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I. SUMMARY 

The Valles Caldera, sometimes called Jemez Caldera, is 
located in the Jemez Mountains, a complex volcanic high­
l~nd of Pliocene and Pleistocene age, about 55, miles 
north of Albuquerque in north-central New Mexico. The 
caldera is circular in shape, 12 to 15 miles in diameter, 
and sao to 2000 feet de~p. The caldera is a relatively 
young structure, originating about 1.1 million years ago 
following an enormous eruption of rhyolitic ash and pumice. 
The caldera is currently ina stage. of hot spring activity, 
although the periodicity of rhyolitic volcanism docs not 
preclude future eruptions! 

Hot springs and warm water wells are generally distributed 
over several hundred square miles in the Jemez Mountains, 
indicating a Beothermal anomaly of regional scope. The 
geo~hermal anomaly culminates in the Vall~s Caldera, most 
obviously in the' western half, where a maximum temperature 
of 532°F. has been measured in the Baca #4 geothermal well. 
Because the structure of the caldera is analogous to a pot 
on a stove, high sub-surface temperatures are probably 
available everywhere within the 150 square mile caldera, 
and certainly everywhere within the central 100 square 
miles. ~ 

The deep groundwater system underlying the Valles Caldera 
is essentially a single unit which can be described simply 
as the deep flow of water from the San Pedro and Jemez 
Mountains into the Rio Grande' drainage basin. In Addition 
to subsurface preisure-measurements, ionic and isotopic 
chara~teris~ics of the hydrothermal waters can be used to 
trace \vater f+ow in the 'hydrothermal system. The potentio­
metric surface of the deep groundwater system is near the 
surfarie in th~ northern half of the caldera and over a 
thousand feet below'the surface in the center of the caldera. 

Knowing the subsurface presstire-temperature relationships, 
a tentative model of the Valles Caldera hydrothermal 
syste~ is proposed: Relatively ~ool water enters the 
very hot caldera from. the no~th. As the water flows 
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throur,h the subsurface the enthalpy increases, and 
near the center of the caldera boiling begins. In the 
vicinity of the Baca #4 well, boiling of the deep water 
has led to formation of a vapor-dominated reservoir 
about 2500 feet thick. South of the Baca #4 ~ocation, 
g~ven a continuing addition of calories, the vapor-domi­
nated reservoir should be thicker. 

The above considerations lead to the conclusion that 
about 40 square miles in the southern half of the Valles 
Caldera are prospective for dry-steam production. Liquid­
phase reservoirs with temperatures at least as high as 
the vapor-dominated reservoirs may be prospected for in the 
northern half of the caldera where the water table is near 
the surface. Surface ~anifestations (hot springs, altered 

! rock) of the hydrother~al system are absent in the eastern 
half of the Valles Caldera anq· in the adjoining Toledo 
Caldera. The lack of surficial expression is due to 
topof,raphy and near-surface geology. At depth, the Toledo 
Caldera, and eastern Valles Caldera are fully as prospective 
as the western VallesCa~de~a~ 
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INTRODUCTION 

The primary pUrpose of this report is to summarize 
the presently available knowledge of the Valles 
Caldera hydrothermal system and, secondarily, to 
present a very tentative model of the hydrothermal 
~ystem for .. us~ as a basis for geothermal exploration. 
Over a series of years, many man-hours of study have 
been devoted to the Valles Caldera, which is one of the 
worlds' truly impressive volcanic collapse structures. 
The studies have ranged from the academic pursuits of 
the United states Geological Survey to private attempts 
to win commercial geothermal resources. This report 
is siMply an attempt to bring together the pertinent, 
but sGatte~ed data generate4 by other worke~s. With 
the exception of the proposed model, there is little 
original work in this report.' 

The sou~ces of data for this report are published 
geological reports, unpublished United states Geological 
Survey in£ormationfrom the files of the Baca Land and 
Cattle Company, drilling:reports arid geological reports of 
the geothermal wells,and:geologic excursions in the . 
Jemez Hountains. . . 

I have purposely not elaborated in the topics of strati­
graphy and structure. Those sUbjects are well cove~ed 
by the U.S.G.S. map of the Jemez Mountains by Smith, 
Bailey and Ross. The enclosed copy of that map should 
be considered an integral part of this report. 

E.very attempt has been made to utilize reliable data. 
During the course of data collection, however, some 
information, particularly downhole data from geothermal 
tests, had to be disregarded. The accuracy and complete­
ness of the included data, therefore, cannot be guaranteed. 
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III. GEOLOGIC SETTING (Largely from Doell, et aI, 1968 and 
Smith and Bailey, 1968.) 

A. REGIONJ"\L GEOLOGY AND GEOGRAPHY (Figure 1) 

The Valles Caldera, sometimes called the Jemez' 'Caldera, 
is located in the Jemez Mountains, a complex volcanic 
highland of Pliocene and Pleistocene age, about 55 miles 
north of Albuquerque in.north-central New Mexico. The 
Jemez Moun tains' are si tua ted at the intersection of two 
major geologic·features. One is the southeastern rim 
of the Colorado' Plateau; including the chain of volcanic 
fields that have developed along the rim: White Mountai~s, 
Datil, Mt. Taylor, Jemez, and San Juan. The other regional 
geologic structure is the western margin of the Rio Grande 
Graben, a trough that extends several hundred miles through 
New Mexico and Colorado. Geophysical evidence (Joesting, 
et aI, 1961) indicates approximately 19,000 feet of dif­
ferential elevation between Pre-Cambrian rocks east and 
west of the graben and Pre-Cambrian rocks buried in the 
center of the graben. . '.~" '.' . 

West of the graben' fau]]:. zone,' the volcanic rocks of the 
Jemez Mountains overlie Pre-Cambrian granite, and Paleozoic­
Mesozoic sediments. East of the fault zone, the volcanic 
rocks rest on Tertiary epiclastic sediments that fill the 
graben. The principal focus of volc?lnic activity is clearly 
wi thin the graben; of the 154 knovm volcanic ven ts in the 
Jemez Mountains, only 18 are located on the uplifted block 
west of the graben. (Smith, et aI, 1970.) 

Most of the hot springs in New Mexico are associated with 
the chain .of volcanic fields around the rim of the Colorado 
Plateau or with the western edge of the Rio Grande Graben 
(SuIl11T!ers, 1965) .It is apparent that the hydrothermal 
activity in the Valles Caldera is not an isolated spurious 
occurrence, but is part of a regional, deep-seated thermal 
anomaly. 

Geographically, . the Jemez Mountain highland is formed by 
a cen·tral, eroded mountainous mass composed mainly of basalt, 
andesite, and dacite, and surrounded by more youthfully 
dissected pla.teaus composed mainly of rhyo1i tic ash flows. 
Valles Caldera is a sub-circular depression in the center 
of the Jemez ~1ountains .. The caldera is 12 to 15 miles in 
diam~ter and ~OO to' 20do feet deep. In the center of the 
caldera is a broad structural dome (Redondo Peak), ,,!hich 
rises 3000 feet above the caldera floor and has an elevation 
of 11,254 feet. Several smaller ,mountains, rhyolite domes, 
surround Redondo Peak. 
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B. GEOLOGIC HISTORY OF THE VALLES CALDE~ (Map I) 

The volcanism, which has led to the p~sent stage of 
development of the Jemez Mountains, be~an in late 
Miocene, or early Pliocene time with a~ eruption of a 
basalt-rhyolite sequence, followed by two complex basalt­
andesite-dacite-rhyolite sequences that were erupted over 
a period of about 10 million years. ~e Valles Caldera 
is a relatively young structure; its history can be con-
sidered as a series of stages:· . 

a) Regional doming of the Jemez volcanic highland with 
formation of a ring-fracture system over a shallow 
mac;ma chamber.· '... .. , .--

'., 

b) Two gigantic pyroclastic "eruptions, 1.4 and 1.1 
million years ago, which produced the Bandelier 
Tuff, a deposit of rhyolitic ash and pumice, wide­
spread in the Jemez ~ountains. Each outburst yielded 
about 50 cubic miles of VOlcanic debris. ' . ,~ , 

The eruptions were foUowed·, by c"ollapse along ring­
fr~cture systems, producing first the Toledo Caldera, 
and, some 300,000 years later, the Valles Caldera. 
The collapse struct~re,of·the Valles Caldera trun­
cates the southwestern part of the Toledo Caldera. 

c) Formation of a caldera lake and eruption and deposition 
of rhyolitic lavas and pyroclastics on the lower parts 
of the caldera. floor. During this stage th~ caldera 
was filled with about 2000 feet of assorted lacustrine, 

. landslide and volcani~ rocks. 

d) . Uplift of the central dome (Redondo Peak), accompanied 
by. radial fracturing and formation of a longitudinal. 
graben across the dome (Redondo and Jaramillo Creeks). 
Simultaneously with :doming, rhyolitic lava erupted 
within the graben and the riorthwestern ·part of the 
ring-fracture s~stem. During this &taqe, the lake, 
pushed to higher levels as the dome emerged~ eventually 
Overflowed the caldera rim on the southwest side. 
The concentration of' water flow caused erosion and 
formation of Canon· de San Diego, and the localization 
of the Jemez river which. now drains Valles Caldera. 

e) Eruption of rhyolite a1on-g the ring-fracture zone 
around the central dome forming a chain of cones, 
flows and domes. Ten major vent areas and at least 
18 separate eruptions spanning 900,000 years are 
recognized. The youngest eruption, El Cajete, is 
less than 100, 000 years. old. 

f) Hot-spring and solfataric activity in the western half 
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of the caldera. The Valles Caldera is in this stage 
now, and may have been in this stage for the last 
100,000 years. This stage is of much more than academic 
interest, for the probable long duration of the solfataric 
stage in large epi-continenial cauldrons suggests major 
ore-forming potential and long-lived hydrothermal systems. . ~~ . 

IV. HYDROTHERMAL GEOLOGY 

A. VOLCANIC SETTING 

B. 

1. 

The Valles Calderi is·favorably situated in space,'time 
and type of volcanism fo~ de~elopment of a large hydro­
thermal system. The caldera is situated in the center of 
the Jbffiez volcani~ field of over 700 ~quare miles, active 
~ore or less continuou~~y fo~:the last-Ie million years. 

'!.- . 

The geologic history of the caldera during the last 1.5 
million years of doming-rhyolite eruption-collapse-resur­
gent doming-rhyolite eruption, indicates the caldera is 
directly over the shallowest portion of. the magma chamber 
supplying lava to the Je~ez volcanic field (Smith and 
Bailey, 1968). Th~ association of large hydrothermal 
systems with rhyolite volcanoes or granite intrusives is 
well documented~ the S~l~on.Sea and Long Valley hydro­
thermal fields in Califorriiaj~ellowstone National Park, 
and -Wairakei, New Zealand, a.re but four of many examples. 
This association has been observed in other countries ~nd 
is ascribed to the probability that rhyolite magma chambers 
are shallower thari basalt sources and are therefore better 
abl~ to heat circulatin~groundwater (McNitt, 1970). 

. . .~ 

TEMPERATURE DISTRIBUTION 

Springs and Water Wells 
':" 

Abnormal earth temperature is certainly the most readily 
sensed parameter of a hydrothermal system, and hot springs 
are the most obvious manifestations of subsurface tempera­
ture. Because low-density hot water can perc-olate up 
permeable fractur~ zones large distances'abovenormally 
heated aquifers, hot springs, in.themselves, are not 
necessarily evidence of· abnormally hot hydrothermal systems. 

The occurrence of hot springs must be examined with respect 
to the r~gional geology. Map I shows that hot springs occur 
in the Jemez Mountains over a distance of sixty mil~s in 
associa·tion with major faults which are projected through 
the western portion of the Valle~ Caldera. Nowhere else 
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along the boundary faults of the Rio Grande graben are 
hot springs so numerous. The concentration of hot springs 
in the Jemez Mountains is therefore an indication of a 
widespread hydrothermal system in the region surrounding 
Valles Caldera. 

',' 
Water wells are another source of subsurface temperature. 
W~lls in four areas are pertinent; two inside Valles 
Caldera, and two outside are shown on Map I. Twenty-five, 
miles south-west,of the caldera, water with a temperature 
of 130 0 P. flows from an abandoned oil test 2000 feet deep. 
(Summers, 1965a) Summers reports the average temperature 
of near surfacewat~r in this:~r~a is 52°P. The depth of 
the' water-producing formation:' is unknown, but in any event, 
the geothermal gradient must be at least 3°F per 100 feet, 
about twice normal." "~. ;.,'\'\:;~'" 

Griggs,' et al (1964), reports on several water wells in 
Guaje Canton, 15 miles e~sf. of Valles Caldera, near the 
center of the Rio Grande graben. Five wells, each 2000 
feet: deep, produce water up to 85°F in composite flow 
from many \.,rater-bearing' zones betwee'n 300 feet and 1800 
feet. Assuming the average flow comes from a depth of 
1000 feet, the geothermal gradient is about 3.3Fo per 
100 feet, about twice normal; "The abandoned oil test and 
the Guaje Canyon watet ~~lls ~rove abnormal subsurface 
temperatures are,- available thrqughout the entire Jemez 
Mountains r'egion., ' ;,'" ' ' 

'j! 

Water supply i~vestigation wells were drilled by the 
United States' Geologicai'Surv~y in two of the valleys 
within the Valles Caldera,' Valle Gr~nde and Valle Toledo, 
on' the eastern side of the caldera, about six miles from 
hot-spring activity. (Conover, ~t aI, 1963; Griggs, 1964.) 
Thelocatio~ of two pertinent'wells are shown on Map I. 

In the authors'concepi, rainwa~er enters the alluviated 
valleys.by downflow through the blocky crusts of the 
flanking rhyolite domes 'and em~~ges in springs to feed 
the,Jemez Rive~ and San Ah~on±o Creek. The annual through- • 
put of water is estimated at 2200 acre-feet .in Valle Grande 
and 1600 acre-feet in valle Toledo. Under conditions of 
dynamic flowtdetailed'iritetpret~tion of shallow ground 
temperatures is hazardous, "b~t: /lhe generalized picture 
is very informative. ". . .. , 

In the Valle Grande, artesian well water from approximately 
450 feet deep is 64°r:. ,and the ground temperature nearby 
at 100 feet is 45°F. The indibated gradient is 5.4FO per 
100 feet. ,>: ,) . 
In Valle Toledo, artesian well water from, a zone 400 feet 
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deep is 64°P, while water fro~ a nearby 97-foot well 
is Soop. The indicated gradient is 4.6po per 100 feet. 
The geothermal gradients in both intra-caldera valleys 
are significantly above normal, and may be lower than 
the geothermal gradient at a depth of a few thousand feet 
if near-surface waters are flushing calories down stream. 

Tq summarize, the distribution of hot springs and high 
geothermal gradients over an area of at least 1300 square 
miles indicates the presence of an extensive hydrothermal 
system which is approximately coihcident with Jemez 
Mountains volcanic'field. ' 

2. Tempe~ature Observation ~ole~ (Pigure 2) 

During the summer of 1970 about'SO temperature observation 
holes were drilled in various parts of the Valles Caldera. 
Most of, the holes were 100 feet deep, an easily attainable 
depth below the limit of'significant annual variation., 
Three were drilled to 300 feet to obtain gradient data. 
The purpose of the surveywas'to determine the general 
pattern of near-surface tempe~ature di~tribution to aid 
in the selection of a site,_fo~;a dee~ geothermal test. . . ". '\', .. , . 

The re.sults generally corroborate'the hot-spring pattern 
and regional geology: the'western half of the Valles 
Caldera has a highe~ near~surfac~ temperature than the 
east?rn half. With few exceptions the temperature at a 
depth of 100 f~et in' Valle Grande and Valle Toledo are 
in the range 44°-48°P. In the western half of the caldera 
however, only one temperature was recorded below Soop., 
and the maximumtempera~ure'~t';'l(}O, feet was 106°P. 

