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Multiply By To obtain
Length
inch 2.54 centimeter
foot 0.3048 meter
mile 1.609 kilometer
Area
acre 4,047 square meter
square mile 2.590 square kilometer
Volume
gallon 3.785 liter
gallon 0.003785 cubic meter
acre-foot 1,233 cubic meter
Flow rate
acre-foot per year 0.03911 liter per second
cubic foot per second 0.02832 cubic meter per second
gallon per minute 0.06309 liter per second
Mass
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Multiply By To obtain
Pressure
pound per square inch 6.895 kilopascal
bar 100 kilopascal
Density
pound per cubic foot 0.01602 gram per cubic centimeter
Energy
calorie 4.184 joule
megawatt 1,000,000 joule per second
Specific capacity
gallon per minute per foot 0.2070 liter per second per meter
Transmissivity
feet squared per day 0.09290 meter squared per day
Permeability
millidarcy-foot 3.01x 10710 cubic centimeter (cm3)

Temperature in degrees Celsius (°C) or degrees Fahrenheit (°F) can be converted by the equations:

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929—a geo-
detic datum derived from a general adjustment of the first-order level nets of the United States and

°F = (1.8 x °C) + 32
°C=(°F-32)/18

Canada, formerly called Sea Level Datum of 1929.

Concentration of stable isotopes in water are expressed in per mil relative to standard mean ocean

water (SMOW), the normal reference standard.

Concentration of tritium in water is expressed in tritium units (TU), which equal 3.23 picocuries

per kilogram of water.

Heat flow is expressed in heat flow units (HFU), which equal 3 x 108 calorie per centimeter squared

per second.
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GEOTHERMAL HYDROLOGY OF VALLES CALDERA
AND THE SOUTHWESTERN JEMEZ MOUNTAINS,

NEW MEXICO

By Frank W. Trainer, Robert J. Rogers, and Michael L. Sorey

Abstract

The Jemez Mountains in north-céntral New
Mexico are volcanic in origin and have a large
central caldera known as Valles Caldera. The
mountains contain the Valles geothermal system,
which was investigated during 1970-82 as a source
of geothermal energy. This report describes the
'geothermal hydrology of the Jemez Mountains
and presents results of an earlier 1972-75 U.S.
Geological Survey study of the area in light of
more recent information. Several distinct types of
thermal and nonthermal ground water are
recognized in the Jemez Mountains. Two types of
near-surface thermal water are in the caldera:
thermal meteoric water and acid sulfate water. The
principal reservoir of geothermal fluids is at depth
under the central and western parts of the caldera.
Nonthermal ground water in Valles Caldera occurs
in diverse perched aquifers and deeper valley-fill
aquifers.

The geothermal reservoir is recharged by
meteorically derived water that moves downward
from the aquifers in the caldera fill to depths of
6,500 feet or more and at temperatures reaching
about 330 degrees Celsius. The heated geothermal
water rises convectively to depths of 2,000 feet or
less and mixes with other ground water as it flows
away from the geothermal reservoir. A vapor zone
containing steam, carbon dioxide, and other gases
exists above parts of the liquid-dominated
geothermal zone.

Two subsystems are generally recognized
within the larger geothermal system: the Redondo
Creek subsystem and the Sulphur Creek
subsystem. The permeability in the Redondo

Creek subsystem is controlled by stratigraphy and
fault-related structures. Most of the permeability is
in the high-angle, normal faults and associated
fractures that form the Redondo Creek Graben.
Faults and related fractures control the flow of
thermal fluids in the subsystem, which is bounded
by high-angle faults. The Redondo Creek
subsystem has been more extensively studied than
other parts of the system. The Sulphur Springs
subsystem is not as well defined. The upper vapor-
dominated zone in the Sulphur Creek subsystem is
separated from the liquid-dominated zone by
about 800 feet of sealed caldera-fill rock. Acid
springs occur at the top of the vapor zone in the
Sulphur Springs area. Some more highly
permeable zones within the geothermal reservoir
are interconnected, but the lack of interference
effects among some wells during production tests
suggests effective hydraulic separation along some
subsystem boundaries. Chemical and thermal
evidence suggests that the Sulphur Springs
subsystem may be isolated from the Redondo
Creek subsystem and each may have its own zone
of upflow and lateral outflow.

The area of the entire geothermal reservoir
is estimated to be about 12 to 15 square miles; its
western limit generally is thought to be at the ring-
fracture zone of the caldera. The top of the
reservoir is generally considered to be the bottom
of a small-permeability “caprock” that is about
2,000 to 3,000 feet below land surface. Estimated
thicknesses to the bottom of the reservoir range
from 2,000 to 6,000 feet. Reservoir temperatures
measured in exploration wells range from 225
degrees Celsius just below the caprock to about



330 degrees Celsius in deeper drill holes.
Pressures measured in exploration wells in the
Redondo Creek area ranged from 450 to 1,850
pounds per square inch. Steam-producing zones
have been encountered above the liquid-
dominated zones in wells, but the extent of steam
zones is not well defined.

The reservoir contains a near-neutral,
chloride-type water containing about 7,000
milligrams per liter dissolved solids. No thermal
springs in the caldera have geochemical
characteristics similar to those of the geothermal
reservoir fluids sampled in wells.

Oxygen-18 and deuterium isotope
concentrations of geothermal reservoir fluid
indicate a meteoric origin. The moat valleys in the
north and east areas of the caldera may be the
principal recharge zones of the reservoir.
Downward flow along fault zones and fractures
probably is the primary mechanism of recharge.
Recharge water probably enters the edges of the
reservoir at depth, heats up, rises convectively
within the reservoir, and discharges laterally to the
west and southwest.

