thermal water anomaly i s  concentrated 
around the r e s o r t  i t s e l f  o r  i s  spread over a wider area. Warm water resources 
would be very useful i n  a small community l i k e  Ojo Caliente o r  La Madera f o r  
space heating of bui ld ings and greenhouses (Ungemach 1982). To answer these 

hypotheses, the geology o f  the area around Ojo Caliente has been compiled and 
mapped, the geochemistry o f  a l l  waters, thermal and cold, ground and surface, 

from O j o  C a l i e n t e  t o  La Madera has been assessed, and a sha l low-ho le  
temperature network and a r e s i  s t i  v i  t y  sounding survey have been completed. 

Not much has been w r i t t e n  previously on the thermal waters o f  Ojo 
Ca l i en te ,  b u t  e a r l i e r  research  i s  summarized by Summers (1976) i n  h i s  
"Catalog o f  Thermal Waters i n  New Mexico." The Bureau o f  Land Management i n  
A1 buquerque (1978 prepared an "Environmental Assessment Record and Technical 
Examination on Proposed Geothermal Leasing i n  the Ojo Caliente Area." The 
proposed act ion was t o  of fer ,  f o r  geothermal leasing, about 552 km o f  pub l i c  

land i n  the Rio Arr iba and Taos Counties. This repo r t  mostly concerns 
descr ip t ion  o f  the ex i s t i ng  loca l  environmental condit ions and the possible 
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Fig.  1. 
Location map o f  t h e  sampling po in t s  i n  t h e  Ojo Caliente-La Madera area. 

I 

impact of geothermal development on them. Recently a small paper was 
published wi th  the first results obtained from t h i s  study (St ix  e t  al .  1982). 

2. GEOLOGY 
Rocks i n  the Ojo Cal iente area consist  primarily of upfaul ted Proterozoic 

crystal 1 i ne rocks, unconformably overl ain by Miocene basi n-f i 11 sediments t h a t  
d i p  gently t o  the southeast. These Miocene rocks are, i n  turn, unconformably 
overl ain by f 1 at-1 yi ng t o  gently d i  ppi ng Quaternary terrace gravel s , sedi - 
ments , t raver t i  ne, and a1 1 u v i  um. The Precambri an sequence i s upfaul t ed  a1 ong 

- 



north-northeast  - t r e n d i n g  f a u l t s  i n t o  a series of ho r s t s  so t h a t  th i s  
metamorphi c sequence i s exposed a t  the surf ace. The monocl i nal Miocene rocks 
are draped over the Precambrian rocks and are cut  by north t o  northeast- 
trending normal faults.  The Quaternary sequence i s  apparently unfaul ted. The  
reader i s  referred to  a geologic map of the area (F ig .  2 )  t o  aid i n  understand- 
ing the d i s t r i b u t i o n  of rock u n i t s ,  s t r a t i g r a p h i c  r e l a t ionsh ips ,  and 
structural features; 

2.1 Stratigraphy 
2.1.1. Precambrian Igneous and Metamorphic Rocks. Amphibolite, schist ,  

and quartzite are considered the oldest rocks i n  the area. Amphibolite and 
schis t  are interbedded i n  the north-central part  of the mapped area, whereas 
bedded Ortega Quartzite crops out i n  the northwest w i t h i n  the La Madera 
Mountains (Fig .  2).  Younger Precambrian porphyritic rhyolite crops out west 
of the warm springs a t  O j o  Caliente. The rhyolite is  phenocryst-poor t o  
phenocryst-rich, containing crystals  o f  quartz, microcline, and plagioclase. 
The rhyolite is  metamorphosed, b u t  primary re1 i c t  textures such as  a1 tered 
glass shards have been recognized. These rocks are  interpreted as  hypabyssal 
intrusives (Cerro Colorado) and ash-flow tuffs (Treiman 1977) . The youngest 
Precambrian rocks mapped are granite pegmati tes and quartz veins , both of 
which are intrusive into a l l  other Precambrian rocks. The age of t h i s  
Precambrian sequence ranges from 1850 t o  1700 Myr (Treiman 1977) . 

2.1.2. Miocene Sedimentary Rocks. Surface exposures of Paleozoic and 
Mesozoic rocks do not exist i n  the mapped area b u t  may subcrop adjacent t o  the 
Precambrian horsts of Cerro Colorado and the La Madera Mountains. A l l  
Tertiary rocks i n  the study area are Miocene i n  age. The most notable feature 
of these basin-fill deposits is the intertonguing of these formations. The 
R i t i t o  Conglomerate, ranging from 1 t o  120 m i n  thickness i n  the study area, 
c o n s i s t s  of unsorted,  poorly graded conglomerate l o c a l l y  derived from 
Precambrian rocks. Transport distance was minimal, as  these are  proximal 
deposits. The Ri t i to  has a wide age spectrum (10 Myr?) and interfingers w i t h  
the Abiquiu  Tuf f  and Los Piflos Formation. 

The Abiquiu T u f f  crops out i n  the south-central part  of the study area. 
I t  i s  generally a grey-whi te ,  we1 1 -sorted, tuffaceous sandstone, 0- t o  65-m 
thick w i t h  minor conglomerate and s i l ts tone interbeds. Flows of J a r i t a  Basalt 
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and Cerro Negro nephelinite(?) w i t h i n  the Abiquiu T u f f  have K-Ar ages of 
22.1a.6 and 18.9N.7 Myr, respectively (Baldridge e t  al .  1980). The Abiquiu  
T u f f  intertongues w i t h  the Cordito Member of the Los Pinbs Formation t o  the 
north. 

The Cordito Member is a 0- t o  410-m-thick volcanic pebble  conglomerate 
consisting of rhyolitic t o  l a t i t i c  c las ts .  Interbeds of tuffaceous sandstone 
are sometimes present. In places the pebble conglomerate is  well cemented by 
si l ica and/or calcite. These res i s tan t  layers have formed surfaces on which 
thermal and/or cold ground waters may have flowed; these layers may represent 
cappi ngs fo r  pal eoaqui fers . Man1 ey ( 1981 ) suggests the Lati r volcanic f iel d 
t o  the northeast a s  the source of the Cordito Member. T h i s  t h i c k  wedge of 
volcanic detritus t h i n s  t o  the south and grades into the Chama-el r i t o  Member 
of the Tesuque Formation, par t  of the Santa Fe Group, just north of Ojo 
Caliente (May 1979). May (1980) considers the age of the Cordito Member i n  
the study area t o  range from 18 Myr t o  11-12 Myr. 

The Chama-el r i t o  Member over'lies and interfingers w i t h  t h e  Los P i k s  

Formation near Ojo Caliente. T h i s  i s  a well-sorted, pink-brown, generally 
nonvol cani c sandstone, a1 though subordi nate vol canic pebbl e stringers a r e  
present. I t  ranges from 0 t o  440 m t h i c k  and grades upward in to  t h e  O j o  
Caliente Sandstone of the Tesuque Formation. The age of the Chama-el r i t o  
Member is  uncertain b u t  overlaps tha t  of the Los Pinbs Formation. The 
overlying Ojo Cal iente Sandstone is  a brown, we1 1-sorted quartzose sandstone 
t h a t  is poorly indurated and cross bedded. I t  i s  believed t o  be aeolian i n  
origin; i t s  maximum thickness is  unknown. The base of the Ojo Caliente 
Sandstone is thought t o  be 11-12 Vyr, and the age of the uppermost Ojo 
Caliente beds is  thought t o  be as young a s  5 Myr (K.  Manley, U.S. Geol. 
Survey, personal comun., 1981 ) 

2 . 1.3 . Miocene Vol cani cs. Several basal t i c  un i  ts a re  i nterbedded i n the 
sedimentary sequences described above. The J a r i t a  Basalt has a K-Ar date of 
22.1a.6 Myr and is found i n  the upper par t  of the Abiquiu T u f f  (Baldridge e t  
a1 . 1980) . Cerro Negro basal ts, consisting of intrusive basalt ,  tuff  breccia, 
and flows(?), are a l so  associated w i t h  the Abiquiu  Tuff .  A Cerro Negro 
nephelinite flow(?) interbedded i n  the Abiquiu Tuff  has been dated a t  18.9a.7 
Myr using K-Ar  methods (May 1979; Baldridge e t  a l .  1980). Several facies  of 
the basal t i c  Ojo Caliente Tuf f  Ring were erupted w i t h i n  the intertonguing 
c 



Cordito and Chama-el rito Members. The €1 Rito Creek vent of May 
t o  45 m lower than the Ojo Caliente Tuff  Ring facies b u t  (1) 1 

(1979) i s  0 

considered 
genetically related and (2 )  i s  s l igh t ly  older than 13 Myr (May 1979). 

2 . 1.4. Quaternary Sediments. Pediment gravel s, terrace gravel s, 1 oess , 
t r a v e r t i n e ,  1 andsl i d e  depos i t s ,  and a1 1 uv ium unconformably over1 i e  t he  
Tertiary and Precambrian section. The pediment gravels are topographically 
higher and further removed from drainage basins than are the terrace gravels. 
T h e  pediment depos i t s  t h u s  represent  ea r l  i e r  s tages  of deposit ion and 
downcutting than do the river terraces. 

2.1.4.1. Radiocarbon Dating . A charcoal hori zon from a terrace gravel 
. has been dated a t  2800k350 years before AD 1950 us ing  radiocarbon methods 

(normalized from a13C = -20.7"/,, t o  u C = -25.0"/,,). The surfaces of these 
deposits are locally f l a t  b u t  slope gently toward the Rio Ojo Caliente. Often 
several terraces a t  different topographic levels can be distinguished. The 
terrace sampled is located a t  la t i tude 36"22.086', longitude 106'03.478', 
approximately 2 km southwest of La Madera. The terrace is composed primarily 
of quartzose sandstone w i t h  subordinate si1 t and congl omerate i nterbeds . The 
conglomerate c l a s t s  are sub-angular t o  sub-rounded quartzite cobbles 1 oca1 l y  
derived from exposed Ortega Quartzi te .  Limited pal eocurrent  work on 
imbricated conglomerates suggests a southeast direction of flow, and the 
terrace surface grades down t o  the eas t  toward the Rio Ojo Caliente i n  the 
study area. T h i s  terrace may have been part  of a fan complex w i t h  a source t o  
the northwest. 

I t  i s  unclear how this terrace correlates stratigraphically w i t h  those on 
the eas t  side o f  the Rio Ojo  Caliente. These terraces are travertine deposits 
up t o  75 m thick. The terraces' surfaces step upward progressively from the 
river,  indicating d is t inc t  periods of travertine deposition. The dated 
terrace to  the west of the Rio Ojo Caliente may correlate w i t h  the lower 
travertine terraces. The dated terrace grades down toward the river; t h u s ,  i t  
probably was not deposited a t  the same time as the topographically highest 
(2010 t o  2040 m )  travertine terraces. 

The dated charcoal layer w i t h i n  the terrace i s  approximately 3 t o  4 cm 
t h i c k  and i s  1 m below the upper surface o f  the terrace. Numerous t h i n  
charcoal horizons outcrop beneath the dated 1 ayer; one charcoal horizon occurs 
0.5 m above the dated layer but  is just below a paleosol and unsuitable for 
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dating. In addition, a 0.5-m-thick conglomerate stringer crops out 0.5 m 
below the dated charcoal horizon. The proximity of the dated layer t o  the top 
of the terrace suggests tha t  the end of terrace deposition and beginning of 
dissection began about 2800 years ago. 

2.1.4.2. Rate of Erosion. The erosion rate  can be estimated i f  i t  i s  
assumed tha t  (1) there have been no depositional intervals from 2800 years ago 
to  the present, and ( 2 )  the dated charcoal horizon i s  i n  place. May (1980) 
has observed slope wash from higher elevations a t  greater distances from river 
drai nbges, causi ng the gent1 e slope of terraces toward the drainage basin. 
However, the dated charcoal 1 ayer i s  s t r a t i  graphical l y  continuous w i t h  1 ower 
charcoal horizons and appears unaffected by slope wash. 

The ra te  of erosion was determined by estimating a min imum relief of 
approximately 24 m from the top o f  the terrace where sampled t o  the bottom of 
the stream cut, i n  which  the deposit is exposed, and a maximum relief of 
approximately 58 m from the top of the terrace where sampled t o  the bed of the 
Rio Ojo Caliente nearest t h e  dated charcoal. Thus ,  a m i n i m u m  rate of 
downcutting is 24 m every 2800 years or  0.86 cm/yr (0.76 cm/yr taking into 
account an error of 350 years). The maximum rate  of erosion is  58 m per 2800 
years or 2.07 cm/yr (2.37 cm/yr w i t h  a 350 year error) .  The  mean r a t e  of 
erosion dur ing  t h i s  period from 2800 years ago t o  the present day (AD 1950) 
was 0.76 t o  2.37 cm/yr; 

Baldridge e t  a1 (1980) have estimated a ra te  of erosion i n  the Espa?iola 
basin of 0.0035-0.0040 cm/yr i n  the past 4.5 Myr and 0.0054 cm/yr i n  the l a s t  
3.2 Myr. They conclude the l a t t e r  figure i s  a more accurate estimate of the 
present-day erosion r a t e .  These data  compare unfavorably w i t h  results 
presented here tha t  show two to  three orders of magnitude greater downcutting 
i n  the Holocene as opposed t o  Plio-Pleistocene time. The reasons fo r  t h i s  

# 

discrepancy may be twofold: first,  the rate  of erosion may have increased 
dramatically i n  the Holocene as depositional ra tes  decreased. Possibly, 
overgrazing by ca t t l e  has increased the erosion ra te  considerably i n  the l a s t  
several hundred years ( R. Goo1 ey , Los A1 amos National Laboratory, personal 
commun., 1983). Second, this comparison must be used w i t h  caution; the two 
timescales (0 t o  3150 years before AD 1950 and 0-4.5 Myr) differ i n  time by 
three orders o f  magnitude. 
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2.2 Faulting: Geothermal Considerations 
There is  l i t t l e  evidence of Holocene faulting w i t h i n  the Tertiary and 

Quaternary deposits located west of the Ojo Caliente warm springs. Faulting 
i n  the Los PiGos is infrequent; where i t  occurs, throws are not  more than 
several meters . Several small terrace deposits of travertine i ndi cate more 
extensive movement of thermal f l u i d s  i n  the past, b u t  no direct  geologic 
evidence proves Quaternary faulting. However, numerous nor th  t o  northeast- 
trending fau l t s  are mapped i n  the Tertiary section i n  the southwest p a r t  of 
the study area where the Ojo Caliente f au l t  zone terminates (May 1980). 
Furthermore, a major Pliocene fau l t ,  trending north-northeast and downthrown 
t o  the east ,  apparently runs beneath the alluvium i n  the Rio Ojo Caliente 
Val 1 ey. T h i s  f a u l t  probably o f f s e t s  Precambrian metarhyol i t e  i n  the 
subsurface. Four l ines  of evidence po in t  t o  the existence of such a faul t .  
First, the l inear  alignment of a ridge of metarhyolite tha t  l i e s  west o f  Ojo 
Caliente trends north-northeast; the ridge may be upfaulted against buried Los 
Pfios rocks hidden beneath the river alluvium. Second, the Ojo Caliente Fault 
Zone cuts Tertiary rocks 5 km southwest of Ojo  Caliente and s t r ikes  north- 
northeast, aligned w i t h  the inferred f a u l t  i n  the Rio Ojo Caliente valley. 
Third,  a f au l t  located 8 km northeast of Ojo Caliente also follows t h i s  
a1 i gnment. These structures are major fau l t s  w i t h  d i  sp l  acements of perhaps 
several hundred meters. Fourth,  the location of the warm springs a t  Ojo  
Cal ien te  appears t o  be cont ro l led  by the  in t e r sec t ion  of pre-Tert iary 
northeast-trending Precambrian shear zones w i t h  a Pliocene f au l t  1 ocated 
w i t h i n  the valley (Fig.  2) .  From this evidence, the Pliocene age f a u l t  is  a 
zone of normal fau l t s  downthrown t o  the east  w i t h  cumulative of fse t  of a t  
l ea s t  100 m. T h i s  zone is  possibly a reactivated Precambrian age structure. 