"" . -: . 
Temperatures measured in' the zone of active surface acid 
alteration are surprisingly low, generally 70 o-90 oP., and 
suggest the alteration is caused by escaping gases from 
the deep 'hydrothermal system, rather than by circulating 
waters, and that near-surface water flow is not connected 
hydraulically to the deep system. This is but one of the 
indications of an u~_~_~_:;-=E..~~ss,l.ir~9.hydrotperm.a.L,~ystem, 
conducive to the productioh 'of ,dry stieam...---- ----

M_":~"'" .- .......... ~ . ... .... "''!,. I •• ;. •.• , .' .,J.~ .. ~."..... ••• '" ," . 

Three holes in Valle Grande were anomalous; the maximum 
temperature at 100 'feet was, 60°F'. A deeper hole, drilled 
next ~o one of the anomaiotis shallow boles had a tempera­
ture of 72°F. at 300 feet; noticeably'warmer than Hater 
from a depth of 450 feet in the,artesian well 1-1/2 miles 
to the east. The indicated gradient at this location is 
10Fo per 100 feet, about six ,times normal. If the gradient 
continues with depth, temperatures in the range of 450°F.-
550°F. would be av~il~ble at depths of 4000-5000 feet. 
Rex (1970) points out that successful steam wells have been 
drilled in the Salton sea field, California, at sites 
where the near-surface geothermal gradient is only 6.3FO 
per 100 feet. 

, ,"',,..", 8. " 
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3. Geothe.rmal Wells 

(Detailed temperature data for the deep gsothermal test 
wells is recorded in the Concise Well Sununaries in the 
Appendix of this report. Dnly the most pertinent data 
is presented here.) ~. 

The Baca #4 well is the only deep well with reasonably 
good temperature data. Typical observed formation tempera­
tures at depth are 3ao. oF. at 20.0.0. feet, 4o.4°F. at 262S feet, 
and S32°F. at 4820. feet. Above ~ depth of 20.0.0. feet, the 
Baca #4 well has an average geothermal gradient of no more 
than ll.SFo per lao. fe~t,not dissimilar to the gradient in 
Valle Grande. 'rhe low,' near-surface gradient is because of the 
low reservoir pressure of the 'deep hydrothermal system, 
and an im!;lermeable layer of altered tuff which extends from 
the surface to a,'depth of about 160.0. feet in, the Baca# 4 
well. Below a depth of 20.0.0. feet, temperatures increase 
rapidly with depth at a rate approximating the normal 
boiling-point-depth curve (Figure 3). Temperature observa­
tions in the Baca ~4 well indicate higher temperatures are 
available below the bottom of the we:ll. 

Although the data are sKetchy, temperature information 
from. the 'Baca #2 well,T.D. 5658 feet, indicates downhole 
temperatures are as high, and possibly higher, than in the 
Baca ~4 well. The following is pertinent: 

a) Below a ·depth of 30.0.0. feet, the mudflow line tempera­
ture averaged about 16o. oF. and the suction line about 
13o.oF., an increase of 3DoF. during a round'trip of 

. the circulating mUd. The;, tempera ture increase is 
similar to those observed in the Imperial Valley, 
Cali£ornia, wh~re reservoir temper~tures are in 
excess of 600°F." 

~) After drilling to total depth,the well was cooled 
by circulating water- prior to Schlurnberger temperature 
log.ging. At a depth of 250.0. feet, a zone drilled over 
a month before, the temperature rebounded from 255°F. 
at 2 hours static to 330°F. at 9 hours static. such 
a rebound performance is typical of the very hot 
reservoirs in the' ,Imperial V.alley. 

c) There are unconfirmed repor.ts that temperai;:ure­
sensit"ive paint strips lowered into the well near 
total depth indicated temperatures ove~ So.o.oF. 

d) Long term static'temperatures of about 4o.o. oF. at 
·20.0.0. feet, and 3S0oP. at 120.0. feet have actually 
been measured. If formation temperatures increase 
with depth along the boiling' point-depth curve, the 
probable bottom temperature'in the Baca #2 well 
excieeds 6o.o. oF. , .. 
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.-
Baca #1 and Baca #3 wells are only 2560 feet and 2200 feet 
deep respectively, and do not have adequate static tempera­
ture data. One temperature .survey measu,red 390°F. at 
1800 feet in the Baca #3 well, and it is likely that the 
temperature regime at the .Baca #1 and #3 location is 
similar to the Baca #2 location. 

',' 

The Bond #1 well, T.D. 3675 feet, similarly has meager 
temperature data. Poor data indicate a formation tempera­
ture of 270°F. at 1400 feet, and. this well fuay have a low' 
near-surface gradient similar to the Baca #4 well. A non­
equilibrium temperature of 391oF. \vas observed at 2400 feet 
which proves, at least, that the well is not "cold" at 
depth, but may be cooler than the other wells. 

4. Geochemical Evidence For T~mperatures Higher Than 
Observed in the Baca #4 Well 

5. 

White (1970) reports extensively on the use of geochemical 
indicators to estimate the base temperature in hydrothermal 
systems. White states that dissolved silica, and the 
ratio of sodium to'potassium in water are the best measures 
of the maximum tempera·ture of in terreacting rock and wa t·er. 
In a general. way,. higher temperatures favor the increas'ed 
dissolution of silicaand,of potassium relative to sodium. 

Data for many hydrothermal systems are shown in Figures 4 
and 5: I have added data from chemic;:al analyses of water 
from the Baca #4 well. It is seen that the silica content 
of the deep wafer from the Ba~a #4 well is appropriate for 
the observed temperature at depth, about 530°F .. The sodium­
potassium ratio, however, indi~ates equilibrium with rock 
tefuperature of about 660°F. (3~0~C.). White (personal com­
mufiication) believ~s the equilibration time is much faster 
for silica than sodiUm-potassium, so that the' silica may 
measu.re the producing formation temperature while sodium­
potassium may reflect higher temperatures from a deeper 
part of a circulating hydrothermal system. Although geo­
chemical temperature 'indicators are not yet fully calibrated, 
it do"~s appear highly possible. that temperatures of about 
650°F. are available in the Valles Caldera. At the Baca #4 
well location, such ·tempera.tUlres·: should be found at a depth 
of about 8700 feet.., "~., 

":L~' 

Areal Distribution of Temperature 
, 

Because the structure of the caldera is analogous to a 
pot sitting on a stove, there 'is every reason, at this 
writing, to expect that the high temperatures observed in 
the geothermal wells are probably, ayailable at depth 
everywhere within the caldera, and certainly within the 
ring-fracture system. I st.ron91y recommend that a detailed 
shallow-gradient survey be performed to rapidly evaluate 
the true area extent of the subsurface hydrothermal system. 

" .' 
""",: 
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C. FLUID PRESSURE DISTRIBUTION AND GROUNDWATER fLOW 
PATTERil (HAP II) 

1. General 

Although abnormal' temperature is easily sensed, sub~ 
surface fluid pressure distribution is equally important 
in the description of a'hydrothermal system. Knowled~e 
of subsurface fluid pressure distribution is, pertinent 
to definition of reservoir capacity and performan~e, water 
supply and recharge, directioh of groundwater flo\v, and 
waste water disposal areas. The combination of subsurface 
temperature and pressure largely. defines the physical state" 
(vapor or liquid) of the wat~~ iri the hydrothermal system. 
Combined knowledge of subsurf~ce pressUre and temperature 
distribution thereforeallow9~ the delineation of areas 
where dry steam, or wet .steam ;:production can be expected. 

Subsurfa~e pres~ure data comes from two principal sources: 
springs, which be9ause of temperature or mineral content 
can be deduced to be connected to dGep or shallow ground 
water bodies, and drilled we11s', primarily those drilled 
for water or steam.' Oil~test&are also very informative 
if a detailed history o!'.thti{well is available, 

.:, ... -. '" .... \.:'~ . ~. ' . 

The subsurface fluid pressure distribution is directly , 
due t~ topography, s.tratigraphy, and geologic structure', 
In ~ geothermal region, heat flow is~ also an important : 
factor. In general, thacsubSurface pressure distribution 
can be related to one of two groundtvater zone~:. a near-' 
surface zone of low-chloride water with a potentiometric 
surface closely' related to local topography, and a deep 
zone of chloride-bearing water with a potentiometric 
surface related to regional topography and geology. In 
the Jemez r1ounta;i.ns, there are many separate bodies of 
near-surface water. The deep groundwater system is 
essentially a single uhit which can be described simply 
as the deep flow of water from the San Pedro and Jemez 
Mountains in'to the Rio Gr.and~ ,.drainage basin. 
1. ':-: :~)j~:l.·· 

2~ Springs and. Water Wells . 

A spring is the intersection of.a groundwater table with 
the topographic surface. " The elevation of the spring, 
therefore, is approximately equivalent to the elevation 
of the potentiometric su~face of the groundwater system 
at that point. The potentiometric surface of the deep 
groundwater system under the Jeme.z Hountains can be 
me~sured at the many hot t chloride-bearing springs located 
along the Jemez RiVer, within th~ Va~les Caldera, and at 
A~ua C~liente s~ringori the north flank of the Jemez ' 
Mountains, The many cold, chloride-free springs in the 
Jemez Hountains, such as those in Valle Toledo and Valle 
Grande, are clearly not'flowing from·the deep groundwater 
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system and their elevations. do not represent the 
pot~ntiometric surface of the deep groundwater system. 
Sulphur Hot Sprinss, in ehe \olestern part of Valles 
Caldera at an elevation of about 8300 feet, are Bassy, 
acid, low volume, hot sprin~s .with a pH of 2, and with 
a: negligible chloride content. The hot springs are 
caused by hot eases from the deep hydrothermal system 
escaping into a shallow perched water tab.le •. The ele­
vation of the sprines is. not;etiuivaJ.ent to the deep 
potentiometric surface •. : ,:, \\ ~" . 

Deep water wells near Los.: Alamo's produce warm water 
from depths to 2000 feet. (Griggs, 1964~) Although 
the chloride content.: is~l'ow, 'the' stratigraphy indicates 
the water is part of' the deep Rio Grande system and 
the reported pressure data from the wells can be used 
to determine the shape.of the deep potentiometric surface 
under the Jemez Mountains. The low chloride content of 
t.he water probably means that ·,the LoS! Alamos area is 
over the cooler' east f~ank of"·the hydrothermal system. 

. . - . -: .... .. :. ~ ... -. ~. 

Artesian wells. producirtg from~aquifers to 600 feet 
deep i.:1 Valle Grande and Valle Toledo, have a head a 
few feet above ground leVel at the well sites, an ele-

. vat ion of about 8? 00. feet,· ( Conover, et al, 1963.)' 
They report tha·t the' head',of the deeper aquifers in 
Valle. Grande is less than. the shallo',y aquifers, so that 
some downward movement of' water is possible, but pro­
bably not veryr~?id throu~h th~ clayey near-s~rface 
s~diments. The artesian' waters are cold and essentially 
chloride free, and tend t~ flow downward; these waters 
are therefore not cori%id~red an upwelling ~f the deep 
hydrothermal system. ,Conover,. ~~h consider Valle' 
Grande to be a.ne~r static basin of groundwater in 
which recharge from. the" flankinr; hills does not enter 
the deep valley aquifers', but. ~merges in a serie s 0 f 
springs along the edge ·of.thit valley. (Isotope evidence 
reported in another section of:·this report, proves the 
concept. ) Because of th.e near static nature of the 
groundt-later in' Vall.e 'Grande, some faith can' be placed. 
in high temperature gradients,\' reported in a prev ious 
section of this report .... ..... , 

Geothermal Test .Wells {Detailed Dataln Appendix) 

Pressure measurements 'in the deep geothermal wells 
clearly sho\o/ that the ·deep hycirothermal system is a 
separate water body from the shallow water in Valle Grande 
and Valle' Toledo', and. from the s·hallow. hot waters at 
Sulphur Springs. As measured in'fou~ wells, Baca #2, 
#3 and #4~ and Bond #l,:t~e top of the deep hydrothermal 
system is at an elevation· of.a.,bout 7500 feet, deepest 



at Baca #4, shallowest at Baca #2. 

4. Summary of PreSsure Observations 

Consideration of the regionally dist~ibuted data from 
springs and wells (Map II' reveals that the deep water 
system is very simply related to the superposition of the 
J~mez 110untains topography upon the normal subsurface 
water flow in the Rio Grande'graben. Deep water flow 
from the San Ped~o and Jemez Mountains radiates north, east 
and south into the Rio G~ande drainage area. Most of the 
subsurface water passing across Valles Caldera enters 
from the higher mountains north and northWest of the 
caldera. A li~ited amount of flow enters from the 
calder~ rim to the ·west •. south and east, and ~c._ert9;tn 
_9mo,unt .of near_-:,s~rface._ .wate.];?; such as in Valle Grande, 

. must percolate downward,s, .t.9. enter the. deep system. 
llydrolQg:l.callY"" the Valles Caldera is a "flat" zone; 
the normal north-to-south flow is impeded by the lack 
of topographic drainage, r~lief, the abundant rhyolite 
plugs and the localized nO,n:-.t;egion~l flow patterns 
caused by the caldera rim;.;" I ',,( .:, . ,. . 
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D. WATER CHEMISTRY 

~ 1. Solution Chemistry 

~ 
'1~.; ~ 

The chemistry of the dissolved solids in waters of the 
Jemez Mountains permits a very tentative five-fold 
subdivision: deep thermal wate~, satura~ed steam, shallow 
t~ermal water, shallow p~rched thermal water, and water 
from outside the hydrothermal system. Typical analyses 
(from many available analyses, chiefly in Summers, 1965, 
a, b; Conover et aI, 1963~ and'Griggs,1964~ are presented 
in the ,appendix. ' .9ply '~l:Ie ge~,era~ characteristics are 
discussed below. L ,_, ,t,,' P' , 

';"'r,:: > 
a) Deep thermai water~, The Baca #4' produces from 

drv steam zones between 3468 feet and 4995 feet, 
and from a water zone"~ at~,about5000 feet. The 

" ~, 

sample' of, the deep watec:zone is a- wel,lhead flowline 
sa~ple of the liquia ~ffluent while the well was 
f16wing from all zones bet0een 3468 feet and 5048 
feet, total depth. ",As sampled, the deep thermal 
water is a chloride water with dissolved solids of 
about 7000 ppm. ' (Analytical res'ult,s are not 
adjusted for concentration during flashing in the 
well bore, because thermodynamic ci,lculations 
i,ndicate about' as much dry steam i~ condensed to: 
lift the water as is evaporated du~ing flashing. 
In the future, an a,ttempt should, be made to obtain 

, .. unflashed samples.) ,The water is! very high in 
fluorine (38 ppm) but relatively ~l~w in boron 
(15 ppm) for water wi th an ini tieil;' tempera ture over 
500 0 F. The high f'luorine and lo~, boron appear to 
reflect passage of th~ w~ter through dominantly 
volcanj.c rocks rather than sediments (Hem, 1970; 
'Goldschmidt, 1954; Heide and Theile, 1957). The 
analysis shows no calciuni or magnesium, however 
a small amount of'calcium could have been precipi­
tated during flashing. Low calcium content is common 
in waters of high temperature, calcite decreasing in 
solubility with increasing temperature (White, 1970; 
Hem, 1970). The low .. calciu~ content may also reflect 
the low calcium content of the reservoir rock. The 
res'ervoir rock in: the Baca #4 well is a rhyoli tic 
tuff which contains O~24t: of CaO compared with 1.2% 
for the average rhyolite '(Daly, 1933). The high 
silica content (820 ppm) of the deep thermal water, 
and the lo,w ,ratio of sodium to potassium (4.5, 
atomic ratio) are typical bf water with a very high 
reservoir temperature, (White, 1970). 