Outflowing mineral water appears to be
limited to the western and southwestern parts of
the Jemez Mountains. Hydrothermal features
outside Valles Caldera are restricted largely to
Cafion de San Diego. Subsurface escape of
reservoir fluid from near and beneath Valles
Caldera has formed a discharge plume of reservoir
water mixed with dilute ground water, which
extends down Cafion de San Diego. The Jemez
Fault Zone transports a relatively large portion of
this flow. Soda Dam and Jemez Springs are
derivatives of geothermal outflow from the
reservoir. Near Jemez Pueblo, subsurface mineral
water merges with the regional aquifer in fill
deposits of the Albuquerque Basin.

Total geothermal discharge from the caldera
is difficult to estimate; all estimates based on
chemical mass balance suggest a small fluid
discharge. About 1.0 cubic foot per second (f3/s)
of caldera-derived geothermal fluid is estimated to
be carried by the Jemez River between Jemez
Pueblo and San Ysidro, and about 0.4 ft%/s is
estimated to be carried as underflow in the same

reach. Estimates of total discharge from the
geothermal reservoir to the Rio Grande at its
confluence with the Jemez River range from 2.0 to
3.6 ft%/s.

Numerical models of the geothermal system
range in complexity from one-dimensional,
single-phase fluid-flow models to three-
dimensional, multiphase-fluid and heat-flow
models. The models have been developed
primarily to assess reservoir productivity and
longevity and potential effects of development on
thermal-water discharge in the Jemez River. A
period of actual geothermal development, in which
the system is stressed and the hydrologic changes
are measured, is needed to calibrate or test the
models. Existing models must be considered
preliminary and cannot provide accurate answers
to questions involving long-term changes to the
geothermal system. No existing models account
for the presence of carbon dioxide in reservoir
fluid, which appears to be sufficient to markedly
extend the depth over which two-phase conditions
occur naturally and possibly to influence reservoir
drawdown during development. Development of
geothermal energy in Valles Caldera would
probably change the hydrochemical discharge
from the southwestern Jemez Mountains.
Quantifying such changes through systematic
monitoring would be valuable in better
understanding the geothermal system and in
testing, refining, and calibrating numerical models
of the system.

INTRODUCTION

The Valles Caldera in the Jemez Mountains of
north-central New Mexico (fig. 1) contains a
geothermal system that has been investigated as a
source of geothermal energy. This geothermal system
has long been known from its thermal springs and
fumaroles, but serious consideration of geothermal
development did not begin until the early 1960’s, when
a test well being drilled for oil in the caldera yielded
steam. The history of geothermal exploration that
followed was summarized by Goldstein and others
(1982). Geothermal exploration began in the 1960’s
with the drilling of four exploratory holes in the



Sulphur Springs area in the western part of the caldera.
The potential of the geothermal system as an energy
source was confirmed in 1970 with the drilling of a
discovery well (Baca 4) in the Redondo Creek area of
the caldera, southeast of Sulphur Springs. In 1971,
Union Oil Company leased about 100,000 acres of
privately owned land known as Baca Location No. 1
(fig. 1) and began an active drilling program. Because
most exploration was on the Baca property, the
geothermal system is commonly referred to as the Baca
geothermal field or reservoir; in this report, however, it
is referred to as the Valles geothermal system. In 1978,
the U.S. Department of Energy (DOE), Public Service
Company of New Mexico (PNM), and Union Oil
Company entered into a cooperative agreement to
develop a 50-megawatt demonstration power plant at
the Baca 4 site. In 1981, however, Union notified DOE
and PNM that it could not locate sufficient steam to
support a power plant. A modified program to test
hydraulic fracturing of two marginal wells and drilling
deeper wells was attempted with disappointing results,
and in 1982 the project was terminated. Altogether,
Union drilled more than 20 holes (referred to as the
Baca wells) in the central and western parts of Valles
Caldera, most in the Redondo Creek area, prior to
terminating the project.

A range of geologic, geophysical, and
hydrologic studies were conducted, principally by
university and government scientists, during and
subsequent to the period of active geothermal
exploration in the Jemez Mountain region. This study,
in cooperation with the Office of the State Engineer,
was conducted during 1972-75 as part of the U.S.
Geological Survey (USGS) geothermal research
program. The Jemez Mountains region was selected for
geohydrologic investigation by the USGS because
exploratory drilling was in progress to evaluate the
possibility of geothermal development in the region,
and geohydrologic information would be of practical
value. The region had been mapped geologically
(Smith and others, 1970), but little was known about
the geohydrology of hot-water geothermal systems in
calderas such as the Valles Caldera.

The objectives of the 1972-75 USGS
investigation were to (1) describe the geohydrology of
the region; (2) examine the application of hydrologic
methods to the study of a hot-water geothermal system;
and (3) gather baseline hydrologic data to aid in
identifying future hydrologic effects of geothermal
exploration and development. To maintain suitable

water quality and quantity in the region, a better
understanding is needed of the effects of the
geothermal system in the caldera on ground water in
the surrounding region. This investigation dealt
primarily with areas of the Jemez Mountains outside
the caldera because at the time this investigation was
conducted, Union Oil Company had leased nearly the
entire caldera and was not releasing information from
its exploration activities.

Purpose and Scope

This report presents the results of the 1972-75
USGS investigation of the geothermal hydrology of the
Jemez Mountains region and discusses and reinterprets
those results in light of more recent work and current
(1996) understanding of the Valles geothermal system.
The report also describes a conceptual geohydrologic
model of the system and summarizes the results of
previous hydrologic and geothermal studies of
numerical simulations of heat and fluid flow in the
geothermal and surrounding hydrologic systems.

The area described in the report is limited to the
Jemez Mountains that contain geothermal
water—specifically Valles Caldera, which contains the
principal geothermal reservoir—and the southwestern
Jemez Mountains region outside the caldera, which
receives discharge from the geothermal reservoir and
was the focus of the 1972-75 investigation.