Similarly, several lukewarm springs located south of La Madera also 
appear to  be controlled by faulting (Figs. 1 and 2) .  For example, Lower Owl 
Sp r ing  l ies along a north-northwest trending f a u l t  t h a t  o f f s e t s  Ortega 
Q u a r t z i t e ,  poss ib ly  aga ins t  Quaternary-age t r a  t i n e .  La Cueva S p r i n g  
emanates along a northeast- t rending f a u l t  tha ownthrows Ojo Cal ien te  
sandstone to  the no The ef fec t  of 
faulting upon Low nd Shipap Springs is d i f f i cu l t  t o  evaluate, as terrace 
gravel s and a1 1 u v i  um conceal the structure . 

west relative t o  older Los Pi%os gravels. 
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3. HYDROLOGIC SETTING 
The Ojo Caliente thermal area i s  located i n  the northern EspGola basin, 

which i s  pa r t  o f  the Rio Grande rift. This explains why the drainage basin of 
the Rio Ojo Caliente (Rio Va l lec i tos  and Rio Tusas t o  the nor th  o f  La Madera) 

has a north-south extension (Fig. 1). The Rio Ojo Cal iente i s  a t r i b u t a r y  of 
the Rio Chama, i t s e l f  f lowing i n t o  the Rio Grande, a major stream st retch ing 

from Colorado t o  Texas, through New Mexico. The Rio Ojo Caliente, which i s  a 
perennial stream, flows on the west side o f  the va l ley  about 250 m east o f  the 
warm springs. The stream bed i s  composed o f  Quaternary gravels, sands, and 
S i l t s ,  whereas the warm springs emergence zone i s  located a t  the boundary 

between the Quaternary va l ley f i l l  and Precambrian metarhyol i te (see Fig. 2 
for  exact geologic re la t ionships) .  

A t  Ojo Caliente Resort, f i v e  warm springs have been tapped t o  supply 
water t o  the bathhouses, whi le four  shallow wel ls  have been d r i l l e d  i n  the 

' va l ley  f i l l  f o r  domestic water supply (Fig. 3). Three o f  the wel ls  tap a 
mixture o f  mineral ized warm water and co ld  d i l u t e  water i n  the shallow 

aquifer. The four th  one, the "Hot wel l  ,I' s t r i kes  the warmest water known i n  

OJO CALIENTE RESORT 

/ 

Arsenic 

Sulfate 

4 ~ W E U  N A SPRING 

a SEEP 

l w m  A SAMPLING LOCATION I -  IN THE RIO 
I Bathhouses 

Fig. 3. 
Location map o f  the sampling points  a t  Ojo Cal iente Resort. 
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the area (54°C) bu t  has been unused since i t s  d r i l l i n g  i n  1951-52 (Summers 
1976). I t s  ra ther  constant water leve l  (0.7k0.1 m below ground surface) 
indicates a constant pressure o f  upwelling thermal water i n  absence of any 
pumping, and it can be c a l l e d  a nonflowing artesian we1 1 . 

Between Ojo Caliente and La Madera, a shallow wel l  taps co ld  water i n  the 
Quaternary aquifer t o  supply the Mesa V is ta  school. S l i g h t l y  south o f  La 
Madera, there occurs a group o f  lukewarm springs i n  the middle and both sides 
o f  the Rio Ojo  Caliente val ley. One i so la ted  co ld  spr ing ( S a l t  L i c k )  issues 
nor th  of La Madera t h a t  displays unique charac ter is t i cs  (Fig. 1). The 
emergence elevations f o r  a l l  these sampling points  range from 1900 m f o r  the 

spa area t o  2100 m f o r  S a l t  L ick spring. I f  one considers the drainage basin 
upstream from Ojo Caliente, which stretches a l l  the way nor th  t o  Colorado, the 
highest elevat ion p o i n t  i s  3330 m (San Antonio Mountain) whi le the lowest 
p o i n t  i s  the Rio Ojo Caliente a t  the spa (1895 m ) .  Estimation o f  the t o t a l  
e leva t ion  range o f  the basin using a 1:250 000 topographic map indicates t h a t  
about 70% of the t o t a l  basin i s  between 2400 and 3000 m,  and t h a t  the average 
topographic elevat ion o f  the basin i s  2650 m. Five  ki lometers nor th  o f  Ojo 
Caliente Resort and 120 m upstream from the bridge on State Highway 96, a 

gauge records the water leve l  o f  the Rio Ojo Caliente. The elevat ion of the 
gauge i s  1938 m and the drainage area i s  1085 km2 (U.S. Geological Suivey 
19811. Records o f  the discharge o f  the Rio Ojo Caliente have been taken from 

A p r i l  1932 t o  the cur ren t  year. The average annual discharge f o r  a per iod o f  

48 years (1932-1980) i s  1.914 m /s, whi le the extreme recorded values are 88.9 
m3/s ( A p r i l  21, 1958) and 0.006 m3/s (August 17, 1956). 

4. GEOCHEMICAL CHARACTERISTICS OF THE WATERS 
4.1 F i e l d  and Laboratory Procedures 

Samples from 1979 t o  1981 were co l l ec ted  according t o -  the methods 

described i n  Goff e t  a l .  (1982); temperature was recorded with mercury 
thermometers; f i e l d  pH was determined using an analog pH meter (Porto-Matic 
175, Instrumentation Laboratory, Inc. ); f i e l d  Eh was measured by standardizing 
the pH meter w i th  Quinhydrone (Kodak 217) mixed i n  pH4 and pH9 b u f f e r  solu- 
t ions; conduct iv i ty was recorded i n  the 1 aboratory and discharge estimated 
v isual ly .  Since 1982, a multiparameter d i g i t a l  device (Portalab 500, Presto- 

Tek Corp.) takes care o f  temperature, pH, Eh, and conductivi ty. Discharge has 
been measured w i th  graduated buckets. 

3 
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Samples of water for  analysis were f i l t e r ed  when necessary, us ing  a 
vacuum pump system w i t h  a 0.45-vm f i l t e r  paper. The following types of 
samples were col 1 ected for analyses i n  various pol yethyl ene or  glass bot t les  
w i t h  Polyseal caps: (1) a 500-mk plast ic  bot t le  of raw water for  anions; ( 2 )  
a 250-fl plast ic  bott le of f i l t e red  and acidified water for  cations and trace 
elements; (3) a 125-mk plast ic  bott le of f i l t e r ed  water d i l u t e d  t o  1 : l O  w i t h  
deionized water for s i l i ca ;  ( 4 )  a 500-mk glass bot t le  of raw water for  
tritium; and (5) a 125-mk glass bottle of raw water for  oxygen-18 and 
deuterium. Acidification was done by adding concentrated HN03 u n t i l  the pH 
dropped lower than 2. The chemistry was analyzed entirely by the Fenton Hill 
laboratory (Los Alamos National Laboratory), and the analytical methods a re  
given i n  Goff e t  a l .  (1982). Oxygen-18 and deuterium analyses were provided 
by the Bureau des Isotopes Stab1 es, Centre dcEtudes Nucl'eai res, Sac1 ay , 
France, whereas the  tritium data were obtained from Teledyne Isotopes,  
Westwood, New Jersey. 

4.2 Physical Parameters 

Ojo Y Caliente and the shal 
4.2.1. Temperature. for  the Rio Very few temperature data are avai 1 ab1 e 

ow cold ground water; therefore, they GO not allow 
calculation of precise yearly averages. The group of springs around La Madera 
display temperatures between 15 and 29"C, values which are  higher than the 
shall ow col d ground-water temperature (Tab1 e I 1. For exampl e, the shall ow 
School well 3.5 km north of the spa, without apparent thermal water contamina- 
t ion,  has a temperature of 13°C; t h i s  value i s  l ikely t o  be i n  the range of 
variation of the mean shallow ground-water temperature for the area. Usual ly  , 
cold ground waters display temperatures 1 t o  1.5OC above the mean yearly a i r  
temperature (Walton 1970). Knowing the average a i r  temperatures and 
elevations for Taos, Los Alamos, and Santa Fe, respectively 8.4, 9.0, and 
9.7"C, a value for  Ojo Caliente can be roughly estimated a t  10 t o  11°C 
(Weather Bureau, A1 buquerque and Environmental Surveil lance,  Los A1 amos 
National Laboratory, oral communications, 1983) . Ground-water temperature i s  
t h e n  deduced to  be i n  the range of 11 t o  13°C. 

Temperature measurements have been taken several times i n  the Rio Ojo 
Caliente upstream from the spa: strong variations occur according t o  the time 
of day and the season. Although a range of 8 t o  19°C was observed, these are  
not thought to  represent the extreme values. 
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TABLE I 
PHYSICAL PARAMETERS FOR THE WATERS OF OJO CALIENTE  AREA^ 

Temperature Eh Conduct. Discharge 
Name No. Date ('C) PH ( m V I  (rS/cm) (rfmin) Referenceb 

Rio O jo  Caliente 
School well' 
Well # Z  
Statue spring 
Shi pap spring 
Lower O w l  spring 
Lower O w l  springs 
La Cueva spring 
Lowry spring 
Lowry spring 
S a l t  L ick  spring 
S a l t  L ick  spring 
Well ~2' 
Well I1 
Tap water 
Well 
L i t h f a  spring 
L i t h i a  spring 
I r o n  spring 
Soda spring 
Soda spring 
Arsenic spring 
Sodium Sul fa te spring 
I r o n  spring 
Sodium Sul fa te spring 
Arsenic spring 
Sodium Sul fa te spring 
Arsenic spring 
I r o n  spring 
Soda spring 
Soda spring 
Hot wel lg  
Arsenic spring 
Sodium Sul fa te spring 
I r o n  spring 
Hot we1 1 

Hot we1 1 
Well ~3' 
I r o n  spring 

d 

f 

1 

oc-19 
OC-27 

OC-26 
OC-9 
oc-11 
OC-8 
OC-7 
OC-23 
oc-12 

.. 
oc-10 
oc-21 - 
OC-6 
oc-20 
oc-2 
OC-13 
oc-1 - 

- 
OC-5 
OC-3 - 
OC-16 - - 
OC-14 
OC-15 
OC-17 - 
OC-4 
.. - - 

OC-25 
OC-18 
oc-28 

4/82 
6/82 
4/65 
6/82 
7/80 
11/81 
7/80 
7/80 
4/82 
11/81 
7/16 
11/81 
4/82 
4/65 
7/80 
4/82 
12/79 
4/82 
12/79 

10/47 
7 /80 
12/79 
12/74 
4/82 
10/49 
10/49 
4/82 
4/82 
4/82 
10/49 
12/79 
12/74 
10/47 
11/65 
6/82 
4/82 
6/82 
121 74 

1891-93 

7.7 8.29 
13.4 7.52 

7.8 
29.2 6.26 
27.5 6.01 
28 6.20 
23 6.46 
17 6.13 
25.0 6.31 
25 6.15 

8.2 
14.5 7.60 
14.7 7.39 

7.8 
25 
34.3 6.88 
3a 6.55 
41.9 7.08 
43 6.40 

35.0 
43.5 6.60 

41.3 7.02 
45.0 7.1 
40.6 6.9 
38.3 7.44 
42.2 7.26 
27.3 6.86 

7.2 
54 6.75 
38.3 7.1 
32.2 

9.09 
54.2 7.14 
53.6 7.98 
12.1 7.03 

206 
136 978 

1050 
150 1660 
210 1790 
190 1750 
200 1710 
160 1760 

1850 
180 1820 

140 1130 
1880 
2380 
2900 

, 3000 
3900 
4190 
4100 

3890 
180 4000 

4100 

4250 
3900 
3920 
4200 
4250 
4220 
3910 
3900 
3800 
3890 
3300 

88 4440 
4560 

-125 4110 
42.8 6.6 3900 

>55 

110 

80 
60 
l!je 

60 

4 

40 

20 
15 

45 

0 

0 
0 
0 

1 

1 
1 

1 

1.2 
1 
1 

1.2 
~ 

a A l l  measurements from the years 1979 t o  1982 were 
The sample arrangement i s  the same for Tables I a 
1 = Summers. 1976; 2 = Trainer and Lyford. 1979 
These two references are s t i l l  v a l i d  f o r  Tables 111, I V ,  and Vf. 
Well head sampling during pumping. 
The sample OC-8 i s  a mixture o f  two springs o f  the same type emerging above. OC-11 i s  one o f  them. 
Total f low o f  a l l  surrounding emergences equals 60 rfmin. 
Nix ture  of  water pumped i n  a tank from we l ls  #l and 12 and used as potable water supply. 

Sampling a t  the bottom o f  the w e l l  and temperature measured a t  10 m below ground level. 
Sampling a t  the top o f  water column and temperature measured a t  10 m below ground level .  

i n  the f i e l d  by the Los Alamos National Laboratory. 
t o  V I 1  and i s  explalned i n  Table 111, note a. 

/ Sampling and temperature measurement a t  the top o f  water column (about 1 m below ground leve l ) .  



Temperature logs are available from two wells (Hot well and well #3)  a t  
the spa, d r i l l e d  i n  the shallow aquifer for potable water supply (Fig.  3 ) .  
Both  tap .the thermal water, although neither is used, An in i t ia l  temperature 
log  was made i n  1952, probably after completion of the well (Fig.  4).  From 
the d r i l l i n g  report, the h o t  water is said t o  have been encountered a t  a depth 
of 26.5 m,  whereas a t  15 m the water was st i l l  cold (Summers 1976). Calcula- 
tion o f  a temperature gradient is  not sensible because the temperature 
dis t r ibut ion of this system is purely convective. T h i s  31-year- old tempera- 
ture log has been duplicated by a recent one ( J .  Hunter, 1981, Los Alamos 
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Fig.  4. 
Temperature logs for the Hot well and well #3 a t  Ojo Caliente Resort. The two 
logs carried out i n  the Hot well are very similar despite 30 years between the 
two measurements. 
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National Laboratory, unpublished data), which has a very s im i la r  curve, about 

0.7T colder than i n  1952 (Fig. 4). The recent temperature l o g  o f  we l l  #3 
shows a steady increase of temperature w i th  depth, wi th  a maximum temperature 
of 14.8'C. This value i s  probably too high f o r  a shallow co ld  aquifer, unless 

i t  i s  the unmixed summer water perco lat ing l a t e r a l l y  from the r i v e r  i n t o  the 
Quaternary aquifer. I n  addi t ion,  the conduct iv i ty  o f  we l l  #3 i s  very h igh  
(4110 rtS/cm), almost reaching the value of the thermal water (4200-4500 
rtS/cm), i nd i ca t i ng  t h a t  thermal water spreads i n t o  the sand and gravel of the  
shallow aquifer and i s  cooled by the prox imi ty  o f  the r i v e r  ( 4 0 0  m).  

A t  Ojo Caliente, temperature o f  the warm water has been measured f o r  more 
than a century. Loew i n  1875 described four  warm springs w i th  temperatures 
ranging from 42 t o  46OC; several authors, from 1875 t o  1974, ind icated values 
from 32 t o  5OoC fo r  three t o  f i v e  warm springs (Summers 1976; Table 11). 
These values are very c lose t o  the ones recorded current ly ,  even i f  i t  i s  not 
possible t o  evaluate the  prec is ion o f  past measurements. On the other hand, 

the  way i n  which the springs are now trapped i s  surely d i f f e r e n t  from one 
century ago. Also, none o f  the recent temperatures have been measured where 
water f lows d i r e c t l y  from the f issures but ra ther  from concrete pipes and 
tanks. These fac ts  explain why 5OoC i s  not encountered anymore i n  the  
springs. However, the  water a t  the  top  o f  the  unused Hot we l l  (0.7 m below 
ground leve l )  reaches 53'C. 

