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THE GEOTHERMAL HYDROLOGY
OF WARNER VALLEY, OREGON:

A RECONNAISSANCE STUDY

By EpwarD A. SAMMEL and RoBerT W. CraIG

ABSTRACT

Warner Valley and its southern extension, Coleman Valley, are
two of several high-desert valleys in the Basin and Range province of
south-central Oregon that contain thermal waters. At least 20 ther-
mal springs, defined as having temperatures of 20°C or more, issue
from Tertiary basaltic flows and tuffs in and near the valleys. Many
shallow wells also produce thermal waters. The highest measured
temperature is 127°C, reported from a well known as Crump geyser,
at a depth of 200 meters. The hottest spring, located near Crump
geyser, has a surface temperature of 78°C. The occurrence of these
thermal waters is closely related to faults and fault intersections in
the graben and horst structure of the valleys.

Chemical analyses show that the thermal waters are of two types:
sodium chloride and sodium bicarbonate waters. The warmer waters
are likely to have higher concentrations of sodium and chloride, as
well as sulfate, silica, and dissolved solids, than the cooler waters.
Chemical indicators show that the geothermal system is a hot-water
rather than a vapor-dominated system.

Conductive heat flow in areas of the valley unaffected by hy-
drothermal convection is probably about 75 milliwatts per square
meter. The normal thermal gradient in valley-fill deposits in these
areas may be about 40°C per kilometer. Extensive areas underlain
by thermal ground water occur near Crump geyser and Fisher Hot
Spring. These two areas, located along the western and eastern
boundary faults, respectively, are believed to be zones in which hot
water, derived from geothermal reservoirs, spreads from the fault
zones and mixes with local ground water. Thermal gradients in the
valley-fill deposits are extremely high in these areas.

Geothermometers and mixing models indicate that temperatures
of equilibration are at least 170°C for the thermal components of the
hotter waters. The thermal waters probably originate as local
meteoric water which circulates to great depths in the fault zones.
The depth of circulation may be as great as 4 kilometers, on the basis
of the thermal gradients (about 40°C per kilometer) estimated for the
valley-fill deposits and bedrock.

The size and location of geothermal reservoirs are unknown. If the
mixing models are valid, thermal waters of the Crump geyser area
and the Fisher Hot Spring area could be derived from a common
reservoir. If so, a probable maximum size for such a reservoir is about
38 cubic kilometers at a depth near 4 kilometers. Total heat stored in
the reservoir, above a base temperature of 10°C, could be as much as
1.6 x 10" joules. A probable minimum value for stored heat, esti-
mated on the basis of the assumption that the thermal fluids at depth
are entirely restricted to the major boundary faults, may be about 5
X 10" joules.

The reservoir at a depth of 4 kilometers constitutes a resource
under present economic conditions only to the extent that hot water
can be withdrawn from upflow conduits at shallower depths. Because

of conductive cooling, water temperatures in the upflow conduits will
have lower temperatures than water in the reservoir. Recoverable
heat stored in mixing zones in the valley-fill deposits at depths less
than 300 meters may total at least 5 x 10'® joules, however, and may
represent an economic resource at temperatures greater than 100°C.

INTRODUCTION
OBJECTIVES AND SCOPE OF STUDY

The objectives of the study can be summarized as
follows:

1. To determine the large-scale characteristics of the
hydrologic regime with emphasis on the occur-
rence and nature of the ground water.

2. To map the geology as it relates to the hydrologic
regime.

3. To determine the chemical characteristics of the
nonthermal waters of the area and their relation
to the geothermal waters.

4. To interpret, if possible, the geologic and hydrologic
data in terms of the nature and extent of the
geothermal systems and the characteristics of the
geothermal reservoirs.

The investigations described in this report were
made during the fall of 1974 and the summer of 1976.
The area of study comprises about 875 square miles
(mi2) in Warner Valley, Coleman Valley, and adjacent
highlands in south-central Oregon (fig. 1). Within this
area, nearly all wells and springs were inventoried, all
known sources of geothermal water were investigated,
and most were sampled for chemical and isotope
analysis.

The geologic map by Walker and Repenning (1965)
provides the framework for the stratigraphy and
lithology described in this report. Detailed structural
mapping in much of the area was added in 1976 by N.
E. Voegtly.
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facilities provided by the Lakeview District Office, U.S.
Bureau of Land Management was especially helpful.
Thanks are also due to the U.S. Soil Conservation Ser-
vice for the use of aerial photographs, to the Geother-
mal Division of Gulf Oil Co. for permitting us to drill
on land leased by them, and to Jack Stooksberry,
Lakeview well driller, for much helpful information.
Finally, we are grateful to scores of landowners who
granted access to wells and springs, provided informa-
tion, and cooperated in many other ways with the in-
vestigation.

NUMBERING SYSTEM FOR WELLS AND SPRINGS

In this report, wells and springs are numbered ac-
cording to a system based on their locations within
townships, ranges, and sections referred to the
Willamette Baseline and Meridian. Thus, the number
36/24-4 baaa specifies a well in Township 36 South,
Range 24 East, and Section 4. The letters which follow
indicate respectively the 1/4, 1/16, 1/64, and 1/256
quadrants within the section according to the scheme
illustrated in figure 2.

A number following the letters indicates that more
than one well was inventoried in the same 1/256 sec-
tion quadrant; such wells are numbered serially in
chronological order of inventory. Each well number
specifies a location within a quadrant that is 330 feet
on a side.

WELL 36/24-4 baaa

UNITS OF MEASUREMENT

The units of measurement in this report are those
used in the field or obtained from the reports of others.
For the most part, these units are in the foot-pound
system, and this system has been retained for the con-
venience of most readers. Temperatures were meas-
ured in degrees Celsius (°C) and are consistently re-
ported as such. Derived units are generally calculated
and reported in the units obtained in the field. In the
sections of the report entitled “Distributions of Tem-
perature and Heat Flow” and “Conceptual Models of
the Geothermal System,” the units used for meas-
urements of thermal gradients and heat flow are in the
International System in order to avoid conversion of
data obtained from others and to facilitate comparison
with most published data. Units of mass and length
used in these sections of the report are also given in the
International System for the sake of consistency. The
table, “Conversion of Units of Measurement,” at the
beginning of this report, will enable units to be con-
verted from one system to the other.

PHYSICAL DESCRIPTION OF THE AREA

Warner Valley is a narrow graben about 60 miles
long and 4 to 5 miles wide. It is alined approximately
north-south, paralleling the Warner Range which lies
some 15 miles to the west. The valley lies in a transi-
tion zone between the Great Basin and the Columbia
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Plateaus physiographic provinces. It is unique among
valleys in south-central Oregon in having an abundant
supply of surface water, most of which is derived from
precipitation on the mountains.

At the south end of Warner Valley, and separated
from it by an upraised fault block, is Coleman Valley,
about 10 miles long and 3 miles wide, which extends
into Nevada. Unlike Warner Valley, Coleman Valley
is dry most of the year and contains playa lake beds. In
this respect, Coleman Valley is more typical of the
high-desert valleys that occur to the south in Nevada
and to the east in Oregon.

The upraised fault blocks that define the valley have
precipitous slopes along most of the valley length.
Maximum relief between the valley floor and the
fault-block summits is about 3,560 feet and occurs be-
tween Warner Peak on Hart Mountain and the adja-
cent valley floor in a distance of only about 3 miles. The
sunken blocks that underlie the floor of Warner Valley
are covered by alluvial and lacustrine deposits that are
800 feet deep in some places and may be much deeper
in at least one area. Eleven shallow lakes and many
ephemeral ponds occur in the valley, fed by three pe-
rennial streams and many springs. Warner Valley and
its tributary, Coleman Valley, form a closed basin with
respect to surface water. It is probable, however, that
ground water flows from the basin at its northern end.

Irrigated crops, principally alfalfa and some cereal
grains, flourish in Warner Valley, with surface water
furnishing most of the water supply in the south half of
the valley and ground water supplying the north half.
Thousands of cattle forage in the highlands adjacent to
the valley during the summer months and are brought
into the valley each fall for sale or winter feeding. The
economy of the valley is almost entirely dependent on
cattle ranching.

The lakes and pastures of Warner Valley provide a
natural sanctuary and feeding ground for water fowl.
Deer are prevalent in the higher country, and herds of
pronghorn anteope occupy the barren high-desert
country east of Hart Mountain. The area was probably
a favored hunting ground for prehistoric Indians, and
their pictographs are found on several large boulders
on the east side of the valley.

At least 20 geothermal wells and springs occur in
Warner and Coleman Valleys. This number is based on
the assumption that any water having a temperature
of 20°C or more has a geothermal component. With the
exception of a warm spring on Hart Mountain and a
slightly warm well in the valley northwest of Hart
Mountain, all of the known thermal occurrences are
located south of Hart Lake. The present study has been
largely confined to the areas containing the known
thermal waters and the adjacent highlands at the

south end of the basin. A high valley, 10 miles west of
the main area on the lower slopes of the Warner Range,
was also studied. This area, Big Valley, contains the
headwaters of Deep Creek as well as several thermal
springs.

CLIMATE

The climate of Warner Valley is relatively mild be-
cause of its protected location. Average annual tem-
perature in the valley at Adel for a recent period of 15
years is 9.4°C, as compared with 8°C at Lakeview,
about 30 miles west of Adel, and 6.4°C on Hart
Mountain (table 1).

Average annual precipitation at Adel is about 9.9
inches as compared with 16.5 inches at Lakeview.
Much of the precipitation brought into the region by
westerly winds is apparently intercepted by the
Warner Range and fails to reach the Warner Valley
area. The valley would be considered semiarid were it
not for the three perennial streams that flow into it
from the Warner Range.

Rates of evapotranspiration in Warner Valley have
not been determined. A crude estimate of total evapo-
transpiration may be obtained, however, from esti-
mates of precipitation and streamflow. It seems
reasonable to assume that precipitation at Adel is rep-
resentative of precipitation on the valley floor south of
the 42°30’ parallel. Over this area of approximately
390 mi?, therefore, the average amount of water de-
rived annually from precipitation is calculated to be
about 207,000 acre-feet. Total streamflow entering the
valley may add about 167,000 acre-feet. (See section
entitled “Surface Water.”) There is no surface-water
outflow, and if it is assumed that ground-water outflow
from the valley is equal to ground-water inflow, then
total evapotranspiration is about 1.5 feet per year
(374,000 acre-feet).

The estimate derived in the manner outlined above
may be too high because ground-water outflow from
the valley probably exceeds ground-water inflow. This
may occur because of high water tables induced by sur-
face inflow and irrigation. Estimates of transmissivity
in the surficial deposits underlying the valley suggest,
however, that ground-water outflow is a small fraction
of the water lost through evapotranspiration. (See sec-
tion entitled “Ground Water.”) The estimate of evapo-
transpiration appears reasonable in the light of the

TaABLE 1.—Annual precipitation and temperature at three U.S.
Weather Service stations in and near Warner Valley for the period
1963-77

[Data from the National Climatic Center, Asheville, N.C.]

Station Approximate Average annual Average annual

altitude precipitation temperature
(ft) (in) (°C)
Adel ______ 4,560 9.9 9.4
Hart Mountain __ 5,616 11.8 6.4
Lakeview ________ 4,740 16.5 8.0
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available water supply, the many lakes and ponds, and
the relatively high water table.

The amount of direct evaporation from lakes in the
valley is not known. On the basis of a comparison with
three lakes in the surrounding region that have depths
similar to the larger lakes of Warner Valley, it seems
likely that evaporation from lake surfaces is on the
order of 3.3 feet per year. The lakes used for this com-
parison are Abert, 3.5 feet; Summer, 3.5 feet; and Har-
ney, 3.3 feet (Langbein, 1961). Because of the large
fluctuations in lake size from year to year, no estimate
has been made of the total evaporative loss from lake
surfaces in Warner Valley. In the area south of parallel
42°30', the maximum surface area of lakes is about 30
mi? and evaporation from the lake surfaces is probably
less than 20 percent of the total evapotranspiration.
Near the north end of the valley, ponded water covers a
large fraction of the area, and evaporation from lake
surfaces may be more than half the total evapotranspi-
ration.

GEOLOGIC SETTING

Warner Valley is in the Basin and Range physio-
graphic province near its northern boundary with the
Columbia Plateaus province. The Basin and Range
province is characterized by extension in a thin conti-
nental crust, evidence for which in the Warner Valley
area consists of typical graben structures having nor-
mal boundary faults, seismic activity, and volcanism.
The crustal extension in the area began at least 17
million years ago and has continued through Pleis-
tocene time and probably Holocene time (Christiansen
and McKee, 1978).