Previous Investigations and Availability of
Data

Previous investigations of the hydrology and
geology of the Jemez Mountains region have focused
on the region’s extraordinary volcanic geology, its
active and accessible geothermal system, the
prospective development of this geothermal system as
an energy source, and the potential environmental and
hydrological effects of such development. When Union
Oil Company entered into a cooperative agreement
with the DOE in 1978, large amounts of information
gathered on the caldera were made publicly available,
and many scientific papers about the area were written.
In the mid-1980’s after geothermal exploration in the
caldera ended, the geothermal system of Valles Caldera
was investigated by the Continental Scientific Drilling
Program (CSDP) of the National Academy of
Sciences, which drilled three deep holes in the western
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and southwestern parts of the caldera. Manifestations
of anomalous heat flow in the western Jemez
Mountains outside the caldera also have lead to drilling
and research in this area. The use of geothermal heat to
generate electricity by circulating fluid through a
system of wells completed in manmade fractures in hot
dry rock has been studied by the Los Alamos National
Laboratory (LANL) at the Fenton Hill site just west of
the caldera (fig. 1). The volume of data and scientific
literature from these investigations is too large to
summarize in detail; however, many important sources
of information are contained in an annotated
bibliography of the hydrology, geology, and
geothermal resources of the Jemez Mountains region
(Abeyta and Delaney, 1986), which covers the period
through 1985. Two issues containing special sections
on research in the Valles Caldera were published in
Journal of Geophysical Research (1986, 1988).
Hydrologic data for the Jemez Mountains region are
included in USGS reports (1963-83), Trainer (1978),
Union Oil Company of California and Public Service
Company of New Mexico (1978), Goff and others
(1982), Craigg (1984), Shevenell and others (1987),
and Abeyta and Delaney (1990). Conover and others
(1963), Griggs (1964), Purtymun and Cooper (1969),
Dondanville (1971, 1978), Trainer (1974, 1978, 1984),
Goff and Grigsby (1982), and Goff and others (1988)
described aspects of the hydrology of the region. The
geochemistry of thermal water in the region and its
derivatives have been discussed by Goff and others
(1981), White and others (1984), Goff and others
(1985), Truesdell and Janik (1986), Vuataz and Goff
(1986), White (1986), and Shevenell and others (1987).
Bodvarsson and others (1982), Faust and others (1984),
and Grant and others (1984) developed conceptual and
numerical simulation models of the geothermal system.
Findings from holes drilled by the CSDP were
summarized by Goff and others (1992) and discussed
in detail by workers cited therein.

The entire Jemez Mountains region has been
studied geologically. The western part of the region
with special reference to sedimentary rocks was
studied by Wood and Northrop (1946). Gardner and
others (1986) and Smith and others (1970) studied the
entire region with emphasis on volcanic rocks. The
valley-fill deposits were investigated by Galusha and
Blick (1971), and the tectonics of the region were
reported by Aldrich (1986). The caldera and associated
volcanism have been investigated by Nielson and
Hulen (1984), Heiken and others (1986), and Self and

others (1986). Reiter and others (1975) and Swanberg
(1983) mapped heat flow and temperature gradients in
the region.
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REGIONAL SETTING

Geography

The Jemez Mountains encompass about 1,500
square miles (miz) in north-central New Mexico in Los
Alamos, Rio Arriba, Sandoval, and Santa Fe Counties
(fig. 1). The mountains form an oval topographic
mound that contains a central caldera, or area of
collapse, which is the most prominent feature of the
mountains. The outer flanks of the caldera are
surrounded by a series of plateaus dissected by narrow,
deep canyons. The mountain mass is bounded by the
principal streams that drain the region (fig. 1): the Rio
Chama and Rio Puerco to the north, the Rio Grande to
the east and southeast, and the Jemez River and
tributaries to the south and west. The western boundary
of the mountains joins the Nacimiento Mountains and
consequently is not as clearly defined as the others. The
highest point in the Jemez Mountains is Redondo Peak,
11,254 feet (ft) above sea level (fig. 1).

Records of precipitation and temperature at
several stations in and near the Jemez Mountains are
published by the National Oceanic and Atmospheric



Administration. Mean annual precipitation in the lower
country surrounding the mountain mass ranges from
about 8 inches (in.) at the southern edge to 12 in. or
more at the northern edge. Mean annual precipitation is
about 18 in. at Los Alamos and about 17 in. at Jemez
Springs. Atboth locations, approximately two-thirds of
the annual precipitation falls during the 6-month period
April through September (Kunkel, 1984). Annual
precipitation at the higher altitudes near the center of
the region, where few measurements have been made,
is estimated from isohyetal analyses and topographic
data to be greater than 30 in. (U.S. Soil Conservation
Service, 1972). Most precipitation at the higher
altitudes falls as snow, which lasts several months in
winter and early spring. Vegetation ranges from desert
plants in the areas surrounding the mountains to dense
forests of conifers and aspen in the high country.

Nearly the entire caldera, or the central part of
the mountains, is within the 100,000-acre Baca
Location No. 1 (fig. 1). Most land outside the land grant
is in public domain, administered principally by the
U.S. Forest Service and the DOE. Small areas are
administered by the New Mexico Department of Game
and Fish and the National Park Service. Indian tribes
own large tracts in peripheral parts of the region.

The total population of the Jemez Mountains
region is probably less than 25,000. Most inhabitants
live in Los Alamos and White Rock, which had
populations of about 11,850 and 6,200, respectively, in
~1990. Several small villages (Jemez Springs, Caifion,
Ponderosa, and San Ysidro) are in the southwestern
part of the region, and eight Indian pueblos (Jemez,
Zia, Santa Ana, San Felipe, Santo Domingo, Cochiti,
San Ildefonso, and Santa Clara) are situated along the
Jemez River and Rio Grande. Santa Fe is located about
30 miles (mi) to the southeast.

Geology

The Jemez Mountains are a complex mass of
Tertiary and Quaternary volcanic rocks that overlie
Tertiary, Mesozoic, and Paleozoic sedimentary rocks,
which in turn overlie Precambrian basement rock
(fig. 2; table 1). The volcanic field, which began
forming about 13 million years ago (13 Ma), is located
near the intersection of the Jemez Lineament and part
of the western margin of the Rio Grande Rift (fig. 3).
The Jemez Lineament is a northeast-trending chain of
volcanic features extending from east-central Arizona
to southeastern Colorado (Aldrich, 1986).