4.2.2. pH and Eh. Natural waters o f  t h i s  study d isp lay a small range o f  
pH var ia t ions  from 6 t o  8.3, but each type o f  water has spec i f i c  values. 
Surface waters, here represented by the  Rio Ojo Caliente, have a s l i g h t l y  
basic pH of 8.3, possibly a resu l t  o f  man-made pol lu t ion.  The ground water 
inf luenced by r i v e r  perco lat ion and tapped by he shallow we l ls  shows a 
var iab le pH from 6.9 t o  7.8. A very stable pH from 6.0 t o  6.5 i s  measured a t  
the  group o f  La Madera springs. F ina l l y ,  the  thermomineral water o f  Ojo 
Caliente, due t o  degassing and temperature drop a t  emergence, has a more o r  
less neutra l  pH of 7k0.5 varying w i th  t ime and sampling locations. 

Only a few Eh values are avai lable,  and a l l  but one are i n  the  narrow 
range o f  90 t o  210 mV, showing weak ox id iz ing  conditions. A sole negative Eh 

value o f  -125 mV f o r  the well #3 r e f l e c t s  s l i g h t  reducing conditions, con- 
firmed by black suspension i n  the water, l i k e l y  t o  be reduced iron. 
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TABLE I1 

SELECTED HISTORIC DATA OF THE WARM SPRINGSaOF 030 CALIENTE 
COMPARED WITH RECENT DATA 

Total  
b Sampl i ng Temperature TDS discharge 

date ("Cl (mgb 1 (Elmin) Reference 

- 
- 
- 

1891-93 
- 
- 
- 

10/1949 
12/1965 

12/1974 
4/1982 

42-46 

47 -49 
42-50 

- 
32-50 
32-50 

37-45 
41-45 
43 

38-43 
27-44 

2540-2600 

3660 

2320 

- 
3630-3720 

3140 

3580-3670 
3630-3670 

- 
- 

230 
- 

260 
790 

1320 
- 

370 
- 

340 

Loew (1875) 

Cope (1875) 
Peale (1886) 
Clark (1893) 

Crook (1899) 
Jones (1904) 

Stearns e t  a1 (1937) 
USGS 
Summers (1976 

USGS 
t h i s  repor t  

a A l l  values o f  temperature, t o t a l  dissolved so l ids  (TDS), and t o t a l  discharge 
are rounded o f f  t o  the nearest 1"C, 10 mg/E, and 10 Elmin, respectively. 

A l l  references before t h i s  repor t  were taken from Summers (1976). 

4.2.3. Conductivity. Conductivi ty i s  a quick and handy f i e l d  too l  f o r  

eval u a t i  on o f  spr i  ng and aqui f e r  systems. Unfortunately, f i e l  d measurements 
o f  conduct iv i ty  only began i n  1982 f o r  t h i s  study. Previous values were 

recorded a t  the laboratory, causing roughly a 10% decrease and making compari- 
sons d i f f i c u l t .  I n  sp i te  o f  t h i s  problem, marked groups o f  conduct iv i ty  can 

be deciphered. Surface water i s  the l e a s t  conductive w i t h  200 Wcm, 
uncontaminated ground waters reach nearly 1000 pS/cm, and mixtures o f  co ld  and 
thermal ground waters range from 1000 t o  3000 pS/cm. The spr ing group o f  La 

Madera i s very stab1 e around 1750 vS/cm, whi 1 e Ojo Ca l i  ente thermomi neral  
water tops w i th  4000k200 pS/cm. 
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4.2 -4. D i  scharge. 

parameters , because o f  

Flow r a t e  i s  usual ly 

U n f o r t u n a t e l y  t h i s  s tudy does n o t  break t h e  
,he bad q u a l i t y  and the 

the poorest o f  the f i e l d  
mal 1 number o f  mesurements. 

t r a d i t i o n .  D i  scharge was 
co r rec t l y  measured only a t  a very few sampling locations. 

A t  
Ojo Cal iente Resort, a t o t a l  di’scharge o f  340 i /m in  f o r  the f i v e  warm springs 

was measured i n  two drainage ditches. Each spring should have i t s  own unique 
discharge, and values o f  15 t o  45 k/min were recorded on three d i f f e r e n t  
emergences . Amazi ngl y, f i ve h i s t o r i c a l  Val ues o f  t o t a l  d i  scharge are avai 1 - 
able, varying from 230 t o  1320 k h i n  (Table 11). Again, i t  i s  impossible t o  
assess the Val i d i  ty o f  such numbers wi thout know1 edge o f  the measurement 
condi ti ons 

La Madera springs have discharge values ranging from 15 t o  80 &/mine 

4.3 Chemical Parameters 

major, minor, and trace elements. 
A l l  the chemistry i s  l i s t e d  i n  Tables 111 and I V  respect ively f o r  the 

4 . 3.1. Chemical C1 assi f i cat ion  and Major Consti tuents . Several types o f  

water can be dist inguished by means o f  a chemical c l a s s i f i c a t i o n  based on the 
major ions. A chemical formula i s  developed w i th  the ions whose concentration 
reaches more than 10% o f  the Total Dissolved Ions (TDI), expressed i n  meq/&. 
Only three cations (Na, Ca, Mg) and three anions (HC03, SO4, Cl)  are repre- 

sented, as observed i n  most other circumstances (Vuataz 1982) . Sometimes 
these s i x  ions account each f o r  more than 10% o f  the TDI,  and sometimes only 

two form the chemical formula (Table V ) .  The thermomineral water o f  Ojo  
Caliente contains Na and HC03 for  a t o t a l  o f  45 and 40% of the TDI, 
respectively. 

Sodium-bicarbonate thermal waters are common i n  g r a n i t i c  o r  r h y o l i t i c  

type o f  rocks and are encountered i n  many thermal provinces, such as the 
French Massif Central . For example, the thermomineral springs o f  Chateauneuf- 
l es -Ba ins  have very  s i m i l a r  c h a r a c t e r i s t i c s  compared w i t h  Ojo C a l i e n t e  
(Fou i l l ac  e t  al, 1976). The same chemical formula i s  also encountered f o r  the 

shallow ground water containing a high percentage o f  thermal water, such as 
wel l  #1  and the tap water. With a decreasing proport ion of the mineral ized 

thermal water, the formula changes and includes the other ions (wel l  #2). The 
only type o f  water t h a t  does not have Na as f i r s t  ca t ion  i s  the surface water 

17 
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TABLE I11 d 
03 

MAJOR AND MINOR CHEMICAL PARAMETERS ( r n g / a )  AND IONIC BALANCE (meq/a) FOR THE WATERS OF OJO CALIENTE  AREA^ 

Name No. Date Ha+ K+ Ca++ Mg*+ Li+ Sr++ HCOj C1- SO4-- F- 8r- sio2 B T O S ~  rcationsc ranionsc 

Rlo Ojo Callente 
School well 

Well 12 
Statue spring 
Shi pap spring 
Lower Owl spring 
L w e r  Owl springs 
La Cueva sprlng 
Lowry spring 
L w r y  spring 
Sa l t  Lick spring 
Sa l t  Lick spring 
Well 62 
Well b l  
Tap water 
Well 61 
L i th ia  spring 
L i th ia  spring 
Iron spring 
Soda spring 
Soda spring 
Arsenic spring 
Sodium Sulfate spring 
Iron sprlng 
Sodium Sulfate spring 
Arsenic spring 
Sodium Sulfate spring 
Arsenic sprlng 
Iron sprlng 
Soda spring 

OC-19 4/82 
OC-27 6/82 

- 4/65 

OC-26 6/82 
OC-9 7/80 
oc-11 11/81 
OC-8 7/80 
OC-7 7/80 
OC-23 4/82 
oc-12 11/81 - 7/76 
OC-10 11/81 
OC-21 4/82 

- 4/65 
OC-6 7/80 
OC-20 4/82 
OC-2 12/79 
OC-13 4/82 
OC-1 12/79 

- 1891-93 
- 10147 

OC-5 7/80 
OC-3 12/79 - 12/74 
OC-M 4/82 

- 10149 
- 10149 

OC-14 4/82 
OC-15 4/82 
OC-17 4/82 

12.1 1.0 22.4 5.4 0.02 0.17 
110 5.4 74 24 0.22 1.01 
102 4.7 80 29 
160 15 126 48 0.41 1.15 
172 15 139 57 0.01 0.80 
179 14 145 58 0.5 1.02 
176 15 128 58 0.03 0.88 
172 13 148 53 0.01 1.20 
180 14 150 60.1 0.52 1.23 
189 14 152 60 0.6 0.96 
225 4.7 14 1.1 
232 3.6 15 1.1 1.0 0.25 
280 6 110 32.5 0.86 1.13 
496 16 40 16 
580 18 65 19.2 2.4 0.84 
620 18 70 21.6 2.04 1.34 
867 28.5 23.6 8.70 2.7 1.16 
950 30 26 9.5 3.57 1.48 
953 29.0 21.0 6.60 2.2 1.14 
996 31.4 22.8 9.5 3.4 

28 8.7 
914 31 22 7.8 0.38 1.22 
866 31.3 20.6 6.60 2.4 1.04 
980 31.5 29 8.5 4.3 
950 28 20 7.1 3.64 1.49 
928 30 25 8.9 
933 34 24 7.6 
950 30 22 8.1 3.59 1.49 
950 30 22 8.1 3.38 1.45 
950 28 20 7.0 3.50 1.44 

88 11.9 21.0 
412 45.5 124 
274 83 150 
649 108 254 
678 114 262 
671 114 273 
609 116 274 
673 116 266 
716 119 278 
693 121 286 
310 125 96 
305 127 93 
752 132 190 
907 149 155 

1350 183 184 
1410 190 193 
2070 227 173 
2160 227 151 
2090 229 171 
2150 231 151 
2200 232 168 
1690 235 150 
2100 237 187 
2070 237 149 
2150 237 153 
2160 238 156 
2160 238 156 
2180 238 157 
2190 238 154 
2190 240 154 

0.77 
0.82 
0.55 
1.44 
1.6 
1.3 
1.6 
1.3 
1.23 
1.3 

10 
11.8 
2.3 
7.5 

14.9 
8.4 

13.5 
11.8 
14.2 
5.2 

16 
16.1 
15.5 
13.5 
14.0 
16 
16 
13.1 
14.1 
14.4 

2.12 
10.64 
10.93 
17.66 
19.51 
20.24 
19.22 
19.59 
20.72 
21.21 
10.70 
11.17 
20.64 
25.30 
30.88 
33.03 
40.75 
44.72 
44.13 
46.54 

42.37 
40.41 
46.20 
44.18 
43.11 
43.28 
44.40 
44.37 
44.15 

2.26 
10.66 
10.15 
19.05 
19.87 
19.97 
19.05 
19.91 
20.95 
20.80 
11.13 
11.15 
20.13 
22.69 
31.91 
32.94 
44.64 
45.58 
45.02 
45.17 

38.30 
45.81 
44.43 
45.86 
46.20 
46.20 
46.41 
46.56 
46.64 

(0.05 22 0.03 185 
0.08 36 0.22 833 

<0.05 23 0.41 1386 
<0.5 21 0.5 1461 
0.37 21 0.55 1479 

<0.5 21 0.5 1401 
<0.5 34 0.5 1479 
0.37 17 0.52 1538 
0.62 20 0.58 1539 

32 0.4 818 
0.75 31 0.45 822 
0.34 34 0.45 1542 

(0.5 50 1.0 2469 
0.83 50 0.91 2586 

58.5 1.47 3475 
1.02 57 1.40 3630 

58.9 1.53 3578 
0 60.2 0.29 3661 

60 
<0.5 61 1.6 3131 

64.3 1.50 3533 
0.66 55 1.0 3579 
1.12 61 1.41 3628 

63 1.6 3627 
63 1.7 3633 

0.93 59 1.40 3665 
1.02 61 1.42 3674 
1.14 62 1.39 3673 

Soda spring - 10149 997 29 25 9.0 2180 240 162 16 66 3724 46.10 46.71 



TABLE I11 (cont) 

- 
Name No. Date Ma+ K' Ca" Mg" Li' Sr- HCO; C1' 50;- F- Br- S102 8 lDSb Xcatlonsc Xanionsc 

Hot wel l  OC-4 12/79 927 27.8 7.3 2.90 5.5 0.48 1870 242 195 20.8 43.4 1.54 3344 42.44 42.63 
Arsenic sprlng - 12/74 1000 30.6 28 7.8 4.3 2140 242 149 12.8 0.15 56 1.37 3672 46.94 45.67 
Sodium Sulfate spr ing  - 10147 28 8.7 2210 245 165 16 
I r o n  spring - 11/65 993 36 6 7.7 2.7 1640 246 132 3.0 71 1.1 3139 45.44 36.72 
Hot wel l  OC-25 6/82 940 30 17 5.4 3.17 1.28 2130 246 160 17.3 1.22 65 1.41 3618 43.43 46.10 
Hat wel l  OC-18 4/82 lo00 28 8 3.9 3.64 0.65 2190 253 164 17.9 1.01 52 1.46 3724 45.47 47.40 
H e l l  13 OC-28 6/82 880 20 38 3.6 3.14 2.01 2220 256 66.5 13.1 7.20 48 1.46 3559 41.48 45.77 

56 0.32 

I r o n  sprlng - 12/74 890 3.3 2070 270 1.4 63 1.5 

a The water sources and the samples are arranged by Increasing C 1  concentration, I n  case o f  s im l l a r  C 1  content, TDS i s  prevalent. The ion  sequence 
Is made by &creasing concentratlon o f  cations and anions, respectively, as observed i n  the most mineralized samples. The same sanple arrangecnent 
I S  made i n  Tables I and III to V I I .  

TDS (Total Dissolved Solids): sum o f  the chemical species l i s t e d  i n  t h i s  table. 

Sum of the ca t lonr  and sum o f  the  anions i n  n i l l i equ lva len t  per l i t e r  (meq/h) used to check the Ion i c  balance. 



Iv 
0 TABLE I V  

TRACE ELEMENTS ( rngla)  FOR THE WATERS OF OJO CALIENTE  AREA^ 

Rio Ojo Caliente 
School well 
Well #2 
Statue spring 
Shi pap spring 
Lower Owl  spring 
Lower Owl  springs 
La Cueva spring 
Lowry spring 
Lowry spring 
Salt Lick spring 
Salt  Lick spring 
Well 12 
Well t l  
lap water 
Yell # I  
Li thia spring 
L i th ia  spring 
Iron spring 
Soda spring 
Soda spring 
Arsenic spring 

Sodium Sulfate spring 
Iron spring 
Sodium Sulfate spring 
Arsenic spring 
Sodium Sulfate spring 
Arsenic spring 
Iron spring 
Soda spring 
Soda spring 

OC-19 4/82 <0.01 
OC-27 6/82 <0.01 

- 4/65 
OC-26 6/82 <0.01 
OC-9 7/80 <0.001 
OC-11 11/81 <0.001 
OC-8 7/80 <0.001 
OC-7 7/80 <0.001 
OC-23 4/82 (0.01 
oc-12 11/81 <0.001 

oc-10 11/61 <0.001 
OC-21 4/82 (0.01 

- 7/76 

- 4/65 
OC-6 7/80 <0.001 
OC-20 4/82 CO.01 
OC-2 12/79 0.001 
OC-13 4/82 <0.01 
OC-1 12/79 0.001 

- 1891-93 
- 10/47 

OC-5 7/80 <0.001 
OC-3 12/79 0.001 

- 12/74 
OC-16 4/82 <0.01 

- 10/49 
- 10/49 

OC-14 4/82 <O.Ol  
OC-15 4/82 (0.01 
OC-17 4/82 (0.01 

- 10/49 

0.68 
0.11 

0.10 
<O.OOlb 

<0.01 
0.160b 

0.09 
<o .01 

(0.01 
0.02 

0.11 
O.OKib 

0.017b 

0.18 

(0.01 

0.287b 

0.03 
CO.01 

CO.01 
(0.01 
0.03 

0.06 (0.01 (0.01 <O.Ol 
0.11 (0.01 (0.01 <0.01 

0.04 <0.01 <0.01 <0.01 
0.026 <0.001 <0.001 0.002 
0.008 <0.001 <0.001 <0.001 
0.025 <0.001 <0.001 0.001 
0.010 <0.001 (0.001 0.002 
0.03 (0.01 <0.01 <0.01 
0.008 <0.001 <0.001 <0.001 