Associated with the zone of crustal extension in Ore-
gon is a belt of bimodal volcanism that originated in
southeastern Oregon about 13 million years ago, pro-
gressed toward the northwest, and culminated in ex-
tensive silicic volecanism at Newberry Volcano, near
Bend, Oreg. (MacLeod and others, 1975). The progres-
sion of silicic volcanism across southeastern Oregon
occurred at a rate of about 7% inches per year during
the period 5 to 10 million years ago and decreased to
about 2% inches per year during subsequent times.
Precise dates are not available for silicic volcanic rocks
in Warner Valley, but extrapolation of ages from sur-
rounding areas suggests an age of about 9 million
years for these rocks. )

The regional structural pattern in the vicinity of
Warner Valley is similar to that described by Donath
(1962) in the Summer Lake-Abert Rim area, a horst
and graben region located about 25 miles west of
Warner Valley. In both areas, a rhombic pattern of
faults has occurred in a crustal stress field whose prin-
cipal stress axis was north-south and whose minimum
stress axis was east-west. The resulting faults have

major strike-slip components. Superimposed on the
rhombic pattern of strike-slip faults are normal faults
related to the regional crustal extension. The northern
boundary of the zone in which these patterns appear is
the Brother’s fault zone, a complex transform fault
zone located about 10 miles north of Warner Valley on
the northern margin of the Basin and Range province.

Two sets of high-angle normal faults occur in
Warner Valley, striking about N. 35° W. and N. 20° E.
These faults probably originated during Pleistocene
time or even earlier, and continued to be active in
Holocene time. Several thousand feet of dip-slip dis-
placement has occurred in northeast-trending faults
(Walker and Swanson, 1968; Larson, 1965). No surface
movement along fault planes in Warner Valley has
been observed in historic times.

The faults blocks that form the valley walls have
been tilted and fractured with only minor warping of
the strata. Some, such as the massive block of Hart
Mountain, have apparently been raised above previous
levels (Larson, 1965). At the south end of Warner Val-
ley and in Coleman Valley, fracturing and tilting have
occurred to a high degree, forming a confused pattern
of angled blocks. It is likely that the blocks dropped
beneath the valley floor form similar patterns.

Warner Valley is near the center of an active earth-
quake region in southeast Oregon. A map showing
epicenters of historic earthquakes since 1841 (Couch
and Lowell, 1971) reveals that the northern extension
of the Basin and Range province in Oregon contains at
least six areas in which significant numbers of earth-
quakes have occurred.

The earthquakes probably originate in the earth’s
crust at an average depth between 12 and 15 miles.
The crust in this area may have a thickness between 20
and 25 miles. The earthquakes are the result of crustal
extension in a stress field whose minimum compressive
stress is oriented east-west. The underlying cause ap-
pears to be related to the movement of crustal plates.

An earthquake swarm occurred in Warner Valley in
May and June 1968, causing moderate damage to
many buildings in the Adel area. The largest quake,
with an estimated magnitude of 5.1 (Richter scale), had
an epicenter located between Crump and Hart Lakes
(Couch and Johnson, 1968). No detectable motion oc-
curred along surficial faults in the area during the
quakes, and there were no documented changes in
thermal springs and wells, although there are conflict-
ing reports of a significant change in Crump geyser.

A comprehensive analysis of 169 seismic events in
the swarm has been made by Schaff (1976). He reports
that nearly all the epicenters fall within a rectangle
about 15 kilometers long (north-south) and 6 kilome-
ters wide, centered about 3 kilometers northwest of
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Adel. Only one shock registered clearly enough at a
sufficient number of stations to reliably indicate a focal
mechanism. This shock, the largest of the swarm, oc-
curred on a plane having a dip of 80° E., and a strike of
N. 4° E. The motion on this plane was oblique slip, with
about equal components of left-lateral strike-slip and
reverse fault motion (Schaff, 1976, p. 26).

The reverse fault motion implies that the valley
block moved upward with respect to the mountain
block, and that the maximum stress was compressional
rather than tensional. This motion is contrary to the
motion as determined by Couch and Johnson (1968),
who based their conclusions on data from 11 shocks
less well-documented than the one used by Schaff.
Other earthquake swarms in the region, such as the
one in 1973 at Denio, Nev., about 65 miles east of
Warner Valley, have demonstrated tensional horizon-
tal stress as would be expected for the Basin and Range
province (Richins, 1974).

" Apart from the question of the focal mechanism for
the Warner Valley earthquakes, the data of Schaff
suggest strongly that the swarm was associated with

~movements along the western boundary fault and that
seismic focal points occurred at depths between 2 and

13 kilometers. The inference is clear that a fault ex-
tends to the depths determined for the earthquake
hypocenters, and it may also be inferred that such a
fault could serve as a conduit for the circulation of
thermal waters.

Geologic units in the south half of Warner Valley as
modified from the map of Walker and Repenning
(1965) are shown in figure 3. Several of the mapped
units have been combined for the sake of simplicity.
Faults shown on this map were located in 1976 by N. E.
Voegtly.

The oldest rocks in the area, exposed on the west face
of Hart Mountain, are gently dipping, commonly al-
tered tuffs, tuffaceous sediments, andesite flows, and
flow breccias of late Oligocene to middle-Miocene age
(Walker and Swanson, 1968). The unit is designated
Tvp in figure 3. Thin, discontinuous basalt flows ex-
posed at the mouth of Deep Creek may be about the
same age.

Rocks shown as Tfb are andesitic and basaltic flows
and flow breccias of middle to late Miocene age that
correlate in part with the Steens Basalt (Steens
Mountain Basalt of Fuller, 1931) which was
potassium-argon dated 14.5 to 14.7 m.y. on a flow high
in the unit at Steens Mountain (Evernden and others,
1964). They are also correlative with the Steens
Mountain Volcanics (Steens Mountain Andesitic
Series of Fuller, 1931)-and with the andesite flows
overlying the Steens Basalt, which may correlate with
the Owyhee Basalt (Renick, 1930). The unit Tfb shown
in figure 3 includes, at places, the subdivided units Taf

and Tbf mapped by Walker and Repenning (1965).

The Steens Basalt is particularly well exposed at
Deep Creek Falls, west of Adel, where massive basalt
flows and interbedded tuff and scoria crop out in the
canyon. The upper part of the unit is highly
feldspathic; diktytaxitic and subophitic textures are
common. Where the rocks are porphyritic, plagioclase
(An g4_7,) is the dominant phenocryst. Olivine, com-
monly altered, occurs in small to moderate amounts.
Flows in the lower section contain calcite (aragonite)
and zeolites.

Intrusive rhyolitic and dacitic flows and breccias of
Miocene to Pliocene age form small plugs and domes at
a few places. Within the area shown in figure 3, these
intrusives occur only on Hart Mountain.

Overlying the basaltic and andesitic flows in the
upraised blocks are Tertiary tuffaceous rocks (Tts).
These are mostly fine-grained tuffaceous sedimentary
rocks and tuffs representing flood plain and shallow
lake deposits. They grade upward into pumice lapilli
tuffs. Elsewhere, these deposits contain middle to late
Miocene fossils correlative to faunas in the Mascall
Formation (Downs, 1956) and at Beatty Butte (Wal-
lace, 1946). The unit is correlative in part with the
Mascall Formation (Merriam, 1901), the Virgin Valley
Beds, (Merriam, 1910), and the upper part of the
Cedarville Series (Russell, 1928). These rocks form the
steep upper part of the valley walls adjacent to Deep
Creek and are believed to underlie the alluvial deposits
on the valley floor in at least the southern part of the
valley.

An erosional surface with hundreds of feet of relief
developed on the tuffaceous sediments (Walker and
Swanson, 1968). Overlying the erosional surface are
Tertiary basalt flows (Tb). These flows cover the sur-
face of nearly all uplifted fault blocks, including Hart
Mountain. The basalt is highly feldspathic, contains
slightly altered olivine, and exhibits diktytaxitic tex-
ture (Walker and Repenning, 1965). The unit is cor-
relative in part with the widespread grey open-
textured olivine basalt (Pliocene) of Wells and Peck
(1961) in south-central Oregon.

Constructional volcanic features that are younger
than the Tertiary basalt flows occur at two places in
the area shown in figure 3: in the canyon of Twelvemile
Creek and on the northeast flank of Hart Mountain.
These rocks (QTvf) form large complex exogenous
domes and related flows and flow breccias of rhyodaci-
tic composition that are highly modified by erosion.
These features may have been emplaced as early as the
Miocene or as late as the early Pleistocene.

The remainder of the rock units exposed in the study
area are sedimentary volcanic deposits and lacustrine
and alluvial sediments dating from late Pliocene to
Pleistocene and Holocene. Some of the oldest of these
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rocks, designated Qts, consist of lacustrine, fluviatile,
and eolian sediments, with interstratified tuff, ashy
diatomite, and unconsolidated clay, silt, sand, and
gravel. This unit is correlative in part with Pliocene
and Pleistocene waterlaid volcanic deposits and Pleis-
tocene terrace deposits of Wells and Peck (1961). Pedi-
ment or fluvial gravel (included with Qts in fig. 3) that
covers the lower slopes of the valley walls at places
may represent former pluvial lake levels.

During Pleistocene time, a single large lake occupied
the graben. According to Weide (1974), the water
reached a maximum depth of about 320 feet prior to
17,000 B.P. The lake had a surface area of about 500
mi? and drained to the north into the Harney Basin.
Beach features are not well defined at the highest
levels, but conspicuous shorelines exist on the fault
scarps at several lower levels. According to Weide, the
shorelines dip toward the south and have warped at an
average rate of 2.4 feet per thousand years over the
past 17,000 years.

A large delta was constructed at the mouth of Deep
Creek during the period of high lake levels. The sur-
face of this delta is now at least 200 feet above the
valley floor. As lake levels dropped, the delta was dis-
sected by Deep Creek, leaving steep-sided remnants
along a former stream course. Deep Creek now flows
south of the delta in order to reach the valley floor.

Two U.S. Geological Survey drill holes in the valley
floor, MC1 and MC2 (pl. 1), penetrated lacustrine sed-
iments to depths of 839 and 658 feet, respectively, be-
fore reaching basaltic bedrock. An exploratory hole
drilled by the San Juan Oil Co. 1 mile east of Adel
reportedly encountered basalt at a depth close to 800
feet. The basalt is probably part of a sequence of tuf-
faceous sedimentary rocks, tuffs, and interbedded
basaltic and andesitic flows similar to those exposed in
an upraised block about 3 miles east of the study area
(rock unit Tsb of Walker and Repenning, 1965). This
unit may be correlative in part with the Yonna Forma-
tion (Newcomb, 1958) that is prominently exposed in
several valleys west of the area, and with numerous
similar formations occurring elsewhere in eastern
Oregon and Idaho.

Northward from Plush, the valley floor contains
swampy areas and playa lakes, surrounded by
windblown sand. Similar conditions are found in Cole-
man Valley, near the Nevada State Line. Evaporite
deposits, including potash, borates, and ulexite, occur
in the playas in noncommercial quantities.

Talus deposits and landslide debris cover the base of
most steep fault scarps (QTls, fig. 3). Below Hart
Mountain, for example, a large landslide forms a series
of hummocky hills that extend several miles onto the
valley floor. The debris consists of unsorted mixtures of

basaltic and tuffaceous material ranging in grain size
from large boulders to sand and silt.

Geophysical investigations conducted by the U.S.
Geological Survey in Warner Valley and Coleman Val-
ley include a truck-borne magnetometer survey, an
aeromagnetic survey, gravity measurements, and par-
tial coverage by the audio-magnetotelluric method
(AMT) (Gregory and Martinez, 1975; Plouff and Con-
radi, 1975). Reports on the findings provide estimates
of thickness of the valley-fill deposits at several places
and show the locations of major boundary faults. The
AMT data define a shallow zone of low-resistivity rocks
in one part of the valley near Crump geyser. (See sec-
tion entitled “Distributions of Temperature and Heat
Flow.”)

The magnetometer and gravity surveys generally
coincide in depicting the north-trending faults that
bound the east and west sides of the valleys. Both the
magnetic and gravitational discontinuities are more
pronounced on the west side of the valley than on the
east side, suggesting that the western boundary fault
zone is better defined than the eastern at most places.
Several of the northwest-trending faults that cut the
upraised blocks on both sides of the valley are indi-
cated by trends in the data. The cross trends are espe-
cially notable in the vicinity of Crump geyser and
Fisher Hot Spring, and the intersecting faults mapped
in the upraised blocks may extend into the valley-fill
deposits. At other places along the main boundary
faults, such as the mouth of Deep Creek canyon, step
faulting with a lateral spacing of approximately %
miles is indicated by the magnetometer data.