Formation of the Jemez volcanic field occurred
as the result of two explosive eruptions that formed two
calderas, Toledo Caldera and Valles Caldera, and led to
the deposition of the Bandelier Tuff. The formation of
the Valles Caldera, about 1.12 Ma, obliterated much of
the older Toledo Caldera, which formed about 1.47 Ma.
Heiken and others (1986) concluded that the Toledo
Caldera was nearly coincident with the Valles Caldera
and that the Toledo Embayment to the northeast
(fig. 4A)—originally thought to be part of the Toledo
Caldera—is a tectonic feature or remnant of a smaller,
even older caldera. The Valles geothermal system is
located in the central and western parts of the Valles
Caldera but does not extend under the entire caldera
(Hulen and Nielson, 1986; Wilt and Vonder Harr,
1986). Extensive sheets of the Bandelier Tuff (fig. 4B)
overlie the older rocks throughout much of the region,
inside and outside the caldera, and form radially
dissected plateaus that slope away from the caldera.
West of the Rio Grande Rift the tuff overlies
Precambrian crystalline rocks, Paleozoic and Mesozoic
strata, and Tertiary volcanic rocks; within the Rio
Grande Rift the tuff overlies Quaternary and Tertiary
rocks (table 1).

Two major fault zones have a substantial
influence on the hydrology of the region (Vuataz and
Goff, 1986). The Pajarito Fault Zone is east of the
caldera and forms the west side of the Rio Grande Rift.
The Jemez Fault Zone in Cafion de San Diego
intersects the southwestern rim of the caldera (fig. 4A).
The Jemez Fault Zone is an expression of the Jemez
Lineament, as are faulted structures crossing the
resurgent dome and possibly the Toledo Embayment to
the northeast (Self and others, 1986).

Hydrology

The Jemez Mountains are in the Rio Grande
drainage basin. The topographic rim of Valles Caldera
serves as a drainage divide and forms a near-circular
drainage basin with a surface outlet on the southwest
where the rim is breached. San Antonio Creek and the
East Fork Jemez River are the principal streams
draining the caldera, and they join near the southwest
rim to form the Jemez River, which flows down Cafion
de San Diego, turns southeastward, and eventually
joins the Rio Grande (fig. 1). Outside the caldera rim,
streams flow radially outward to the principal
drainages surrounding the mountains, the Rio Puerco,
Rio Chama, Rio Grande, Jemez River, and Rio
Guadalupe.
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Table 1. Generalized stratigraphy of Jemez Mountains in and near Valles Caldera

[Sources of data: consolidated, nonvolcanic rocks outside Valles Caldera, Wood and Northrop (1946, sec. 4);
volcanic rocks, Smith and others (1961). In Valles Caldera, Conover and others (1963); Smith
and others (1970); Nielson and Hulen (1984); Wilt and Vonder Haar (1986, fig. 3).
Valley-fill deposits (in rift), Griggs (1964); Galusha and Blick (1971)]

Era Period Group Jemez Plateau Valles Caldera Rio Grande Rift
Alluvial and Alluvial, landslide, Alluvial, landslide, and
landslide deposits; | and lacustrine deposits | lacustrine deposits
travertine

Tewa Valles Rhyolite and
Group caldera-fill deposits
Bandelier Tuff Bandelier Tuff and Bandelier Tuff and equivalent
Quaternary equivalent volcanic volcanic rocks
rocks
El Rechuelos
Rhyolite Puye
Cenozoic gc;gﬁ\dera Tschicoma Tschicoma | “Lower Tschicoma Formation
€ P Formation Formation | tuffs” Formation
Lobato Basalt
Bearhead Rhyolite
Paliza Canyon Paliza Canyon Paliza Canyon
Formation Formation Formation Cochiti
Formati
Tertiary Keres Canm{as Canyon rmation
G Rhyolite
roup
Basalt of Chamisa
Mesa
Santa Fe Abiquiu | Santa Fe Group Abiquiu
Group Tuff Zia Sand Tuff
Mesozoic Triassic Chinle Formation
San A_ndres, Yeso, Abo Formation
Permian and Abo
. Formations
Paleozoic - -
Magda- Madera Limestone | Madera Limestone
Carbon- . .
. lena Sandia Formation
iferous
Group
Pre- Granitic rocks Granitic rocks
cambrian
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Selected USGS streamflow-gaging stations in
the Jemez Mountains area are shown below.

Station number Station name Period of record (inclusive)
08290000 Rio Chama near Chamita October 1912 to present
08313000 Rio Grande at Otowi Bridge February 1895 to December

1905;

June 1909 to present

08319945 Redondo Creek near Jemez Springs November 1981

to September 1985
08319950 Sulphur Creek near Jemez Springs  November 1981

to September 1985
08321500 Jemez River below East Fork, July 1949 to October 1950;

May 1951 to September
1957; March 1958 to
September 1976; July 1981

~ toSeptember 1990

May 1958 to September
1976

July 1981 to September 1996

March 1953 to present

near Jemez Springs

08323000 Rio Guadalupe at Box Canyon

08324000 Jemez River near Jemez

The Rio Chama enters the Rio Grande about 3.5
mi north of Espafiola. Mean annual flow at the Chamita
gage (08290000), just upstream from its confluence
with the Rio Grande, was 612 cubic feet per second
(f’/s) for water years 1971-98. Upstream from the
gage, flow of the Rio Chama is regulated by reservoirs
and irrigation diversions. The mean annual flow of the
Rio Grande at Otowi Bridge (08313000) was 1,580

ft3/s for water years 1971-98. Upstream from the gage,
flow is regulated by reservoirs on the Rio Chama and
irrigation diversions. The mean annual flow of the Rio
Guadalupe at Box Canyon (08323000) was 54.5 ft>/s
for water years 1982-96. The gaging station is located
4.8 mi upstream from the confluence of the Rio
Guadalupe and the Jemez River. The flow of the Rio
Guadalupe is regulated by a small reservoir upstream
from the gage and irrigation diversions. Mean annual
flow of the Jemez River near Jemez (08324000), which
is 0.7 mi downstream from the confluence with the Rio
Guadalupe, was 79.6 ft3/s for water years 1954-98.
Flow at the station is affected by upstream irrigation
diversions.