0.010 <0.001 <0.001 <0.001 
0.19 <0.01 0.01 <0.01 

0.184 <0.001 (0.001 0.001 
0.17 <0.01 0.02 <0.01 
0.097 0.013 0.001 <0.001 
0.10 <0.01 0.03 <0.01 
0.101 0.013 0.001 (0.001 

0.144 0.002 <0.001 <0.001 
0.097 0.012 <0.001 <0.001 

0.11 <0.01 0.01 <0.01 

0.11 <0.01 0.01 <0.01 
0.11 (0.01 (0.01 CO.01 
0.12 <0.01 0.02 <0.01 

0.01 
CO.01 

(0.01 
0.008 
0.002 
0.008 

<0.001 
0.01 
0.003 

0.44 
0.01 
0.38 
0.03 
0.008 
0.020 
0.024 
0.020 
0.01 
0.024 

0.02 
(0.01 
0.12 

<0.01 
0.006 

<0.01 
<0.001 
0.002 

<0.01 
<0.01 

(0.001 0.010 <0.01 
0.01 1.04 0.54 

0.31 0 
0.032 0.012 0.100 

(0.01 0.08 0.25 
0.002 0.020 0.035 

<0.01 0.13 0.03 
<0.001 0.400 0.030 

0.56 0 

0.008 0.050 0.031 
0.028 0.003 0 

0.06 0.15 
<0.01 0.23 0.03 

0.01 
0.02 

0.01 0.04 0.01 
<0.01 0.04 0.03 
0.01 0.04 0.06 

<0.01 
<0.01 

<0.01 
<0.002 
<0.01 
<0.002 
(0.002 
<0.01 
0.09 

0.08 
<0.01 

0.005 
<0.01 
0.007 

(0.01 
0.008 

0.005 
0.002 

<0.01 

(0.01 
<0.01 
<0.01 

<0.01 <0.01 <0.05 <0.01 (0.05 
0.03 <O.dl 0.97 0.05 <0.2 

0 
0.01 (0.01 1.99 0.02 <0.2 

0.006 <0.5 (0.004 <0.5 
0.04 0.007 <0.1 ~ 0 . 1  <0.1 

0.010 <0.5 <0.004 (0.5 
C0.002 <0.5 <0.004 (0.5 

<0.01 (0.01 (0.05 0.05 <0.05 
0.05 0.007 0.7 <0.1 <0.1 

0.02 
0.04 

0.44 
0.034 
0.02 
0.008 
0.030 
0.05 

(0.01 

Name No. Date Ag A1 Ba Cd Co Cr Cu Fe Mn Mo NH4 N i  NO3 Pb PO4 Zn 
- 

I 

I 

I 

0.04 
(0.01 

<0.01 

0.13 

0.01 

0.08 
0.04 

<0.01 

0.002 (0.1 (0.1 
<0.01 (0.05 0.03 

0 
<0.002 C0.5 0.004 
(0.01 <0.05 <0.01 
(0.001 <0.01 
<0.01 <0.05 <0.01 
<0.001 <O.Ol 

traces 
1.7 

(0.002 <0.5 0.024 
0.001 <0.01 

0.12 

0.8 
0.5 

<0.01 <0.05 0.01 

<0.01 <0.05 <0.01 
<0.01 C0.05 0.03 
(0.01 <0.05 <0.01 

0.9 

<0.1 <0.01 
(0.05 0.04 

<0.5 0.070 
(0.05 0.03 

0.002 
(0.05 (0.01 

<0.001 
0.2 

(0.5 0.024 
0.002 

<0.05 (0.01 

<0.05 <0.01 
(0.05 (0.01 
(0.05 0.02 



i 
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TABLE I V  (cont) 

------ - 
NO3 Pb PO4 Zn Name Ho. Date Ag A1 Ba Cd Co C r  Cu Fe Mn No NH4 N i  

-- - 
Mot we l l  OC-4 12/79 0.001 O.O1fib 0.061 0.009 0.001 (0.001 0.002 0.002 0.014 0.005 <0.001 (0.01 0.001 
Arsenic spring 0.02 0.06 0.15 0.11 

1.7 
0.57 0.15 0.6 

OC-25 6/82 (0.01 0.14 0.13 (0.01 0.03 (0.01 (0.01 0.22 0.02 (0.01 0.10 0.80 (0.05 0.05 (0.1 0.15 
OC-18 4/82 (0.01 0.08 0.05 (0.01 0.01 <0.01 (0.01 0.06 0.02 (0.01 (0.01 (0.01 <0.05 0.03 (0.05 0.04 

He l l  #3 OC-28 6/82 (0.01 0.18 0.156 (0.01 (0.01 (0.01 (0.01 35 0.13 (0.01 0.03 0.10 (0.05 0.02 (0.2 0.04 
I r o n  spr ing - 12/74 

a The sample arrangewnt PI the same f 
alphabet ical  order. 

These Al+++ values COrreSDOnd t o  the 

Tables I and I11 t o  V I 1  and i s  explained i n  Table 111, note a. The chemical parameter sequence i s  made by 

nized aluminum ( f i l t r a t i o n  and ex t rac t ion  i n  the f i e ld ) .  whi le the other A1 resu l t s  represent the t o t a l  aluminum 
( f i l t r a t i o n  and ac id i f i ca t i on  only). 



CHEMICAL CLASSIFICATIC 
TABLE V 

OF THE w TERS FROI OJO CALIENTE  AREA^ 

b C1 assi f i c a t i  on 

Rio Ojo Caliente 

School we1 1 

Statue spring 

Shi pap spring 

Lower O w l  springs 

La Cueva spring 

Lowry spring 

S a l t  L ick spring 

Well #2 (19651 

Well #2 (1982)‘ 

Tap water 

Well #1 

5 warm springs 

Hot we1 1 

Well #3 

Ca>Na>Mg; HC03>>S04 

NaXa; HC03>>S04 

Na>Ca>Mg; HC03>>S04 
I1  

Na>Ca>Mg; HC03>S04 
II 

Na>Ca>Mg; HC03>>S04 

Na; HCO3>C1 

Na>Ca>Mg ; HCO3>SO4>C1 

a The sample arrangement i s  the same f o r  Tables I and I11 t o  V I 1  and 
i s  explained i n  Table 111, note a. 

I n  the chemical formula, the i o n  sequence i s  made by decreasing 
concentration o f  cations and anions, respectively. 
concentrations i n  meq/k are higher than 10% o f  the sum o f  the ions 
i n  meqD ( =  Total Dissolved Ions o r  TDI  1. The symbol >> means 
t h a t  the concentration i n  meqlr o f  the i o n  on the l e f t  i s  equal o r  
greater t o  the double o f  the concentration o f  the i o n  on the 
r i g h t .  

I n  the 1982 sample, the water co l lec ted  from wel l  #2 contained 
much more thermal water than i n  the 1965 sample. Therefore the 
chemical formula i s  s l i g h t l y  modified, tending towards the thermal 
water formul a. 

Reported 
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(Rio Ojo Caliente); even the so-called d i l u t e  shallow ground water (School 
we l l )  i s  essent ia l l y  a sodium-bicarbonate water. This feature, l inked w i th  a 
ra ther  high s i l i c a  concentration, suggests tha t  t he  va l ley  al luvium aqui fer  i s  
mainly composed o f  fragments o f  g r a n i t i c  and metamorphic rocks, 

The group o f  La Madera springs also has Na and HC03 as p r inc ipa l  ions, 
but Ca, Mg, C1, and SO4 are much more important i n  comparison w i th  the Ojo 
Ca 1 i en te  thermal water. 

G r a p h i c a l l y ,  t h e  b u l k  chemical  compos i t ion  can be compared between 
several groups o f  waters by means o f  i o n i c  composition diagrams [Figs. 5(a) 
and 5(b)]. On Fig, 5(a), a concentrat ion-d i lu t ion chemical pa t te rn  i s  
observed between the two springs o f  La Madera group (Lowry and Statue), t he  
shallow ground water (School wel l ) ,  and the surface water (Rio Ojo Caliente). 
These four  samples seem t o  be re la ted e i t h e r  hydro log ica l ly  (mixing) o r  
geo log ica l l y  (same minera l i za t ion  or ig in) .  Only Sa l t  L ick spring, north of La 
Madera, i s  un l i ke l y  t o  have any r e l a t i o n  w i th  the  previous described waters. 

and ion i c  composition diagram [Fig. 5(b)], the  Ojo Cal iente 
stem i s  shown w i th  the School we l l  and the  Rio Ojo Caliente, 

again f o r  comparison w i th  shallow d i l u t e  ground and surface waters. The same 
concentrat ion-d i lu t ion chemical pa t te rn  i s  seen between the  most and the least  
mineralized waters, but  on ly  f o r  h a l f  o f  the ions (Na, HC03, C1, and F). The 
other hal f ,  namely Mg, K, Ca, and SO4, does not behave the  same way, because 
some ions such as Mg and Ca are more concentrated i n  the  d i l u t e  shallow ground 
water (School wel l )  than i n  the mineral ized thermal water ( I ron  spring). 
Wells #I and^#2 appear they are the  resu l t  o f  a mixture between the  two l a t t e r  
types o f  water. 

The f i v e  thermal springs o f  - 0 j o  Cal iente a l l  have been named w i th  a 
chemical  c h a r a c t e r i s t i c ,  namely L i t h i a ,  Soda, I ron ,  Arsenic ,  and Sodium 

Su l fa te  springs (Table 111)- These springs were checked t o  see i f  t h e i r  names 
are j u s t i f i e d  by howing anomalous concentrations o f  L i ,  HC03, Fe, As, and 
Na-S04, respectively. None o f  the springs have a concentration o f  i t s  
supposedly spec i f i c  parameter higher than one standard dev iat ion from the  
average, and i n  essence they are a l l  the same. Arsenic analyses are not 
ava i lab le  and therefore could not be 'checked. However, one can presume t h a t  
the  f i v e  thermal springs o f  the  resor t  were named a long t ime ago on the  bas is  
o f  one s ing le analysis. 
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----- LOWRY SPRING --- STATUE SPRING 
SCHOOL WELL ----- I ”  - R10 OJO CALIENTE 

0.0 1 I I I I I I I 
Mg K Ca Na H C a  CI SO4 F 

Fig. 5(a). 
I o n i c  composition diagram o f  the d i f f e r e n t  types o f  
water around La Madera. The springs located south 
o f  La Madera display the same type o f  chemistry, 
whereas S a l t  L i c k  s p r i n g  has a more a l k a l i n e  
composition. The Rio Ojo Cal iente and the School 
we l l  , represent the d i l u t e  surface water and the 
uncontaminated s h a l l  ow a q u i f e r  be fo re  p o s s i b l e  
m i  x i  ng w i th  thermal water. 

--- mu +2 ----- scHOdLmu - mo OJO CAUENTE 

0.011 1 I I I I so4 I F I w K ca Na HCOI CI 

Fig. 5(b). 
I on i c  cornpasition diagram o f  the d i f f e r e n t  types o f  
water a t  Ojo Cal iente Resort. I r o n  spr ing i s  
representative f o r  the k ind  o f  thermal water tapped 
by the four other warm springs and the Hot well .  
Wells #1 and #2 show d i f f e r e n t  stages o f  mixing 
between ascending thermal water and the shal l  ow 
aquifer. The l a t t e r  i s  supposed t o  be s im i la r  t o  
the School well ,  whereas the Rio Ojo Cal iente i s  
probably  t y p i c a l  f o r  t h e  most d i l u t e  water  
percol a t i  ng i n t o  the ground. 



4.3.2. Trace Elements. Many trace elements have been analyzed f o r  t h i s  

study, b u t  because o f  the f a c t  t h a t  a l l  these waters are r e l a t i v e l y  d i l u t e  
(TDS = 200 t o  3700 mg/k), most of the t race element concentrations are a t  o r  

below the detection l i m i t s  o f  the analy t ica l  methods. Traces l i k e  Ag, Cd, Co, 
C r ,  Cu, Mo, N i ,  NO3, Pb, and PO4 are below the detect ion l i m i t ,  usual ly 
ranging from 0.001 t o  0.05 mg/a, f o r  the major i t y  o f  the samples. Others such 
as A1 , NH4, and Zn reach and go beyond the detection l i m i t .  F ina l l y ,  Ba, Fe, 
and Mn have concentrations t h a t  are quant i tat ive,  whereas the previously 
ment ioned t r a c e  elements shoul d be cons idered as qual i t a t i v e  o r  semi - 
quant i tat ive.  

Looking a t  average concentrations, some traces seem t o  be anomalously 
high i n  spec i f i c  types o f  water. For example, Ba reaches 0.17 t o  0.19 mg/k i n  
we l ls  #1 and #2, representing a mixture between thermal and co ld ground water, 

and su rp r i s ing l y  Ba content i s  lower i n  both end-members. Exactly the same 
phenomenon i s  repeated f o r  Mn w i th  concentrations o f  0.25 and 0.54 mg/k 
respect ively f o r  we l l s  #1 and #2. It i s  possible t h a t  the mixture o f  the two 
types o f  waters has pecul iar  physico-chemical charac ter is t i cs ,  favorable t o  
d i sso lu t i on  o f  more Ba and Mn minerals. Well #3 has an enormous amount o f  Fe 
(35 m g / k ) ,  probably explained by the stagnant cond i t ion  o f  the water i n  the 
casing. Some other a ter  samples have unusually high t race  element concentra- . 

t ions, compared t o  the average values: Mo = 0.09 mg/i a t  Lowry spr ing 

N i  = 0.80 mg/k f o r  Hot wel l  (bottom sample), and Zn = 0.44 mg/k f o r  
pring. The rather  high contents o f  L i ,  B, and F i n  Ojo Caliente 

of pegmatite minerals i n  the 

, and topaz were noted i n  t h i n  
sections o f  pegmatite and wal l  rocks i n  a mine j u s t  1 km nor th o f  the warm 
springs . 

Oxygen-18 and deuter data were co l lec ted  a four d i f f e r e n t  periods 

t r i t i u m  were taken only i n  1982 (Table V I ) .  

e Isotopes : Oxygen-18 Deuterium. s t  of oxygen-18 and 

alues are s l i g h t l y  o f f  the Craig meteoric water l i n e  (Fig. 6; Craig 
1961). The heaviest isotope values are displayed around the meteoric water 

25 

from 1974 t o  1982 whi le sa 



TABLE V I  
ISOTOPIC COMPOSITION OF THE WATERS FROM 030 CALIENTE  AREA^ 

Name No. Date 6180(o/,o)b 62H(0/00)b 3H(TU) 

Rio Ojo Caliente 
Shi pap spr i  ng 
Lower Owl  springs 
La Cueva spring 
Lowry spr ing 

S a l t  L i ck  spring 
Tap water 

Well #1 
L i t h i a  spring 
I r o n  spring 

Sodi um Sul f a t e  spr i  ng 
I r o n  spring 
Sodium Sui f a t e  spr ing 
Arsenic spr i  ng 

Hot we1 1 
Arsenic spring 

Hot we1 1 
Hot wel l  

oc-19 
oc-9 
OC-8 
OC-7 
OC-23 

- 
OC-6 

oc-20 

oc-2 
oc- 1 
OC-3 

- 
OC-16 
OC-14 

OC-4 
- 

OC-25 
OC- 18 

4/82 
7/80 
7/80 
7/80 
4/82 
7/76 

7/80 
4/82 

12/79 
12/79 
12/79 

12/74 
4/82 
4/82 

12/79 

12/74 
6/82 

4/82 

-14.45 

-13.65 
-13.55 
-13.70 
-13.75 
-13.90 
-13.60 

-13.95 

-14.30 
-14.45 
-14.40 

-14.56 
- 

-14.10 

-13.65 

-14.60 
-14.15 

-13 10 

-108.5 

-100.3 
-99 -8 
-98.7 
-98 -9 

-107.1 
-102 0 1  
-101 04 
-106.4 

-106 -7 
-106 .9 

-107 -4 
- 

-105.7 

-102 -9 

-108.2 
-106 -2 

-101.7 

1 .6+0.5 
- 

- 
1.920.6 
2.120.8 

- 
0.620.5 

4.320.8 

a The sample arrangement i s  the same f o r  Tables I and 111 t o  V I 1  and i s  
explained i n  Table 111, note a. 