A major feature of the gravity map is a large region
of low gravity centered in the valley about 3 miles
south of Adel. A maximum thickness of alluvium of
about 2,700 feet can be calculated from the residual
anomaly if the average density of the alluvium is as-
sumed to be 2.0 grams per cubic centimeter (g cm™3)
and the density of underlying Tertiary rocks is 2.5 g
cm ™. However, gravity data from elsewhere in the val-
ley indicate that the rocks most likely to underlie the
valley floor in the southern half of Warner Valley are
tuffaceous sedimentary rocks and tuffs which may
have densities not much greater than those of the
deeper valley-fill deposits. Thus, the depth of alluvium
may be much less than the 2,700 feet calculated on the
basis of a maximum density contrast between alluvium
and an underlying basaltic bedrock. Depths of al-
luvium estimated from some of the more reliable
truck-borne magnetometer data range from 200 feet in
Coleman Valley and the northwest edge of Greaser
Reservoir to 500 feet at a location 1 mile south of
Fisher Hot Spring. Near the southern boundary of
Warner Valley in Township 40 S., Range 24 E., the
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estimated depth to bedrock is 400 feet.

The aeromagnetic map shows a major magnetic low
that coincides with the large gravity low south of Adel
and which is consistent with the presence of a thick
slab of relatively nonmagnetic sediments in this part of
the Valley. A large magnetic high is centered on the
boundary between sections 9 and 16, Township 40 S.,
Range 24 E. at the extreme south end of Warner Val-
ley. The cause of the magnetic anomaly at this location
is not known.

The gravity and magnetic surveys are helpful in out-
lining the large-scale structural features in the area,
but they are not sufficiently detailed to delineate small
structural features and they do not provide clues to the
depth and extent of deep reservoirs that could supply
the geothermal waters.

SURFACE WATER

Warner Valley is a closed basin with no surface
drainage outlet. Two perennial streams, Twentymile
Creek and Deep Creek, enter the valley near its south-
ern end, and a third, Honey Creek, enters near Plush.
All three streams have their sources in the Warner
Range. During the winter and early spring, many
ephemeral streams flow into the valley from canyons in
the valley walls.

Surface flow in the southern part of the valley is
generally toward the north with a gradient of approx-
imately 1.5 x 107 (0.8 feet per mile). To the north of
Hart Lake, the gradient is virtually zero and the area
is an evaporative sump.

Streamflow entering the valley in Twentymile,
Honey, and Deep Creeks is gaged, and records are
available for periods of years ranging from 44 to 53.
Data for the period prior to 1976 are given in table 2.

The amount of water entering the valley in ungaged
streams has been measured during only one period of

TABLE 2.—Average annual streamflow entering Warner Valley in
Deep Creek, Honey Creek, and Twentymile Creek for the period of
record prior to 1976

[Data from U.S. Geological Survey Water-Data Report OR-75-1 (1976)]
Latitude,

Years of record Average discharge

Station longitude prior to 1976 s ) (acre-ft yr )
Deep Creek, 42°11'21" 47 131 94,910
5 miles west 120°00'02"
of Adel.
Honey Creek, 42°25'30" 49 304 22,020
1 mile north-
west of Plush. 119°55'20"
Twentymile 42°04'20" 40 53.2 38,540
Creek, 1.5 119°57'42"

miles down-
stream from
Twelvemile
Creek.

time, so far as is known to the authors. For the years
1909-15, average ungaged flow is estimated to have
been about 7.3 percent of the gaged streamflow (Whis-
tler and Lewis, 1916). The annual percentages ranged
from 2.4 percent to 14.1 percent, with the lower per-
centages occurring in years of lower flow. If the same
conditions hold for the period of record shown in table
2, the average ungaged streamflow may be about
11,350 acre-foot per year (acre-ft yr~'). Most of this
flow occurs during the 4-month period January
through April.
GROUND WATER

The characteristics of ground water in the study area
are known from data on 66 wells and heat-flow holes
and 57 springs. The data from these wells and springs
are given in tables 3 and 4 and locations are shown in
plate 1.

Most of the wells in Warner Valley penetrate allu-
vial or lacustrine deposits to depths less than 300 feet.
Many of the wells situated near the valley walls also
penetrate small thicknesses of volcanic breccia, cin-
ders, and one or more thin basalt flows. Only one well
is known to penetrate a fairly thick sequence of basal-
tic rocks in a raised fault block.

Water levels at most places are within 30 feet of the
land surface except in the former delta of Deep Creek,
near Adel, where water levels are as much as 70 to 90
feet below land surface. Wells having depths greater
than about 250 feet generally have hydraulic heads
above land surface as the result of pressures
transmitted from aquifers at higher levels in the
upraised fault blocks. No measurements of static heads
in these artesian wells are available, but heads meas-
ured in three heat-flow holes, MC1, MC2, and OK1, at
depths ranging from 350 to 500 feet, were 1 to 3 feet
above land surface. Artesian heads are believed to be
generally low throughout the valley.

Springs are widely scattered in the valley and the
adjacent highlands. They range in type from simple
gravity springs fed by local precipitation to thermal-
artesian springs fed, in part, by deep geothermal reser-
voirs. Nearly half the springs inventoried for the study
are cold gravity springs that issue on the surfaces of
fault blocks that flank the valley. The remainder, in-
cluding most thermal springs, occur on or near the val-
ley floor, most of them at the base of talus slopes or
fault scarps. Many have no well-defined openings, but
are merely seeps that, in some cases, extend for hun-
dreds of feet along the bases of the fault scarps. A few
springs occur in the alluvium at some distance from
the valley walls where there is no visible reason for
their occurrence.

Thermal springs in the study area cannot be distin-
guished from nonthermal springs on the basis of
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TABLE 3.—Datafrom wells and heat-flow holes
Sequence No.—Identifyin%lnumber or letter used in tables and illustrations.
Location—Based on township, range, and section. See figure 2 for key.
Completion—OH, open hole; P, perforated (depth interval in feet). .
Altitude—Land gurfacle at well, in feet above National Geodetic Vertical Datum of 1929, estimated from U.S. Geological Survey topographic
uadrangle maps.
Depth to water—Feet below land surface; F, flowing at land surface.
Yield—Gallons per minute (gal min™). .
Temperature—Maximum water temperature in degrees Celsius after pumping; in unused wells where temperature profile was obtained,
temperature is maximum measured at depth given (feet).

Specific conductance—Micromho per centimeter at 25°C.

se—D), domestic; I, irrigation; S, stock; T, USGS test hole; U, unused.
Driller’slog—O, owner; D, driller’s records; SE, Oregon State Engineer’s records; T, Trauger, 1950; US, U.S. Geological Survey.
Other data—C, chemical analysis, table 6; 1, isotope analysis, table 8; T, temperature profile, USGS, figures 13 and 14.