" 
\'later of simil~r chemistry, to the deep chloride water, 
occurs in the Baca #3 well (T.D. 1944 feet when 
sampled~, Soda Dam Ho~ Springs, Jemez Hot Springs, 

I 



b) 

c) 

and San Ysidro Indian Hot SprinR. the latter about 
15 miles south of' Valles Caldera. The available 
analysis of the water from Baca #3 is barely useful; 
the silica analysis is obviou~ly in error and no 
analyses were made fot' fluorine or boron, HmoJever, 
the high dissolved-solids (5712 ppm), the .. 10~oJ 
calcium (16 ppm), and the low sodium-potasium ratio 
(11.1) indicate that water is part of the deep 
thermal vlater. The hotsprinp,s along the Jemez 
River differ from the deep well water by a lower 
silica content, and a higher. calcium and bicarbonate 
content. r believe' that much of the hot spring ~vater 
has flpwed southw~rd from the high temperature 
caldera regime int~the cooler rocks surrounding the 
caldera. Along· the 60urse of flow the cooling water 
has lost much of thelni~ial silica and gained 
calcium bicarbonata ~romth~ Paleozoic limestones 
in Jemez Canyon •. " ,i#:'": .. ".; '~, 

Saturated steam. Saturated or dry steam occurs in 
the Baca H4 we 11 bettveen the d~Dths of about 2500 
feet to 5000 feet. No cbndensa~e sample~ were taken 
of this steam.;for~~hemicial-arialysis. 

. "',. ,- ~ ~"':' .. !,.'.' . . ' .. 

. . .. , . ;.":;:' .. , ~\ .•. i ~. 

Shallotol thermal water., A chloride-bicarbonate­
sulfate wat~~,withCdisso1ved sollds of about 2000 
ppm, . quite distinct· from the dee? chloride Hater has 
been sampled f~om depths of about 1700 feet td 2500 
feet in the BacaH4,~we11. and from about 1300 ·feet 

'td lSOO'feet inth~ Bac~·.#l well. The shallow thermal 
water has' a high' contenf 'of bicarbonate an'd sulfate 
due to, the dissociation" of carbon dioxide and oxidation 
hydro~en aulfidej bdth g~ses escaping from the deep 
hydrothermal system. THe shallow thermal water 
contains alDout· 200' ppm silica, reflecting a lower 
temperature . environment.~;than the deep chloride water, 
and apparently contains>no boron. 

: . ~~ , 

In the Baca #It we11 j.thls· Hater overlies a vapor 
phaseresel"voir.;;·' Presence of this; water may indicate 
the existance of a[deeper vapor phase, through which 
carbon di9Xid~ and hydrogen sulfide may pass to the 
exclusion of chloride iQrt.,· 

. .... 1.{. 

d) Shallow pe'rched thermal water. A very localized 
'type of thermal water is associated with Sulphur Hot 
Springs in the west central part of the Valles 
Caldera. The springs are about 150°F, with a pH of 
2, and a relatively low flow. Bicarbonate content 
is nil and. chloridecont~nt· is very low (3.5 ppm). 
The water is clearly pe~ched, heated by conductive 

.heat. flow and by e.scapin?,', gases •. The acidity and 
high sulfate content are caused by near surface 

15. 



oxidation of H2S to H2S04 . This:type of' spring is 
clearly not in fluid communicatiqn with deep 
chloride waters and is indicative of underlying 
vapor phase reservoirs (White, 1970, 1971) . 

. ,. . . 
e) Water outside·fue hydrothermal system. Water from 

outside the hydrothermal system is a dilute (100 
200 ppm dissolved solids) bicarbonate water with 
minor sulfate and very low cploride content. 
Flu'oride is' high for dilute waters (about 1.5 ppm, 
and boron is nil, both characteristics typical of 
water from a rhyolitic vC,l.1canic environment. The 
dilute bidarbonate wateri~ typical of the artesian 
wells in Valle Grand~and: Valle Toledo, and the 
water wells. near ·LoS.: Alamos. . 

.!,. :. . 

A ~ariety of this water is found in the warm springs 
around the rim of ~alles' Caldera: San Antonio Bath­
H6use, McCauley, and Bathtub Springs. The warm 
springs have ~ slightly higher silica content than 
the typical cold, picarbonate water; an indication 
the water has percolated~at least through the edges 
of the major hyd~oth~rmai system. Except for silica 
content. the warmsp~ings'are identical chemically to 
typical cold water.:' 1 believe the warm springs 
r~present areaS where'notmally cold ground water is 

'heated near the edges. of' the deep hydrothermal 
system. The' warm'springs thus may indicate areas 

. where the deep hydro.thermal system is totally in 
the liquid phase, pbssibiy with hydrostatic pressures 
to the surface.. Such area.s would be ideal for pro­
duction of wet stea~ and for hot water. The area 
around San Antonio Bath House is suggested as a 
prospecti ve' are.a which. could combine high subsurface 
temperature; . good res.ervoi~: beds, hydrostatic pressure, 
and low-salinity fluids~ 

. . "~.~'~; ....... ~~..:-~:~.:.:.~. " 

2. Isotope Chemistry. 
. ,"."", 

.It has been known' for some "time' that the isotopes of the 
lighter elements. are" fractionated by chemical and physical 
processes.in natdtal systa~s •. The stable isotope of oxygen, 
018 , has b~eri particiularly'us~ful to hydrologists because 
of the abundance of oxygen in water and rocks. The basic 
geochemistry of' 018 ' is qu:j.te·, simple. Assume the ocean as 
a large mass of water with a fixed .ratio of 018 to' 016 
atoms. This ratio is aboutone·OlS atom Dgr 250 016 atoms. 
During oceanicev·aporation, the lighter 01 atoms tend to 
leave the ocean easier tHari the heavier OIS atoms. Rain­
fall is th~s depleted in 018 rela.tive to ocean water. 
Rocks contain a proportionateiy.higher amount of OIS than 
ocean \'later .. As"the;OIS depleted 'rainwater percolates 

~.':,tilf: .;s'l ' ", 
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through the earth, 016 from the water islexchan~ed for 
018 from rocks. The exchange process is very slow at 
low temperatures, but increases rapidly with increasing 
temperature. The prin~ipal utility of 018/0 16 measure­
me~ts in geothermics is as an indicator of the relative 
length of time water has been in a hydrothermal environ-
ment. . : ~. 

Analytical results are usually presented as per mil 
(per cent x 10) variatioh ·from a Standa~d known as 
Standard Mean Ocean Water (SMOW).- Thus water with 018 
analysis 6f -7.6%owould. be depleted in 018 relative to 
seawater to the extent of having, ,a 018/0 16 value 7.6%0 
(0.76%) lower. than' sea w~terJ!;;{';' .. :·· ' . 

. ;: . ~ . 

Tri tium: (H3) i a ·radioa.ctive isotope of hydrogen, occurs 
as a natura'! constituehtof the atmosphere. through the 
reaction of cosmic-ray-produce,~neutrons with nitrogen 

a:oms : .' ". 'ii,:,; :~ . (1'::: , 

or 
C12 + H3 + ENERGY 
3He ~.' ,+~~ fi,3. +j' BNERGY. 
• .' '. ;\.,;,,:.~. (Kaufman & Libby, 1954) 

The natural frequency of': tritium atoms is very low; rain­
water contains about five naturally occurring tritium 
atoms for every 101&hydr6geiatoms. Because of the low 
activity, a convenient unit ofFineasurement called a 
Tritium Unit, has ~een~gfin~~i 

1 T.U. = Number of, tritium atoms X 1018 
Number of' hydr~gen atoms 

Artificial tri tium, gene:t:ate'~' by thermonuclear explosions,' 
has been introduced· into the~~tmosphere in considerable 
amounts since 1954... In .196J,~ the tri tium content of 
some rains· in North<.A.me·ri.ca· was over. 10 , 000 T.U. 

. .' : . ~,," "" :. . . 

The half-life of tri tiu.m /'12.5 years, f~rnishes the hydro­
logist with a short-range dating tool. The large sltig~ of 
artificial tritium, produced. since 1954)', also provide an 
excellent natural trac.e.r .• '. FO. r.·"example, . groundwater which 
origina ted as rairifall'Qy~r S,O"",years ag , now has a tri ti urn 
content of less than O~~ T~U., below th : limit of routine' 
commercial' analysis. 'ciro\1ndwa;ter samples containing tri tium 
between 1 T. U. and 2 T.i:U • contain some water "younger" than 
50 years, and sampies with e>tcess of 5 T.U. clearly have 
some 'water originating as raih.·· since 1954. 

• • I hi" 'i'4' • 

~~; . .:':: ~.' ';:''; .. ,\.;;':':~:) . ,.;.~, ,j'.: ' 
: .~.; '.;;_" : . ,: .":/ '". J;-

. . :~;f!.; .. :;~ h:~\f?e· -, 

.', ..•. ::,l~:;~'!,"~t~"~" , 
1,-:1. ',_ i,.; 

.... : 17 .r, 



The 01B and tritium values for some waters from the Jemez 
Mountains, sampled in October, 197Q, are: 

Sample Locality 

Artesian Well, Valle Grand~ 
64°F., flow from 450'. 

'(OlB) %0 SMON 

-12.0 

San Antonio Bath-House 
Spring, 100°F. 

-12.7 

Soda Dam Spring, 104°F. -11.5 
,. . 
::~)' "'12.5 

. . • :J. I 

. }.~ I~" .': . '~t~~lt:' .~ 
Well, T.D. 1892': .:. "";.'0;:-,-11.3 

'. ,.",. ';. ':h: ' ··d:f~:.t~ 

Baca #4 Well, T.D .. 5048' .:,!, ,~, 
. " -- ji',,! " 

Flow line· water from 'well' to",: t·i'l!~·.'>'" 
producing, from dry stearn .':: :.".::~,.,o~~:~"'-\ 
zones from 3468' -4995' and '," '''. ~( ' .. 
water zone about 5000'. .! 

. Sulphur Spring, lSO,oF.o '. 

Baca #4 

7.4 

T.U. 

3.6 

" , 4.4 

6.8 

54.4 

N.D. 

5.1 

The 018 content of \'later from. the" Va'lle Grande artesian well is 
probably represent.ative of'Jernez',Mountain water which has never 
been in a hydrothermal system. Thi:! tritium content of the 
artesian well water is neither abnormally high or low. The 
tritium content. of pre~1954 r~ini~as decayed to about 2 T.U. in 
197Q. 1954 rainfall has dec~yed·to probably no less than 10 T.U. 
Thus, t.he artesian water is probably mostly pre-19S4 water 

. with a small admixture of post~19.54water. 
;.. ~ - . ". " . 

The· water from Sari Antonio Bath-Hbuse spring is warm, with a 
meteoric value for alB and a~rel~tively low tritiu~ content for 
a spring. Most springs ~ am. acquainted with haV9 tritium contents 
of oVl:r 10 T. U. Evidently J:he water has been in the ground for 
several years, but has on~y;recei1t~yentered the hydrothermal 
system. . ,. ;. '0 .. '" "', .,; 

r ",V.Io;<:i: 
. t . :1:' 

The water from Soda Dam Spririgs is'an interesting contrast to 
the San Antoni6 Bath-Hause ~ater~ The water at Soda Dam has had 
some exchange of 018 with hot' rocks, and contains about 100 times 
as much chlo.ride ion: as' the.Bath .... Ho}lse Spring, indicating the 
water has definitely 'passed ~hrough part of th.e deep hydrothermal 
system. The tritium dontent'of .the Soda Dam water is signifi­
cantly higher than theBath~H¢us~'water, probably the result of 
near-surface contamination ~·! .. >Y ":1::-:::.;' ,. ..' 0 i . 

. ,' .... .:'"':-' 

Isotopic composition of the water from Sulphur Springs proves 
that water to be very young, near-surface water, heated by , 
escaping hot gases. Evaporation could concentrate tritium, but 
it would also concentrate 018 . Sulphur Spring water has an 
018 deficiency similar to recent ratn water, and shows no 
effects of exchange or evapo~atibn~. 

", ' ~ .. :; 
,- . ;.~f),_ ". 



The 018 value for water from 1892 feet in the Baca #4 
well reveals some exchange with hot rock, but the sub­
surface history of the water is probably so complex 
(the formation water may be. a combination of saturated 
steam condensate and near-surface ground water) that 
further discussion ±s.no~ warranted. 

Interpretation of the thermal water from Baca"#4 well, 
from 5000 fe~t deep, is slightly confounded by the flash­
ing which takes place in the well bore as the water is 
produced. The~xtent of concentrati6n'pf heavier isotopes 
during flashing is quantitatively unkno'wn. Nevertheless, 
the limiting values are of great significance. , ;. 
The deep water has' had· a significant am~unt of 018 
exchange with hot rock. The 'difference between the 018 
values. for surface.' water and exchanged-hydrothermal water 
is known as the "oxygen shift." The o~gen shift has 
been measured in many hydrothermal systems (White, 1970). 
The apparent shif~ in the deep Baca #4 water isi 

Baca #4 
(-7 ;4 %. ) . = - 4 • 6 %0 

The actual shift' is poss . .i.bly··less because of the concen­
tration of 018 duririg·fl~shing. A shift of 4.6~ is 
somewhat intermediate compared to other hydrothermal 
systems of similar depth and temperature. The Salton 
Sea.hydrothermal system has a 018 shift of at least 13%0. 
Wairak~i, New Zealand has an 018 shift of only 1%0. The 
explanati~n'propos~d for Wairakei is that so much water 
has ~assed through the system (recharge) tha~ the reservoir 
rocks are now in eqUilibrium with the circulating meteoric 
water supply (White, 1970). ~he low oxygen shift in the 
Baca #4.water suggests' a· slm.tJar high throughput of water 
may be p~esent in the'Valies Caldera; . 

The tritium content of the deep water from the Baca #4 
well is high for wat'er from an unproduced reservoir 5000 
feet deep, although some concentr·ation,. up to 38%, by 
flashing is possible.. The important fact is that any 
tritium was detected ~t~all.~~ Assuming perfect separation 
during flashing (impo~sible)' and .no condensation, of the 
dry-steam production (unlikely)., the deep thermal water 
contains a minimum of'3~5 T.U. 'The tritium content of 
1954 pre-'bornb rainwater' has decayed to about 2 T. U. in 
1.970. Therefore we can conc-1ude that the deep thermal 
watei in Valles Caldera does include a component of post-
1954 rainwater, which h'a.s,;.traveled through the earth at 
least one mile verticallt in sixteen years. The deep water 
flow at the Baca #4 well location is apparently much more 
rapid than the near-s~r~ace grourid water flow in Valle 
Grande. Evidence for rapid movement of hydrothermal water 
is becoming more common, although little data has been 
published~ vlhi te (personal communication) recently has 
f6.und tritium i:1 "presumed" ancient waters ~t Yellowstone 
Nat ion alP ark. . ;¥ ~ 

,I .;)' ~ ,.~ ~. ". 
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E. HYDROTHERHAL ALTERATION 

1. Near-Surface Alteration (Map I) 

A zone of active hydrothermal alteration covering over 
12 square miles has been mapped by the U.S. G~ological 
Survey (unpublished) in the western pa~t of Valles Caldera. 
Active alteration is most conspicuous near Sulphur Spring, 
a low pll, low volume, sulfate-rich hot spring. The rocks. 
surrounding the spring area are mostly caldera-fill clastic~, 
tuffs, and rhyolite lavas which have ·been bleached and 
leached to a light-gray, ~orous, .siliceous residue, with 
common native sulphur, sulfat,e ninerals, and clay, probably 
kaolinite. Vegetation is sparse or absent in the hot spring 
area, bu·t over. most of the active-alteration area, plant.­
free areas are ,only sporadic. Surface heat flow is 
obviou~ only in the hot spring area; manifested by hot. 
springs, steam vents, and nume~ous gas seeps; however, 
the shallow tenperature survey revealed that the entire 
area is underlain by rocks with a very high geothermal 
gradient. ' 

Hydrogen sulfide, escaping from the deep hydrothermal 
system is the primary agen~ responsible for the active rock 
a·l teration. Near the surface hydrogen sulfide reacts with 
atm9spheric oxygen ··to form sulfuric acid, accounting for 
the high sulfate arid low pH of .the hot spring waters. The 
acid attacks the .rocks, removing most of the cations arid 
leavine a siliceous, clayey residue. This type of hot 
spring and alteration activity contrasts markedly with 
n~ar-neutral chloride spring~, and is becoming a classic 
indicator of vapor-dominated hydrothermal systems. 
(White, et al, 1971.) 