Precis ion o f  the stable isotopes: 6 0 = +0.15"/,,; 6 H = f0.5°/00. 18 2 

l i n e  and are represented by the springs o f  La Madera group. The l i g h t e s t  
values are those o f  the Rio Ojo  Caliente and the warm springs o f  the resort.  

Modi f i c a t  i on s o f  t h e  Oxygen- 18/Deu t e r i  um Re1 a t i  on. 
Between the warm springs a t  Ojo Caliente and the we l ls  one can observe a t rend 

w i th  an increasing enrichment i n  oxygen-18. This s h i f t  could be explained 
t h e o r e t i c a l l y  by three d i f f e r e n t  hypotheses: (1) evaporation, (2) mixing 

patterns between 1 i g h t  isotope co ld  meteoric water and oxygen-18 enriched h o t  
water by a water-rock interact ion,  (3)  connate water. 

4 . 4 . 1 . 1 . 
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8180 (960) 

LI RIO OJO CALIENTE 0 OJO CALIENTE WELLS 
1 = WELL +1 
1+2 I TAP WATER 
TOP I HOT WELL: TOP SAMPLE 
BOTTOM - HOT WELL: BOTTOM SAMPLE 

0 LA MADERA SPRINGS 
0 SALT LICK SPRING 
0 OJO CALIENTE SPRINGS 

Fig. 6. 
Oxygen-18 and deuterium of the waters from Ojo Caliente-La Madera area. Most 
of the samples are located relatively close t o  the meteoric water l ine ,  b u t  a 
trend can be observed between the Ojo Caliente warm springs and the Hot well 
samples taken a t  the top of the water column. Because of nonflowing 
conditions and contact w i t h  t h e  atmosphere, t h i s  trend i s  presumed t o  reflect 
evaporation . 

Looking a t  the type o f  samples which are most sh i f ted  off the meteoric 
water l ine,  evaporation and therefore a modification of the relation between 

2 l80 and H seem t o  be a reasonable explanation (Fontes, i n  Fr i tz  and Fontes 
1980). As a matter of fac t ,  evaporation is  very l ikely t o  occur i n  the Hot 
well, which i s  not t i g h t l y  closed a t  the wellhead. The first two samples 
(OC-4 and OC-18) were collected a t  the ,top of the water column, less than one 
meter below ground level. The temperature of 54'C and the free contact of 
stagnant water w i t h  the atmosphere naturally leads t o  evaporation. The l a s t  
Hot well sample was collected w i t h  a well sampler, a t  the bottom of the h@e. 
The stable isotope values are the same as  those of the springs, closer t o  the 
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meteoric water l i ne .  The sample c a l l e d  tap water (OC-61, which i s  a mixture 

of thermal water w i th  shallow loca l  ground water, was co l lec ted  during the 
summer i n  a tank used f o r  potable water supply. Although t h i s  mixture i s  
about 30% less mineral ized than the thermal water, the same type o f  isotop ic  
s h i f t  can be seen, g iv ing more weight t o  the evaporation hypothesis. On the 
other hand, the w e l l  #1 alone (OC-201, w i th  same minera l i za t ion  as OC-6, 
sampled a t  the wellhead during pumping shows absolutely no s h i f t .  

North of La Madera, S a l t  L i ck  spring isotopic  composition, s h i f t e d  from 
the meteoric water l ine ,  could be caused by mixing o f  d i l u t e  l o c a l  ground 
water and a mineral ized connate water, o f  which the isotopic  composition was 
modifed e i t h e r  before i t s  percolat ion i n t o  the ground o r  w i t h i n  the porous 
medi urn. 

4.4.1.2. Recharge E leva t i ons .  C o r r e l a t i o n s  between i s o t o p i c  and 

chemical parameters are shown i n  order t o  decipher d i f f e r e n t  water components 
mixing i n  various degrees. The most conservative i o n  and isotope, namely C1 
and H, are re la ted  i n  Fig. 7. The same mixing pa t te rn  already known w i t h  
physical and chemical parameters can be observed here between the warm 
springs, the bottom-hole sample o f  the Hot w e l l  and the wel l  #1 and the tap 
water. The two top Hot w e l l  samples, which went under evaporation, and the 

2 

-80 I I I I I 1 

-90 

n 

be” - -100- 
I 
K )  
N 

-110- 

- 

INFERRED SHALLOW 
GROUNDWATER ,--\ 
r \  

I I I I I 

L.’ \ 
\ 
\ 

LA MADERA 
SPRINGS 

\ 

c!F 

0 
RIO 
OJO CALIENTE 

HOT WELL \ 
\WELL + I  

0. 0 TOP 
TAP WATER\ 0 

WAR>@& BOTTOM 
SPRINGS \ 

CI (mg/l) 

Fig. 7. 
Deuterium and ch lo r ide  correlat ion.  Extrapol a t i on  o f  the t rend between the 
warm springs and the mixed water o f  the shallow we l ls  a t  the r e s o r t  toward the 
low ch lo r ide  content do not show a deuterium value s i m i l a r  t o  t h a t  analyzed 
f o r  the r i ve r .  This discrepancy might be caused by changes i n  the water 
i so top i c  composition during the h drologic cycle due t o  high- o r  low-elevation 
o r i g i n  w i t h i n  the drainage basin r summer r a i n f a l l  o r  snowmelt). 
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group of La Madera springs, which are not thought t o  be re la ted  w i th  the Ojo 
Cal iente thermal water system, are not  taken i n t o  consideration. Extension o f  
the mix i  ng 1 i ne towards more d i  1 Ute water, supposedly the uncontaminated 

shallow ground water such as the School wel l  (C1 = 45.5 mgla), shows a strong 
deuterium increase ( 6  H = -88"/00)* Furthermore, t h i s  value i s  very d i f f e r e n t  
from the Rio Ojo Caliente (-108°/oe), whose water i s  l i k e l y  t o  feed the va l l ey  
a1 1 uvium aquifer. 

A t  the time o f  the sampling i n  the creek, the waters were high due t o  
snowmelt i n  the upper p a r t  o f  the basin (about 2700-3300 m), and consequently 
show a low deuterium value. On the other hand, the water i n  the al luvium 
mixing w i th  deep thermal water probably i s  buffered and shows weak seasonal 
changes. A1 t e r n a t i  vely i t  may have contained the water i n f  i 1 t r a t e d  the 
previous summer o r  f a l l .  This means a much lower apparent recharge basin f o r  
the shallow ground water, and t h a t  would markedly r a i s e  the deuterium content. 
However, more isotopic  analyses o f  the shallow aquifer, mixed as wel l  as 
uncontaminated samples, are needed t o  conf i r m  th i  s hypothesi s . 

Fina l l y ,  the recharge zone o f  the warm springs should be a t  h igh  
elevation, probably around 3000 m compared w i th  the snowmelt value f o r  the Rio 

Ojo Caliente. Sampling o f  the warm springs a t  d i f f e r e n t  periods of the 
hydrologic cycle and f o r  d i f f e r e n t  years reveals only s l i g h t  dif ferences, 
f ac ts  which ind icate a well-buffered system. 

2 

I 

4.4.2. Radioactive Isotope: T r i t i um.  
4.4.2.1. T r i t i u m  i n  Surface Water. Before the f i r s t  atmospheric 

nuclear tes ts  (19531, the natural  production o f  r i  ti urn measurable i n  surface 

water reached 5-10 TU. I n  963, a r t i f i c i a l  t r i t i u m  concentrations peaked t o  
U i n  surface ers and several thousand TU i n  prec ip i ta t ion .  
o r a t o r i u m  on atmospher ic t e s t s ,  tri ti um c o n t e n t  has been 

decreasing. Six s ta t ions f o r  p r e c i p i t a t i o n  (Utah, Colorado, Arizona, and New 
Mexico) and two stat ions on the Colorado River (Utah and Arizona-Cal i f o r n i a  
border) are averaged and p l o t t e d  on a istogram showing the evolut ion of 
t r i t i u m  content i n  the surface w r s  of the southwestern United States as a 
func t ion  o f  t i m e  (Fig. 8). Duri the l a s t  f i v e  years (1978-19821, t r i t i u m  
content i n  p r e c i p i t a t i o n  has f a l l e n  from 75 t o  40 TU and i n  r i v e r  water from 
110 to 60 TU (WATSTORE 19831. 

29 



YEAR 

Fig. 8. 
T r i t i u m - t i m e  v a r i a t i o n s  i n  southwestern U.S., u s i n g  da ta  f rom r e g i o n a l  
p rec ip i t a t i ons  and the Colorado River. The t h i n  l i n e  represents the year ly  
average t r i t i u m  concentration f o r  one t o  s i x  p r e c i p i t a t i o n  s ta t ions  according 
t o  the avai lable data ( S a l t  Lake City, Utah; Denver, Colorado; F lags ta f f ,  
Arizona; Albuquerque, New Mexico; Socorro, New Mexico; Mt .  Withington, New 
Mexico) The t h i c k  l i n e  represents the year ly  average t r i t i u m  concentration 
for  one t o  two stat ions on the Colorado River (Cisco, Utah; above Imperial 
Dam, Arizona-California border). A l l  values are from a data bank o f  the U.S. 
Geol . Survey (WATSTORE 1983) . 

Using the 12.3 y r  h a l f - l i f e  per iod o f  t r i t i u m  and the records o f  t r i t i u m  

content i n  surface waters from previous years, i t  i s  possible t o  date o r  a t  
l e a s t  t o  give an order o f  magnitude o f  the age o f  ground waters. For t h i s  
study, one surface water, namely the Rio Ojo Caliente, has been analyzed for  
t r i t i u m .  I n  ea r l y  A p r i l  1982, i t s  concentration reached 79*9 TU. This value 
i s  h5gher than the average 71+3 TU calculated from the two s tat ions on the  
Colorado River, covering the s i x  previous months from October 1981 t o  March 
1982 (WATSTORE 19831, bu t  t h i s  10% di f ference i s  probably due t o  regional ~ 

c l i m a t i c  and topographic e f fec ts  (Fontes, i n  F r i t z  and Fontes 1980). 

4.4.2.2. T r i t i um i n  Ground Water. Except f o r  wel l  #1, a mixture of 
deep thermal and shallow co ld ground waters, which has a tritium content o f  

18*2 TU, the warm springs and the Hot wel l  have a very low tritium concentra- 
t i o n  ranging from 0.6 t o  4.3 TU (Table V I ) .  The l a t t e r  value comes from the 
top sample o f  the Hot wel l  and indicates atmospheric contamination. A small 
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amount o f  r a i n  o r  snow could i n f i l t r a t e  through the wellhead, which i s  closed 
by a board and a stone, I n  contrast, the bottom-hole sample o f  the Hot we l l  
contains almost no t r i t i u m  (0.620.5 TU), i nd i ca t i ng  the presence o f  water 

p r imar i l y  i n f i l t r a t e d  before the f i r s t  atmospheric nuclear t e s t  (Tablg V I ) .  
Assuming a pre-bomb t r i t i u m  content o f  5 t o  10 TU i n  p rec ip i ta t ion ,  40 t o  50 

years wi thout any atmospheric contact are necessary f o r  t r i t i u m  decay t o  reach 
0.6 TU. This means tha t  the thermal water emerging a t  Ojo Cal iente Resort may 
have i n f i l t r a t e d  i n t o  the ground dur ing the 1930's or  the  1940's. However, 
thermal water may be t o t a l l y  t r i t i u m  free, having been i n  the ground f o r  70 t o  
80 years o r  more and being s l i g h t l y  Contaminated by recent ground water. 

A mixing trend between o l d  mineralized and young d i l u t e  ground water has 
been establ ished w i th  the bottom-hole Hot wel l ,  the two warm springs, and wel l  
81 (Fig. 9). Extension o f  t h i s  , t rend towards greater d i l u t i o n  reaches the 
t r i t i u m  and C1 contents O f  surface water and therefore ind icates (1) the R i O  

O j o  Cal iente type o f  water might feed the shallow loca l  ground water, and (2) 
the warm springs f lowing na tu ra l l y  a t  the surface are ac tua l l y  pre-bomb water, 
s l i g h t l y  contaminated by t r i t i a t e d  water i n  the emergence zone. 

One sample from the La Madera group o f  lukewarm waters, Lowry spring, 
a lso reveals a very low t r i t i u m  concentration o f  1,6 TU. Unless other samples 

I I I 1 1 I I 
oRIO OJO CALIENTE 

CI (mg/l) 

Fig. 9. 
T r i t i u m  and ch lo r ide  correlat ion.  Ext rapolat ion o f  the t rend between the  
undi lu ted thermal water and the mixed shallow aqu i fe r  approaches the  h igh 
t r i t i u m  content of the surface water, which i s  l i k e l y  t o  feed the  al luvium 
aquifer. 
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w i l l  be analyzed i n  the same area, two explanations are possible: e i t h e r  

LOWrY Spring was o r i g i n a l l y  t r i t i u m  f ree  and then s l i g h t l y  contaminated dur ing 
water ascent by shallow recent ground water, o r  i t s  water percolated i n t o  the 
ground 30 years ago, j u s t  before the f i r s t  nuclear tests.  

5. RESERVOIR TEMPERATURE 
Natura l ly  i t  i s  o f  h igh i n te res t  i n  a study on geothermal po ten t ia l  t o  

estimate deep temperature o f  the f l u i d s ,  which can be tapped p t  depth by d r i l l  

holes. I n  most cases, dur ing thermal water ascent from a nonboi l ing reservo i r  

toward surface, temperature losses occur by conduct iv i ty  and/or by mixing. 
Temperature di f ferences between the reservo i r  a t  depth and the  emergence a t  
surface o r  i n  a shallow aqui fer  essent ia l l y  depends on the types o f  channels 
and openings used as f low paths by the ascending waters. A small temperature 
drop w i l l  be observed from a large f low r a t e  (>lo0 k/min) emerging from a 
Single f racture.  On the other hand, small discharges o r  geologic and tecton ic  

s t ructures leading t o  small springs o r  seeps widespread over a la rge  area can 
almost suppress i t s  thermal character is t ics .  F ina l l y ,  mixing w i th  shallow 
co ld ground waters i s  f requent ly encountered i n  various geologic environments 
(Vuataz 1982; Vuataz e t  a1 . 1983) . 
5.1 Cooling by Mixing and Conduction a t  Shallow Depth 

I n  the previous chapters, mixing has been shown between the ascending 
thermal water and the loca l  shallow aqui fer  o f  the va l ley  f i l l .  Assuming t h a t  
the 55°C thermal water encountered by the Hot w e l l  i s  the highest temperature 
possible a t  shallow depth, and t h a t  the School wel l  represents the physical 
and chemical charac ter is t i cs  o f  the loca l  co ld  aqui fer ,  a mixing model 

inc lud ing conductive cool ing can be established (Fig. 10). These two types o f  
ground water are considered as the end-members o f  the mixing. A l l  the other 
wel l  and spr ing samples f a l l  under the mixing l i n e  between C1 and temperature, 

which ind icates conductive cooling. Wells #2, 1, and 3 should reach a mixing 
temperature o f  respect ively 31, 43, and 57°C without the addi t ional  conductive 
cooling, whereas the warm springs could have emergence temperatures between 51 
and 55OC. 

Star t ing  from the Hot wel l  and going northeast (upstream on the Rio Ojo 
Cal iente and also upgradient i n  the shallow aqui fer ;  Figs. 1 and 3), an 
increasing d i f f e r e n t i a l  cool ing i s  observed. Emergence temperatures o f  34, 
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Fig. 10. 
Emergence temperature versus ch lo r ide  and est imat ion o f  mixing percentage. 
A mixing l i n e  l i n k s  the two in fe r red  end-members, a l lowing determination o f  
the percentage of thermal water according t o  the  ch lo r ide  concentration. A1 1 
the water samples undergo strong conductive cooling, even the less d i l u t e d  
ones. 

15, and 12°C were measured f o r  wel ls  #1, 2, and 3. Indeed, they are 
conductively cooled by 9, 16, and 45"C, respect ively,  according t o  the  mixing 
model. This may be because o f  both decreasing in f luence o f  the thermal water 
plume zone and the pressure o f  the f lowing co ld  aquifer. 