Se- Depth Specific
ql\\}enoe Longitude Date Inside Comple- to Temp- conduct- Date Driller's  Other
0. Owner Location Latitude completed De}mh diameter  tion  Altitude water Yield erature ance measured Use log data
(deg) (min) (ft) (in) (ft) ft) °C)
Wells
---- FlynnBros. 35/24-33dbec lig 3860 - 190 14 OH 4510 34 300 13(184) e 120974 U D T(12-09-74)
.25
---- Martin Anderson 35/26-31bdda 119 4955 1915 375 2 OH 4465 F 5-10 15 320 Owners D&S ____ ____
42 29.75 report
---- Kiley Ranch 35/25-32¢ccca lig 38.70 — —— 1.5 ——— 4480 F 2-5 12 160 09-28-74 S U
9.45
--—- PhillipLynch 36/24-1aced lig gg% 1959 450 e OH 4470 F 11 . R report S [
2 CookLaird 36/24-4baaa lig 23:70 08-05-58 190 13 P(90({)lg4) 4505 33 2500 14 308 08-00-74 I SE C(04-27-76)
9.00 &
-~ PhillipLynch 36/24-10dda lig g%gﬁ —— P R . 4470 F 4 — —— —- S [ERR
.35
---- Laird & SonsRch. 36/24-14aadbl 119 50.80 ~1914 400 2 OH 4470 ~1* R 15 400 09-28-74 D ----  *Flowsmuch
42 27.10 of year.
---- Laird & Sons Rch. 36/24-14aadb2 lig 20.80 ~1950 300 I OH 4470 . ——m 13 680 —— .
7.10
---- Fitzgerald Rch. 36/24-17daaa l‘lig gggg 1960 135 16 OH 4485 17.5 2500 Cold ——— ——- I oT . -
..... Charles Chalstand 36/24-22ba 119 5290 1940 35 9 OH 4470 3.3 J— . -—-- 08-16-48 ____ T Datafrom
42 26.10 Trauger
(195
Well not
located in
field.
~-—- PhillipLynch 36/24-27bbce 119 53.00 —— 260* 6 OH 4490 10 —— 12(143) eee 10-04-74 U - T(10-04-74)
42 2525 *Filled in to
143 ft.
---- Joseph Flynn 36/24-28cabd lig 32.85 1958 447 15 OH 4495 16 — 13(447) ——e= 10-0474 U - T(10-04-74)
.95
—--- PlushSchool Dist. 36/24-28ccbd lig 52.15 08-23-69 65 6 P(a.gﬁi) 4500 245 15 13 300 09-27-74 D SE ...
24.75 &
---- Frank Riverman 36/24-28cccc I}g 54;.25 03-00-76 80 6 P(52/72) 4500 29.5 20 R = 092774 D SE ____
24.65
---- JosephFlynn 36/24-28cded lig 52.85 ~1955 48 6 OH 4490 13 R 13 240 09-27-74 D SE ____
24.65
—--- Phillip Lynch 36/24-29adab 119 54.30 10-00-68 100 6 OH 4515 6 15 12 480 10-23-68 D SE Iron precipi-
42 25.25 tates from
water
---- Taylor Reh. Inc. 36/24-33abbc l}g gigg 11-00-60 262 14 OH 4490 30 ~2000 15 320 02-0060 I SE  ___.
--—— Tom Sullavan 36/24-33bbbb lig gﬁgé ——— 15-20 o OH 4490 2-3 5-10 12 340 09-28-74 D [
4 Phillip Lynch 36/25-7cddb lig %’?gg 1958 650 6 J— 4470 F 5.5 20.5 275 09-28-74 S —-- C,J(04-28-76)
—--- McKeeRanch 36/25-8cddd 11% gggg R ~200 10 OH 4535 R —— 12 150 ... D& ____ _.__
---- Fitzgerald 37/24-4bbbb lig 23:20 U ~100 - OH 4475 —_—— PR R e R D e mmem
.70
---—- VernPura 37/24-9cdec lig 25338 12-00-68 170 6 ng??) 4480 9 25 14 320 12-3068 S SE ...
6 Glen Perky 37/25-20ddda lig 4380 1962 160 8 OH 4500 F 5 20 188 11-01-74 S D C(04-21-76)
20.55
8 Glen Perky 37/25-33bdced 119 4740 ~1958 81 8 —— 4480 60 200 14(82) 219 04-21-76 S —eee RV, .
42 1920 12+ 210* *11-01-74 aterstand
“lrlegll—rept,
fiow spring
1974.
C,1(04-21-76)
T(12-26-76)
12 CharlesCrump 38/24-34ccadl 119 52.90 1955 121 4 J— 4515 1-2 ——- 124* 1390 12-07-74 S ---- (,](08-15-76)
42 13.60 *Maximum
temperature
atdepth.
13 CharlesCrump 38/24-34ccad2 119 52.90 1959 1684 10 OH 4515 4-5 —— 127 1310 120774 U ----  C,J(08-15-76)
42 1345 *Maximum
temperature
atdepth.
15 GlenPerky 38/25-16aaab 119 46.70 J— 80-90 8 OH 4485 15 — 18 1260 when D&S ____ CI(03-12-76)
42 16.95 drilled
—--- Glen Perky 38/25-16aaad lig 4233 ~1958 180 8 OH 4490 [ 200 18 650 ——-- D&S D P
16.
- -—- Henry O’Keefe 39/24-3ccee 14113 5%25 08-21-74 294 6 OH 4500 R R 60 . ——— 8) o] R
12.65
---- Henry O’Keefe 39/24-16cdde lig 5888 03-06-64 162 6 P(lO(/)lél) 4600 80 20 14 300 03-05-64 D SE ____
10. &
20 Henry O'Keefe 39/24-16dabe lig 53.35 07-06-67 360 16 P(GO(/)II‘(;S) 4500 F 400 17 1130 07-07-67 S SE C,J(03-16-76)
11.26 &
---- Henry O’Keefe 39/24-16dcda lig 53.35 03-24-70 240 6 P(15(8)/Il_198) 4590 85 10 17 470 08-24-70 D SE ____
10.90 &
---- Glenn Cleland 39/24-21aadd 119 53.20 10-16-66 100 6 P(90/100) 4580 69 16 12 180 11-19-74 D SE ____
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TaBLE 8.—Data from wells and heat-flow holes—Continued
S Depth Specific _
uence Longitude Date Inside Comple- to ) Temp- conduct- Date Drillers (c)‘ther
qNo. Owner Location Latitude pleted Depth diameter tion  Altitude water Yield erature ance measured Use og ata
(deg) (min) (&) (in) ) t) C)
--—- Raymond Poore 39/24-21abbb 1i9 53.65 04-03-68 158 6 'OH 4590 88 15 16(?) 300 04-0368 D SE ____
2 10.85
---- Oregon State 39/24-21acbb 119 53.65 11-10-62 110 8 P(80/90) 4590 76 20 cold 230 11-02-62 D SE ...
Hwy. Dept. 42 10.60
—--- J.N. Griener 39/24-21bdba 119 53.90 R 65 6 OH 4535 18 U cold 180 11-18-74 D [,
42 10.60
---- Adel School District 39/24-21bdab 119 53.20 1959 85 6 OH 4540 325 ——- ——— oo 111874 D&U ____ ____
42 10.65
---- Adel School District 39/24-21cadc 119 58.%7 06-07-68 123 R OH 4560 —— — —— 190 R D&S SE ..
42 10.25
21  Adel School District 39/24-21cdbb I‘I‘g 54.00 1961 100 6 OH 4550 55.5 - 13 232 11-18-74 D -~ C(03-29-76)
10.15
---- Henry O'Keefe 39/24-23bcch 119 5(1)23 08-00-74 310 6 R 4485 R e ——— —— R U (o] [
42 10.
—--- Henry O’Keefe 39/24-23bdda 119 51.30 R 300 6 R 4485 em . J— R J— 9] o J—
42 10.50
-—-- Henry O’Keefe 39/24-23cced 119 5633 R — 25 OH 4485 F ~2 11 200 12-14-74 U R
2 10.
22 Henry O'Keefe 39/24-26baad 119 5;80 1969 375 S ——- 4485 F ~50 13.5 190 1969 S 0  CJ(04-20-76)
42 09.95
---- MCRanch 39/24-28aadc 1‘}‘.3 gggg 1959 250 10 OH 4500 R 200 Warm 200 R S [
—-—. MCRanch 39/24-28abbb 1132 539%" . — 6 OH 4510 — . Cold 175 - D [RUUEE .
09.95
.- BillLane 39/24-28bbac 111!3 53%0 ~1968 ~200 8 OH 4545 52 R Cold 850 11-1874 D [N,
09.85
---- MCRanch 39/24-28bbed 119 54%5 04-27-61 106 6 P(50/106) 4530 32 60 13 280 11-1874 D SE ...
42 09.80
23 Lonny Schadler 39/24-29cdce 1;.9 55.10 o J— 6 R 4500 - R 33 366 — S - CI(03-28-76)
2 09.10
24 JohnLane 39/24-29dbab 119 54.65 07-21-69 252 8 P(85/234) 4520 25 — 17 354 07-01-69 S SE C(05-05-76)
42 09.50
26 MCRanch 39/24-32baad 119 5388 —— 302 14 OH 4485 F 10-15 14 349 11-17-74 S T C,l03-28-76)
09.
---- DonRobinson 39/24-33abchl 119 5365 <1925 110 3 OH 4490 12 12 830 111974 D . +Rept water
42 08.95 level rises
infall, de-
clines
below LSD
inDec.,
since 1968
earthquake.
27 Terry Cahill 39/24-34abbb 119 5250 07-21-69 231 6  P(60/2111) 4490 F 6-8 9.5 220 11-16-74 D&S SE C(04-22-76)
42 08.50
28 MCRanch 39/24-34cbaa 119 52.80 <1925 156 4 OH 4490 3-5 12 267 10-28-40 S ---- C(03-29-76)
42 08.60 10* 10 266* *C(08-09-48),
Trauger
(1950).
~--- Mrs. O’Sullivan 39/24-35bbab 119 5;.75 —— 24* 4 PR 4490 9.5 ———— ——— ceee 111974 U ---- *Siltedin
42 09.05
30 BLM (Sandy Well) 39/25-28adad 119 46.?3 11-12-70 430 8 OH 4805 330 — 25.5 242 09-30-70 S SE C,[(04-25-76)
2 09.
---- Warner Valley 39/25-30cb 119 50.00 1934 690 6 SN 4485 5 — ——— - 10-28-74 S&D T
tock Co. 42 09.45 Degtroyed
32 JamesG.Dyke 40/23-24ddbb 119 57.05 ~1962 160 6 OH 4560 21 —_— 21 721  12-07-74 D - C,I(04-27-76)
42 04.80
--—- Warner Valley 40/24-3be 119 53.05 ~1948 566 10 — 4490 F 10 11 - 08-22-48 T «
Stock Co. 42 0785 Destroyed
-~ Hugh Cahill 40/24-18cdbe 119 5640 ~1950  ~100 4 OH 4505 85 *1500 ~15 400 11-0474 D ____ xYieldcould
42 05,70 not be sus-
tained.
Value pro-
bably too
high.
35 USBLM 40/25-4dcba 1i9 46.70 05-01-61 150 6 P(50/150) 4550 68.5 40 12 445 11-19-74 S SE CJ(05-05-76)
2 07.50
---- Hugh Cahill 41/24-1dbad 119 52%3 ~1964 405 13 OH 4525 36 ——- 17(405) - 120674 U —-—- TQ2-06-74)
2 07.
-~ Lonny Schadler 47/19-25aded 119 47.60 .. 162 6 o 4740 8 . 15162 ... 121074 U ____ 742.10.74)
(Nevada)* 41 58.00 *Not shown
Schadls bbe F S et
43 Lonny Schadler 47/20-31al 119 41.65 —— 400- 10 — 4750 N 27 207  11-21-74 —— 76,
(Nevada)* 41 57.50 600 G0425.76)
onmap
Heat-flow holes
19 MCRanch(MC-1) 39/24-11ddbb 119 51.00 07-25-76 885 6 * 4480 F 10 23.5(790) 344 07-27-76 T SE/US C,1(08-02-76)
42 11.80 T(11-06-76)
*Casing
grouted to
total
depth.
---- Henry O’Keefe (OK-1)  39/24-26bbac 119 51.70 08-06-76 552 6 * 4480 2 ——-— 17.5(833) ___. 092776 T SE/US Casing
42 09.90 grouted to
total
depth.
39, MCRanch(MC-2) 40/24-17cacd 119 5540 08-16-76 696 6 *x 4490 2 —— 24(696) 710(#39) 08-16-76 T SE/US *39(342’-357")
40, 42 05.75 40(492'506')
41 41(606'696')
C,I(#39, 08-
28-76)
C,I(#40,08-
26-76
C,I(#41, 08-
25-76)
T(11-06-76)
**Casing
grouted to
total

depth.
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TaBLE 4.—Datafrom selected springs

Sequence No.—Identifying number used in tables and illustrations.
Location—Based on township, range, and section. See figure 2 for key.
Altitude—Land surface at spring, in feet above National Geodetic \;Iertical Datum of 1929, estimated from Geological Survey topographic quadrangle

maps.
Yield—Gallons per minute (gal min™").

Specific Conductance—Micromho per centimeter at 25°C.

Use—D, domestic; S, stock; U, unused.

Other data—C, chemical analysis in table 6; I, isotope analysis in table 8.

Temp- Specific

Se&uence Owner Spring name Location Longitude AltitudeProbable water-bearing Occurence Yield erature conduct- Date Use Otherdata
o. Latitude (ft) materials “C) ance
o KileyRanch AndersonSpr. 35/25-32dcdd 119 48.10 4525 Valley-fill deposits gravity 5-10 16 100 09-28-74 [ J—
229.25
45 USFish& Valet Spr. 35/26-28bcce 11940.65 5880 Contact-tuffaceoussedi- e PR 14 448 07-15-80 D&S C(07-15-80)
Wildlife 4230.55 ments, volcanic dome
1 USFish & Antelope Hot Spr.35/26-32baba  11941.75 6000 Volcanic dome thermal- 10-12 40 876 R D&S (C(08-10-48)
Wildlife 4230.00 artesian 1(03-00-77)
U McKeeRanch  __ .. 36/25-8cd(a&d) 119 48.35 4520 Laketerrace sediments S 0 8 160 09328-74 S 2large seeps.
227.60
5 Us F ish & I 36/25-9cded 11947.45 4980- Tertiary basaltic fiows gravity 10-15 4 77 09-28-74 U  C,(05-03-76) Linear seeps
wildlife 4227.50 5000 indeep canyon.
R USFish& PR 36/25-30daaa  11948.85 4825 Tertiarybasalticflows  gravity R 6 230 - | J—
Wildlife 4225.30
- Us Eish & R 36/25-30daba 11949.10 4660 Contact-tuffaceoussedi- gravity 10% 11 245 09-20-48* S *Trauger (1950).
Wildlife 42 5.20 ments, basaltic fiows
[ Ancore - 37/24-23bacd  11951.55 4480 Tertiary baalts Thermal- 10 21 320 09-29-74 U  Artesianhead ~*%ftabove
4221.15 artesian LSDincasing.
[ USBLM Lynch Spr. 37/24-30cdcb 1‘119 56.30 5740 Tertiary basalts gravity 3 10 120 11-03-74 | J—
219.65
I Mrs, Calder- . __ 37/25-28bcbd  11947.40 4490 Volcanicandlacustrine thermal- 3-5 20 200 11-01-74 s .-
wood 4220.20 sediments artesian
e Glen Perky e 37/25-28bdca 11947.35 4500 Volcanicandlacustrine Thermal- 1-3 24 200 11-01-74 S R
4220.10 sediments artesian
7 Dixon —— 37/25-30dccb 11949.50 4480 Contact-Tertiary basalts, gravity 27 370 10-04-74 S C(04-20-76)
4219.65 valley-fill deposits 1-5
R Dixon S 37/25-30dcce 11949.50 4490 Contact-Tertiary basalts, gravity 1 11 430  04-20-76 S I
4219.55 valley-fill deposits
R USFish& P 37/35-33ba 11947.35 4500 Volcanicandlacustrine gravity 20 [ .-~ 09-24-48 ____ Trauger(1950). Not
Wildlife 4219.50 sediments visited.
I John Lane P 38/24-3bdad 11952.50 4485 Landslide debrisand Ter- thermal- 2-4 20 210 09-30-74 S I
4218.40 tiary basalt flows gravity
R John Lane P 38/24-3dcdc 11952.35 4485 Landslidedebrisand Ter- thermal- <1 24 200 09-30-74 S R
4217.85 tiary basalt flows artesian
9 USBLM Coxes Spr. 38/24-6dbad 11955.80 6090 Tertiary basalts gravity 5-10 6 110 11-03-74 S Cl04-18-76)
4218.15
P John Lane I 38/24-10acdb 11952.35 4490 Valley-fill deposits (Ter- thermal- 5-10 25 220 09-30-74 S R
421750 tiary basalts?) gravity
10 John Lane [ 38/24-10dadd 11952.00 4500 Tertiarybasalts thermal- 10-15 29 162 09-30-74 S Almost continuous seeps
421725 gravity and flows for % mile.
C,1(04-18-76).
R John Lane I 38/24-14b(b-c) 11951.75 4480 Valley-fill deposits (Ter- gravity 0 o ———-  09-30-74 S  Waterlevel ~ 1 ft below
4216.70 tiary basalts?) (inter- 18D 09-30-74.
mittent)
R N [ 38/24-22bd(a-d) 11952.55 4475 Tertiarybasalts gravity 4-5 24 275  12-14-79 U Line of seeps at lake level.
4215.80
11 Charles Crump ____ 38/24-27cddb  11952.60 4500(?) Tertiary basalts thermal- 5 40 935  09-09-48 S Trauger(1950). C(09-16-
4214.45 artesian 48)
44 MCRanch R 38/24-34cdbd 11952.70 4490 Lacustrinesediments thermal- 510 70-80 1490 12-07-74 S Numerous widespread
4213.90 (Tertiary basalts) artesian seeps. C,1(08-03-72)
14 Glen Perky  FisherHot 38/25-10bbbb 11946.55 4510 Tertiary basalts thermal 15-20 68 513  09-22-74 D  SeeTrauger(1950), Bowen
Spr. 4217.85 and Peterson (1970),
Mariner and others
(1974, 1975). C(08-02-
72)1(03-00-77)
16 USBLM m 38/25-21abdc 11947.00 4490 Valley-fill deposits thermal- 1-3 38 440 11-01-74 S Developed, 2.5 ft casing in
4215.90 artesian 115171*%% )seep area. C,1(03-
17 Terry Cahill  ____ 38/25-30dddd lig ﬁgg 4478 Valley-fill deposits artesian 1-10 14 366  05-05-76 S C(05-05-76)
46 Henry O’Keefe ____ 39/24-3dcbe 1195245 4485 Valley-fill deposits thermal- 2-3 58 1400 07-19-80 U  Large area of sinter depos-
4212.75 artesian its. At least six other
seeEs and spring 35 to
49°C. C(07-19-80)
18 Charles CrumpCrump Spr. 39/24-4badc 11953.80 5960 Probable contact, Tertiarygravity 10 6 95  03-16-76 S CI03-16-76)
4213.45 tuffs over basalt flows
R USBLM [ 39/24-18cddd llg 5(6).15 5400 Tuffaceous sediments gravity 0.2 13 200 11-04-74 S R
4210.90
25 MCRanch e 39/24-31babd 11956.20 5150 Contact, tuffaceous sedi- gravity 10 13.5 212 11-20-74 D C(03-29-76)
4209.00 ments, older basalt flows

physiographic setting or type of occurrence. Both fault blocks. A noteworthy example of the latter is An-
thermal and nonthermal springs may be gravity fed or telope Hot Spring, which issues from volcanic rocks on
have artesian flow. Both occur as seeps on the valley Hart Mountain at an altitude of about 6,000 feet.