The active area-of alteration is superimposed on a much 
larger area of.more subtle, though; pervasive. hydrothermal 
alteration (Doell, et aI, 1968.) The exposed altered rocks 
cover an area of about 70 square miles,' and include all the 
rock units tvithin the c.aldera exc~ept for most of the. late 
rhyolite domes •. The late rhyolite domes 'and recent valley 
fill unquestionably coVer large areas of o!der hydrothermal 
alteration. I estimate the total extint of altered rocks, 
to"be considerably ovei 100 square miles •. i 

Away' from the active areas o.f acid-leaching, the alteration 
is predominately mild silicification and oxidation (Doell, 
et aI, 1~&8·.) Locally, seams of'chalcedony or coarser 
quartz are common, as are opaline deposits in cavities 
and fractures. The late rhyolit~ domes are generally fr~e 
of alteration except·.for ~arti~l hydr~tion of their ~lassy 
facies. Doell notes an exception is the rhyolite dome near 
San Antonio B~th-Housa ~prin~, which shows considerable 
veinin~ with quartz, chalcadony, and opal. The widespread 
hydrothermal alteration' ~opears .to be associated with 
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subaqueous hot springs that rose under the lakes formed 
in the caldera immediately after collapse, about one 
million years ago. The late rhyolite domes probably 
stood above the lake level, escaping al teration. The 
Bath-House dome has a wave-cut terrace on top, proving 
its· subaqueous history.. ',' 

It is concluded that a major hydrothermal system, ev~denced 
by near-surface hot spring activity has been present at 
the Valles Caldera for .at least one million years. The 
precedirig statement is quite .different than noting that 
volcanism has been active ~t Valles Caldera for over one 
million years. There ar~"notabl~ occurrences of la~ge 
igneous masses whi'cl:l have been emplaced without concomitant 
hydrothermal systems. ,Marysville: Buttes, California, i~ a 
good example., The But.tes are. a Pliocene andesite-rhyolite 
volcanic complex, over ten miles in diameter, intruded 
through Cretaceous and-Tertiary sediments. Not only is 
there no ,evidence of associated hydrothermal fluidS, 
prolific natural gas productiori has been established in 
the adjacent sediments. Extensive· near-surface hydro­
thermal alteration,' then, is better 'evidence of deep, 
long-lived hydrothermal systems than is voluminous volcanic 
activity. .' _ 

';"t"' :.-. 

Bland Mining District 

The "small Bland Mining District, fiv~ ·miles southeast o·f 
the .Valles Caldera,' provides interesting eviden,ce tha t 
hydrothermal systems have been associated with igneous 
acti vi ty in the' Jemez Mountains fo'r a period far in excess 
of one million years.' The host rocks in the Bland District 
a~e Eocene (?) or Oligocene (?) volcanic flow~ and tuff 
breccias intruded' by small stocks, di-kes and sills of 
granodiorite. The rocks are perv~sively chloritized, and 
locally argillized and silicified (Smith, et aI, 1970, 
Elston, 1961). The .mineralogyis characteristic of shallow 
hydrothermal alteration, such as that presently operating 
at the Salton Sea Geothermal Field (Muffler and White, 1969) • 
Gold and s·il ver occur in the Bland District in low grade 
quartz 'veins; the Albemarie.Mine produced over $1,30.0,000 
of gold and silver duri,I;tg .. operations between 1894 and 1948 
(Elston, 1961).: " . 

Geothermal Wells 

The.rocks penetrated during the drilling of the five deep 
geothermal test \v€lls have all been modified extensively 
by the hydrothermal waters. My knowledge of the strati­
graphy and mineralogy of the Bond #1 well and Baca wells 
#1,#2, and #3 i~ from cuttings descriptions by U.S.G.S. 
personnel. More extensive, though" still incomplete, data 
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is. available from the Baca #4 well. Therefore, except 
for a cursory description, this section will primarily 
deal with lithologic observations in the Baca #4 well. 

The host rocks in the Bond #1 and Baca #1 and #3 wells are 
intra-caldera tuffs and tuffaceous sediments. ,The only 
well to penetrate pre-caldera rocks is the Baca #2 well 
~T.D. 5660 feet) which cut, in addition. to' intra-caldera 
rocks, a succession of ~ertiary sandstone, Paleozoic sand­
stone, shale and limestone, and Pre-Cambrian grani te. Of 
the wells drilled solely in intr~-caldera rocks, the Bond #1 
well is the deepest with a total depth of 3675 feet. Baca #1 
and Bac~ # 3 are 2560 feet and 22.0 O(? ) feet deep respectively. 
The sample log from the Bond #1 well describes pyrite' through­
out the well with calcite above a dep~h of 1000' feet and fre­
quent mention of silicified zones below 1000 feet. Chlori­
tizationis noted. at 1200 feet and re'crystallized secondary 
feldspar. described ·at 2600 feet to 3675 feet. Sample logs 
from the Baca #1 and #~·wells are similar with the exception 
that secondary feldspar was not noted in the shallower wells. 
The deep Baca #2. well contains ubiguitous pyrite, shallow 
secondary calcite and several silicified zones above 2200 
feet, approximately.·;the base of· the intra-caldera rocks. 
Sample descriptions of. the Tertiary aqd Paleozoic sediments 
mention only pyrite, although ,the wel~' is knm'ln to be very 
hot and many mineralogic ~hanges should occur in the Paleo­
zoic 9a,rbonate ·rocks. The Pre-Cambriqn granite is described_ 
as c'ontaining chlori te, serici te, and je'pidote, common 
minerals'in the heart of a hydrotherm~ system. However, 
the age,of the mineraliz~tion in th7 ~e-Cambrian rocks is 
not ava~lable 'from the' ... samp~e descr~p1ons. ' 

The rocks penetrated in'the Baca #4, T.D·. 5048 feet, well 
.consist almost entirely of rhyolite ash-flow tuffs, both 
welded and non-welded (Figure 5 ). A few hundred feet 
of tuffaceous sandstone is' also. present, interbedded with 
the tuf·fs. Smi th (personal communication, text in appendix) 
tentatively identifies the tuff as· Bandelier Tuff, a \'lide-
spread rhyolitic tuff'blown out of Toledo and Valle Calderas 
at the time of initial .. caldera· formation. 

I . 

The Valles Caldera hydrothermal system has extensively 
altered 'the host rocks both physically and mineralogically. 
Investigations for this report consisted of binocular 
microscope examination of well cuttings, and thin-section 
analysis,. chemical analysis, .and porosity and permeability. 
determinations o~ selected large pieces of rock ejected 
from the Well du£ing production tests. The original depth 
of the large pieces thrown from the well was determined by 
correlation with'ciuttings and dri~ling characteristics. 
The data are summari zedcin: Figure ---,6~_ 

.. ,: .• ' :: : ~ ", ~, :, '::1 ; . 
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The general pattern of secondary mineralization as a result 
of the hydrothermal environment follm..,s the pattern well 
documented on the Salton Sea'geothermal field, California 
(Muffler and Whi te, 1969): calcite and quartz veins in the 
near-surface, low temperature environment (300 o P. @ 2000 
feet), changing to epidote and probable potash~feldspar 
with increasing depth and temperature ( 530 o P. @ 4820 
feet). A general proposed reaction (Muffler and White) 
is: )',.: d 

Muscovite + Calcite + Quartz ~ Iron + Oxygen 
) 

Epidote + K~feldspar + 'Carbon Dioxide + Water 

This reaction is believed to account for the abundance of 
C02 generally associated with the shallow parts of hydro­
thermal systems. Epidote is first observed as veins at a 
depth of 4300 feet, however thin sections of rock fro~ no 
deeper than' 3177 feet show epidot~formation as a ground 
mass alteration product in'a rhyolitic tuff breccia. Below 
a depth of about 5"00 feet,. the groundmass of the tuff is 
patchily chloritized, and "some hornblende (7) crystals are 
complet,:ly replaced by chiori te. MaCjne·ti te is an extremEaly 
common mineral below a depth of 3900 feet. It appears to 
be present as a powdery 'fracture filling, tor although the 
drillsite and equipment were covered with black, magnetic 
dust, .discrete grains of:. magneti te were rare in washed 
samples· of cuttings .. " '.'" . 

A very interesting and probably important litho~ogic change 
oC9urs at a depth of about 5000. feet. During drilling of 
the well, several dry steam zones were encountered between 
2~00 feet and 5000 feet. At approximately 5000 feet,. a 
water bearing zone was penetrated. The change from steam­
bearing-zones to water-bearing-zones is concomitant with a 
color change in welded tuff from medium gray to very light 
gr~y. Thin-section analysis (details in appendix) revealed 
that the welded tuff above 5000 feet consist of quartz and 
sanidine phenocrysts ,set in a glassy groundrnass partially 
devitrified to quartz. The .;\pproximate abundance 6f rock 
components is quartz 40%, gla~s shards 30%, sanidine 20%, 
and minor clay;, pyrite, epidote, and plagioclase. The 
ground mass of. the wel,ded tuff helow 5000 feet has been 
replaced almost entirely by~quartz, the abundance of rock 
components is' quartz 80%, sanidine 10%, glass 5%, plus minor 
components. The nearly white color of the deeper rocks is 
a result of the ibtensive, very fine-grained silicification. 
The ir.tensive silicification below 5000 feet is probably dUe 
to the high chemical activity ·of silica in the formation . 
water, over 800 p.p.ro. Ionicmig,ration and rock alteration 
is impeded in the rocks above 5900 feet which contain vapour­
phase water, a very poor solute.' The relatively sharp 
lithologic and vapour-liquid phase contacts at 5000 feet 
imply a long-lived equili~rium between heat flow and water 
flow. ">. ' 

I. 



( . 

J... __ / 

"" 

Chemical analyses of the welded tuffs above and below 5000 
feet were obtained. Dr. Robert Smith of the U.S.G.S. kindly 
supplied two chemical analyses of outcrop specimens of 
Bandelier Tuff for comparison. The analyses are: 

Sl02 

A1203 

Fe20~ 

MgO 

CaO 

Na20 

K20 

Tl 0 2 

P205 

MnO 

Bandelier 

77.4% 

12.1 

1.1 

0.0 

0.3 

4.1 

4.3 

0'.1 

0.0 

0.1 

~9. 5. 

Bandelier 

74.2% 

12.0 

0.9 

0.1 

0.4 

3.7 

4.8 

0.1 

0.0 

0.1 

96.3 

Baca #4 ',' 
Above 5000' 

77.6% 

11.4 

1.5 

0.2' 

0.4 

4.2 

4.1 

0.1 

0.1 

0.1 

99.7 

Baca #4 
Below 5000' 

73.9% 

11.1 

1.3 

0.2 

0.2 

3.5 

4.1 

0.1 

0.1 

0.1 

94.5 

Except for variations which could be due to analytical 
di~ferences, the bulk cnemistry of the Baca #4 welded tuffs 
is identical to the una'l tere.d outcrop samples of Bandelier. 
The hydrothermal alteration consists largely of rearrangement 
of rock material, rather than enrichment and leaching of 
vario.us· components. 

Nine pieces of rock fr~m the Baca #4 well were analyzed for 
porosity and permeability. The results are: 

Depth- Rock Type 
Feet 

3177' Tuff Breccia 
II II II .. II . .. 

4900'-5000' Welded Tuff 
II " II 

.. " II· 

Below 5000' Welded., Tuff 
1/ " " ~ .. Sandstone 

24. 

Porosity:'" 
Percent 

4.8 
5.'1 
6.7 

10.4 
8.7 
8.1 

10.9 
8.8 

1,6.9 

Permeability­
Hillidarcies 

0.09 
0.18 
0.07 

0.33 
0~16 

0.14 

0.18 
0.19 
1.82 
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Smith (1960) and Smith and Bailey (1966) report that 
outcrop specimens of the Bandelier Tuff have a porosity 
range of 10% to 40%, and poros1ty is commonly about 30%. 
The welded tuffs from the Baca #4 well have a porosity of 
about 10%. The differenc~ in porosity between outcrop 
and subsurface samples is the result of load compaction 
and hydrothermal silicificationr The porosity of the 
sandstone sample is probably similar to most of the sand­
stones interbedded with the tuffs. 

The permeability of the sample rocks is low, but as noted 
by White, Muffler, and Truesd~ll (1971) I vapor dominated 
systems, such as' The Geysers, California, require low 
ihitial permeability for' separation of the liquid-vapour 
phases. Commercial production of stearn usually comes 
from a 'few permeable fractures, rather than from the 
bulk rock. The 'low measured permeahilities are, therefore, 
not considered d~trimental. 

.L 
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V. GEOPHYSICAL SURVEYS I 

A. GRAVITY SURVEY (Figure 7) 

The gravity map (Figure 7) is generalized from an 
unpublished gravity survey of the Jemez l'lountains by 
the United'States Geological Survey. The station 

,density is about one data point per three square miles. 
Gravity data are responsive to the distribution of rock 
density. In areas where the stratigraphy is well known, 
petroleum provinces fQr example, fairly detailed structural 
interpretations from gravity data are possible. In hydro­
thermal areas, howeveri large variations in bulk density 
can r-esult from many causes,such as: intrusions, buried 
l~va flows, hydrothermal alteration, dense brine~, and 
low~density steam. Gravity interpretations in hydro­
thermal areas are always somewhat ambiguous. 

The Valles Toledo Caldera is a negative gravity anomaly 
quite obviously related to the caldera depression, filled 
with volcanic tuffs and intra-caldera sediments less 
dense than the surrounding volcanic flows, Tertiary- . 
Pal~ozoic sediments and Pre-Cambrian granite.. The nega­
tive anomaly is great~st near the projected intersection 
of the Valles Caldera and Toledo Caldera, pres~mably the 
area of greatest substance, and thickest low density 
fi~l. The slope of the gravity-contour-surface within 
the Valles Caldera is least steep. inside the ring­
fracture system. This area is thus a positive anomaly, 
for a simple basin of subsidence should have gravity 
contours which exactly parallel the basin bOUndaries. 
The anomaly is most noticeable in the vicinity of the 
Baca #4· well and the gravity contours east of the well 
which. actually are 'convex into the principal negative 
anomaly. Smith, et al (1970) have .unquestionably used 

. the gravity data, and in the'ir cross-section B - B I 
appear to explain the positive anomaly by structural 
doming. The reader will r~call that the Baca #2 well 
penetrated a succession of caldera fil~, Tertiary sedi­
ments, Paleozoic sedimen ts, and Pre-Cambrian granite .. 
The doming h'ypothesis- calls for the Baca #2 stratigraphy 
to be found at higher elevations at the Baca #4 location. 
Instead, the Baca t~ well, whose surface elevation is 
only 800. feet above,;the Baca #2 well., penetrated over 
5000 feet of Bandelier Tuff. The actual stratigraphy 
suggests two alter~tive explanations for the positive 
gravity· anomaly: a very near surface .magma chamber, 
dense in contrast to the Bandelier Tuff; or widespread 
hydrothermal aiteration of the Ba~delier Tuff by 
silicification, generally incre'asing bulk density. Most 
p-ositive gravity anomalies in the Imperial Valley, 
California are directly related to metamorphism of 

26. 

, . 



B. 

c. 

sediments in hydrothermal systems. (Rex, 1970.) 
Porosity of Bandelier Tuff from three deep zones in 
the Baca #4 well was

3
aborit 10%, indicating a density 

of 2.1 - 2.3 gms / cc , considerably more than the 
average density of Bandlier Tuff outcrops. Considerable 
ambiguity exists, but it is at least possible that the 
positive gravity anomaly defines the area of most intense 
hydrothermal activity. 