5.2 Chemical Geothermometry 

species, deep reservoi  r 
have been done on Si02, 

Using the concentrat io emwrature-dependent chemical 

1 re la t ionships have been establ ished fo r  

The so-called geothermom- 
are now widely used i n  water geochemistry f o r  geothermal explorat ion 

(see complete references i n  Table VII). 
Before using these geothermometers t o  c cu la te  any deep temperatures, 

t h e i r  l i m i t s  o f  a p p l i c a t i o n  must be kno e l l  as c e r t a i n  b a s i c  
assumptions on the hydrologic system. Fournier (1977) summarized these 
assumptions: (1) Temperature-dependent water- rock i n t e r a c t i o n s  f i x  t h e  
content o f  the dissolved ind ica tor  i n  the water. (2) Supply o f  the reactants 
i s  not l imi ted.  (3)  Speci f ic  ind ica tor  reactions are a t  equ i l ib r ium i n  the  

lements L i ,  Na, K, Ca, Mg, and t h e i r  ra t ios.  

33 



TABLE V I 1  

CHEMICAL GEOTHERMOMETRY ("C)  OF SELECTED SAMPLES 
FOR THE WATERS OF 030 CALIENTE AREA 

Wane 
Q u a r t 2  1 h K k q  

No. Data conduc. Chalced.c T N a / d  k / K e  T NaKk' (Mg) 

School well 
Statue spring 
Shlpap spring 
Lower Owl  spring 
La Cueva spring 
L o w r y  spring 
Salt Lick spring 
Lithia spring 
Sodium Sulfate sprlng 
Arsenic spring 
Iron  sprlng 
Soda spring 
Soda spring 
Soda spring 
Hot well 

OC-27 
OC-26 
OC -9 
OC-11 
OC-7 
OC-23 
oc-10 
OC-13 
OC-16 
OC-14 
OC-15 - 

- 
OC-17 
OC-25 

6/82 
6/82 
7/80 
11/01 
7/80 
4/82 
11/81 
4/82 
4/82 
4/82 
4/82 
1891 -93 
10149 
4/82 
6/02 

87 
69 
65 
65 
85 
57 
81 

108 
111 
110 
111 
111 
115 
112 
114 

56 
37 
33 
33 
54 
25 
49 
79 
82 
80 
82 
81 
86 
83 
86 

118 163 53 
135 212 77 - 206 75 
141 197 73 - 194 70 

144 196 72 
176 97 81 
164 135 149 
166 131 148 
165 135 150 
160 135 150 
157 135 151 
- 130 146 

163 131 148 
156 135 153 

- 
37 
52 
54 
60 
54 
81 
60 
66 
64 
64 
57 
61 
67 
79 

a The sample arrangement i s  the sane as for Tables I and 111 t o  V I I  and IS explained i n  Table I I I .  note 
a. 

Quartz geothernwwter with conductive cooling (Fournler and Roue 1966; Fournier I n  Rybach and 
Huffler 1981) 

Chalcedony geothermometer (Fournler 1973; Am6rsson 1975) 

T Na/U geotherrnoneter (Fo~~ l l laC  dnd Michard 1981) 

e T Na/K geotherraaneter (Fournler 1979; White 1970) 

T NaKCa geothennometer (Fournler and Truesdell 1973). The temperatures below 100°C were 
calculated with 6 = 413. whereas 6 = 1/3 uas used to obtain the temperatures above 100°C. 

T NaKCa Mg-corrected geothemmeter (Fournler and Potter 1979) 

reservoir .  (4) No reequ i l ib ra t ion  takes place dur ing water ascent. (5) No 

mixing occurs or  i f  tha t  happens, i t s  r e s u l t  can be quan t i t a t i ve l y  evaluated. 
The main geothermometers have been calculated f o r  each type o f  water a t  

Ojo Cal iente (Table V I I ) .  Among the Si02 geothermometers, the  authors agree 
t h a t  above 100°C, quartz contro ls  aqueous Si02 s o l u b i l i t y  (Fournier, i n  Rybach 
and Muf f le r  1981), whereas chalcedony i s  more l i k e l y  t o  be encountered f o r  

waters under 100°C (Arnbrsson 1975; Michard and Foui l lac ,  i n  Tardy 1980). 
Temperatures calculated w i th  Na/Li and Na/K geothermometers are l i s t e d  here 
only f o r  comparative informat ion because they do not  g ive reasonable resu l t s  
fo r  nonboi 1 i ng  reservoirs. The Na-K-Ca geothermometer has been establ ished 
f o r  calcium-rich waters i n  regards t o  Na and K, and works f o r  a wide range o f  
reservo i r  temperatures. I n  case Mg i s  r e l a t i v e l y  important i n  comparison t o  K 
and Ca, a spec i f i c  correct ion fac to r  should be applied. 
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None of the thermal waters studied a t  Ojo Cal iente and surroundings are 

bel ieved t o  reach a reservo i r  temperature above 100°C a t  present times, 
because no i nd i ca to r  o f  h igh temperatures i s  present, namely intense hydro- 

thermal a l t e r a t i o n  o f  rocks, s i n t e r  deposits, h igh gas content i n  water, and 
h igh B and NH4 concentration. The bottom-hole sample o f  the Hot wel l  (OC-25) 
has been considered as the unmixed end-member f o r  i t s  physical, chemical, and 
iso top ic  character is t ics .  Therefore, the temperature o f  86°C computed w i t h  

t h e  chalcedony geothermometer i s  thought  t o  be t h e  maximum subsur face 
reservo i r  temperature. 

A s l i g h t l y  lower temperature o f  79°C i s  given by the Na-K-Ca Mg-corrected 
geothermometer. This d i f fe rence o f  7°C i s  within the e r ro r  o f  the geother- 
mometers . The sol ubi  1 i ty  of magnesi um mineral s i s very temperature dependent 
(Garrels and Dreyer 1952), a f a c t  which i s  confirmed by the  analyses o f  Ojo 
Cal iente thermal water. In  the f i v e  warm springs, Mg content averages around 
8.1 mg/& f o r  a mean temperature o f  39"C, whereas the  bottom-hole sample o f  the  
Hot wel l  reaches only 5.4 mg/k a t  55°C. One can assume t h a t  dur ing thermal 
water ascent, Mg minerals are dissolved propor t iona l l y  t o  the cool ing of the  
water, and consequently, Mg concentration may change rap id l y  due t o  emergence 
conditions. Therefore, a 7°C d i f ference i s  probably not s i g n i f i c a n t  between 
the  chalcedony and Na-K-Ca Mg-corrected geothermometers. I n  conclusion, t he  
maximum reservo i r  temperature o f  the  Ojo Cal iente thermal water i s  thought t o  
reach about 85*5"C, 30°C above the recorded temperature. 

Considering now the lukewarm and d i l u t e  waters o f  the La Madera Springs 

group, it i s  necessary t o  compare t h e i r  Si02 concentration with t h a t  o f  the  
' co ld  waters (Rio Ojo Caliente, School wel l ,  and Sa l t  L ick  spring). The f i v e  
lukewarm springs have a Si02 content ranging from 1 7  t o  34 mg/&, whereas the  
three co ld  waters have higher Si02 values from 22 t o  36 mg/k. This 
Comparison does not a l low use o f  the chalcedony geothermometer on these d i l u t e  
waters, which probably der ive from these a1 ready s i  1 i ca - r i ch  surface o r  
shallow waters. The other geothermometers are u n l i k e l y  t o  be s i g n i f i c a n t  f o r  
t h i s  re la t i ve1  co ld  system. I f  any o f  the  La Madera springs i s  warmer a t  
depth, it i s  u n l i k e l y  t h a t  the reservo i r  temperature would reach more than 

/ 

30-40°C 
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6. CHEMICAL EQUILIBRIA 

Chemical compositions o f  ground waters depend on t h e i r  in te rac t ions  w i th  
reservo i r  rocks such as granite, sandstone, limestone, etc. and on parameters 
such as temperature and pressure, t ime avai lab le f o r  chemical reactions, r a t e  
o f  f l u i d  flow, and water-rock ra t io .  The o r ig ina l  composition o f  a thermal 
water ascending from i t s  deep reservo i r  toward surface may be modified by 
prec i  p i  t a t 1  on o r  d i  ssol u t i  on o f  mineral s , because o f  changes i n the above 
mentioned parameters. The react ion s tates o f  the f l u i d ,  namely under- 
saturated, saturated, o r  oversaturated w i th  respect t o  a s o l i d  mineral phase, 
can be calculated from a chemical equ i l ib r ium model. Kharaka and Barnes 
(1973) establ  ished a computer program, SOLMNEQ, which ca lcu lates states o f  
react ion of numerous mineral aqueous species general ly present i n  natural  
waters over the temperature range o f  0 t o  350"C, wi th respect t o  158 s o l i d  

mineral phases f o r  which thermodynamic data are available. The input  consists 
o f  the chemical analysis as wel l  as the f l u i d  temperature, the pH, and the  Eh. 
The output indicates,  among other computed parameters, the change i n  the Gibbs 
free energy (AG, kcal/mol) (Barnes and Clarke 1969). Pos i t i ve  values o f  A G  

computed by the program ind ica te  tha t  the f l u i d  i s  oversaturated w i th  respect 
t o  the mineral and tha t  t h i s  mineral may prec ip i ta te ,  whereas negative AG 

values ind ica te  tha t  the water i s  undersaturated w i th  respect t o  t h a t  phase, 
which could dissolve i n  solut ion. Equi l ibr ium between a mineral and water i s  
t h e o r e t i c a l l y  a t ta ined i f  the Gibbs f ree  mergy  equals zero (22 kcal/mol f o r  

t h i s  discussion). However, t h i s  cannot be taken as an absolute i nd i ca t i on  
t h a t  a pa r t i cu la r  mineral i s  d isso lv ing o r  p rec ip i ta t ing .  A favorable k i n e t i c  
ra te  might al low the p rec ip i t a t i on  o f  a thermodynamically less s tab le phase, 

a t  the expense o f  a thermodynamically s tab le phase t h a t  has an unfavorable 
k i n e t i c  r a t e  (Grigsby e t  a l .  1983). 

6 . 1. Water-rock In te rac t  i on 

Chemical analyses of two springs o f  the La Madera group, th ree  springs 
and two wel ls  from Ojo Caliente were processed through the computer program 
SOLMNEQ t o  ca lcu late the Gibbs f ree  energy changes. The react ion s tates f o r  

25 selected minerals, which might be expected t o  pa r t i c i pa te  i n  water-rock 
interactions,are reported i n  Table V I I I .  

The two springs selected from the La Madera group appear t o  be saturated 

(-2< - AG - > +2 kcal/mol) w i th  respect t o  many minerals, a l l  the forms o f  SiOz, 
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TABLE VI11 
REACTION STATES OF DISSOLVED MINERALS FOR SELECTED WATERS OF 030 CALIENTE AREA. 

VALUES LISTED ARE GIBBS FREE ENERGY DIFFERENCE 
AT EMERGENCE TEMPERATURE (kcal /mol ) . 

the Ca-, 

f l u o r i t e .  

ShiPap Lower Owl Lithia Iron Arsenic Hot Vel1 
Hlnerrl spring springs spring spring spring well 13 
phases oc-9 oc-8 OC-2 OC-1 OC-5 OC-25 OC-28 

y1 Albite High -7.4 -2.1 -3.0 -3.6 -0.84 -0.18 -2.1 
2 Anorthlte -14 -3.6 -9.0 -9.8 4.1 -2.3 -9.2 = Hlcrocllne -4.2 1.2 -0.58 -1.3 1.5 1.9 0.66 

al 

V 

r * Quartz 0.67 0.15 1.1 1.0 1.1 1.8 1.4 

Lh Biot i te  Fe -18 -8.0 -7.3 -2.9 -2.2 7.3 6.7 
1.2 16 7.1 5.7 13 14 8.4 T; Huscovite 

t 
_ _ _ _ - _ - _ _ _ _ - _ - - _ _ - - - - - - - - - - - - - - - - - - - - - - - - . - - -  

Albite Low -6.0 -0.66 -1.7 -2.3 0.52 1.1 -0.61 
$ Chalcedony 0.09 0.16 0.57 0.51 0.52 0.42 0.80 

9 Cristobalite a -0.17 -0.10 0.30 0.24 0.25 0.14 0.54 
0 

..- 
I l l i t e  -6.2 5.1 -1.2 -2.4 3.7 4.2 -0.07 

3.8 0.73 Kaol l n l  t e  -3.1 6.1 -0.03 -0.87 4.1 
VI 

F 5 Clontmorlllonlte Na -4.5 6.6 0.42 -0.64 5.3 5.1 1.5 
:: Laumontlte -5.7 4.7 -0.89 -2.2 3.5 4.8 0.66 

Phl l l lpsf te  7.9 13 12 11 14 14 13 0)  

Harl r 1 1 t e  -11 5.4 3.4 1.5 9.8 12 7.3 _ _ _ _ _ _ - _ _ _ - _ _ - _ _ _ _ _ _ - - - - - - - - - - - - - . - - - - - - - - - - -  
al E Fluorite -0.64 -0.75 0.58 0.49 0.68 0.43 1.2 
6 Catcite -1.0 -0.60 -0.70 -0.92 -0.67 0.17 -0.11 
E Aragonite -1.1 -0.66 -0.76 -0.99 -0.74 0.09 -0.15 
$ Oolomite -1.9 -0.97 -1.1 -1.7 -1.1 0.53 -0.93 

1.4 1.8 2.5 2.8 
f Siderite -3.8 -2.7 -1.7 0.11 -1.0 1.1 2.7 
u Stront lmlte -0.89 -0.37 1.0 1.1 1.4 2.7 1.6 
i Gypsum -1.2 -1.2 -2.9 -3.1 -3.1 -3.6 -2.8 

44 

0 
2 Uitherite -0.27 0.33 1.6 

a 

c, 
Barite -0.53 -0.40 -0.52 -0.66 -0.45 -0.85 -0.07 

Celestite -2.7 -2.5 -3.0 -3.1 -3.1 -3.3 -2.9 
c 

Mg-, Ba- and Sr-carbonates, the  Ca- and Ba-sulfates, as w e l l  as 

This may show the deep water reaches the surface without mixing 
shallow water, as already confirmed by the  very low t r i t i u m  

content of Lowry spring. Aluminosi l icates l i k e  K-feldspars, clays, zeol i tes,  
and scapol i tes are e i t h e r  under- o r  oversaturated, s t rongly  dependent on the  
ionized Alt3 content analyzed i n  the water. Not enough Al+3 data are 

t o  use an average value. P h i l l i p s i t e ,  a Ca-zeolite, i s  the  only 

common oversaturated mineral, but  i t  i s  u n l i k e l y  t o  p rec ip i t a te  a t  such low 
emergence o r  even reservo i r  temperatures (25-35°C). Plagioclase, b i o t i  te-Fe, 

s ide r i t e ,  and c e l e s t i t e  are observed t o  be undersaturated. The l a t t e r  mineral 
i s  very soluble, therefore, S r  and SO4 concentrations should reach 10-15 mg/k 
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and 2000-4000 mg/ll, respectively, i n  a s t rongly  mineral ized water t o  be 
saturated (Goff e t  a l .  1983). Lower O w l  springs water i s  oversaturated w i th  
respect t o  muscovite, some clays, and zeol i tes.  I n  short, the  La Madera 
waters w i l l  merely dissolve most primary s i l i c a t e s  and could only possibly 
pa r t i c i pa te  i n  low-temperature diagenetic reactions. 