floor and as well-defined artesian flows issuing high on Thermal waters have been defined, in this area, as
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TABLE 4.—Datafrom selected springs—Continued

Temp- Specific

Seﬁuence Owner Spring name Location Longitude AltitudeProbable water-bearing Occurence Yield erature conduct- Date Use Otherdata
o. Latitude (ft) materials ° ance
R Robinson U 40/22-15bacd 12006.95 5590 Rhyodacitic tuff gravity 10-15 11 240 12-11-74 S Oneof numerous springs
Ranch 4206.20 indraw.
— Robinson ——- 40/22-20dccc*  12009.10 5620 Rhyodacitic tuff gravity 15-20 7 70 12-11-74 S Oneoutlet at base of mas-
Ranch 4204.70 sive outcropat changein
slope.*Not on location
map.
31 Robinson e 40/22-22babe 12007.05 5550 Rhyodacite flows thermal e 23 151 ——m S (C,1(04-28-76) Line of seeps
Ranch 4205.45 at base of domal mass.
R Robinson [ 40/22-28baca* 12008.10 5590 Rhyodacitic tuff gravity 1-2 6 80 12-11-74 D&U Shallow,dugout, near
Ranch 4204.50 stream.* Not on location
map.
U Robinson —- 40/22-29acdd*  12008.85 5660 Rhyodacitic tuff gravity 20-25 12 140 12-11-74 S&D Shallow, dug*out and
Ranch 4204.28 walled up* Not on loca-
tion map.
I Henry O’Keefe __._ 40/23-36bca lig gggg 4595 Tuffaceous sediments gravity 15-30 34 430 12-07-74 ____ __..
33 MCRanch Foskett Spr. 40/24-25caaa lig 50.30 4480 Tertiary basalts thermal- 15 21 270 11-17-74 ____ C,J(04-05-76)
04.20 artesian
34 HughCahill Hallinan Spr. (2)40/24-29bcbb ~ 11955.55 4530 Tertiary basalts thermal 3-5 66 945 11-04-74 s * T(l)‘g_t;gee)r (1950). C,1(04-
4204.40
o HughCahill Hallinan Spr. (?)*40/24-30aaac 11955.70 4530 Tertiary basalts thermal 3-5 45 670 11-04-74 S *Trauger(1950).
4204.55
—— —- ——- 40/24-36acba  11950.15 4480 Playadeposits (Tertiary artesian 3-5 16 150 11-17-74 s -
4203.55 basalts?)
- USBLM —— 40/25-19cbac lig 8?’38 4475 Playa deposits artesian <1 8 650 11-17-74 S ——
36 USBLM ChukarSpr.  40/25-23bbbd  11944.85 4820 Tertiary basalt gravity 5 7 130 04-18-76 S  C(04-18-76)
4205.45
J—— USBLM P 40/25-23c-d 11944.35 5600 Tuffaceous sedimentsand gravity 2-5 7 210 11-21-74 S Springs come from many
4204.80 (Max) basalt(Tertiary) sou]xices along canyon
walls.
R USBLM Burro Spr. 40/25-34bacd 1194575 4740 Tuffaceous sediments gravity 2 11 420 11-21-74 S Much calcium deposits on
4203.60 nearby rocks.
37 USBLM Rosebriar Spr.  40/25-36dcac =~ 11943.05 6330 Tuffaceous sediments gravity <1 8.5 130 11-23-74 S  Water level ~ 3 ftbelow
4203.00 LSD. C,1(04-08-76)
R USBLM Y Spr. 41-23-10bdac ~ 11959. ’;5 5200 Tuffaceous sediments gravity 1 12 160 11-18-74 S -
4201.70
38 HughCahill ____ 41/24-1dcda 119 52 ig 4510 Landslidedebris gravity 1 11 400 11-17-74 S C(04-07-76)
4202,
o USBLM Spésarpoint 41/24-10bdaa lig (5)2.65 5460 Tertiary basalts gravity 3-5 9 260 11-17-74 S N
pr. 1.75
—— HughCahill ____ 41/24-12¢dbd1l 119 50% 4750 Tertiary basalts artesian(?) 1-2 6 220 11-20-74 S J—
4201.
- HughCahill ____ 41/24-12cdbd2 lig g(l)gg 4730 Tertiary basalts gravity — 10 250 J— S I
R USBLM J— 41/24-13abed lig gggg 4755 Tertiary basalts gravity 1 14 220 11-20-74 S Slightsmell ofH2S.
— HughCahill ____ 41/24-13bacb lig gogg 4970 Tertiary basalts gravity 3-5 13 170 11-20-74 ____ Slight smell of H2S,
1.
—— Lelnny Schad- ____ 41/25-7Tbdab lig gigg 4490 Valley-fill deposits artesian 2-3 15 310 11-17-74 S ——
er .
— USBLM Jackass Spr. 41/25-15adca 11945.10 5330 Tuffaceous sediments gravity 10 12 170 11-20-74 S e
4200.80 (Tertiary basalts?)
. USBLM Hill Camp Spr. 41/26-8aaaa 11940.35 5960 Tuffaceoussediments gravity 5-8 8 150  11-23-74 S -
4202.00 (Tertiary basalts?)
. USBLM Tim Spr. 41-26-18bbdd 1194245 6480 Contact, Tertiary basalts, gravity 0 4 160 11-23-74 S  Waterlevel ~ 3 ft below
4200.95 tuffaceous sediments LSD.
42 USBLM Gravely Spr. 47/18-13dadd  11954.35 5505 Tertiaryvolcanicrocks gravity 0 10 194 04-07-76 .... C,J(04-07-76)* Not on loca-
(Nevada)* 4159.55 tion map.

those having temperatures greater than 20°C, or about
11°C above mean annual air temperature in the valley.
This definition is almost entirely arbitrary, and several
springs having temperatures lower than 20°C may con-
tain conductively cooled thermal water. Some springs
having temperatures greater than 20°C may be con-
ductively heated at shallow depths. However, most
springs with temperatures of 20°C or greater are con-
firmed by chemical and isotopic evidence to have
significant fractions of thermal water. The nonthermal
and thermal springs range from fresh meteoric water
to relatively old water derived almost directly from

geothermal reservoirs. Most of the thermal waters
are mixtures of these two extremes. The thermal springs
especially seem to represent a fortuitous combination
of circumstances involving permeable fault or fracture
zones, the intersection of these zones with permeable
lithologic horizons, and the mixing of deep thermal
waters with shallow ground water in these zones.
Most springs have flow rates that are estimated to be
less than 10 gallons per minute (gal min™'). Several
springs in Big Valley and in the canyon of Twentymile
Creek have flow rates as high as 20 to 40 gal min~?, but
these springs are exceptional. The total flow of all



114 THE GEOTHERMAL HYDROLOGY OF WARNER VALLEY, OREGON

springs inventoried is probably in the range 300 to 400
gal min~! (485 to 645 acre-ft yr~!). Spring discharge,
therefore, is less than 1 percent of the water that enters
in surface streams.

Little is known of the ground-water regime in basal-
tic rocks of the fault blocks adjacent to the valley and
beneath the valley floor. The BLM well (sequence
number 30) located in section 28, Township 39 S.,
Range 25 E., at an altitude of 4,805 feet derives water
from basaltic rocks and volcanic sediments in a raised
block. The water level in this well, in September 1970,
was at an altitude of approximately 4,475 feet, which is
very nearly the altitude of shallow ground water in the
valley about 1% miles to the west.

Water levels in highlands west of the valley are prob-
ably higher than those to the east as the result of
recharge from precipitation and snowmelt on the
Warner Range. Most surface-water inflow to the valley
enters from the west side, and this fact implies a pre-
dominance of ground-water inflow from this side. The
distribution of springs in the highlands is not helpful
in estimates of ground-water altitudes and flow rates
because springs occur on both sides of the valley at
equally high altitudes and are likely to represent only
shallow perched water tables in the nearly horizontal
basaltic strata.

The hydraulic conductivity and transmissivity of the
rocks are not known anywhere in the area. A few data
are available from which the specific capacities of wells
may be calculated and transmissivities estimated.
(Specific capacity equals yield divided by the draw-
down of the water level during pumping.) In the
sedimentary deposits, specific capacities in 11 wells
ranged from approximately 1 to 60 gal min~" per foot of
drawdown. Applying methods described by Theis
(1963) and Hurr (1966), the range of transmissivities
estimated from the specific capacities is several
hundred to 13,000 cubic feet per day per foot (equiva-
lent to ft?d~"). Most of the wells are believed to pene-
trate less than half the aquifer thickness, however, and
many of the wells are fairly old. Thus, the observed
specific capacities are probably not reliable indicators
of the transmissivity of the aquifer. Lithologic logs
from many wells consistently describe the sediments as
predominantly fine grained and organic rich, and the
average transmissivity is likely to be in the lower part
of the range given above—perhaps 4,000 to 5,000
ft2d—".

Transmissivities in the volcanic rocks are even more
difficult to estimate than those in the valley-fill depos-
its. Data on discharge and drawdown are available
from drillers’ logs or owners’ reports for eight wells in
the valley that penetrate at least small thicknesses of
basaltic flows and volcanic sediments beneath the val-

ley fill. The wells range from large-diameter irrigation
wells to small stock-watering wells. Their depths are
mostly less than 250 feet. Specific capacities range
from about 3 to several hundred gal min’ per foot of
drawdown, indicating that apparent transmissivities
are in the range 800 to 55,000 ft2 d~'. These wells pene-
trate no more than a few tens of feet of volcanic rock,
however, and the water-bearing formations appear to
be mostly volcanic sediments and breccias. Data from
these wells probably are not representative of condi-
tions in the deeper basaltic aquifers.

The volcanic formations in the area appear to be
similar in most respects to formations near Klamath
Falls, where data are available from about 140 wells
completed in basaltic flow rocks and volcanic sedi-
ments (Sammel, 1980). Assuming that the hydraulic
characteristics of the Warner Valley rocks are similar
to those in the Klamath Falls area, average
transmissivity in tuffs and tuffaceous sediments is es-
timated to be about 8,000 ft? d—! and in the basaltic flow
rocks, about 10,000 ft2 d—'.

Flow paths of ground water in the area have not been
accurately determined. Probable patterns of flow can
be deduced, however, from measurements of static
heads in wells and from some of the chemical data.

Within the valley-fill deposits, water probably moves
upward from the bedrock and laterally from the valley
walls as the result of the presumably higher poten-
tiometric heads in the adjacent highlands. Artesian
heads observed in several deep wells and highly
permeable zones penetrated by wells in bedrock aqui-
fers near the valley walls indicate that such flow must
occur. The artesian heads are generally no more than
10 or 15 feet above normal hydrostatic heads, however,
and the amount of flow may be rather small.