MAGNETIC SURVEY (Figure 8) 

A se·ismic noise survey maps the distribution of very low 
frequency (1-10 cyqle'sper' second) noise which has been 
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found to emanate ubiguitously from the earth. There 
appears to be some relation between seismic noise 
variability and hydrother~al systems (Clacy, 1968), 
but the relation is extremely unclear. The Geysers, 
California geothermal ~ield is an abnormally "quiet" 
area. The Salton Sea geothermal field is a~normally \ 
"noisy". Dry steam is produced at The Geysers while 

,the Salton Sea field is a liquid reservoir. To further 
confuse interpretation, bedrock terrane is generally 
quiet, and alluviated valleys are noisy . . 
The seismic noise·map of the Valles Caldera is presented 
in Figure 9. Noisy areas ~oincide with thick deposits 
of valley fill, as interpreted from topographic, geo­
logic, gravimetric, .and magnetic maps. The quiet zone 
surrounding the Baca 14 well generally coin6ides with 
the hydrothermally generated gravity and magnetic 
anomalies. -,j., .. 
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VI. GEOTHERMAL ENERGY POTENTIAL OF THE VALLES CALDERA 

A. GENERAL STATEMENT 

The preceding section of this report was devoted primarily 
to a tabulation of facts with as little speculative 
material as possible. With the exception of ~ell data, 
this section is more interpretive and leads to a general­
ized model of the Valles Caldera hydrothermal system. 
The general conclusiort proposed is that the Valles C~ldera 
is an excellent prospect for geothermal development 
including the production from vapor-dominated, and liquid­
dominated reservoirs. The general model consists of a 
high heat flow area,. the caldera, situated in the path of 
a deep ground-water system tending to flow from north to 

s.outh across the caldera.. Heat flow near' the center of 
the caldera is sUfficient to caUse boiling and separation 
of vapor-phase water. This area is prospective for the 
production of dry ~team. Th~ most lik~l~ area for pro­
duction from a liquid phase reservoirj which requires a 
potentiometric surface near the 'earth's surface, and a 
porous and permeable reservoir, is immediately north of 
the vapor phase prospective, area;,.' 

B. SUMMARY OF WELLS DRILLED TO DATE 
.. :: 

1. Bond 11, T.D. 3675 feet 
(More, complete ,descriptions ot all wells are in the AppendixL 

Of the five deep wells'within the ,Valles Caldera, four 
were drilled as geothermal tests. The earliest well, the 
Westates-Bond #li was dri1le~ in 1960 as a petroleum test. 
Drilled largely with mud, the Bond #1 well furnished the 
ffrst evidence of a high-temp.erature, low pressure h~'dro-'; 
thermal system in the Valles Caldera. Lost circulation 
zones were encountered at· depths of 1204 feet, 1338 feet, 
and 3650 feet, the latter so serious that the mud system 
was converted to air. Th~ well was abandoned at a depth 
of 3675 feet because the air supply could not keep the 
hole unloaded. During drilling, high mud flow line tempera­
tu,res wer~ ob!?erved: l?O°F. at 1698 feet increasing to 
194 of. ,(boiling at wellhead elevation) at 2966 feet. 

In 1967, the well was·cleanedont to 1920 feet, at which 
time it flowed surges of stearn and water. Downhole tem­
perature and pressure measu~ments indicated a liquid water 
phase in the lost circulation zone at 1338 fe'et. The 
formation pressure, about 100 psig, is considerably below 
a hydrostatic column extending to the surface. The forma­
tion temperature is 'about 250 o F.,below the temperature at 
equivalent depths in o~her wells; 

Deeper permeable zones apparently are also liquid filled, 
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for the temperature surveys show that some of the test 
fluid was coming from below 2900'feet , but pressures 
appear too high and temperatures too low to allow a vapor~ 
phase separation. 

It is concluded that the rocks penetrated by the Bond #1 
well contain liquid water.at elevated temperature, and 
significantly less than hydro~~atic' pressure. ~' 

Baca #1, T.D'. 256,0 feet l,-::: 
2 • Ba c a # 3, T. D • 2 2 0 a ( ? ) fee t . 

3. 

. .,' . 

The Baca #1 well is the first~ell in Valles Caldera 
drilled to es tablish geotherma,l s team production. With 
13-3/8 inch casing emplaced to 461 feet. the well encoun­
ter~d steam zones at 1441 ~ 1500' feet. As measu~ed by 
Rogers Eng'ineering Company, the.' zones flowed 85,000 pounds 
of stea~ pe~ hour with less than 5% liquid water content. 
The·ir·estimate of reservoir conditions was 310° - 320 o P. 
and 65 psigreservoir pressure, a.saturated steam zone. 
Rogers' estimate of the formation. temperature is in good 
agreement with the temperature calculated from the sodium­
potassium contert~ of. the effluent wa~er: 338°P. The well 
was deepened to 2560 feet·and,the hole' was lost while 
attempting to run. casing .:: ' '" 

;. 

The Baca #3 well, a 'twin 'to the Baca #1, was drilled to 
re-establish produ6tiorifrom the steam zones discovered in 
the Baca #1 well. At a·total-depth of 1983 feet, with 
1179 'feet of 9-5/8 inch casing, the well had a flow of 11% 
steam and 89% water, chiefly· from zones' below 1900 feet. 
The water zone ~pparently was depleted rapidly, ~or one 
day later the well was flowing 50% steam. After tests, 7 
inc.h casing was hung from 1000 feet to 1983 feet and the 
well was drilled to total depth, about 2200 £eet. A down­
hole temperature survey 'recorded a maximum temperature of 
390 0 P. at 180b feet and a water l~vel between 800 feet and - . (~ . . . . . 

900 feet. . 
.., -:: 

The Baca #1 and 13 wells establish,that low pressure-high 
temperature conditions· are available in the Valles Caldera 
suitable for formationqf saturated steam re~ervoirs. 
Al though the wells, as drilled" did not discover commercial 
productiori, data from the Baca #4 well indicates the Baca 
#1 - #3 location is pl;bbably on· the fringe of a saturated 
steam reservoir and mpy be pro.spective for dry steam pro-
duction from greater "E:1epths. ,_ _ 

Baca #2, T.D. 5658 feet 

The Baca t2 well is the deepest'geothermal test in the 
Valles Caldera, and.is the·only well to penetrate Paleozoic 
sediments and Pre-Cambrian granite. The well was drilled 
with mud to' a depth."of,,3445 ·feet with lost circulation 

'" : 
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while drilling at 1163 feet and 3332 feet. ~fter setting 
9-5/8 inch casing at 3445 feet and converting to air, 
the well was drilled through Paleozoic sediments to 4726 
feet. Some steam'flow was encountered in the Paleozoic 
section for the drilling reports cite: 

9-20-63 Increase in volume noted between 3780' 
" and 3809' 

9-21-63 Depth 4446', flow line temp. 204°P., 
wellhead pre~sure 31#. 

Evidently the flow diminished, for a 7 inch liner was hung 
from 3397 feet to 4726 'feet, and the well was drilled to 
total depth, 5658 feet. 'Dri1ling reports indicate that no 
permeable zones were ~ncountered between 4726 feet and 
5658 f~et. After drilling tO,total depth, many zones 
between 1300 feet and 3100 feet were perforated, resulting 
in many, fl,ows, of hot water. 

Although'no adequate down-hoie temperature-pressure data 
are' available below 2274 feet,' drilling records«see Appen­
dix and previous discuss:lons of temperature distribution) 
below that depth" and shallower" temperature measurements 
prove the well is extremely hot,·possibly over 600 o P. at 
total depth. The maximum.:observed temperature in the well 
was 428°p. at 1400 feet.';';At 'thai: time the well had been 
static for several monthifwH:h' a plug at 2288 feet and' 
perforations from 1750 feet to 2288 feet. The fluid level 
was at a depth'of 860 feet. 'Assuming the existence of a 
permeable zone at the ,highest perforations, 1750 feet', 
down hole pressure-temperature surveys (300 psig and 408°P. 
at l75? feet) indicate~iqu~d-I?h~se water in the reservoir. 

The Baca #2 well further: confirms the existence of a very' 
high temperature-low pressur~hydrotli-ermal system in the 
Valles Caldera. ,.,,7~',;,' ,:I~~' " , , , 

'{ -.' .>.:. ~ .. ': ~ .... 
Baca #4, T •. D. 5048 feet, i: ,.,' 
The Baca #4 well' waS 'dtiiled~ith mud to 1442 feet and from 
1442 feet to to'tal depth:witli,ralt. Water-bearing zones 
were encountered between 1881' feet and approximately 2600 
feet. zones prodticingdrysteam at the surface were cut 
between 2600 feet and' approximately 50,00 feet. At approxi­
mately 5000 feet ~ liquid wat~t-bearing zone was penetrated. 
The existence of a boitihqwa~er feed-zone below vapor­
dominated stearn reserv,birs has been speculated on (vlhi te, 
et aI, 1971, and othets), but the Baca #4 well is believed 
to be the firs't geoth~rmal well to clearly penetrate such 
a water zone." ' ,:~"" ~ ... f ,",:~. 

Pressure temperature surveys" indicate a low-pressure, high-
, , ,,: ... i.1. : : ':c-." . 
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temperature hydrothermal syst~m at the Baca #4 location. 
The potentiometric surface of the deep water zone is 
approximately 2000 feet deep~ The,above-sea elevation 
of the potential water table is about 300 feet lower than 
the potential surface in ~he Baca #2 well, showing that 
subsurface water tends to flow from the Baca #2 location 
towards the Ba~a #4~ location, and proves that the deep 
hydrothermal system operates independently of the near­
surface drainage effects of Redondo Peak~ the dominant 
topographic factor in Valles, Caldera. 

Observed downhole;temperatures are comparatively very 
high, over 532°F. at 4820 feet. White (1971) reports 
that of about-IOO hydrothermal systems explored by dril­
ling, only,i'about'10 demoristrably exceed 480°F., (250 0 C). 

,Little'data are -available, on the formation pressure of 
the major dry-steam producing zones. On,one occasion 
d~ring shut·-in, the wellhead shut-in pressure rose to 
over 500 psig, indicating a formation' pressure of over 
500 psig at·the h~ghest permeable zone open to the well 
bore.' That zone is at a. -depth of 3468 feet and the zone 
produces dry stearn. ' (The' temperature of the zone is' 
therefore greater than'4~5~F~)-' Assuming that the deeper, 
hotter dry-steam producing z~hes contain saturated steam, 
the reservoir pressure at a depth of 4900 feet (in excess 
of 530°F,.) is- about 885'~ psigi, 

. ". .' .' " '; ~ . 

Because 6£ the influx of deep, water,' no good data are 
available concerning the potential fiow of dry steam 
above the -water-zone. The wei,l flow, on the ba-sis of 
visual observation, appeared'to be in the order of -
lQO~OOO pounds of stearn per ~our.1 

; - ' )~";'~j' 

The Baca #4 well proves the existence of an areally large, 
very hot, under-pressured hydrothermal system in the 
Valles Caldera. Temperatures in Baca #4 well and ~aca #2 
well, about three miles apa.rt, are about the same on an 
above-sea elevation basis. 'The well also proves the 
existen6e of ~:vapor-dominated rese;voir conducive to 
the production of dry s,team. The' area'l extent and com­
mercial utility of' the vapor-dominated reservoir will be 
determined ,by fu-ture dri11.ing'.:' -,-

.. -;." 

Data fro~,th~ ~aca~'4 well al~~ proves that the pressure 
regime of the deep'hydrothermal system is related to the 
deep 'groundwater flow of. the regional Rio Grande drainag'e 
basin, and'is largely:independeht 'of local topography. 

. ; 1. ~,~ =. :;}. ". ..~' '. " ',': • . 
.~ . -'" . 
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C. MODEL OF THE VALLES CALDERA HYDROTHERMAL sys'rEH (Map· I II) 

The proposed model of the Valles Caldera hydrothermal, 
system, presented diagramatically as Cross-Section A-A on 
Map III, is analogous:to a ~tream of water flowing slowly 
over a tilted hot plate o~ griddle. Dilute subsurface 
water, flowing normally away from the heart of the Jemez 
Mountains to the Rio Grande basin, passes over the high 
heat flow area of the Valles Caldera. The water is warmed 
w6ile passing across the caldera; 'boiling and separation . 
of vapor-phase water occurs in the southern half of the 
caldera. Evaporation of water from the declining deep 
water table, and leaching of:~ineral matter from rocks, 
concentrates dissolvedsal~s in the residual liquiq. 
The concentrated liquid leavei the hydrothermal system on 
th~ south side'of ·the~balderar manifesting itself in 
several. chioride-rich. ·hot· springs along the Jemez. Ri.ver. 

Let us ·review the factual bas.es for the proposed model. 
The regional. pattern of deep ·cjround.-water flow is well 
.documented by the occurrertce~f chloride-bearing thermal 
springs, deep water-observa:tion wells, and fluid-level 
determinations in geothermal wells. " A widespread tempera- . 
ture anomaly in" the: Valles Caldera is shown by hot springs, 
shallow temperature and temperature-gradient wells, and 

. temperatures meas·ured; in;:gedthermal' wells. 
. • . '.~.." •. 1'.' :: 

The water from San Antonio Bath-House hot spring is water 
which"has relatively recentlrentered the hydrothermal . 
system. Chemically thewater'is sl~ilar to fresh, cold 
water of the Jemez Mourtta'ins, such as water in Valle Grande. 
The tri tilim conten't of the' water \'is quite low, proving a 
long history of subsurface flow.· The water, however, is 
warm and' contains an, abnormal amount of dissolved silica, 
in'dicating the water has" c,irculated through the fringes of 
the hydrothermal system •. c( .\.' .,' 

\ , . 
The liquid-phase water·travels for' several miles before 
boiling occurs. Water·Underlying the Baca #2 well location 
appears to be ~htirelt ih the'liquid-phase, although very 
hot. S'ome saturated ste'am was encountered in the 8aca #1 
well, indicatinsr that boi.lingbegins • somewhere between the 
Baca #2' and Baca *1 wells.:· The thickness of the vapor­
phase reservoir-i's unknown. at t~e Baca· #2 location, ~ut at 
the Baca #4 location; ·.th~ .. vapor-dominated reservoir. is over 
2400 feet thick~. 'f:~:' ;, 

The vapor-dominated reservoir.i.as once filled with liquid 
water. The extensive hydrothermal alteration of the tuf­
faceotis rocks probably could not have been accomplished 

"with saturated steam, a poor sol~te, as the dominant 
reservoir fluid. According to White, et aI, (1971): 

"Vapor. dominated systems require relatively potent 
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heat supplies and low initial permeability~ 
After an early hot-water:stage, a system becomes 
vapor-dominated when net discharge starts to 
exceed recharge.'" 

At least two mechanisms in the Valles Caldera are acting 
to lower rock permeability and thus to lower the recharge 
capacity of the system. Calcium carbonate and calcium 
sulphate decrease in. solubili ty wi th increasing temperature. 
As cold water enters the:.hydrother'mal system, deposition of 
calcite and gypsum takes'place in the flow channels, thus 
decreasing permeability. The .,deposi tion of calcite near 
the· edges of the hydrothermal 'system is clearly demonstrated 
in the geothermai wells in the· Valles Caldera. In all the 
wells I calci t,e is common' as: a"hydrothermal mineral only in 
the upper, cooler portions of the wells. At depth, calcite 
becomes much less. common'; , Deposition of calci tetends to 
form a caprock preventing·vertical.intrusion of surface 
water into the reservoir. Presumably, calcite deposition 
also takes p.lace on the" northern. flanks of the system, 
impeding. deep" recharge. ',' :';. ,; //.,:' i'~ , ... 

. .. . ~. '. .:' ;..; -: \" . 