Similarly to surface water, ground water flows
radially outward from the rim of the caldera. The most
extensive and productive aquifer in the region is the
thick sequence of valley-fill deposits and interbedded
volcanic rocks underlying the Pajarito Plateau on the
east side of the mountain mass. The caldera contains
both thermal and nonthermal ground water and both
types discharge from the caldera to the southwest down
Caiion de San Diego, which follows the trace of the
Jemez Fault Zone. The principal geothermal reservoir,
or aquifer, in the region is located under the central and
western parts of the caldera.
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VALLES CALDERA

The Valles Caldera lies in the center of the Jemez

Mountains and is one of the most prominent

" physiographic features in New Mexico. The caldera is
approximately circular, and its topographic rim ranges
from about 14 to 18 mi in diameter. In this report the
Valles Caldera includes the Toledo Embayment on the
northeast side of the caldera (fig. 4A). The caldera rim
is breached on the southwest side at Cafion de San
Diego.

Geology

The geologic history of Valles Caldera was cited
by Smith and Bailey (1968, p. 617-621) as a model for
the general sequence of events in caldera and resurgent
dome development. They distinguished seven stages of
caldera development: (1) regional doming of an
existing volcanic upland and the formation of ring
fractures above the magma chamber, (2) eruption of
ash from the ring-fracture system, (3) collapse of the
roof of the magma chamber and subsidence of the
circular block within the ring fractures, (4) formation
of a lake within the caldera, accumulation of volcanic
rocks within the caldera through additional eruptions,
and erosion of volcanic rocks from the caldera rim, (5)
uplift and doming of the central block, with faulting of
this resurgent dome and extrusion of lava from the
faults, (6) volcanic eruptions through the ring fractures
after doming and formation of lava domes in the moat
that separates the resurgent dome from the rim of the
caldera, and (7) erosion and hot-spring and fumarolic
activity. The generalized map and schematic geologic
section in figure 4 show features associated with this
sequence. A detailed geologic map of the Jemez
Mountains also was prepared by Smith and others
(1970).

The ring-fracture zone along which the Valles
Caldera floor collapsed is about 8-10 mi in diameter
(fig. 5). The resurgent dome as now exposed composes
about one-fourth of the area of the caldera; its summit
is Redondo Peak. A graben crosses the resurgent dome
in a southwest-northeast direction and is aligned with
the Jemez Fault Zone in the Cafion de San Diego. Much
of the moat is occupied by rhyolite domes, which form
aring around the resurgent dome. The ages of the dated
rhyolite domes in the northern part of the moat range
from about 1.0 to 0.45 Ma, the youngest volcanic
eruptions, which occurred in the southern part of the
moat, were as recent as 0.13 Ma (Doell and others,
1968, Gardner and others, 1986). The remainder of the

1

moat forms the Valle San Antonio, Valle Toledo, and
Valle Grande (fig. 6).

All rocks exposed in the Valles Caldera are
volcanogenic (Smith and others, 1970). They are the
Bandelier Tuff and caldera fill in the resurgent dome;
Valles Rhyolite in the volcanic domes that occupy the
moat; alluvial, lacustrine, and fan deposits of volcanic-
rock detritus in the remainder of the moat; and
landslide deposits and volcanic rocks of several units
below the rim of the caldera.

Approximately 40 intermediate to deep
boreholes have been used to explore the subsurface
geology of the Valles Caldera. Most have been drilled
within and near the caldera since 1960 primarily to
evaluate geothermal resources; they also include three
core holes drilled for scientific research by the CSDP
between 1984 and 1988. Because the principal
geothermal reservoir is located under the central and
western parts of the caldera, the geology of this part of
the caldera has been investigated in greatest detail.
Most exploratory holes were drilled as part of the
Union Oil Company Baca project and are collectively
referred to as the Baca wells (fig. 5). Nielson and Hulen
(1984, table 1) summarized geologic logs of Baca holes
and presented a detailed description of the subsurface
geology of the central and western parts of the caldera;
Wilt and Vonder Harr (1986) also presented a
description of the central and western parts of the
caldera based on geophysical and geological data.

The stratigraphy of the Valles Caldera, as
interpreted from drill holes, is presented in table 1.
Precambrian granitic rocks underlie the caldera at
depth. Overlying the Precambrian granite rocks, in
ascending order, are the Madera Limestone, the arkosic
Abo Formation, and the arkosic Santa Fe Group/
Abiquiu Tuff. Volcanic units overlie these sedimentary
rocks. The oldest is the Paliza Canyon Formation,
which is composed of altered andesites and dacites.
Overlying this formation in the eastern part of the
caldera is the Tschicoma Formation, composed of
dacite, rhyodacite, and quartz latite (Smith and others,
1970); in the western part of the caldera the formation
is overlain by a sequence of tuffaceous rocks
designated the “Lower Tuffs” by Nielson and Hulen
(1984). The younger Bandelier Tuff, present
throughout the Jemez Mountain area, overlies these
units. It is greater than 6,000 ft thick in some areas of
the caldera, but is only locally greater than 1,000 ft
thick outside the caldera. The greater thickness within
the caldera is attributed to simultaneous eruption of the
tuff and collapse of the caldera (Dondanville, 1978,

p. 157).
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Quaternary Valles Rhyolite and caldera-fill
deposits overlie the Bandelier Tuff. Alluvial, landslide,
and lacustrine deposits form the youngest units in the
caldera. A detailed description of rocks in the western
half of the caldera is described in Nielson and Hulen
(1984).