Chemical analyses of water from one drill hole, MC2,
located near the south end of Warner Valley, show that
water having the characteristics generally found in
bedrock aquifers moves upward more than 200 feet
into the unconsolidated deposits at this site (table 3). A
significant amount of ground-water recharge may oc-
cur, therefore, at the base of the valley-fill deposits if
conditions at MC2 are prevalent.

Throughout most of the thickness of the valley-fill
deposits, ground-water flow is toward the north with a
gradient that is probably similar to the surface-water
gradient of about 0.8 feet per mile.

The water table forms a generally uniform surface
which is interrupted only by a ground-water mound
within the former delta of Deep Creek, near Adel. Un-
confined ground water in the deltaic deposits has static
heads as much as 70 feet above levels in adjacent
valley-fill deposits, and hydraulic gradients directed
away from the delta are as high as 40 feet per mile.



QUALITY OF WATER

At the north end of Warner Valley, much of the
ground water is discharged by evapotranspiration. Ir-
rigation from large wells in this area contributes to the
evaporative discharge, but most of the water probably
evaporates from lake and swamp surfaces.

Ground water probably flows out of Warner Valley
toward the topographically low area surrounding Har-
ney Lake, about 10 miles to the north. Much of the flow
may occur in a thick section of tuffaceous sediments
and welded tuffs that cover the older Tertiary volcanic
rocks north of Warner Valley (Walker and Repenning,
1965; Greene and others, 1972).

A crude estimate of ground-water discharge can be
made on the basis of an assumed hydraulic gradient
and an estimate of transmissivity in the region north of
Warner Valley. The average hydraulic gradient be-
tween the north end of Warner Valley and Harney
Lake is on the order of 0.007. Transmissivity in the
welded tuffs and tuffaceous sediments is estimated to
be in the range 5,000 to 8,000 ft* d'. If most of the flow
is assumed to occur through an 8-mile wide section of
rock below the 4,500-foot altitude contour north of
Bluejoint Lake, the total annual ground-water outflow
is calculated to be in the range 12,000 to 20,000 acre-ft.
This estimate may contain large errors, but it seems
certain that ground-water discharge is a small fraction
of the total recharge from streamflow and precipita-
tion.

QUALITY OF WATER

QUALITY OF SURFACE WATER

The chemical quality of water in the perennial
streams that enter the valley is excellent, as would be
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expected of water that originates as precipitation on _
the Warner Range only a few tens of miles west of the
valley. The data in table 5 and the Stiff diagrams in
plate 1 show that the waters in Deep Creek, Twen-
tymile Creek, and Honey Creek are mildly bicarbonate
waters in which calcium concentrations slightly exceed
concentrations of sodium and magnesium. The concen-
tration of dissolved solids is less than 200 milligrams
per liter (mg LY.

As the water moves downgradient (northward) in
Deep Creek and into the chain of lakes that form the

channel in much of the area north of Adel, dissolved
solids increase and sodium becomes the dominant cat-

ion. Some of the added constituents, particularly
solids increase and sodium becomes the dominant ca-
tion. Some of the added constituents, particularly
sodium and nitrogen, are probably derived from fer-
tilizers used in the valley. Much of the increase in dis-
solved solids, however, is due to natural constituents
dissolved by ground water from the valley-fill deposits.
Finally, evaporation from lakes and the shallow water
table and the addition of water from thermal springs
add to the concentrations of dissolved solids in the sur-
face waters.
QUALITY OF GROUND WATER

Shallow ground water in the Warner Valley area is
generally of good to excellent quality. Concentrations
of dissolved solids are mostly less than 300 mg L™
(table 6). Waters having temperatures less than 10°C
are of excellent quality and are chemically similar to
stream waters entering the valley. The coldest waters
are found in gravity springs located in the highlands.
They are mildly calcium bicarbonate to sodium
bicarbonate-type waters.

TaABLE 5.—Chemical analyses of surface water

[Concentrations in milligrams per liter unless otherwise indicated] Spe-
Dis- afic
g:xl:- As B F M sollvgd conduc- b So\u".ces
- e n solids tance ate o
%eg. Name Location ?(IJI;? Ca Mg Na K HCO, CO, SO, (I F Si0, (ugL™) (ugL™) (ugL™t) (ugL™ (umho le) sampled data
8 cm~

. - R N 21 23 1370 682 1820 511 206 504  __ 20 — 500 . 3%l .. __ 090612 A

18" BluejointLake’  Westshore, =35 50 16 76 20 47 13 0 12 10 03 30 38 410 140 20 180 230 72 03-1276 B

2aS CrumpLake e ol 13 56 18 (nelK) 95 0 86 42 _. 300 __ 00 T w2 090712 C

258 Gramb Lake Y 167 3¢ 14 54 63 246 6 26 2 08 39 = - = T w393 . 8% 042761 C

2 CrumpLake Sorad-22 g9 e - T 0 T s 0T I I I I 500 72 __ 090861 C

248 Gramp Lake By 56 . . 16 _. .. T 50 __ 23 = = - T e120 162 .. 041962 C

o Crumpase et 60 78 36 68 26 58 0 21 L1 01 27 0 0 23 10 89 105 7.7 03-1076 B

3aS DeepCreek 39/23-24acdb - - __ o __ 46 0 92 1.0 __ - — — —— - — 79 69 03-31-51 C

S Deon Grock 39725 24a. 183 79 38 71 28 62 0 . 12 __ 31 = - = T Ti90 105 7.1 082156 C

3¢S DecpCreck oy b 190 190 102 15 238 60 24 37 . 28 = T 60 L 461 __ . 090612 A
4S FlagstaffLake® At Cliff House

near pump

gaton#120ft 5 93 97 32 51 36 0 11 79 04 4¢ 29 320 20 10 231 305 69 030976 B

528 HartLake [ T 22 98 40 (ndK)211 0 16 9 _. 19 i 00 o 230 - 090512 C

S Honrare ey 15 52 30 192 16 518 43 94 62 21 35 = _ = T 9787 1190 838 04-27-61 C

2 Homlaxe YR 11 14 65 96 29 9 0 16 L3 01 34 0o 10 6 10 117 170 7.8 03-10-76 B

6aS HomeyCreek  3¢24.20bbab 22 19 81 12 84 126 0 . = 22 .. 22 . o o o ‘1% 304 79083186 O

6hS Honoy Grock /2290 3 11 49 17 28 87 0 77 45 03 2 3 60 200 10 125 165 7.1 031076 B
7S TwentymileCreek 40/23-25bcad

Sources of data:

A. VanWinkle(1914).
B. E. A .Sammeland N. E. Voegtly.
C. Phillipsand Van Denburgh (1971).

!Sequence numbers of surface waters are identified with an “S” symbol.
?Not in area covered by this rﬁ)ort. Data has been included for comparison.
*Estimated by summation of HCO, x 0.4917 and other ionslisted (Hem, 1970).
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TABLE 6.—Chemical analyses of water from wells and springs
[Concentrations in milligrams per liter unless otherwise indicated]

A. E.A.Sammel and N. E. Voegtly.
B. R.H.Mariner, and others (1974).
C. R.H. Mariner, and others (1975).
D. Trauger (1950).

E. E.A Sammel and R. W. Craig.

'Estimated by summation of HCO, x 0.4917
and other ions listed (Hem, 1970).

Within the valley, most nonthermal waters have
temperatures in the range 10°C to 16°C. Their contact
with the basin sediments is reflected in concentrations
of major ions that are high relative to the cold spring
waters from the highlands. Sodium and bicarbonate
are the predominant ions.

The chemical contents of the colder waters of the
Warner Valley area correspond to those found in wa-
ters throughout the Lava Plateau region, as
documented by Klein and Koenig (1977). According to
these authors, cold spring waters having temperatures
less than the mean annual air temperature are charac-
terized by sodium, calcium, and magnesium concen-

trations which are generally less than 10 mg L~! each.
Sulfate and chloride concentrations are generally less
than 2 mg L'. Bicarbonate concentrations range from
41 to 66 mg L' Silica concentrations are generally
less than 30 mg L', but range to more than 40 mg L.
The chemical similarity between the colder waters of
Warner Valley and the regional pattern is probably the
result of two factors: the region’s widespread volcanic
rocks which provide a generally similar chemical basis
for water-rock interactions, and the relatively short res-
idence times of the waters in the rocks which minimizes
the effect of the water-rock reactions.

In the discussion that follows and throughout the
remainder of this report, the sequence number as-
signed to each ground-water sample taken for chemical
analysis is used interchangeably to refer to both the
sample and to the spring or well from which it came.

Locations and other data for these springs and wells

Tem- .
. Specific Sour:
Seq Owner Pera ¢, Mg Na K HCO,CO, S0, CI F SiO; As B Fe Li Mn Dissolved conductance pH Date .
No orname Location o (ugL ) (gL (ugL™) (ugL ) (ugL™)  solids  (ymhojem™) = sampled  pat
Waters having surface temperatures =20°C
12 Charles Crump 38/24-34ccadl 93 12 0.1 270 12 137 0 190 240 53 180 1200 15000 10  __ 0 1070 1500 7.9 03-15-76 A
13 CharlesCrump 38/24-34ccad2 93 14 0.8 280 12 140 0 200 250 4.9 190 1200 14000 10  __ 220 1060 1480 76 03-15-76 A
44 MCRanch (spg) 38/24-34cdbd 78 16 02 280 11 153 <1 200 240 49 180 __ 13600 __ 400 __ 11020 1490 7.26 08-03-72 B
14  Fisher Hot Spring 38/25-10bbbb 68 84 10 92 79 105 1 59 56 35 77 100 2200 <20 40 <20 1360 513 7.93 08-02-72 B,C
34  Hugh Cahill (spg) 40/24-29bcbb 66 21 04 200 40 209 0 120 8 12 98 390 2400 100 160 0 659 945 7.2 04-05-76 A
46 Henry O’Keefe(spg)  39/24-03dchc 58 120 05 270 12 158 O 180 230 65 180 1100 25000 <10 320 40 1995 1409 79 07-1980 E
1 USFish&Wildlife  3526-32baba 40 10 25 191 13 376 .. 57 64 36 168 __ 1500 20  __  __ 695 876 8.3 08-10-48 D
(Antelope Hot Spring)
11 CharlesCrump(spg) = 38/24-27cddb 40 18 20 175 87 130 . 116 150 19 125 __ 7300 40  __  __ 662 935 87 09-1648 D
16  U.S.BLM(spg) 38/25-21abdc 38 52 03 8 56 108 0 48 42 22 58 150 1600 O  __ 0 297 440 7.7 03-17-76 A
23 Lonny Schadler 39/24-29cdce 33 51 25 54 20 117 0 37 25 05 97 31 660 100  __ 0 300 366 7.7 03-28-76 A
10 JohnLane (spg) 38/24-10dadd 290 10 36 19 56 93 0 38 28 04 39 12 70 0  __ 0 132 162 7.4 04-18-76 A
7  Dixon(spg) 37/25-30dccb 27 81 32 61 92 104 0 35 35 06 52 95 1100 30  __ 0 268 370 7.3 04-20-76 A
43 LonnySchadler 4743(}3;}1?& 27 27 04 36 99 8 0 13 79 04 78 6 150 20  __ 0 189 207 82 04-29-76 A
{Nevada)
30 U(.SS.Bfi..Mw N 39/25-28adad 255 95 22 32 10 92 0 15 15 03 58 19 680 70  __ 10 185 242 7.2 04-25-76 A
an: ell)
31 DonRoginson(spg) 40/22-22babe 23 43 04 30 05 8 0 21 14 03 31 3 110 0  __ 0 120 151 75 04-28-76 A
41 MC-2(606'-696') 40/24-17cacd 225 30 04 78 89 157 0 23 24 19 90 100 1000 310 10 10 318 399 6.8 082576 A
32  JamesDyke 40/23-24ddbb 2 77 32 140 12 209 0 8 54 0 66 230 370 0 @ __ 0 477 721 7.6 04-27-76 A
33 Foskett Sprin, 40/24-25¢cana 21 76 39 42 57 111 0 19 13 07 62 85 340 10 0 207 270 7.7 04-05-76 A
40  MC-2(492'-506") 40/24-17cacd 21 27 04 77 84 118 0 15 22 20 82 100 1100 330 10 10 298 383 7.2 08-26-76 A
4 Phiili};)Lynch 36/25-7cddb 205 35 21 59 43 160 0 25 83 08 68 12 10 20  __ 70 206 284 7.8 04-28-76 A
6  GlenPerky 37/25-20ddda 20 15 63 14 44 101 0 52 31 01 37 3 40 0 0 125 188 74 0421-76 A
Waters having surface temperatures <20°C
15 GlenPerky 38/25-16aasb 18 61 37 170 26 627 O 140 27 0.7 63 48 4800 O 0 10 830 1260 76 03-17-76 A
20  Henry O’Keefe 39/24-16dabe 17 110 66 45 12 267 0 350 23 02 56 12 460 10 0 10 850 1130 73 03-16-76 A
24  JohnLane 39/2429dbab 17 19 95 35 12 148 ©0 33 13 01 52 11 800 300  __ 30 238 354 7.4 05-05-76 A
39 MC-2(342'-357") 40/24-17cacd 16 11 54 140 76 397 0 28 34 07 57 8 1200 170 0 240 452 710 7.2 0828-76 A
19 MC-1 39/24-11ddbb 15 25 06 70 77 156 0 14 18 17 59 200 1600 60 0 40 245 344 75 08-02-76 A
2 Cook Laird 36/24-4baaa 14 11 73 41 70 136 0 17 14 04 53 18 4 0 0 274 308 77 042776 A
8  GlenPerky 37/25-33bdcd 14 14 61 20 60 114 0 67 54 01 44 5 70 30  __ 20 150 219 7.8 01-21-76 A
17 Ter!gfnahill(spg) 38/25-30dddd 14 77 42 64 79 139 0 26 25 05 56 50 980 240  __ 0 254 366 80 050576 A
26 MCRanch 39/24-32baad 14 11 79 44 79 174 0 12 21 04 56 31 380 190 _. 340 230 349 7.7 03-28-76 A
22 Henry O'Keefe 39/24.26baad 135 31 20 33 65 111 0 21 21 03 53 19 250 80  __ 50 154 190 7.4 04-20-76 A
25 MCRanch (spg) 39/24-31babd 135 18 68 12 73 117 0 38 30 02 63 1 3 0 0 177 212 7.7 03-29-76 A
21 Adel School 39/24-21cdbb 13 15 89 15 53 116 0 14 48 03 53 2 20 20 - 0 171 232 7.1 03-29-76 A
28  MCRanch 39/24-34cbaa 12 55 38 46 47 151 0 11 90 04 55 75 250 150  __ 140 200 267 7.9 0329-76 A
10 59 55 46 56 156 _. 7 10 08 65 __ 40 350 .. __ 217 266 85 08-09-48 D
35 U(.&gLvlku 40/25-4dcba 12 40 17 26 54 218 0 22 16 01 64 8 340 130 __ 220 300 445 7.2 050576 A
-Well)
45 U.\S’.l;’islé&Wildlife 35/26-28bcce 12 12 41 7 11 170 © 30 29 14 66 1 650 170 30 6 1313 448 73 07-15-80 E
(Valet Spring)
38  Hugh Cahill (spg) 41/24-1dcda 11 23 14 39 56 160 0 33 28 05 54 12 160 10 .. 20 280 400 7.4 04-07-76 A
42 Gravely Spring 47/&&1%@11 10 12 38 19 23 5 0 17 15 01 28 180 60 10 127 194 7.0 040776 A
evada)
27 TerrﬁCahill 39/24-34abbb 95 57 43 39 46 137 0 15 58 02 51 95 160 330 . 260 177 220 7.8 04-22-76 A
37 USBLM 40/25-36dcac 85 98 55 10 13 63 0 72 50 02 31 1 50 110  __ 0 115 130 6.8 04-08-76 A
(Rosebriar Spg)
36 I{EBB%{MS 40/25-23bbbd 7 85 40 11 47 66 0 56 39 01 22 1 80 340 0 0 122 130 6.8 04-18-76 A
ukar Spg)
9 Ug.Bth 38/24-6dbad 6 98 44 57 07 5 0 19 10 01 27 0 30 10 __ 0 91 110 6.6 04-18-76 A
(Coxes Spg)
18  CharlesCrump(spg) 39/24-4badc 6 74 20 48 42 41 0 30 09 01 43 0 9 o0  __ 0 92 95 69 031676 A
5 USFish& Wildlife  36/25-Ocded 4 64 26 61 09 43 0 20 11 01 25 1 250 230 0 60 77 72 05-03-76 A
(spg)
Sources of data:
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may be found by referring to the sequence numbers in
tables 3 and 4.