A secondmechanismt pro1;:>ably the'· dominant mechanism in the 
Valles Caldera, is the silicification of;tuff.aceous rocks. 
In the Baca. #4 well·, for' example, the Bandelier Tuff reser­
voir rocks are int'ensivelysilicified wi tha por'osi ty of 
about'10% and negligible pE!rmeability~ Outcrop specimens 
of Bandelier commonly h~ve a porosity over 30%, and presumably 
some permeability~ The Saca t4 reservoir rocks had a near­
surface origin (proven'by interbedded sandstones) and, 
therefore, reasonably good .initialpermeability. Thedecrease 
of permeability due tosilibification has resulted in an 
imbalance bet\'1een, heat flow and 'water flow leading to boiling 
and generation of a,vap?i~dominated reservoir. 

At, the Baca '#4 10ca·tiort, the vctpor-liquid interface' has 
declined to a level'abqut:5000 fe~t deep. With the liquid­
water table at thatdeptl1, an equilibrium between heat flow 
and waterflow appea·rstd· have been established. The very 
~ist.inct change in degree q:f alteratior: at the vapor-~iquid 
~nterface could not·have d~eloped rap~dly, and certal.nly 
does not indicate an acti~dly declining. liquid-water table. 
The tritium content 'of the' iiqdid' water .shows that active 
recharge of the ~ydrothermal system is significant. Because 
the wat:er recharge is not quenptling and filling the vapor­
phase reservoir , . \'1e can asSUme the water recharge is balanced 
by heat flow from below the caldera. Evidence of a high con­
tinuing heat 'flow comes fr9ID the periodicity of rhyolitic ~ 
volcanism over the.last million ye~rs, which as Doell (1968) 
points out does not predi~de future eruptions. 

South of the Baca #4 locationf.~the stearn-water interface 
. J 

34. 



will be found at greater depths in response to the 
addition of heat as the water moves across the caldera. 
Near the caldera edge however, the vapor-dominated 
reservoir will terminate due.to decreased heat flow 
beyond the ring-fracture complex. Some surfaca water 
from the caldera rim may also enter the hydrothermal 
system south of the ring-fracture system, further tending 
to condense the vapor-phase reservoir. ~ 

The chloride-rich hotspr{ngs along the Jemez River 
represent the outflow of water from the Valles Caldera. 
The solution chemistry of the springs is similar to the 
deep water in the Baca ~4 well, and the isotope chemistry 
proves a longsubsurface.residence in a hydrothermal system. 
Some evidence' of decreased f'lo\4, thro~gh the caldera is 
gi ven by Soda Dam Hot Springs. . .The springs are harned for 
an enorrr.ous· deposit. of travertine which forms a dam across 
the Jeme'z River. The· springs mus t have been much more 
active in the pas.t,because. under' prese'nt spring flow the 
travertine' dam is beingac.t.i vely . eroded., . 

. .' ;'. '.' . 
' .. i 

Map.III aiso shows the areal di~tribution of land believed 
prospective for geothermal resdurces.' The speculative 
nature of the map must be emphasized. The optimum conditions 
for production of.dry,..;stearn· are a deep water table, high 
heat flow, ·and relatively impet'meiible reservoir rocks. 
These conditions are .best'; met'''!n the area underlain by silici-· 
fied Bandelier Tuff in the' southern half of the caldera 
wi thin ·the ring~fracture:~Y!3ten:i.;.' :, 

, . 
Production from~a liquid-phas~reservoiris best accomplished 
where the·water table· approaches the surface, and the reser­
voir rocks are porous artd.~ermeable, anp.filled with relatively 
fresh wat'er. The area immediately north of the vapor-phase 
reservoir is suggested as ! likely prospect area. High reser­
voir temperatures, similar to~thosefound in the Baca #2 well, 
should' be generally available just north of. the 'zone of 
incipient boiling. The·.po'tentiometric surface of the hydro­
thermal system intersectathe surface a~ San Antonio Bath­
House hot springs and should be relatively close to the surface 
in the conunon valleys~ between San A,ntonio.Creek and the flanks 
of Redondo Peak. '. The $servoir fluid may consist largely of ' 
relatively' fresh water/just' enterin,g the hyd·rothermal system .. 

. Some consideration wilJ.· have to pe given to the distribution 
of , potential reservoii rocks. Th~'histo~y of the Baca #2 
well indicates that the Paleozoic sediments are not good reser­
voir rocks. ~he out¢:t'ops bf pre-caldera Tertiary volcanic 
rocks a few miles east of'the Baca #2 well, suggest that 
Tertiary sandstones ~may be present. in the subsurface over, 
much of the northern halfiof the caldera within the ring­
fracture system. 'outcrop samples of the. Tertiary sandstones 
appear to have adequate ~eservoir;Characteristics, and could 
be logical ·targetsfo~ geo,thermal tests. 

,. . ~ ~'.i·:;· t.· .;.>. ~~J' ;; ~ .•• ' J 
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A small frin~e area on the south side of the caldera 
where the deep thermal water leaves the caldera may be 
prospected for production from liquid-phase reservoirs. 
Although good reservoir rocks are not generally distri­
buted through this area, a.nd water chemistry may be dele­
terious, subsurface temperatures should be very' high and 
hydrostatic pressures,may e~t~pd nearly to the earth's 
surface. ' 

The dashed line tr~ndiri~ northeast-southwest through the 
prospective areas on Map III, represents the projection 
of major pre-caldera faults through the Valles and Toledo 
Calderas., At this date the subsurface geology east of 
the projected fault ione:ii very poorly known.' Lack of 
knowledge Hl the sole reasbn';'for classifying the Toledo 
Caldera:~nd the eastern half of the Valles Caldera as 
lower, quali tyth~n the western V~lles Caldera. , If the near­
surface . ,temperature 'gradients in Valle Grande and Valle 
Toledo continue wi th, dep,th:; $tibsurface temperatures equi va­
lent to those in the Baca #2 and Baca'#4 wells will be 

, found at similar above-sea elevations in the eastern valleys. 
Structural consider~tion:S argue in:; favor of a very' thick 
section of Tertiai:y'.reservoir, rocks underlying the Toledo 
Caldera'andeastern Valles~Caldera. ~he principal difference 
between the western "and:,eastertt: prospect areas may simply 
be surface topographY"j,' In; th6:,west~rn part of the Valles 
Caldera, hydrothermal, fluicls ,including' hot' gases, are free 
to migrate up fracturesirt consolidated bedrock, and, the . 
alteration effects of ' the ;fiuids are ~xposed by erosion.' 
In the eastern prospect area alteration areas may be hidden 
by recent alluvial deposits, ahd the escape of hy.drothermal 
fluids is impeded by thick; soft valley clays and near­
surface cold water masses which may actually tend to flow 

. intc? the deep therm~l, r~s~fvoir,'. ' 
.! '.<:"~~ , !: ..• :~~.~ 
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MAGNE8IU .............................. ( JAa) .................................... .. 

SOOIU ...................................... (N·)\.) .................... _ ..... : ...... ~ ••. 

SULF'ATIJ: ............................... _ (S04} ................... _ ............ ... 

CHLORIDE .............................. ( Cl.) ...................................... . 

CARDONATIJ: ........................... (CO,) .. ___ ................... . 

BICARBONATIJ: ....................... (HCOj) ............ _ .... __ ..'.:.. ',. 

NITRATE. ................................. (NOj ) ...... _._ ..... : .. __ • 

N.TRITe ................................. :. (.N02 ) ................... _ .............. .. 

-(' IIORAT£ ............................... : ... ( 13.°7 ) .................................. . 

. POTASSIUM. (K) --~-------

PARTa.PER 
. MILLION 

24.0 ~ 
TR A.C E 

tRACE 
NONE 
NON·t 

632.9' 
189::3 
530 .• 0 

90.0 
422'.3 

. N. D. 
N.D. 

. NONE 
50.0 

TOTAL SOL,.08 ................................ _ ..... _ ........ 1 938 • 5 
TOTAL NON VOLATIt.E SOLIDS ......................... 17 23.9 

HYPOTHItTICAL COMOINATION • 

SILICA .............................................. SI02 .. • .. • .... •• .. • .. • .... • 

ALU ... ,NU ... ·OXIDI: ......................... AL20 1 .................. .. 

'RON OXIDE ..................................... FE10) ....... : ........... .. 

CALCIUM BICARBONATE ............. CA (HCO,) ...... .. 

CALCIUM SULFATE ....................... CAS Or ................ . 

CALCIU.M CH'LORI 01 ............. ,; ..... ~ACL1 ................ .. 

MAGNESIUM BICARBONATE ....... MG (HCO,) ...... .. 

. MAGNESIUM SULF'ATE ................. MGSO ......... : ........ . 

MAGNESIU ... CHLORIDE.. ........ ; ... MGCL1 .................. . 

. SODIUM BICAR~ONAT£ ............... NAHCO, ............. .. 

.. SODIUM CARDONATE ................... NA1CO, ....... , ........ . 

~ODIUM SUL ...... TE;: ....................... NA1SO ..... ~ ........... . 

SODIUM CHLORIDE ....................... NACL .................... . 

SODIUM NITRATIE: .......................... NANO, ................ .. 

SODIUM NITRITE ........................ \ .. NAN0
1 
................. . 

POTASSIUM CHLORIDE (KCL) -

PARTS PER 
MILLION 

24.0 
TRACt: 
TRACE 
NONE 
NONE 
NONE 
NONE 
NON·E 
NONE 

581 .4' 
159.0 
27-tJ • 9 
798.8 

N.D. 
N.D. 

95.4 
~ .. ' -, ----.,._. 

TOTAL SOLIDS.............................................. 1 938. 5 
TOTAL HARDNES8 AS CACO,................ No tl.E 

DETERMINATIONS 

/. .'\ 
\ tj'l 

SPEC ... ,C CONDUCTANCE ... ,CROMH08/C ......... ; ............ . 

HYDROGEN 'ON CONCI:NTRATION pH ...................... .. 

DORON (B). iN ,.,. ........................... ~.~:§.~ ..... IJ:tA.t:t~.= 
FLUORIDi: (F) IN .,. .. "' ............................. ; .......................... .. 

LAN~ELlt:R .... DE1t ............................................... .: ............. .. 

2 ~ 
1 

ADDRESSEE 
RICHARD DONDANV'LLE; 

CH 

3030 
9.·2 
0.08 
NiD .. 
N.D. 

.... j: 
•. J 

"1·. 
\ '. 

TUIIIIIIDITY ......................... _ ............................................ j 
c .. 01.0111 .................. : .......................................................... .. 

ObOR .......................................................... , ................... .. 

T A.TI: ................................................................. _ ............ . . . 
SU.PENDED MATTIR .................................................. .. 

RI: ... ECT .. ULLY SUO ... ,TTED 

110 
7 

NONE 
N.D. 
TRACE 

SMITH·EMERY COMPANY 
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S u '- p I;'U R.... C; f iz.\,.u 6-

, 
'.' 

" 

REPORT nF nATER ANALYSIS ...... .. 

SAMPLE SUCMI~rE~ FOR WAT~A ANALYS,IS O~T;OONTAINS A CONSIDERABLE 

QUANTITY OF' FREE ACID (.H2S04),·AND;:r.'ETALS;: 1~·SOLUTION. RESULTS . ~-. . 

ARE REPORTED B~LO~: 
' .. ~ 

~ ___ ~I O~~;:..I_---:~_ ~.: 
.. ' 

~. HYPOTHEtiCAl CO~BtNATIONS • PP ~.1 ~. 

SILICA, S102. 
IRON, Fe: 
ALUMiNUU, AI. 
SOD I UM) NA 

POTAGOIUM, .K 
CALC/UU, CA 

r.~ .I. G't-H: 0 I U M, ~" G 

Sut-FATe, 604 

'rOTAL 

3. - ADnRE.OO~E 
CH I)'V 

',' 
~. 

20.0* ,;./ ·S It. I <: A,. S 102 
44 • 0' .' a ALe i U r.1S U l. F' A T ~, CAS ° 4 

'119.0 ...... ·:'r.1AGNlttlIUf.1 SULFATE: r.~GS04 
~.O: SODIUU SULfATE, NA2S04 

10.0:·POiAa5IulA SULFATE, f(2S04 
: 124.1:i.:,'IRONS:~I.F'·ATI!, Fe:2 (S04)3 

:>8,'3 ~··At:.uf.fit.JU1A SULrAT~ ,At.2(S04)3 
1-!l2?. G . :;.:,SULP UllIO· Ao Ill, H2S04 

. ' ... ' .. 
1 !)O'l t.O·· .. 

. '.~. 

2.2' :7 

•... ( .. , 

•• I 

ppf.1 

20.0 

421. " 
288.3 
27.7 
22.7 

157.3 
745.5 
224.1 
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Arr;:NTIONI t.lrt. J. H A R R ELL 

- 01L1CA ....... _ ............................ _ (c:c!:) ................ __ .. " . ..-.... 
ALU~IINUI4 O::IOL:.. •• »o ... : ...... (:.to.,;0,) __ ... __ ............... . 

'''ON 0:;::10::. ........................... (f'~O) ) .• _ .. _ .• _ ... __ .. . 

CALCIU:.t ............. .;._.; ......... (CAl ................... ~ .............. -. 

t1AONt:::IUI.t ........................... (r:.o) ..................... __ ... _. 
Sonl U) .................................... ( NA' ............................... _ ... .. 

. ~. . . 

... ~ 
28.0 ." 
TRACE: 
TR AC~' 
TRACE .. 
TRAct 
15. a . 

!:;lJLI"AT~ ............................... (CO,,)_ .. ; ____ :_ .. 

CHl.o:o:\:.n~ ....... _ ...... _ .... __ ' C ... ~ ......................... _."!'_ .... .:. .. 
. Nota:,) c 

,. NONe;:' 
C.t.r-cC:IIA TQ. ... _ ...... __ ......... (COl) ... _ ... _ ..... __ .. 

OICAn:::ONAT:. ...................... ("H:O
l

) ......... _. __ ... _ .. 

tdIT~A7~ .... .:. ..... _ ................. (~':0l) .......... _.' ...... ~ ......... ' 

~~.NITI\:IT:t. ........................ ,..; __ .... (~O:) .... _ •• _mw ..... _---:-- • 

..~';;:)llAT:::: ..... _ ...................... _( :l.07) - .... ~" .. ___ • .o-. ... . 

POTASSIUM --- (K) -~----~--~ 

T07.~c.. aOL..DO .................. ,. ...... : ............. ~ ... ~ ....... .. 

H\'O,!~~::N· 'O~ C~::r;;::J":-~.t.~IC~ flr:J ....................... . 
f.!onC,N (EJ) IN ,.:.~,1. ............... , ........... .I,~Jr..O.!i ..... t.i.t .. ~Jl. 
PLlJC~'Ji~ (P) .,' ... ,-:..; •• ! ............ u ... , .......... I ........... "~ ......... . 
LANCtt;1.Ic;':\ l.uc;~;, .................... f ........ " ..................... H.kt ... "' .. 

'NONE ", 
48.2;:: . 
·N.:D., .. ' 
·N. D.,· 
NON~~.::, 
5 .:5' ~ 

.' 

96 ~.7;'· 
.12.,_.L-. 

91 .'~ 
7.~ '/ . 
O.OS 

. N" D~" 
N .:D.' 

,J " 
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SI4~ A.vl'" vI() C-Lrr Jr I, 
H\'POTHc'rICAL COi.'~INATlCUO 

.OILICA ....................................... _ ... J ... ~~Ol." ..... ~._ ... __ no 

· ALUMINUM O;;·IOc: ........ ~ ................ "L20l ................... . 

· J~~N O::IOC ........................... _ ...... :r-'I:ZO: ................... .. 

.. ~, CAI.CIUi-' OICAR::CNATc:.. ........... C~ (;":COJ ) Z ..... .. 

~LCIUM. CULFATt: ....................... C;.::O ................... . . 
CALC1UM CHLO~ICIt .................... CACL .................. .. . 

. .·MAGNCCIUM SICA~!':ONATll: ....... r,'Q (H'::O
l

, Z~'''''' 

MAGNC:lIU:.4 bULFA Til: ................. t,10::;0 4 .......... _ ... . 