The f i v e  waters selected f o r  Ojo Cal iente d isp lay  s im i la r  resul ts ,  
although t h e i r  emergence temperature ranges between 12 and 54°C (Table V I I I ) .  
Again, numerous mineral phases appear t o  be- i n  the saturat ion range, a rb i -  
t r a r i l y  f i x e d  from -2 t o  t2 kcal/mol. These are mainly the  s i l i c a  minerals, 
clays, carbonates, f 1 uo r i  te,  and sul fates,  except gypsum and ce les t i t e .  The 
primary minerals o f  a metarhyol i t e  being quartz, K-feldspars, muscovite, and a 
small quant i ty  o f  Na-plagioclase, i t  appears t h a t  the thermal water i s  e i t h e r  
saturated o r  oversaturated w i th  respect t o  these minerals. This may conf i rm 

the absence o f  d i l u t i o n  o f  the thermal water. Among the  saturated t o  over- 
saturated minerals, zeo l i tes  and clays are observed; but they s t rongly  depend 
on t h e i r  A l + 3  content. Again, the A l + 3  data are scarce and fu r the r  studies 
would be needed t o  ascertain the equ i l ib r ium states f o r  a luminosi l icates,  bu t  
ind ica t ions  are tha t  the Ojo Cal iente f l u i d s  are not  p a r t i c i p a t i n g  i n  any 

s i g n i f i c a n t  reactions with reservo i r  rocks except low-temperature reactions. 

6.2 Var ia t ion of E q u i l i b r i a  w i th  Temperature 
I n  case o f  fu tu re  d r i l l i n g  i n  the thermal water reservo i r  a t  Ojo Cal iente 

for  space heating, it i s  o f  prime i n t e r e s t  t o  know i f  any mineral w i l l  
p rec ip i t a te  i n  the heat exchangers, pipes, and other surface equipment. A new 
d r i l l  hole i s  l i k e l y  t o  tap warmer water a t  a temperature somewhere between 

emergence temperature (55°C) and i n f e r r e d  r e s e r v o i r  temperature (85°C). 
Therefore, the react ion states o f  the thermal water (Hot wel l ,  bottom-hole 

sample, OC-25) were computed f o r  temperatures o f  55, 65, 75, 85, and 95"C, i n  
order t o  evaluate the ef fect  of temperature on mineral s o l u b i l i t i e s .  The 
Gibbs f ree  energy changes are then p lo t ted  against temperature f o r  a se lect ion 
of mineral phases which are c lose t o  the saturat ion s ta te  (Fig. 11). A l l  
minerals but  c a l c i t e  d isp lay a decreasing AG wi th  increasing temperature. 
S i l i c a t e s  become more soluble a t  a fas te r  r a t e  than s i l i c a ,  f l u o r i t e ,  and 

sulfates. Calc i te,  as wel l  as other  carbonates l i k e  aragonite, dolomite and 
s i d e r i t e  become s l i g h t l y  less soluble whi le  temperature increases. On the  

other hand, the Ba-carbonate (w i the r i t e )  and the Sr-carbonate ( s t ron t i an i  t e )  

3% 



I- < 
3 
I- < 

. f n  

- a  

a 

QUARTZ - 
W 

f < 

W 
P 
2 

GYPSUM - 01 - a  -4- 

I I I I I 
55 65 75 85 95 

TEMPERATURE (OC) 

Fig. 11. 
Var ia t ion  o f  Gibbs f ree  energy changes w i th  temperature. The react ion states 
a r e  p l o t t e d  f o r  e i g h t  m ine ra l  phases f rom t h e  Hot w e l l  (OC-25) f l u i d  
chemistry. The range o f  saturat ion l i m i t s  has been set  a r b i t r a r i l y  a t  0*2 
kcal/mol, because other fac to rs  than thermodynamics a f f e c t  p r e c i p i t a t i o n  o r  
dissolut ion.  Each l i n e  i s  drawn with f i v e  values calculated f o r  55, 65, 75, 
85, and 95°C. 

behave d i f f e ren t l y :  the f i r s t  one i s  observed t o  increase i t s  s o l u b i l i t y  w i t h  
temperature, whereas the second one i s  stable, 

None o f  the ground waters studied here seem t o  have b u i l t  the Quaternary 
t rave r t i ne  deposits observed i n  the Ojo Caliente-La Madera region. No ac t i ve  
concretion was encountered by the emergence zone; only a red s t a i n  i s  observed 

around the warm springs a t  the Resort, due t o  i r o n  prec ip i ta t ion .  A l l  t he  
waters are Na-HC03'and not Ca-HC03 type, and they do not  d isp lay h igh pos i t i ve  
values o f  AG f o r  c a l c i t e  s ta te  o f  reaction. It i s  most l i k e l y  t h a t  the  waters 
responsible f o r  t h  t r a v e r t i n e  deposits were f lowing dur ing a per iod o f  higher 
hydrothermal a c t i v i t y  and have run dry since then. However, i t  might be 
possible t h a t  the  low discharge springs around La Madera could s lowly b u i l d  

t r a v e r t i n e  terraces by evaporation. 
I n  conclusion, the thermomineral water t h a t  may be tapped a t  h igher 

temperatures by a deeper wel l  around Ojo Cal iente t o  be used f o r  space heat ing 

w i l l  not  cause much t roub le  i n  the wel ls  o r  i n  the surface equipment. Indeed, 
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t h i s  water i s  ne i ther  p a r t i c u l a r l y  aggressive nor incrustant.  It appears t o  
be incapable t o  dissolve o r  deposit an important amount o f  mineral phases, 
especia l ly  i f  the plumbing i s  a closed system. 

7. PUMPING TEST I N  THE HOT WELL 

I n  October 1981, a pumping t e s t  was car r ied  out i n  the Hot wel l  by Rio 
Grande Well Supply Company o f  Santa Fe, New Mexico. It was not pa r t  o f  t h i s  
study program and the f o l  lowing i n te rp re ta t i on  has been made possible through 
the data released by the Ojo Cal iente Resort. 

This pumping t e s t  lasted only about s i x  hours. Nothing i s  known about the  
prec is ion o f  the water leve l  and f low ra te  measurements, the recovery o f  Water 
leve l  was not observed,and no water samples were collected. Moreover, the 
pumping steps were very short and d id  not a l low a steady-state f low t o  be 
reached . 
7.1 We1 1 Character is t ics  

Very l i t t l e  can be in terpreted from t h i s  pumping tes t ,  due t o  the lack o f  

basic data, but  a lso because t h i s  wel l  was supposedly not d r i l l e d  f o r  the  
purpose o f  tapping hot water but f o r  potable water supply. According t o  the 
d r i l l e r ' s  l o g  (Summers 1976), when the hot water was struck a t  26.5-m depth, 
the d r i l l i n g  was stopped. A t  15 m the water was said t o  be cold, tapping the 
va l ley  al luvium aqui fer  such as we l ls  #1 and f2. 

The Hot well  i s  26.5 m deep, the casing i s  a 17.8-cm (7-in.) i.d. s tee l  

p ipe inser ted ins ide  a 22.9-cm (9-in.) 1.d. s tee l  pipe. Nothing i s  known 
about packers, screens, o r  s lo t ted  l iners .  A submersible pump was set a t  

12.6-111 depth only, because o f  a blockage encountered a t  13.5 m below surface. 
The i n i t i a l  water leve l  i n  the wel l  before any pumping was 1 m below ground 

l e v e l  . Dur ing  t h e  e n t i r e  pumping cyc le ,  t h e  water  temperature remained 

constant a t  53.3"C; but the prec is ion o f  t h i s  value i s  unknown. Six  d i f f e r e n t  
short  pumping tes ts  were car r ied  out w i th  pumping times o f  5 t o  115 minutes 
and discharges between 23 t o  83 a/min. A t  the highest discharge o f  83 a/min, 
the drawdown reached the pump leve l  i n  10 minutes. Then the pump was shut 
down for  only 20 minutes t o  al low the wel l  t o  recover before cont inuing wi th  
the pumping test .  

The speci f ic  capacity o f  the wel l ,  which i s  the f l ow  r a t e  (L/min) 

obtained by u n i t  o f  drawdown (m) (Freeze and Cherry 1979), var ied dur ing the  

I. 
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pumping from 7 t o  18 r/min*m according t o  the various f l ow  rates. A t  the  end i 
i 

o f  the three longest steps, the spec i f i c  capacity was each t ime more o r  less  
s tab i l i zed  a t  11 i/min*m. This means a 10-m drawdown f o r  about 100 k/min, 

which i s  a major drawdown for  a very small discharge. 

The c r i t i c a l  y i e l d  f o r  a given wel l  i s  the  maximum production pumping 

1 r a t e  and can be defined graphica l ly  by the r e l a t i o n  between f low r a t e  and I 
s tab i l i zed  drawdown (Fig. 12). The c r i t i c a l  y i e l d  i s  f i x e d  a t  the i n f l e c t i o n  
po in t  o f  the curve when the r e l a t i o n  becomes nonlinear. For the Hot well ,  the  

I c r i t i c a l  y i e l d  i s  estimated t o  be 65*5 Elmin, a very small value f o r  a 

26-m-deep wel l  with a 17.8-cm i.d. casing. 
~ 

I 

- 7.2 Aquifer Character is t ics  
By means o f  the data obtained dur ing the longest step a t  the same r a t e  

(115 minutes a t  57 Elmin), one can ca lcu la te  the t ransmiss iv i ty  o f  the 
aqui fer ,  using the Jacob's method for  unsteady-state f low i n  confined aqui fers  
(Kruseman and De Ridder 1979). The t ransmiss iv i ty  i s  the product of the  
average permeabi 1 i t y  (o r  hydraul ic conduct iv i ty )  and the thickness o f  t he  

aqui fer .  Therefore, t ransmiss iv i ty  i s  the  r a t e  o f  f low under a hydraul ic  
g r a d i e n t  equal t o  u n i t y  

cross sect ion o f  u n i t  w id t  

whole thickness o f  the aquifer. 

des ignated by t h e  symbol T a 
2 expressed i n  m /day. The drawdown i s  

p l o t t e d  against the pumping t ime on 
logarithmic scale; and the slope, 
namely the d erence per l og  

I 

I 
I 

I 

I 

I c y c l e  of t 

I Jacob's formula w i  0 
I 

I 
13). This i s  an approximation o f  the  

method' because the drawdown was Determination o f  the c r i t f c a l  y i e l d  
measured i n  the pumped wel l  i t s e l f ,  f the Hot well. A pumping t e s t  a t  

ar ious f low rates allows loca t i on  o f  
the inflection point on the curve 

ce area of the ing. ob ta ined  by t h e  r e l a t i o n  between 
s t a b i l i z e d  drawdown and pumped f low 

I found f o r  t h i s  pumping t e s t  i s  a t  l eas t  between 57 and 83 a/min bu t  i t  i s  
evident t h a t  the c r i t i c a l  y i e l d  would 

an observation wel l  located 

/day r a t e  data. A few values are h i ss ing  

10 t imes sma l le r  t han  average not  exceed 65&5 a/min. 
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Fig. 13. 
Determination o f  the t ransmissiv i ty.  Using the longest pumping step, the 
drawdown values (h) are p lo t ted  against the pumping t ime (t) on a logar i thmic 
scale, The drawdown d i f ference (Ah) f o r  one logar i thmic scale o f  t ime i s  
en tered  i n  Jacob 's  fo rmula  w i t h  t h e  f l o w  r a t e  (Q) t o  c a l c u l a t e  t h e  
t ransmiss iv i ty  (T) . 

Q = 57 I/min = 82ms/day 
. A h = o . ~ r n  

2.3 Q 
47rA h 

T =  15m2/day 

1 LOG CYCLE OF TIME T =  - 

- 

1 1 1 . 1  1 I I . . . , , I  I I I . , I  

t ransmiss iv i ty  f o r  t h i s  s ize  o f  well. Because no data are ava i lab le  on the 
thickness o f  the production zone struck by the  Hot wel l ,  the  permeabi l i ty  (or  
hydraul ic conduct iv i ty )  cannot be calculated. 

It has t o  be remembered t h a t  the production zone i s  not  a porous medium 
but a f i ssu re  i n  the metarhyol i te o r  a ser ies o f  small j o i n t s ,  and the  d r i l l -  

i n g  o f  the Hot wel l  was stopped when i t  h i t  the warm water. This explains the  
very poor charac ter is t i cs  o f  the wel l  and o f  the "aqui fer"  i n  the immediate 

v i c i n i t y .  A deeper thermal water wel l ,  which would be located on the  basis of 
geo log i c  and geophysica l  i n t e r p r e t a t i o n  and p e n e t r a t e  deeper i n t o  t h e  
f ractured zone, would ce r ta in l y  have much be t te r  charac ter is t i cs  and y ie ld .  

8 SHALL0 W TEMPERATURE SURVEY 

I n  June 1982, a network o f  24 shallow holes was d r i l l e d  w i t h  an auger 
f o r  the  purpose o f  conducting an experiment using a new technique t o  measure 
average subsurface temperatures f o r  a long per iod o f  t ime (Faler e t  a l .  1980). 
These holes have a mean depth o f  1.220.3 m and are cased with p l a s t i c  tubing. 
Other' p l a s t i c  tubes containing v i a l s  o f  temperature-sensitive chemicals were 
lowered i n t o  the casing and l e f t  f o r  a per iod o f  three months. Another set  o f  
samples stayed i n  the casing f o r  nine months. These samples were analyzed t o  
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evaluate the extent o f  the k i n e t i c  reaction, data which give an ind ica t ion  of 
the s o i l  temperature around the samples, averaged over the e n t i r e  t ime t h a t  

the samples were l e f t  underground. This system i s  capable o f  measuring mean 
temperature difference o f  about 0.1"C. The in te rp re ta t i on  o f  these measure- 
ments are not completed (G. Wiegand and G. Heiken, Idaho State Univers i ty  and 
Los Alamos National Laboratory, unpublished data, 1983) . 

During the p u l l - i n  and the pu l l -ou t  of the  chemical samples, ins tan t  
temperatures were measured a t  the bottom o f  the holes w i th  temperature probes 
and d i g i t a l  thermometers. Three ser ies o f  measurements f o r  three d i f f e r e n t  
p e r i o d s  a re  repo r ted  i n  Table I X ,  w i t h  e l e c t r i c a l  c o n d u c t i v i t y  va lues,  
measured i n  the holes containing enough water. A map o f  the isotherms based 
on the average of the three temperature recordings displays few anomalies 
numbered I t o  I V  (Fig. 14). A t  Ojo Cal iente Resort i t s e l f  (I), the 

temperature a t  1.220.3 m deep var ies between 20 and 25"C, w i th  the maximum i n  
the seepage area, about 150 m northwest o f  the warm springs. A t  surface the  
seep Water i s  r e l a t i v e l y  co d (46°C) but contains as much minera l izat ion as 
the warm springs water. On the west s ide o f  the  Rio Ojo Caliente, about 1.3 
km upstream from the resor t  (11), another temperature anomaly peaks a t  19°C. 
I f  t h i s  anomaly was caused by d i f f e r e n t i a l  aqui fer  temperatures from seasonal 
changes and r i v e r  i n f i l t r a t i o n ,  the isotherms probably would be p a r a l l e l  t o  
the stream. A smaller anomaly can be observed between the f i r s t  one and the 
resor t  (111) reaching only 16"C, but  with the  same isotherm shape crossing the  
r i ve r .  F i n a l l y  a temperature increase i s  seen 600 m downstream from the  

resor t  ( I V ) ,  a lso on the west bank o f  the Rio Ojo Caliente. However, contrary 
t o  the previous anomalies ( I1 and 111), the temperature decreases toward the  
r i ver .  

The few e l e c t r i c a l  conduct iv i ty  values avai 1 able corroborate the  tempera- 

t u r e  anomalies (Table I X ) .  Keeping i n  mind t h a t  the  e l e c t r i c a l  conduct iv i t ies  
of the Rio Ojo Cal iente and the uncontaminated shallow aqui fer  upstream of the  

warm springs are respect ive ly  200 and 1000 uS/cm, one can observe the fo l low-  
i n g  conduct iv i ty  anomalies. ( I )  Values o f  4100 t o  4500 pS/cm ind ica te  

p r a c t i c a l l y  100% o f  thermomineral water. Hole #13 w i t h  1900 pS/cm i s  s i m i l a r  
t o  the nearby w e l l  #2 (OC-21). ( I 1  and 111) Maximum values o f  1300 uS/cm 
correspond t o  a small percentage o f  thermomineral water i n  the aquifer. ( I V )  

Two values o f  1900 and 2300 vS/cm probably suggest a downstream plume o f  
thermomineral water i n  the al luvium aquifer. 