Thermal waters in the study area range from sodium
bicarbonate waters at low temperatures to sodium
chloride waters at higher temperatures. The hotter
waters contain the highest measured concentrations of
sodium, chloride, sulfate, and silica. Three samples of
this type of water were obtained in the Crump geyser
area, located on the west side of the valley north of
Adel. Samples 12, from a 121-foot well, and 44, from a
nearby spring, have temperatures of 93°C and 78°C
respectively. The waters have virtually identical chem-
ical compositions and are clearly derived from the
same parent water (pl. 1 and fig. 4). The third sample,
number 13, is from a 1,684-foot well located only 140
feet from well 12. Most of the constituents in sample 13
have slightly higher concentrations relative to sample
12. Boiling observed at the water surface in well 13
may have concentrated the dissolved constituents.

% S
o
o SQ
% x

o*
] 20+ %

% S

% ®

<0

e Spring >20°C
o Spring <20°C
+ Well >20°C
+ Well <20°C

F1cURE 4.—Piper diagram of chemical relations in water from wells and
springs: percentage reacting values.

Sample 11, from a spring located approximately a
mile north of Crump geyser, is also a sodium chloride
water. Chemically it is a dilute version of the Crump
geyser waters and is clearly related.

In the remaining thermal waters, with temperatures
in the range of 20°C to 68°C, sodium and chloride gen-
erally increase with respect to calcium and bicarbonate
as temperatures increase (table 7). The increasing
sodium and chloride concentrations probably represent
increased proportions of thermal water.

The two hottest waters in the latter group are Fisher
Hot Spring (sample 14), located about 4 miles north of
Crump geyser on the east side of the valley, which has
a surface temperature of 68°C, and a large seep at the
south end of Warner Valley (sample 34), with a tem-
perature of 66°C. Cooler waters of this type are scat-
tered throughout Warner Valley and Coleman Valley.
The relationship between these waters and the waters
of the Crump geyser area is discussed in subsequent
sections of this report.

Concentrations of fluoride are high in most of the
thermal waters, ranging from 1.9 to 12 mg L™! in wa-
ters warmer than 40°C. The fluoride concentrations
vary greatly and are not closely correlated with con-
centrations of more stable ions such as chloride (fig. 5).
The high concentration of fluoride in sample 34, 12 mg
L™, may be related to the unusually low concentration
of calcium in this water, 2.1 mg L™, which is the lowest
concentration observed in a ground-water sample in
Warner Valley. The calcium concentration is approxi-
mately the amount required for equilibration with the
mineral fluorite (CaF,) which is commonly found in
volcanic terranes (Hem, 1970). This relationship is not
typical of thermal waters in Warner Valley however.

Sample 20, obtained at 17°C from a 360-foot well
located about % mile south of Crump geyser, may have
an admixture of thermal water but is anomalous with
respect to its high concentrations of calcium, mag-
nesium, and sulfate (fig. 4). The specific conductance,
1,130 micromhos per centimeter (umho cm™), is excep-
tionally high for a low-temperature water.

Silica and chloride concentrations are useful in some
areas for determining possible mixing trends in ther-
mal waters. (See Sammel, 1980.) Chloride concen-
trations acquired at high temperatures in geothermal
reservoirs tend to remain constant as the waters as-
cend to the surface unless the water has boiled or is
diluted by shallow ground water. If the cooling waters
do not become saturated with respect to amorphous
silica, the silica concentrations also may remain rather
stable. Thus, if variations in these two constituents can
be attributed solely to mixing, they may be used to
determine the amount of mixing that has occurred.

A graph of chloride concentration versus tempera-
ture in the thermal waters (fig. 6) shows that chloride
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TABLE 7.—Molal ratios of selected dissolved constituents in ground water

Set}‘lllence Temp-
0. QOwner or name er(%tal)re VCa/Na Na/K Ca/Mg Cl/ICa Cl/Mg CI/Na Cl/SO, CI/B  CL(HCO;+COy)
Waters having Surface temperatures =20°C
12  CharlesCrump 93 1.5 38.3 728 31.6 2552 0.58 3.69 4.88 4.39
13  Charles Crump 88 1.5 39.7 106 20.2 326 .59 3.61 5.45 3.53
44 MC Ranch (spg) 78 1.6 43.3 485 17.0 823 .56 3.25 5.50 2.70
14  Fisher Hot Spring 68 3.6 19.8 5.18 8.86 45.9 40 2.71 7.76 1.00
34  Hugh Cahill (spg) 66 .8 85.0 342 56 194 .28 2.00 108 71
46  Henry O’Keefe (spg) 58 1.5 383 146 21.7 315 .55 3.46 2.81 2.51
1 Antelope Hot Spring 40 1.9 25.0 2.43 7.24 17.6 .22 3.04 15.2 .29
11 Charles Crump (spg) 40 2.8 34.2 546 194 51.4 .56 3.50 6.27 1.99
16 USBLM (s;:ﬁ) 38 3.0 26.7 10.6 9.13 105 31 2.45 8.00 .68
23  Lonny Schadler 33 4.8 4.6 1.23 5.54 6.86 .30 1.90 115 .38
10 John Lane (spg) 29 19.1 5.8 1.69 0.32 .55 .10 2.11 12.2 .05
7  Dixon (spg) 27 5.4 11.3 1.53 4.88 7.91 .37 2.84 9.70 .58
43  Lonny Schadler 27 5.2 6.2 4.08 3.31 14.1 .14 1.68 16.1 .16
30 USBLM (Sandy Well) 25.5 11.1 54 2.62 1.84 4.83 .30 2.84 6.73 .28
31  Don Robinson (spg) 23 7.9 102.1 6.53 37 2.44 .03 1.85 3.88 .03
41 MC-2 22.5 2.5 14.9 4.55 9.04 41.1 .20 2,83 ~10 .26
32  James Dyke 21 2.3 19.8 1.72 7.93 1.16 .25 1.72 445 .45
33  Foskett Spring 21 7.5 12,5 1.18 1.93 2.37 .20 1.94 117 .20
40 MC-2 21 2.5 15.6 4.09 9.21 37.7 .19 397 ~5 .23
4  PhillipLynch 20.5 3.6 2.3 1.01 2.68 2.71 .09 9.26 253 .09
6  GlenPerky 20 31.8 5.4 1.45 .24 .34 .14 1.74 23.6 .05
Waters having surface temperatures <20°C
15 GlenPerky 18 5.3 11.1 1.00 0.57 0.57 0.10 0.62 1.72 0.08
20 Henry O'Keefe 17 26.8 6.4 9.76 2.87 2.81 3.35 23 152 .15
24  JohnLane 17 14.3 5.0 1.21 81 .98 .24 1.16 4,96 15
39 MC-2 16 2.7 31.3 1.24 3.49 4.32 .16 349 ~10 15
19 MC-1 15 2.6 15.5 2.54 8.42 . 214 17 3.56 3.43 20
2  CookLaird 14 9.3 10.0 91 1.49 1.36 22 2.36 1067 18
8  GlenPerky 14 21.5 5.7 1.39 44 .62 18 232 235 08
17 Terry Cahill (spg) 14 5.0 13.8 1.11 3.84 4.26 25 2.72 7.78 32
26 M(?Kanch 14 8.7 9.5 .85 2.21 1.87 31 50.3 16.9 21
22  Henry O’Keefe 13.5 6.1 8.6 .94 .78 .73 .04 2.77 2.56 03
25 MCRanch 135  40.6 2.8 1.61 .19 31 .16 230 305 04
21 AdelSchool 13 29.7 4.8 1.02 37 .38 21 1.00 731 07
28 MCRanch 12 5.9 16.6 .88 1.89 1.67 .13 229 110 10
35 USBLM(MC well) 12 27.9 8.2 1.43 .47 .67 .40 224 144 13
45 Va]etSprin% 12 5.3 11.6 1.78 2.73 4.85 .25 262 13.6 29
38 Hugh Cahill (spg) 11 14.1 11.8 .99 1.44 1.43 47 2.52 533 30
42  Gravely Spring 10 20.9 14.1 1.91 1.41 2.77 5.13 2.51 254 44
27  TerryCahill 9.5 7.0 144 .81 1.17 .95 .10 10.8 11.0 07
37 USBLM (Rosebriar Spg) 8.5 35.9 13.1 1.08 .58 .63 .32 1.97 305 14
36 USBLM (Chukar Spg) 7 30.4 4.0 1.29 .52 .68 .23 1.96 149 10
9 USBLM(Coxes Spg) 6 63.1 13.8 1.35 12 .16 11 149 102 03
18  Charles Crump (spg) 6 65.1 1.9 2.25 .14 31 .12 .84 3.05 .04
5 USFish & Wildlife (spg) 4 47.6 11.5 1.50 .20 .29 12 1.53 1.34 .04

generally increases with increasing temperature. Be-
cause chloride concentrations are fairly uniform in the
colder waters (represented by the triangular peint in
fig. 6) and in the hotter waters (samples 12, 13 and 44),
mixing of waters from these twe groups should produce
a linear trend for waters of intermediate composition.
The scatter in the data suggests, however, that factors
other than simple mixing of hot and cold waters are
important in determining the temperatures of many of
the low-temperature waters. Conductive heat loss may
explain some of the temperature differences, and this
mechanism is invoked in a subsequent section of the
report (“Temperatures in the Geothermal Reserveir”)
in order to account for the observed temperatures of
Fisher Hot Spring and several other waters.