MAONt':::lIUIof CHLO~'Dlt ...... _ ..... MCC1..
1 
....... _ ........ : 

DODIUA' £jICAF;::;ONATl! .... ~ .. '" ..... N;.!·:CO, .. _ .... _ .. 

SODIUM CAR:::ONATU ................... N:.zCOr ........... ;.,. 

C.oCIUM CULP'l.Ta: .......................... NAICO~ ..... __ .. _ .. 

flO"IUM C.HLO~IOr;: ...... M ............... NACL .................... . 

· OOOIUM NI.TnAT::i: .......... ~ ............ NAi\:0l .... ~ ...... _ ... .. 

,SODIUM NITR1Ttt ........... I, ........... NAI'-:Oz ............ · ... 

POT. 81 OAR8dN':AT~, (XHC03 J 
. '. . . 

?,\·~7:J :':::! 
i.~:! .. t..'Ci':· 

28~0 

TRAC 2 
-TR~.cE 

Norjtf :,. 
NON 2;,.' , 
NO~H:': 
:·!O N c. 
'r'J 0 r: E 

NON~ 
5407, 
NOli;: 

t·io ~'t ~ 
No:; ::: 
·N.D. 
N~D. 

14.0 

TOTAl. :::owm ....... :;;.~ ............................. "'96 • 7 
iOTAl.. HAndr.::::a A~ ChCO,................ ~, .... r. C' .... --"-"'f-"- ... --. .. .. -'-'" I. I.' ) ,,' 

.. ', ·TUnol OITy ..... _ .................... _ .............. ~ ........................ 1 
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('JnOll ...................... :.: ....................... ; ................ , •• , ............. . 
. I 

OUU'UNc,,:D f..,.ATT:A ........... u ................... ,,~u .............. . 

. . '-

~! tHoi E 
;) 

~;u r~ C 
,. P 
,'J.~ ., 

N"1Nr::' 

i AO~ ........ " .................... , ............................. " ... 1 ........ ~ .. J .. , 
========~==========.--~============-==-~.=========================== 

j, 

3 -.ADDA~OOE:; 
CH 

~t-. 

e 
.. ': 
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24.0 
TRAC::: 
IRAe E 
iRACE 
No ~l c: 
N\ONE 

\'·!Ol·,E 
NONE 
r·IONr: 

10:';09 
NON£ 
NONe 
jqo ~I E: 
N.D. 
N.D • 

1 <1.0 

NONE 
5 

;',lo:'J E 

N. D. 
NONE 
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SAM P LEI n E N T I F' I C A· T ION 
.. "$;I 

;" :~ .. : ... ~: .... , 

2,20.0 PPM SULFUR SPRINa~'~------------~~-. .' ~ '; 
. 't., • 

, :, ',-! . 

"i'f. 
.i 

A~TESIA~WELL -----~------~-~~- ,I 80.0 PPM 

BATHHOUSE SPRINGS .----~-----.-- 92.5 PPM 

SODA SPRING~ --------------~~-- .• 35.0 PPM 
:'. ,!" 

.' " , . 
FLASHED WATER SACA ·No. 4 " 

TD 50A8 ---------------------

, . 
> 1 

' .. " 

.. 820.0 PPM 
.~.~" " 

{ ,,:' 
.' 
·,.i 

:, 
·Rt~PECTFULLY SUBMITTED, 

SMITH EMERY COMPANY 

3 - BACALAN~ & C~TTLE 
ATTN: MR. DONDANVltLE. 
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United States Department of the Interior 
GEOLOGICAL SURVEY 

WASHINGTON, D.C. 202'}2 

Mr. Richard F. Dondanville 
1378 Plaza Pac~fica 
Santa Barbara, California 93103 

Dear·Mr. Dondanville: 

November 12, 1970 

The' samples from Baca /1=4 well arrived last week. The corner of the box 
,.,as torn "pen and one of the three bags was ha.nging out. Fortuna.tely 
nothing ,vas lost. 

I have taken the liberty to sacrifice one chip from each bag for thin 
section.. The sections have not yet been completed but rather than viai t 
on them I have decid.ed to send you my cOllD'l1ents, based on hand lens and . 
binocular microscope examination, of all the chips. 

~nin sectio~ examination will not change the fact that all three samples 
ar.e rhyolitic welded tuffs and they are something of a surprise to us. . 
Two chips .from the light gray fraction 5000-5043 appear. to be sand but 
as near as I can tell the sand grains are derIved from the same. materials 
that make up the tuff fragments. 

All fragments from all three lEfvels are pervasively altered by. the hC?t 
watqrs. 'l'hey contain pyrite, 4hlorite, and/or clay minerals, and intro­
duced silica. as alteration produ~ts. The original phenocrJsts are quartz 
and allro.li feldspar and the rocks look 111te :&tndelier tuff. They are not 
part of the andesit.e or dacite section as we knOW' it. 

In all probability they are from the Otowi member of the Bandelier but out 
of .context ,.,ith the cuttings from the entire hole, it would be presumptuous 
of me to. try to interpret the samples and tpeir structural and stratieraphic 
implications at this time. If they are frOm the Im/er part of a con.tinuous, 
thick Bandelier section, they' probably ·represent an intracaldera facies . 
we've neve~ seen before. At least 4 or 5 alternative explanations occur 
to me includ1·ng the possibility that the rocks are not Bandelier. Much 
depends on what, if any, other rock types occur at higher levels. 

Needless to say we are extremely intdrested in the problem. I \-,ould like 
to keep the samples at least until I seethe thih sections, and then return 
them to you. If you have no further use for them now, or in the future, 
we would be happy to have all or any part of them for our Jemez study 
collections. SOr.Je of. the feldspars appear only ",eakly altered and it may 
be that we can learn something from their composition. 
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I'm sure you understand the potential complexity of the structure and 
stratiGraphy in Hcdondo Creek, ahd for that matter, in the entire caldera 
area. The Baca 114 51 te may be a: deli~htful spot for steam, but it is one 
of the last place:> I would choose to drill a hole for stratigraphic infor­
mation, but maybe \ye will be lucky. 

I will try to answer any other specific questions that may occur to you. 

.i/O, 

. " 
" 

(' 

Sincerely yours, 

';fl~1) /. ~:c/ 
Robert L. Smith 
Field Geochemistry and 

Petrology, ,Branch 

.... 10",. 

•• 't: 
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United States Departlnent of the Interior 
GEOLOGICAL SURVEY 

WA.SHINGTON, D.C. 20242 

Mr. Richai'd DOlldanville 
13-(3 Plaza Pacifir.!a 
Santa. Barbara, California 

Dear Mr. Dondanville: 

... J :, 

93103 
'- ' 

January 7) 1971 

I have been tryin~ to use up some accrued annual leave "'hich I 
lIauld othenlir;c have forreited at:<the end of the year) hence my 
In te reply to your 'letter'. 'l 

Many th'anks, for the analynes of the Buca srunples. They are remar}~­
ably simi~r to facies of the Bandelier. I enclose t",O' unpublisiled 
analyses of Bandelier surface samples for you to I:lake comparison. 

I have, of course,' tried to make'the comparison myself and for 
rocks as close chemically as are thcR.'1.ca Gamples and the Bandelier, 
a meaningful comparison is difficult if not irr.possible, becauoe the 
analyses "'ere done in different la.bs by differcnt methods. If one 
accepts the numbers at face value. the fuca sa.mplcs are enouch dif­
fer~nt from al.;L i"Jlown Bandelier chemistry to n:a.i.e 'me suspect that 
'they are not Bundelier as we lmow it. 'lllle' differences 'show up in 
P205' Ti02, H:;O, A1203' o.nd:in certain element r~ti09. 

However, the differences could be analytical. TIle Baca sa~ples are 
hydrothernallyaltered, but, the, chemiotry oUf:,5ests that tilerehas 
been littlo, if any, bulk chemical chunee and if the differences are 
due to alteration I don't understand the process that would relea::;e 
alumina, but not silica and "at 'the Gume time add 1)2°5) Ti02, and 
1/~0. ' The Imrer silica in one of the fuca samples is probably 
related to the fact that the 6urnmtion is on1'J 91~. 52 and H20 is not 
reported. Assuming that H20 makes, the difference, and recalculating 
the anO-lysis 1I;20 Free and to 100~~, 3i02 'is raiscd to about 73'~ and 
in line', with the other analyois. ': 

If the fuca saJnI)les are from' a chemically sli6htlJ different facic::; 
of tile B3.ndelic,r than heretofore YJlOiJn, and if the analyocs are coed, 
I would expect. the Enca ::;amples to plot on B.'1.ndelier variation trends. 
They do not, largely 'because of the various odd ratios allJonG the 
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elements mentioned above and other major elements. 

I run left \,i th the feelin0 that the rocks are probably Bandelier 
and the amn.ll differences in chcl:listry are analytical but it \wuld 
taJ;:e very little ha.rd stratiGraphic information to ma.ke JOe chanGe 
my mind. 

Tnanks again for your letter and the chel~cal data. 

Ene. 

• 

. I 

" . 

. -:: 

Sincerely yours) 

Robert L. Smith 
Field Geochemistry and 

Petrology Brunch 

;;' ;, 
1.1L. 

t: \ 
.,,~ . 

~. 
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Si02 

A1203 

Fe203 

FcO 

',MgO, 

CaO 

Na20 

K20 

II 0+ 2 

1I 0-2 

Ti02 

P205 

MnO 

CO2 

JSh9-2 BMh9-1 

77.38 74.16 

12.10 12.02 
.t '. 

1.08 0.93 

0.27 !/.i. 0.38 

O. 02 ~,.;'i;':; ~ 0.08 

0.30 .;. 
,~' 

0.:35 
.,~'f 

' 4.08 .. 3.73 
~;) . 

,4.31 
It".' 

4.77 ~ '. -:- .: 
: ........ , . 

. ::;, ' 

,0.25 
' ' 2.92 

,0.01 ., .. 0.19 
.~ f " 

0.08 
'~'. -.'\. . 0.07 

' .. -

0.01 i 0.02 
,', 

0.06 0.05 

0.01 0.00 

99.96 99.67 
.,-,:;: 

" 
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Dale 

Cllent 

Report on: 

Submilled by. 

.RocJ{y Mountain Geochemical Corporation 
P. O. BOX 2217 

SALT LAKE CITY, UTAH 84110 

CERTIFICATE OF ANALYSIS 

November 10, 1970 

Richard F. Dondanvflle 
1378 Plaza Pacifica 

• ; 't' 

Santa Darbara, California: 93103 

2 samples t 
R. F. Dondanville 

Phon~ 322-:1396 
keo Cod •• 8-01 

Pag~ 1 of 1 . 

Date Received: October 27, 1970 

• Analysis: 

~ r orks
• 

ampla No. 
, 

~CA ff4 4900 

1\CA #4 5000' 

'v.. i2')'t?/.ITt: - ., '1./1 J'o. W 
I/'c 1'< i;Mrl¥, , 
rJ3 

" " 

}~ 

Silicate analysis 

P;OS' (, Ti02 analyses· determined colorimetrica1ly. 
analyses determined by atomic absorption. 
Job No. 70-40-6SL, ' 

cc:: Enc/ 
Fi.le (2) 

LRR:pba .f. 
\"'-., ... 

% % % %<;: " '," % % !f % % 
p 20 S Ti02 K 0 Na20 ' }\12Q.J Si02 " ~ MaO 

~- -- --.<-. 

.06 .141 4.1 '. 4.2 11.4 77.6 .36 .24 

.06 .12 "'\4,.1 3.5 Ii.l 73.9 .24 .19 

0·10 ,2.cr Jilt, 3-3 1'3 1 3 7;{,7 J .,t. 0,:35 

All other 

% % 
Fe2Q.3 MnO 

1.46· .052 

1.27 .044 

1·10 o,oJ 

All value! ilre reported inp:utt per 'million unle ... pecilied otherwhe. A mlnu.tign (-} ,,'w be rud "len than" and a plUi ugn <+> "grntrr 
lh:ln.'~ Valu'u in puenthul. are e,llmlltu. Thla an3Jytiul repon Ii the confldcnti.d property of the above mentioned cHtnt and for the prO(C'Ction 
o( thI. die"t ,and ounuvu we rcurve the riflht to forbid pubUcatloa Qr rtproduction of (hI. rtport or an1 plI1 thm:of without written purniuian •. 
ND = Nooe Deucted 1 pplIl = 0.0001 % I Troy osltoo = 304.28 PPIII ~~ Mo x 1.66SJ = '/~M~. 
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llB3 .. I~ 1..;;.' 

DATE 12/7/70 

CLIENT 

DEPTH 

F'EET 

3177 
3177 
3177 

4900 
h900 
4900 

5000 
:t'III'!5000 rOO 

naca umd & Cut He COlr,PN~Y . Core' Analysis 
P. O. Hox 1(;41 
Abilene, 1~XRg 79604 

AttcII'Uon: l-ir. J. B. ul1":"ral1 

HOH~'Z. I/rRT. 
< . 

RESIDUAl. LlOUID SArURATION 

POROSITY FE:~MEAOll' rv OlL·W"'l.ER peRCENT OF PORC S"A<.:E 

PERCENT MIt..;LICARCY 5 RATIO; oiL; 
. t '.i 

,,' ;.-;.1 WATER 

.-." ~~: 

4.B O.O~ 
" 

5.1 O~H:: 
6.7 0.0'( 

10.4 0.33 
B.'( o~16 . <'. :) . 
B.l 0.14 

,. 
- r'l 

10.9 0.18 
B.B 0.19' 

16.9 1.B2 \~ 
;': r, 

~' 

-"i 
" ~ ... '. ( ... t: 

, ' 

.. ' 

..... ' '." ./' , .~ •• '!" .:~ " .. 

( . ': 

B C LABOHATORIES } " . 

BY 
'" 1/ 

. .. 
",. // J. 

I I 

cb 

~ .... ~ .. :. ~'1:' 
~ '0.- 1 • 

. ' .:::.',;.:':(' 

, ~.' .; .. 

,I', . 

FIELD 

WELL Bacs. 1/4 

COUNTY 

STATE 

SALINITY OF CORE WATER 

GRAINS PER GALLON 

SODIUM CHt;ORIOE REMARK 
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\. 
\ ANALYST: 

SAMPLE: 

ROCK NAME: 

THIN-SECTION DESCRIPTIONS OF ROCKS FROM 
THE Dl\CA #4 WELL 

Ralph Higgins, Graduate Student, University 
of California, Santa Barbara. 
Sample Notes by R.F. Dondanville. 

Baca #4, T.D. 3177'. The bulk sample consists 
of rocks up to 2 inches diameter thrown from 
well during a flow test. A steam-bearing 
zone which caved badly during drilling is 
believed to be the source of most of the 
rocks. 

Myoli ti c·~: Bre cci a. 
:.- .... 

MINERALS IDENTIFIED: As phenocrysts:. Quartz, sanidine. 

DISCUSSION: 

SAMPLE: 

In Groundmass:- Quartz, clay, sericite, 
calcite, epidote, pyrite. 

The sample is extensively altered, the 
groundmass replaced by qua'rtz and minor 
amounts of epidote and calcite. Alteration 
has destro~ed an~t~xtural features which 
cO'uld be used to further classify" the breccia; 
However, the presence of sanidine as euhedral 
crystals suggests they were originally pheno­
crysts in .the matrix of this rock. Sanidine 
is most often found in volcanic rocks. 
~herefore its presence is suggestive of a . 
volcanic'origin for this rock, but not conclusive. 

Alteration products (clay, ~pidote and sericite) 
are pres~nt which differ texturally and minera­
logically from'normal devitrification. 
Therefore, the sample is thought to have 
gone through two stages of al teratio.n: one, 
the normal devitrification of glass to quartz 
artd feldspar, and h~drothermal alterati6n of 
the original mineials, particularly the feldspars. 

I 

;~" .. *'-* .... 