The subsurface “floor” of Valles Caldera is
asymmetrical, and the caldera has been referred to as a
“trapdoor” caldera (Nielson and Hulen, 1984). Depths
to the Precambrian basement rocks range from about
2,500 ft on the western edge, to about 10,000 ft under
Redondo Creek, to about 15,000 ft on the east side
(fig. 4B; Wilt and Vonder Haar, 1986). The asymmetry
is consistent with the superposition of the caldera
across the western edge of the older Rio Grande Rift
(Heiken and others, 1986). Because deep holes have
not been drilled in the eastern part of the caldera, what
is known about the subsurface geology in this area is
based primarily on geophysical data.

The major structural elements of Valles Caldera
are ring faults that are associated with formation of the
caldera and normal faults that form the Redondo Creek
Graben, which trends northeastward across the center
of the resurgent dome (fig. 4A). The concentrically
arranged ring faults and associated fractures form a
zone about 2 to 3 mi wide that lies several miles within
the topographic rim; for the most part, the zone is
coincident with rhyolite domes that have extruded
within the caldera. The Redondo Creek Graben that
cuts across the resurgent dome is formed by numerous
normal faults that align with the older Jemez Fault
Zone to the southwest, which suggests that structures
within the resurgent dome are controlled by older faults
in the’Precambrian basement (Goff and Grigsby, 1982;
Nielson and Hulen, 1984). Displacement along the
graben is greater along the northwestern margin than
along the southeastern margin. The high-angle faults of
the graben and associated fractures serve as conduits
for geothermal fluids in the caldera (Dondanville,
1978, p. 159).

Hydrologic Setting

The principal streams draining Valles Caldera
are San Antonio, Redondo, and Sulphur Creeks and the
East Fork Jemez River (fig. 6). San Antonio Creek and
the East Fork Jemez River join just outside the
topographic rim of the caldera to form the Jemez River.
Both San Antonio Creek and the East Fork Jemez River
appear to be gaining streams throughout the caldera.
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The base flow of streams in the caldera is from shallow,
nonthermal ground-water systems and also, in places,
from thermal or mineral springs. The USGS operated
streamflow-gaging stations on Redondo Creek (station
08319945) and Sulphur Creek (station 08319950)
during water years 1982-85 and on the Jemez River
directly below the confluence of the East Fork (station
08321500) periodically during water years 1951-90.
Redondo Creek (12. 1-mi? drainage area) had a mean
daily discharge of 3.15 ft*/s for water years 1983-84,
and Sulphur Creek (38.0-mi? drainage area) had a
mean daily discharge of 4.17 ft3/s for the same period.
The Jemez River below East Fork (173-mi? drainage
area) had a mean daily discharge of 33.2 ft/s during 28
years of record (water years 1950, 1959-76, 1982-90).

Vuataz and Goff (1986) analyzed tritium data for
three streams within and two streams outside the rim of
Valles Caldera: San Antonio, Sulphur, and Redondo
Creeks; East Fork Jemez River near its confluence with
San Antonio Creek; and the Jemez River upstream
from Soda Dam (fig. 6). Because these streams drain
small areas, the stream water clearly exhibits local and
seasonal variations in the tritium content of
precipitation. The tritium content of the streams in
1982-83 varied between 6 and 39 tritium units (TU),
which indicated that the average age of the stream
water ranged from 0 to 5 years. The seasonal variations
observed in the Valles Caldera streams were similar to
seasonal variations observed in the tritium content of
precipitation in Albuquerque (U.S. Geological Survey;
Albuquerque, N. Mex., unpublished data).

Vuataz and Goff (1986, table 1) compiled and
analyzed a considerable number of isotopic analyses
for oxygen-18 (180) and deuterium (ZH or D) in water
from the Jemez Mountains. From these data, they
defined the following empirical relation, or meteoric-
water line, for precipitation in the Valles Caldera area:

3D =88'%0 + 12 (1)
where 8D is the deuterium content and 880 is the
oxygen-18 content of water expressed in permil
relative to standard mean ocean water (SMOW), the
normal reference standard. This relation is consistent
with the location of the region relative to the ocean.
Vuataz and Goff (1986) also calculated the relations
between the altitude of ground-water recharge and the
3D and 8'80 content of the recharge water; the
relations are the result of the pronounced gradient of



the isotopic composition of precipitation with altitude.-
For Valles Caldera the relations are:

E =- 147.3(8D) - 3786 )

and

E =- 1030(5'%0) - 3809 A3)

where E is the altitude, in feet, of ground-water
recharge. Equations 1-3 were used to evaluate the
source regions and circulation paths of ground water in
the region, which is discussed in more detail in the
following sections.

Several types of ground water—distinct in
history, mode of occurrence, temperature, or
geochemistry—have been identified in Valles Caldera
and the Jemez Mountains. Trainer (1974) identified
warm and cold water of shallow circulation, acid
sulfate water, and geothermal reservoir fluid. Goff and
Grigsby (1982) and Vuataz and Goff (1986) expanded
the understanding of different water types in the Valles
Caldera. Dondanville (1971), Trainer (1975), and Goff
and others (1981) first discussed the mineral waters
outside the caldera as mixtures derived in part from
reservoir fluid. :

Nonthermal Ground Water

Nonthermal ground water in Valles Caldera
occurs in diverse, perched aquifers and in deeper
valley-fill aquifers. Although the hydrologic relation
between the nonthermal aquifers and the geothermal
reservoir has not been fully established, nonthermal
water is distinguished from its thermal counterpart by
small concentrations of chloride and trace elements,
such as boron (Vuataz and Goff, 1986); the dominant
anion in nonthermal water is bicarbonate. The oxygen
and hydrogen isotopic composition of nonthermal
ground water indicates that it is of meteoric origin
(Vuataz and Goff, 1986).