, 
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TABLE I X  

MONITORING OF SHALLOW TEMPERATURE HOLES AT 030 CALIENTE 

i 

Holes June 18. 1982 August 26, 1982 June 23, 1983 &an 
teapera t u n  

No. Depth (a) I(%)' waterb T("C)' K(pS/a# T("C)' K ( u S / C d  ('C) 

2 1.22 14.7 - 17.6 -- 14.2 -- 15.5 

1 2.0 . 11.5 t 17.2 -- 12.5 -- 13.7 

3 1.22 15.4 - 17.4 -- 14.6 -- 15.8 
4 0.91 15.1 - 18.2 15.6 1200 16.3 
5 1.52 17.0 - 20.2 -- 15.8 2300 17.7 
6 1.37 17.3 - 21.3 -- 19.4 -- 19.3 
7 1.07 -- - 18.3 -- 15.2 1 900 16.8 
9 1.37 20.8 - 25.7 4500 21.1 4500 22.5 

10 1.37 21.9 - 25;s 4400 22.9 4400 23.4 

11 1.52 23.2 + 28.6 4300 24.5 4100 25.4 

12 1.22 21.6 - 24.0 -- 21.6 -- 22.4 

13 0.91 22.2 25.0 -- 23.0 1900 23.4 

14 0.91 20.8 - 27.3 -- 22.3 -- 23.5 

15 1.07 20.4 - 22.9 -- 20.4 -- 21.2 

16 0.76 14.0 + 17.1 -- 14.8 1100 15.3 
17 0.91 15.9 + 19.6 wet 17.3 1300 17.6 

18 0.76 18.2 - 20;1 -- 17.3 wet 18.5 

19 0.99 15.2 - 19.0 -- 16.6 -- 17.2 

20 1.52 15.4 - 17.5 -- 15.5 -- 16.1 

21 1.52 14.7 f 17.8 -- 14.8 1300 15.8 
22 1.22 13.6 - 16.0 -- 13.2 -- 14.3 

23 1.52 14.8 + 17.3 wet 15.6 1300 15.9 

-. 

24 1.52 13.9 16.7 wet 13.4 1300 14.7 
25 0.61 19.7 21.7 -- 19.8 wet 20.4 

Kd 1.2 17.3 
6Xd 0.3 3.3 

20.6 
3.8 

17.7 
3.6 

18.5 
3.5 

a The temperature values i n  the dry holes were measured a f t e r  wai t ing 5 minutes f o r  s tab i l l za t ion .  
I n  the holes containing water. s tab i l i za t i on  occurred much faster. 

Presence o f  water a t  the bottom o f  the hole: + water; f = damp; - dry. 

E lec t r i ca l  conduct iv i ty measured by lowering a probe t o  the bottom o f  the hole.' 

Averages and standard deviatlons f o r  the depth and the bottom hole temperatures. Although hole 17 
has been measured twice, i t  has not been taken i n t o  consideration f o r  the four general averages. 
t o  remain consistent. 

9. RESISTIVITY SOUNDINGS 

To map the hot water underlying the Ojo Cal iente area, e igh t  Schlumberger 
DOC. r e s i s t i v i t y  -soundings were conducted i n  the Rio Ojo Cal iente va l ley  
within a few kilometers o f  the warm springs. The loca t ion  o f  the  survey 
po in ts  are shown on the geologic map (Fig. 2). When interpreted, these 
soundings a l low inference o f  the earth 's r e s i s t i v i t y  as a func t ion  o f  depth 

underneath the survey point. These surveys are e f f e c t i v e  i n  loca t ing  hot  
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Fig. 14. 
Shallow subsurface- temperatures arouiid Ojo Caliente. A network o f  24 holes a t  
a depth o f  1.2k0.3 m and the average o f  three temperature measurements allowed 
pinpointing of four temperature anomalies (I-IV). 
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water  because sediments sa tu ra ted  w i t h  geothermal f l u i d s  a r e  much more 
conductive than sediments saturated w i th  cold, f resh water. 

9.1 Data Acquis i t ion and In te rpre ta t ion  
A Schlumberger array consists o f  four  co- l inear  electrodes, i n  which two 

c l o s e l y  spaced p o t e n t i a l  e lec t rodes  a r e  centered  between two c u r r e n t  
electrodes. A Schlumberger survey i s  conducted by increasing the  current  

electrode separation between readings whi le  ' leaving the po ten t ia l  electrodes 
fixed. During each reading the current between the outer  electrodes and the  

po ten t ia l  drop between the inner electrodes i s  recorded. Figure 15 schemati- 
c a l l y  shows the Schlumberger electrode conf igurat ion.  Apparent r e s i s t i v i t i e s  
are then calculated, which phys ica l l y  represent a normalized measure o f  the 
ear th 's  r e s i s t i v i t y  a f t e r  the e f fec ts  o f  changing electrode spacings have been 
removed (Ke l le r  and Frischnect 1966). I f  the ear th  i s  ho r i zon ta l l y  layered, 
v a r i a t i o n s  i n  e f f e c t i v e  r e s i s t i v i t y  as a f u n c t i o n  o f  c u r r e n t  e l e c t r o d e  
separation can be used t o  i n f e r  r e s i s t i v i t i e s  as a funct ion o f  depth below the 

array. The data are in terpreted using a we1 1 -known computer program developed 

by Zohdy (1974). Figure 16 shows two sample Schlumberger sounding curves. 
The actual f i e l d  measurements and values computed using Zohdy's program are 
tabulated i n  Table X. 

CURR ELEcThr I 
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Fig. 15. 
Schematic Schlumberger electrode conf igurat ion.  



TABLE X 

APPARENT RESIST IV ITY DATA FOR 050 CALIENTE (nm) 

Stat ions 
AB/2 
(m) OJl 052 053 054 055 036 

.- 

1 65.0 15.2 318 52.5 - 71.1 
1.46 79.8 19.8 354 40.5 - 85.5 
2.15 94.0 28.8 348 34.0 - 105 
3.16 103 39.9 307 33.6 42.4 112 
4.64 105 54.0 241 34.7 40.6 113 
6.82 106 65.3 164 36.6 40.7 108 

10 103 69.2 111 38.1 44.4 97.3 
14.6 95.7 67.0 75.5 37.8 50 79 .6 
21.5 81.3 57.8 51.2 31.6 47.5 54.1 
31.6 60.7 42.2 34.7 29.3 40.0 29.4 
46 .4 46.0 27.1 23.4 18.1 29.6 20.1 
68.2 38.9 22.4 15.8 15.7 22.5 17.8 

057 058 039 
-_ 

22.6 28.3 22.5 
22.9 34.2 23.1 
27.1 41.4 26.4 
33.1 50.1 32.5 
40.6 60 38.4 
47.0 67.9 45.5 
52.5 67.1 52.0 
51.9 59.3 50.4 
46.3 47 46.5 
37.9 34.5 37.3 
28.2 25.9 27.2 
17.5 23.8 19.2 

- 9.2 Aquifer Propert ies 

water resistivity pw and the porosity 4 by Archie's equation (1942) 
The formation r e s i s t i v i t y  pF o f  a geothermal aqu i fe r  i s  re la ted  t o  the 

Clear ly,  an increase i n  the r e s i s t i v i t y  o f  a sediment can be caused e i t h e r  by 

an increase i n  p w  o r  a decrease i n  0. An increase i n  pw impl ies a decrease o f  

the ions concentration o r  o f  the pore water temperature. A change i n  the  
i o n i c  concentration suggests mixing between co ld  d i l u t e  and thermomineral 

waters. Reduction o f  the  formation temperature can a lso be caused by 

conductive cooling. F i n a l l y  a poros i ty  modi f icat ion may be due e i t h e r  t o  

l i t h o l o g i c  var ia t ions  o r  possibly by c a l c i t e  deposi t ion i n  the pore spaces of 
the rock, a common occurrence i n  low-to-moderate temperature geothermal areas. 



9.3 Results 
An e l e c t r i c a l l y  conductive zone has been found underneath the  Rio Ojo  

Cal iente va l ley  w i th  r e s i s t i v i t i e s  of less than 10 n-m. This zone i s  centered 
a t  l i n e  OJ 4 near the warm springs where i t  comes w i th in  10 m o f  the surface 
(Fig. 17). This conductive zone deepens s tead i l y  t o  the nor th  and south, 
disappearing 1 km t o  the nor th  of the warm springs and 2 km t o  the south. The 
source o f  the thermal water apparently under1 i e s  the Ojo Cal i en te  Resort 
adjacent t o  the warm springs, since the low r e s i s t i v i t i e s  (< lo  - n-m) are 

c losest  t o  the surface here. Thus, the geothermal f l u i d s  seem t o  r i s e  as a 
plume from a segment o f  the Pliocene va l ley  f a u l t  and then disperse eastward 
i n t o  the va l ley  alluvium. 

A zone o f  moderately conductive sediments (13-20 n-m) i s  encountered a t  
intermediate depths (10-40 m) south o f  the warm springs. This may represent 
an outf low zone where thermal waters i n  the va l ley  mix w i th  f resh  cool water. 
This area o f  mixing a lso may extend s l i g h t l y  t o  the nor th  o f  Ojo Caliente. 
The more r e s i s t i v e  sediments t h a t  over1 i e  the conducting zones represent 

sediments saturated w i th  co ld f resh ground water fed by the  Rio Ojo Caliente. 
L ine 03 8, run a t  the warm springs several hundred meters west o f  OJ 4, a lso  

log AB/2 (m) 

Fig. 16. 
Two samples o f  Schlumberger sounding curves. 
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Fig. 17 
I n t e r p r e t e d  g e o e l e c t r i c  no r th -sou th  s e c t i o n  o f  t h e  O j o  C a l  i e n t e  Val l e y  
a1 1 uv i  urn. 

detected the geothermal plume (Fig. 17). However, the s l i g h t l y  higher res is-  

t i v i t i e s  detected by 03 8 may ind ica te  c a l c i t e  deposi t ion i n  the underlying 
sediments due t o  loss of C02 from dissolved HC03. This reduces the porosity 
and thus increases the formation r e s i s t i v i t y .  

10. GEOTHERMAL POTENTIAL 

10.1 Resources Assessment 
The geologic study suggests t h a t  the Ojo Cal iente thermal water system i s  

s t r u c t u r a l l y  con t ro l led  and l i m i t e d  by fau l t i ng .  No evidznce o f  hydrother- 

mal ly  a l te red  rocks allows one t o  th ink  t h a t  a t r u l y  hot " reservo i r "  occurs a t  
depth. Warm water c i r c u l a t i o n  ex i s t s  because o f  a s u f f i c i e n t l y  deep f i ssu re  
network and the Rio Grande r i f t  high heat f low province. S i x  heat f low meas- 

2 urements i n  a maximum radius o f  47 km around Ojo Cal iente average 114 mW/m 
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(New Mexico Energy I n s t i t u t e  1980), a t yp i ca l  value f o r  a r i f t  area and a lso 
twice as high as the world average o f  60 mW/m (Rybach, i n  Rybach and Muff ler  
1981). Local ly  present deposits o f  t rave r t i ne  ind ica te  a past a c t i v i t y  of 

Ca-HC03-rich waters probably f rom a more extensive regional geothermal system 
dur ing the Quaternary. A t  the present t ime none o f  t h i s  concretion a c t i v i t y  
has been noticed. 

Geochemical and h y d r o l o g i c  i n v e s t i g a t i o n s  have shown t h a t  a t  l e a s t  
300-400 L/min of thermal water a t  55-60°C are ' avai 1 ab1 e a t  re1 a t i  vely shallow 
depth (<lo0 m), whereas la rger  volumes o f  water might be tapped by deeper 
d r i l l  holes (200-400 m ?) a t  temperatures as high as 80-85OC. No evidence o f  
important mixing between two types o f  water has been establ ished f o r  the warm 

springs and the Hot wel l  a t  Ojo Caliente, despi te the presence o f  the nearby 
r i v e r  and t h e  a l l u v i u m  a q u i f e r .  However, t h e  l a t t e r  i s  contaminated 

extensively by the thermal water around the resor t ,  as proven by the water 
supply we1 1s and the shallow temperature holes. Chemical e q u i l i b r i a  computa- 
t i ons  f o r  the p r inc ipa l  mineral phases a l low one t o  th ink  tha t  the water would 
not create many scal ing problems i n  the equipment o f  a fu tu re  heat-extract ion 

system as long as the system i s  operated as a closed loop. 
A geophysical survey i n  the va l ley  has emphasized the presence of thermo- 

mineral water i n  the shallow al luvium aqui fer  2 km downstream from OJO 

Cal iente Resort and about 1 km upstream. This plume o f  geothermal water 
occupies an area o f  about 3 km f o r  a thickness o f  a t  l eas t  10-20 m, according 
t o  the geoelectr ic section. Assuming an average thickness o f  15 m, a mixing 

percentage o f  30% o f  thermal water and an al luvium poros i ty  o f  30%, the t o t a l  
vo'l ume of  thermal water spread i n t o  t h e  a q u i f e r  reaches approx imate ly  
5.10 m . Because t h i s  aqui fer  i s  moving southward because o f  the topographic 
slope, there i s  a constant renewal o f  the water volumes. This impl ies a 
hidden source of thermal water discharging, which i s  l i k e l y  t o  be much la rge r  
than the natural  f low ra te  o f  the surface springs. 

Around La Madera the group o f  springs w i th  emergence temperatures - <30"C 
does not have the same geothermal po ten t ia l  as the Ojo Cal iente area. Deep 

temperatures probably do not exceed 40°C; therefore,  the use o f  these waters 
fo r  space heating i s  l imi ted,  except maybe f o r  greenhouses fed by large f l ow  

rates o r  w i th  the help o f  heat pumps (Gass 1982). Fish farming, balneology, 
and swimming pools are convenient uses f o r  very low-temperature thermal water 

2 

2 
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10.2 Recommendations 

A l l  these considerations favor fu r the r  geothermal explorat ion f o r  hot 

water resources a t  Ojo Caliente. Waters i n  the range o f  60-80°C are very 
useful  f o r  many appl icat ions,  but  above a l l  f o r  space heating (bu i ld ings and 
greenhouses) and re f r igera t ion .  O f  course, the other appl icat ions described 
f o r  La Madera resources are a lso possible. To successful ly tap  the  hot water, 
more de ta i led  geophysical studies are needed along the hidden f a u l t  on the  
west side o f  the val ley,  1 km upstream and downstream from Ojo Cal iente 

Resort, t o  locate more prec ise ly  the main discharge zones i n t o  the  alluvium. 
Anomaly I1 (Fig. 14) suggests tha t  other hidden zones o f  warm water enter the  

al luvium besides those a t  the  resort.  Several 25- t o  50-m-deep exploratory 
Wells should be d r i l  led along t h i s  southwest-northeast trend. Because o f  the 

d i p  and the  width of the f issures,  several we l ls  on a l i n e  could be more 
productive than one very deep d r i l l  hole. It i s  also possible t h a t  hot water 

can be tapped- e f f i c i e n t l y  from wel ls  located i n  the middle o f  the val ley,  
because o f  a downward staircase type o f  f a u l t i n g  underneath the  alluvium. 

Future production wel ls  w i l l  need t o  be completed c a r e f u l l y  t o  avoid any 
contamination with the shallow aqui fer ,  which makes an i n te r face  with the  
ascending thermal water. This i n te r face  could be drawn down by extensive 
pumping. Therefore, cementation o f  the outer casing should continue through 

the  al luvium and several meters below the contact with the  metarhyolite, where 
packers should a lso be located. S lo t ted  l i n e r s  o r  screened tub ing should not  
begin before the  actual hot  water production tone. F ina l l y ,  i t  has t o  be 
pointed out t h a t  permanent pumping i n  new product io 11s a t  OJo Cal iente may 
c e r t a i n l y  dry out the e x i s t i n g  warm ings by lowering the  ar tes ian thermal 
water l eve l  . Thus, a t  an ea r l y  stage s i n  the  new 
wel l (s)  should monitor the discharge and of t he  warm springs. 
However, a f t e r  the hot water (60-80°C) ha d through a heat exchanger fo r  

oses, a large amoun "C) w i l l  be 
and medical u 
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