Baca #4~ T~D. 5048 feet, sample from 4900 to 
5000 feet. Between 4900 feet and 5048 feet 
the drill cuttings changed color from medium 

,gray to very light gray, the most conspicuous 
~change beirig near 5000 feet. Rocks caught during , 

a flow test ~ere separated into light gray and 
darker gray rocks. For the thin-section analysis 
the two rock groups' were labelled "4900 feet" 

" 



ROCK NAHE.: 

.-HINERALS : 

OTHER CONSTITUENTS: 

APPROX. FREQUENCY: 

DISCUSSION: 

SAMPLE: 

ROCK NAME: 

MINERALS: 

and "below 5000 feetll. The latter sample 
is almost certainly from below 5000 feet, 
the original depth of the former sample is 
more uncertain. 

Rhyolitic ~elded Tuff. 

.Phenocrysts: Quartz, euhedral to anhedral, 
Sanidine, subhedral to anhedral. 

Groundmass: Quartz, clay,~pidote, plagio­
cla~e, pyrite. 

Glass Shards. 

Glass shards 
Quartz 
S 'd' , an~ ~ne,; .. ,~\ 

. Clay . . , 

. pyrite 
Epidote 
,Plagioc~ase 

30% 
40% 
20% / 
; 2% . 

2% 
1% 

,1% ... 

Feldsp~r is present as sanidine phenocrysts, 
and a minor amount of plagioclase. The 
sanidine is mbderately altered to clay minerals, 
probably K~olin. The ,glass is partially devi-

-. trified ta' quartz. The, glass is present as 
shards'. Even, though d~vi trification is strong 
(50% of, the shards alter'ed to quart~), the 
original texture of the glass matrix is pre­
served. ~ large part 6f the glass is altered 
to~blayminerals. The rock was ~yroclastic 
judging from the glass shards. Enough heat 
was present to keep th~ shards plastic; they 

iare flattened'and bent around the phenocrysts, 
rather than broken. Emplacement by airfall or 
water would nqt allow the glass'to remain' 
plastic while'·:cooling. The sample is from an 
ash flow'tuff.' The degree of welding is not 
possible to determine due to the degree of 
devitrification and alteration • 

.. "'." <,:' 

Baca 14~ T.D~~S048 feet, sample from below 
5000, feet.,. 

Rhyolite Welded Tuff. 

Phenocrysts: Quartz, euhedral to subhedral 

Groundmass: , 
.. -~: 

Sanidine, subhedral to anhedral. 
Quarfz, sericite, plagioclase, 
epidote, pyrite . 



OTHER CONSTITUENTS: 

APPROX. FREQUENCY: 

DISCUSSION: 

Glass. shards. 

Quartz' 
Sanidine 
Glass· 

,.', 

Plagioclase > • 

Pyrite 
Clay & Sericite 
Epidote ., 

80% 
10% 

5% 
1% 
1% 

·1% 
1%. 

The sanidine is 'less altered to clay and 
sericite. than the 4900-foot samole. The 
glass is' almost completely devitrified. 
However, the original texture of the glass 
matrix .is preserved indicating a pyroclp.stic 
origin. The shards are bent and deformed 
around phenocrysts indicating the plastic 
nature of the shards at. the time of deposition. 
This sample is from an ash flow, but the 
degree of' welding is impossible to determine. 
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APPENDIX D 

CONCISE GEOTHERMAL 

WELL SUMMARIES' 
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Well History subsequent to rel,easing drilling rig. 

Closed well in at 4:30 A •. M.,'on 10.12 .. 70 and released drilling 
rig. 

~10-17 ·70 Pres su red we 11 up with air to 380 PSI. Lc!ft closed 
in 45 minutes. Opened· master gate. Pressure bled down to 
nearly zero. ·Surfaced some water for 5 minutes and then kicked 
off. In- 10 minutes h9-d 55 PSI through blooie line on 8" orifice 

'and 2900 F. At end of 15 minute'9~ '70# and 310°. In 35 minutes, 
301/ and 260 0

• 50 minutes; 25/1 anti 2509, (This was at 12' 20 P. M. 
10-17-70) :At b:oop. M •.. j 15/1 and 232°. :' "', ", -'::. ' .:.... - . 

° 10-18-,70' 7: 30 A. M. .'!: 13/1'" • 230 
6: 00 P. M. ;.;: 13/1;1>,:[. ;,,: 230 0 

1 0 - 1 9 - 70 7: 30 A. M. '. 1 ul" . , 2 2 80 
;f " 

6:00 1? M.·' lUI' ' 2280 

10-20-707:30 A.M~:·. 12/1):" 228
0 

1:30 P. M. .,;;. 12'# 2260 

Closed. well in at- 1:30 P. M. 15. minutes SIP .160'#. Pulled 8" 
orifice and opened well backup~i~hno, ori.fice @ 1: 50 P. M. 

.. 2:45 p~ M •. .' <:,' .;; 5#Af;:':·":i:· '.' 7.·07° . 
"6'00' PM'; :·."/:·::,;,·S#i-:·:· .. · ",'.' \,,:: .. 2'07 0 . .." - . ."' . ..... . .' ': 

10~2'1-70 7'30 A.M. ','4/1""; 2040 

M·easured free water at end of btooie line. in. tub. Water calculated 
.. ..,.:,. · ... ·.1,· 

to he 18 gallons per minutes.:.. ?i,.~>, ·'1' 0 . 

10-22-70 11:00 A.M •. '): 4/f~~'~':; 204 Plus 18 gals. water 

, " 
'. 

.. ~ ......,i·.. ;'./ per minute. 
10-23'-70 .; '::"411'i~f /.' 2040 16 gals; water per minute 
10-24 .. 70 . 4#:.':;-::' 2040 18 1/2 gals. water per min. 
10-25-70 .. ,j'\·::·,'fX4#.{·",.~'",:;· :.;. 204° 18 gals. water per min. 
10-26-70 .' 4/1;tY;:·~. 2040 17 gals. water per min. 
Took water samples. for 'chemicat amilysis tH end of blooie line. 

.. . . .' . ' . 0 
10- 27 -10 .: ." .' ,". '.' 4/f f./'.':··.· 204 20 gals. 'per min. 

Noticed small amoun~ ~(h,1a~eria~s~~f~~i~g,. through blooie line •. 
10- 28.-70.., ....' ..••. " .. ' .. :;; 4#~i}/:';'~t '. . . . 204 18 gals wate r 
10-29-70; '" . \. ".'1",;>., 4#~1~.:· 2040 

10-30-70 . i',·· .. :\ 4#;'~~:)" .' 2040 

Closed in at 11:10 A. M. 25 minute SIP 165# •. Opened well through 
41/2" orifice@ 11:45 A.M.' . :;' . 0 

12: 10 P. M."i . 75# 306 
1 0-31.-70' 5 3H .' 287

0 
25 gals water pe r min. 

11-1-70 '53(1,· 28Bo 25 gals water 
.' J' . 0 

11- 2 - 7 0 . ' 54/1" 2 8 9 2 2 gal s wa t cr. 
Closcd well in at 9:50 A. M. for' temperature and pressure surveys. 
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11- 2-70. Ran 90.0. PSI pressure bomb to 450.0.'. Did not mark on 
the chart; Pulled luhricator of bomb. With bomb in hole, well 
blew' down through 2." connection and killed itself in approximately 
3 hours. Ran temperatu re bomb to SQ48·(bomb did not go to this 
depth but set down at some depth abqve this). Maximu~ extension 
on chart showed temperature .of SQSo'while pulling bomb out of 
hole.. Line straightened at 190.0.' 'and pullcd up in lubricator. 

11-3-70. Cut line off and ran pressur.e· bomb to 4444'. Clock did 
not run. Maximum exte'nsion on chCLrt'ihdicated pressure to be 
933#. Ran tcrriperature bomb to 4444'. Clock did riot run. Maximum o ... 
extension indicated' tertlp'e'ratu re of 4,91 ,L ' 

". .\,; "r, .:.,:: ;.<~:;~:::.' ',';' 

11-5-70. Ra~ other pressure bomb to determine depth to which bomb 
was settin'g d·own. Pressure at 4444' w~s 870.; At 4544, 956. At 
4644,. 10.13 •. At 4144,' 10.26." Data 'indicates bomb stopping at 
approximately 4600.'. Ran temperatur,e' bomb to 460.0. and left 15 
minut(~t. Clock, did. not run •. Chart:.e~tensi.on· indicated temperatu re 
of 50.8 • Ran temperature bomb wHhnew clo.ck to 460.0.. Temperature 
at 4444 was 499.· Temperature at 460.o..~as 50.7. . .;'" ", .;; :. '.- .. ~.~~<,.' : -Of ?~t··:. : ' ... !. .! ." 

11-6-70. Ran pre's sur.e'b6mb'·{Z394I;:n· to 440.0.'. Clock did not run. 
Chart c}(tens ion indicated pres sure·of 938#. Ran tcmperatu re 
bomb {KT6681) to 460.0'c.,'. Clock did not run., Extens ion indicated 

. 0 
temperatu re of 50. 8· • .. 

11-7-70. Moved in small air¢omp:r;es·sor and started pressuring 
well up at 4:0.0.' P~M.·I.·· .. :\.:: 

.; 

11-8-70. Found compressor:dead. "'Apparently had not run over 
one hour., Restarted compre.sscir. :~);.'; 

, . . ~. '~ .. " . 
11-9-70. Found compre~sor·dead. and 500. PSI pressure gauge on well 
head was over-ranged a.ga.instt~epcg, .. : Well had. something over 50.0# 

p~es sure... . _ <l ... :;.y:;,;, ~::,~~:;' 

11-10.-70. ·Pressu.re·on well had decreased to 20.0. PSI. Opened well 
up at 12:0.0. Noon with no orifice. in fhe. blooie linc. Well kicked off. .' ,. 

11-11-70. 9:45 A.M. 7#, 20.6°. Closed well in and installed 4 1/2" 
orifice p1at'O. Opened: well up at 10;;15 A. M. At 10:45 A. 'M .• had 
64# and 296 .. . ........ . :;. , 
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11-12-70 

11-16-70 
11-19-70 
11-20-70 

, , 
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11 :00 A. M. 
1:00 P.M. 

12:00 Noon 
4:00 P. M. 
8:00 A. M. 
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20 gals. water per minute 
21 gala water per minute 
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MAP II (OVERLAY ON U.S.G.S . .1:-571) 

POTENTIOMETRIC SURFACE OF" DEEP 
GROUNDWATER SYSTEM. 

JEMEZ MOUNTfANS.NEW MEXICO 

CONTOUR INTERVAL: 400' 
DATUM: SEA LEVEL 

DATUM POINTS WITH ELEVATION OF" POTENTIOMETRI 
SURF"ACE. 

o WATER WELL 

. .P 0-<>_ 
HOT SPRINGS 

OIL OR GEOTHERMAL WELL 

I' /;1 OISTRIBUTION OF" L.A:NO WITH ELEVATION 
GREATER THAN 10,000' 

P/~t.­

R11.2. -/.J'7/ 
RIVERS MARKED WITH ELEVATION OF" CHANNEL 

'CAU ., 'U,ooo 

,.. 10 .. .........;., 
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AOC Of'" OI..I..A~SC STRUCTURe: LOll MY 
RIM "'" f' :'~LE. CALDC"A .. 

• OOCHITI MINING DIIITItICT 

,. 

GOLD • .,LV£" '1fOiiNI LOW-GJitAOC' 
QUA"rZ VCINfJ IN CHLOItITIZCQ. 
.',UClnCD TC#fTtAlfY ,HTIlfUa/VC. 
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MAP I' (OVERLAY ON U.S.G.S. 1.-571) 

GEOTHERMAL FEATURES OF' THE 
MOUNTAINS, NEW MEXICO JEMEZ 

f;~m~~~l~~ 
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*0. ...... 

4- • 

,P"." 

/ 

AREA dF' ACTIVE HYOROTHERMAL ALTERATION 

SOURCP UNPU~LISHEO U.S.G.S. MAP 

OISTRIBUTION OF' HYOROTHERMALLY ALTEREO 

ROCK-i:JIt'E OF ALTERATION: PRESENT TO 
'I:~ • 1:IPN YEARS. - - . 

SOURCr.:: ••. ·OOELL. ET. AL •• G.S.A. MEMOIR lie, IQel 

VENT J:,F POST-CALOERA COLLAPSE RHYOLITE 

VOLCANO WITH AGE OF ERUPTION IN MILLIONS 

OF YEARS. 

SOURCE: OOELL. ET. .4L., ABOVE. 

GEOTHERMAL TEST WELL.S 

HOT S,.RINGS 

t 
~!j AVERAGE GEOTHERMAL. GR~OIENT IN 

. NON-PROSPECTIVE AREAS IS I.e F-Iloe 

MAJOR :PRE_CALDERA FAULTS. HACHURES ON 

OOWNTHROWN SlOE 

t '. R. q, :1>. 1971 't .uo.<,,:o1l .... 
• 10 ... , 

l 10.1 ........ 

,t ... tJ ,-I 

+"'111 ) , to.· .. · 
.. ~ 
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• t .t(0 

''.I'' .. '/ 
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AtUA CAUl." ....... 

f:' 
GEOTHERMAL WELL TEMPERAJRES / . 
BACA "2 

BACA H.:s 

SACA "4 

NON-STATIC TEMPERATURE G4TA INDICATE F"ORMATION • 
TEMPERATUREtGREATER THfoN Sf~·F" AT 5659' DEPTH (+2940' EI...E;VATION) 

MAXIMUM 09SERVED TEMPERATURE: 415· F" AT 1500' DEPTH (+7000' EI....) 

~ . f 
MAXIMUM OBSERVED TEMPERATURE:.3S0·F"ATI900· DEPTH (+6550' EI....) 

. I 
MAXIMUM OBSERVED TEMPERATURE 5.32- F" AT 4920' DEPTH (+ 4600' EI....) 

DISSOLVED SILICA INDICATES SASE TEMPERATURE GREATER THAN 666-F" 

NA/K INDICATES BASE TE;"'pkRATURE GREATER THAN 660- F" 
. L' ". 
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Y I / ~RIM or rOU:OO CAI-O£RA 

/ Aoe or COI-I-A,.S£ STRUCTURIt:: .'.!I7 MY 

RINO rRACTURir SYSTeMS 

#¥fINeIPAI. fDCATlON 0," CAl..:DCRA 

OOL.I-A,._,; rAUI-TS AND POST 

COL.LA,,8£ VOLCANI.,." 
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CROSS SE;CTION A-AI 

I NOTE EXAGGERATED· VERTICAL SCALE I 
··· ..... x~ ~~ "', " 
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- ".000' A60VE SEA LEV,"L 

lO,OOO' 

eooo' 

eooo' 

- 7000' 

- 8000' 

- 6000' 

- 4000' 

- 3000' 

- 2000'. 

-1000' 

I 



SODA DAM 
HOT SPRING~ 

A' 

. ~, 

.~~ 

. .,. 

. , ~ 

~ 

A 

!oUNOARY 

Ol.-';'~~ -( y--: _4 

• ! tt as bW <;' '<':,!'~*>_-~''''r ~"''H'' ~~'" . 

..... ~~ 

MAP'ill 
AREA$ FOR GEOTHERI\. , PROSPECTIVE 

IN VALLES ENERGY AND TOLEDO 
CROSS-SEC. CALDERAS INCLUDING 

PROPOSED MODEL OF OF VALLES 
CALDERA HYDROTHERMAL SYSTEM 

~ ~: AREA HIGHLY PROSPECTIVE FOR LIQUID 

VAPOUR - DOMINATED RESERVOIRS 

c:J 
~ 

AREA PROSPECTIVE FOR LIQUID OR' VAPC 

DOMINATED RESERVOIRS BUT MORE 

SPECULATIVE THAN ABOVE BECAUSE· 01 

LACK OF DEEP SUBSURFACE INFORMAT 
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CROSS SECTION A-AI 

(NOTE EXAGGERATED VERTICAL SCALE) 

- 11.000' ABOVE SEA LEVE:L 
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- 8000' 
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- 6000' 
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