The near-surface, nonthermal ground water of
Valles Caldera occurs in valley-fill deposits and
volcanic rocks of the interior domes. Volcanic rocks in
the caldera do not contain important aquifers, but in
places springs issue from these rocks. Small ephemeral
seeps and springs and spring-fed streams that drain the
unconsolidated deposits below the slopes of the caldera
rim, resurgent dome, and volcanic domes in the moat
indicate that these deposits are partly saturated during
spring and early summer. Perennial springs issue from
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fractured rock in the volcanic domes, particularly at the
edges of large moat valleys, and from terrace deposits
of alluvial deposits at the sides of large valleys. The
porous rhyolite domes are important recharge areas for
the volcanogenic sedimentary rocks that fill the
caldera.

Volcanogenic sand and gravel of the intracaldera
lake deposits form the most extensive nongeothermal
aquifers in Valles Caldera and are found primarily in
Valle Grande and Valle Toledo in the east and northeast
areas of the caldera (fig. 6). Conover and others (1963)
investigated ground-water conditions in the area in
1949 to determine water-supply potential. The
following summary is based primarily on their report.

The maximum thickness of sand and gravel fill in
Valle Grande is not known; the deepest hole drilled
(1,185 ft) did not reach the base of the valley fill. The
maximum thickness of unconsolidated deposits in
Valle Toledo is about 450 ft. The valley fill consists
chiefly of volcanogenic sand and gravel, with
intercalated beds of clay that were deposited in the
caldera lake. The central part of each valley is
underlain by one or more extensive clay beds; the clay
beds are less extensive near the valley walls than in
central parts of the valley. Ground water is confined
beneath the clay over large areas, and where confined,
the potentiometric surface is commonly above land
surface. The overlying confining clay is as much as 295
ft thick in Valle Grande and about 80 ft thick in Valle
Toledo. Ground water generally is unconfined outside
the margins of the clay.

In Valle Grande and Valle Toledo recharge
occurs by infiltration of rain and snowmelt on some of
the mountain slopes and on alluvial fans and benches
that border the valleys. Springs issuing from the
rhyolite domes near the margins of the valleys and
springs that flow from the unconsolidated deposits at
the valley margins provide recharge to the valley-fill
aquifers.

Natural discharge of nonthermal ground water
from Valles Caldera takes several paths, not all of
which are fully understood. Some water obviously
discharges through springs, especially from the higher,
less extensive aquifers. Water from the more extensive
principal aquifers in the valley fill also discharges as
spring flow and seepage to the principal streams, as
evidenced by downstream gain in discharge of valley
streams (Conover and others, 1963). Tritium analyses
of nonthermal springs in the caldera indicate that most
springs issue water between 20 and 75 years old
(Vuataz and Goff, 1986). Tritium analyses of water
from San Antonio Creek and East Fork Jemez River



indicate that during some seasons these streams may

contain more than 50 percent ground water of this age.

Some deeper discharge from the valley-fill
aquifers recharges the underlying geothermal reservoir
by slow leakage through relatively impermeable rocks
and along fractures and faults (Faust and others, 1984;
Vuataz and Goff, 1986). Purtymun and Johansen
(1974) proposed ground-water discharge from Valles
Caldera as the major source of recharge to the main
aquifer under the Los Alamos area, which means that
substantial ground-water discharge from the caldera
must pass under the caldera rim to the east. However,
several lines of evidence indicate that ground-water
discharge from the caldera cannot be a substantial
source of recharge to the main aquifer under Los
Alamos (Fraser Goff, Los Alamos National
Laboratory, written commun., 1993). First, if water in
the main aquifer were recharged by ground water from
the caldera, the stable isotopic content of ground water
in the two areas should be similar. However, the
deuterium and '80 content of water from cold springs
and geothermal wells in the caldera is significantly
different from that of water from wells and springs in
the main aquifer near Los Alamos. Second, two major
structural barriers to ground-water flow lie between
Valles Caldera and the Pajarito Plateau—the ring-
fracture zone and collapse faults of the caldera
depression and the Pajarito Fault Zone (fig. 4A).
According to Goff, faults of this magnitude impede the
flow of ground water in directions normal to the fault
plane because of the presence of fault gouge and clays,
which create a relatively impermeable barrier within
the fault zone.

The principal aquifer and stream in each major
valley form a single hydraulic system according to
Conover and others (1963). Their study showed that
properly constructed wells in the valley fill can each
yield more than 1,000 gallons per minute (gal/min).
They estimated from aquifer tests that the
transmissivity of the valley-fill aquifer is at least 3,300
feet squared per day (ftz/d); the storage coefficient was
not determined. The specific capacity of the pumped
well used in the Valle Grande test was about 10 gallons
per minute per foot (gal/min/ft) of drawdown. Aquifer
tests in Valle Toledo showed transmissivity to be about
6,700 ft*/d and the storage coefficient to be about
0.005. The specific capacity of the pumped well used in
the Valle Toledo test was about 50 gal/min/ft of
drawdown. Conover and others (1963) concluded that
a considerable supply of ground water could be
developed because of large volumes of water stored in

15

the valley fill. However, by assuming as they did that all
ground-water discharge from the perched aquifers was
in the form of spring flow and seepage to streams, the
amount of water perennially available to wells as
recharge would equal the base flow of streams in the
valleys under nondeveloped conditions. From
streamflow measured in 1948 and 1949, Conover and
others (1963, p. 33-34) estimated these amounts to be
about 750 million gallons (gal) or 2,200 acre-feet per
year (acre-ft/yr) in Valle Grande and about 540 million
gal or 1,600 acre-ft/yr in Valle Toledo.

Surface and Near-Surface Geothermal
Features :

The geothermal system underlying the Jemez
Mountains, primarily in the center and western half of
Valles Caldera, manifests itself in several forms at the
surface, including young rhyolitic volcanic rocks,
thermal waters, hydrothermally altered rocks, and
elevated heat flow. These surface features guided early
exploration for geothermal resources (Dondanville,
1978), which began in the Sulphur Springs area (Baca
wells 1, 2, and 3; fig. 5). Thermal waters that
discharging at the surface in the Valles Caldera are
grouped into two types on the basis of their
geochemistry and geohydrology: (1) thermal meteoric
waters and (2) acid sulfate waters (Trainer, 1974; Goff
and Grigsby, 1982; Vuataz and Goff, 1986).

Thermal Meteoric Water

Thermal meteoric water discharges from
fractures in rhyolite and from contacts of rhyolite and
underlying units in the ring-fracture zone of the
western and southwestern parts of the caldera; several
shallow wells in the southwestern section of the moat
also have penetrated this type of water, for example
well P-7 (fig. 5). Selected physical data for hot springs
and a geothermal well in the Valles Caldera are
summarized in table 2. Temperatures of thermal
meteoric water range from 16.4 to 40.6 °C (table 2)
compared with about 10 to 15 °C for other shallow
ground water in the region (Vuataz and Goff, 1986,
table 1). Chemically and isotopically, thermal meteoric
water resembles cold ground water that has been
conductively heated (Vuataz and Goff, 1986, p. 1840).
More concentrated thermal water from the geothermal
reservoir has been penetrated in deep drill holes in the
southwestern part of the caldera and is discussed later
in the report.
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The hot springs and geothermal wells represent
two geohydrologic settings: one in which the ground-
water flow field approaches the ideal assumed for flow
through relatively homogeneous material and one in
which flow is confined by an impervious boundary at
the base of the aquifer. The first geohydrologic setting
is exemplified by the Bathhouse Spring (P-9, fig. 5),
which yields water transmitted by a fracture in rhyolite
overlain by alluvium (Summers, 1976, p. 31). The flow
path is visualized as a broad arc, convex downward,
from a higher recharge area to the discharge point near
the stream. Flow to geothermal wells in this area is
believed to be similar except that the wells intercept the
flow path beneath the surface and thus “short circuit”
the latter part of the normal flow path. The second
geohydrologic setting is exemplified by springs H-39
and P-12 (fig. 5). Each spring is at or near the contact
of volcanic rock and underlying Abo Formation and is
interpreted as a contact spring that drains a perched
aquifer. The ultimate control on locations of the springs
is probably the topographic form of the unconformity
between the Abo Formation and overlying volcanic
rock, with the springs draining valleys on the Abo
surface.

In both settings described above, geochemical
data suggest that the thermal water is composed
primarily of ground water that circulates in the upper
1,500 ft of the caldera moat and is heated by the high
upward heat flux in the area; further, the thermal water
does not appear to be composed of hydrothermal fluids
or a mixed water containing such fluids (Goff and
Grigsby, 1982; Vuataz and Goff, 1986). Chemical
analyses of thermal meteoric ground water from the
Valles Caldera are presented in table 3; additional
chemical data are listed in Vuataz and Goff (1986, table
1). The thermal meteoric ground water of the caldera is
a dilute sodium calcium bicarbonate water and is
chemically and isotopically similar to the nonthermal
ground water of the caldera. However, the thermal
meteoric water generally has larger SiO,
concentrations than its nonthermal counterpart. The
composition of thermal water differs from that of water
in the underlying Abo Formation and Madera
Limestone, indicating that the thermal water is not
likely to have flowed through these rocks for any
distance. Rather, the chemical composition of the
thermal water indicates that it has been in contact with
volcanic rock, largely or exclusively, since entering the
ground.
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The deuterium and 8'20 content of selected
samples of thermal meteoric and other types of ground
water from and near the caldera is listed in table 4;
locations of sites listed in table 4 are shown in figures 5
and 7. Vuataz and Goff (1986, table 1) presented
additional isotopic analyses of thermal meteoric water.
A plot of D and 8180 values of selected thermal
meteoric water samples is shown in figure §; other
water types from the Jemez Mountains also are shown,
as is the meteoric-water line for the Jemez Mountains
region developed by Vuataz and Goff (1986, fig. 5).
The isotopic compositions of the thermal meteoric
ground water, which plot close to the meteoric-water
line, indicate that this water is derived from local
precipitation and that its isotopic composition has not
been significantly changed by water-rock interaction or
boiling.

The tritium content of Bathhouse Spring, San
Antonio Hot Spring, Spence Spring, and McCauley
Spring (P-9, P-12, H-42, and H-39, respectively, in fig.
5) was determined by Trainer (1978, p. 127) and
Vuataz and Goff (1986, table 1). Water samples were
collected from the springs in March of 1973, 1982, and
1983. In 1973 and 1983, the tritium content of the four
springs was less than 1 TU, which indicates that the
water probably entered the ground more than 50 years
prior to discharging at the springs. In March 1982,
however, the trittum content of the springs was between
2 and 8 TU, and the mineral content of the water was
slightly smaller than that of samples collected in 1983.
The tritium data for 1982 indicate that some post-1953
water contributes to the flow of these thermal springs.
When considered collectively, the isotope and
chemical data support the idea that the thermal water
issuing from the springs is composed primarily of
ground water that circulates in the upper 1,500 ft of the
caldera moat and is heated by the high conductive heat
flux in that area (Vuataz and Goff, 1986).

Acid Sulfate Water

Acid sulfate water is characterized by low pH
and large concentrations of sulfate and issues from
fractures and faults on the western slope of the
resurgent dome. The Sulphur Springs area (figs. 5 and
9), where several major faults and fractures intersect,
contains the largest concentration of springs that issue
acid sulfate water. The area is also the hottest and most
active zone of surface thermal manifestations in the
caldera and contains thermal and nonthermal springs,
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Table 4. Deuterium and oxygen-18 isotope data for wells, springs,
and streams in the Jemez Mountains region

[%40, permil; °C, degrees Celsius; xx, day of month not reported; --, no data

or not applicable; LANL, Los Alamos National Laboratory]

Site Tem- Altitude of
identifier per- land surface
(figs. 5 8D 8180 ature  (feetabove  Refer-
and 7) Sample source Date (%4 %59 (°C) sea level) encel
Los Alamos an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>