Silica concentrations in the thermal waters gen-
erally increase with increasing chloride concentration,
and a graph of silica versus chloride (fig. 7) suggests
that both of these constituents might be used with

some confidence in mixing models. A dilution trend is
clearly indicated by line A in figure 7. Trend A con-
tains all but two of the thermal waters having temper-
atures greater than 30°C. The exceptions are samples 1
and 23. Sample 1 (Antelope Hot Spring) has an excep-
tionally large silica concentration in relation to its
temperature and chloride concentration. This spring
occurs at a much higher altitude than other thermal
springs (6,000 feet versus 4,500 feet for springs on the
valley floor), and its relationship to oether thermal wa-
ters is uncertain. Sample 23 was obtained from a rarely
used well of unknown depth located near the west val-
ley wall south of Adel. The silica concentration is
anomalously high in relation to the dissolved-solids
concentration and concentrations of other major ions.

Exceptions to the trend of line A at temperatures
below 30°C are samples from wells 4, 43, and MC2
(samples 40 and 41). These waters, with samples 1 and
23, may define a separate mixing trend, line B in figure
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7, or, more probably, may have increased their silica
concentrations by dissolving amorphous silica from the
valley-fill deposits or bedrock.

The low-concentration end point in figure 7, shown
by the open triangle, represents the average concen-
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FIGURE 5.—Graph of chloride concentration versus fluoride concentra-
tion in ground water. The assumed mining trend is based on silica
and chloride relationships shown elsewhere and is included for:
reference only.

o 100 T T T T T
> 124 413
(7]
-
(Y1)
o 80 044 7]
7
(YY)
w 14 a3
8 60 ©46 ]
=)
=
w 401 016 °1 11 -
<
s 1043 ;zs
: .3‘(?0 4:7 A Average of 14 waters with
a 20 '&40 +32 temperatures <17°C
w N * Spring,>20°C
= + Well,220°C
o L ! L L 1
4] 50 100 150 200 250 300

CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER

FiGURE 6.—Graph of chloride concentration versus temperature in
ground water.
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trations of silica and chloride in 14 low-temperature
waters from Warner Valley. The average concen-
trations of silica, chloride, and dissolved solids in these
waters fit well in mixing models described in a sequent
section of this report. Hence, these average concen-
trations are assumed to be close to actual concen-
trations in the recharge waters of the area. The 14
waters selected do not include 6 dilute cold waters from
springs located on raised fault blocks adjacent to the
valley. Although the waters of these springs may be
typical of upland recharge sources, their chemical
compositions generally do not fit the geothermal mix-
ing models as well as do the compositions of waters
that have circulated more deeply and have acquired
slightly higher temperatures and concentrations of
dissolved solids. The implications of this fact are dis-
cussed further in the section entitled “Temperatures in
the Geothermal Reservoir.”

A further evaluation of the usefulness and reliability
of the silica and chloride concentrations as geothermal
indicators may be made with the help of graphs such as
those shown in figures 8 and 9. In these graphs, concen-
trations of chloride, silica, and bicarbonate are plotted
as ratios versus the chloride concentration. As com-
pared with simple two-parameter graphs, such as
figures 5, 6, and 7, ratio plots may convey additional
information insofar as the direction and magnitude of
changes in the ratio of the two parameters are
significant. As in figures 5, 6, and 7, separate data
points are given for each thermal water (=20°C) and a
single point represents a probable average low-
temperature recharge water. In both graphs, a dashed
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F1GUre 7.—Graph of chloride concentration versus silica concentration
in ground water and hypothetical reservoir water.
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line indicates the curve that would be followed if the
average cold recharge water were mixed in all pro-
portions with a hot water represented either by sample
12 (fig. 9), or by a hypothetical reservoir water (fig. 8).
The concentrations of silica and chloride in the reser-
voir water were estimated by means of silica-enthalpy
and chloride-enthalpy diagrams discussed in the sec-
tion of this report entitled “Temperatures in the
Geothermal Reservoir.”

The graph of figure 8 shows that the ratio of chloride
to silica is much lower in the presumed recharge water
than in the hotter geothermal waters. This is the result
of the relatively high solubility and the general avail-
ability of amorphous silica at shallow depths in vol-
canic terranes. Chloride, on the other hand, is not read-
ily available to the shallow ground waters of Warner
Valley, and concentrations greater than about 20 mg
L1 probably indicate the presence of a thermal-water
component.

In the thermal-reservoir water, the high ratio of
chloride to silica reflects the limiting of silica concen-
trations by the temperature-dependent solubility of
quartz (Fournier, 1973), whereas the chloride concen-
tration is limited only by the availability of chloride-
bearing minerals and residence time. The high concen-
trations of chloride in the hotter waters indicate that
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FicUre 8.—Graph of the weight ratio (CI/SiO,) versus chloride concen-
tration in ground water.

chloride is available to the thermal waters and that the
residence times are fairly long.

The reasonably close fit of the intermediate data
points to the hypothetical mixing curve in figure 8 in-
dicates that simple mixing of reservoir water with re-
charge water could account for the observed silica and
chloride concentrations in most of the moderate-
temperature waters. The fit would be slightly better if
the water of well 12 were used as the high-temperature
end point, but the small difference may be due to ana-
lytical imprecision and is probably not significant. At
the steeply-sloped low-chloride end of the curve, some
scatter octurs which is partly masked by the relative
independence of the chloride-silica ratio from the
chloride concentration. Only the data point for spring 1
(Antelope Hot Spring) is clearly anomalous, however,
and there is little suggestion of the double mixing
trends that appear when the silica and chloride concen-
trations are plotted as in figure 7.

The ratio of equivalents chloride to equivalents
(HCO; + CO,) can be useful in distinguishing waters of
differing thermal aquifers (Fournier and Truesdell,
1970; White, 1970). Concentrations of (HCO; + CO3) in
thermal waters may be established by temperature-
dependent reactions involving the partial pressure of
CO, gas and sodium or potassium silicates, all of which
commonly occur in hydrothermal environments. To the
extent that these constituents are uniform within an
aquifer and vary between aquifers, the equivalent
CI/HCO; + CO,) ratio will be distinctive for a given
aquifer and may be retained for some time in the
near-surface environment (Fournier and Truesdell,
1970). Mixing of thermal water with shallow water
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F1cure 9.—Graph of the weight ratio (CVHCO,) versus chloride concen-
tration in ground water.
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having a different CI/HCO; + COj;) ratio will obviously
result in ratios intermediate between the two.

For the Warner Valley waters, the atomic ratio Cl/
HCO;,, is used in figure 9 in place of the equivalent
CI/HCO; + CO,) ratio because only two of the waters
contain CO; and the concentrations of this ion are 1 mg
L~ or less. The graphical relations are virtually iden-
tical to those that would be shown by the equivalent
Cl/(HCO; + COy) ratio.

The change in the CI/HCOQO; ratio shown in figure 9
between the high-chloride (hot) waters and the low-
chloride (cooler) waters clearly indicates that the two
extreme groups of waters represent differing chemical
regimes. As is true for the chloride-silica relation (fig.
8) the most reasonable explanation for the distribution
of intermediate data points appears to be mixing of the
end-member waters.

The hypothetical mixing curve based on sample 12
as the high-chloride end point probably accounts fairly
well for the composition of spring 11, a spring of
moderate temperature located 1 mile north of Crump
geyser. The scatter of data points near the low-chloride
end of the curve may be the normal effect of a hetero-
geneous environment such as Warner Valley. It seems
equally probable, however, that some of the departures
from values predicted by the mixing curve represent
differing mixing trends. It may be significant, for
example, that three warm springs located near the
north end of Crump Lake (samples 7, 14, and 16) have
uniformly higher bicarbonate concentrations than pre-
dicted, whereas a well and a spring located in the south
end of Warner Valley (samples 32 and 34) have lower
than expected bicarbonate concentrations. A sixth
sample (1), from Antelope Hot Spring, has a position
with respect to the mixing curve that is similar to its
position in figure 9 and which seems clearly anomal-
ous.

In the absence of additional high-chloride waters
that might help to establish possible origins in sepa-
rate reservoirs, no firm conclusions regarding precise
mixing trends can be reached on the basis of figures 8
and 9. Additional evidence is discussed in the section of
the report entitled “Temperatures in the Geothermal
Reservoir.”

Several general conclusions about the origin and na-
ture of the thermal waters in Warner Valley may be
drawn from the chemical data. It seems certain, for
example, that the thermal waters originate in a hot-
water system rather than a vapor-dominated system.
The occurrence of high concentrations of alkali
chlorides, silica, boron, and arsenic in waters of near-
neutral pH support this conclusion (White and others,
1971). Ratios of major ions (shown in table 7) also sup-
port the concept of a hot-water system. Fairly high

ratios of Ca/Mg, Cl/Mg, and C/(HCO; + CO;) and low
ratios of Ca/Na in the hotter waters are typical of hy-
drothermal systems having moderately high reservoir
temperatures (White, 1970; Mahon, 1970; Ellis, 1970).
Adiabatic cooling of the hot waters as they ascend to
the surface would not greatly change the relations
among major ions such as silica, chloride, sodium, and
sulfate.

Extensive sinter deposits observed in two thermal
discharge areas north of Adel (pl. 1) indicate that the
thermal waters have had temperatures that may have
been as high as 180°C (White and others, 1971). Field
observations indicate that silica is still being deposited
in these areas.

Finally, all thermal waters in Warner Valley are
assumed to be mixtures of hot waters and cooler re-
charge waters. This conclusion is not well substan-
tiated by the data presented thus far, but it is sup-
ported by the graphs of temperature versus chloride,
chloride versus silica, and chloride versus bicarbonate
(figs. 6-9).

ISOTOPES IN GROUND WATER

Twenty-nine samples of water from the Warner Val-
ley area were analyzed for stable isotopes of oxygen
(*®*0) and hydrogen (deuterium). Samples were taken
from a wide range of waters in the study area in order
to provide information on background concentrations
as well as concentrations in the thermal waters. Re-
sults of the analyses are shown in table 8.

The amounts of *O and deuterium, D, in precipita-
tion decrease with altitude and other factors in a man-
ner that is approximated by the expression, 8D = 8580
+ 10, where 8D and 880 are ratios of these isotopes to
'H and %0, respectively, expressed in parts per
thousand (per mil) as departures from the ratios in
standard mean ocean water (SMOW) (Craig, 1961).!
The “meteoric line” resulting from the above expres-
sion is shown in figure 10, along with data from the
springs and wells in the Warner Valley area.

Samples numbered 5, 9, and 37 in figure 10 are from
cold springs at high altitudes. The data points are
roughly parallel to, but offset from, the meteoric line.
The position of sample 18, from a cold, high-altitude
spring, and sample 19, a cold water from a depth of
approximately 400 feet in a GS heat-flow hole (MC1),
are anomalous but are within the limits of analytical
error.

The hottest waters, samples 12, 13, and 44, show an
enrichment in '#0 of at least 2 per mil relative to the
colder waters. The increase is presumably due to
isotope exchange reactions between water and rock

'For a more complete description of the application of isotope analyses to geothermal

investigations see, for example, Coplen (1976).
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TaBLE 8.—Isotopes of oxygen (**O) and hydr(;gen (deuterium and tritium) in ground water

One TU = *H/H = 107%]

ard mean ocean water (Craig, 1961). Concentrations of tritium in tritium units (TU).

Se§uence Date 180 Deuterium Tritium Temperature
o. Name Sampled (0/00) (0/00) (TU) €0
1 Antelope Hot Spring 03-00-77 —-16.45 —-123.45 e 40

4 Phillip Lynch 04-28-76 —15.10 —116.85 - 20.5
5 US Fish & Wildlife
(spg) 05-03-76 -14.95 -111.90 IR 4
8 Glen Perky 04-21-76 -16.15 -119.90 [ 14
9 Coxes Spring 04-18-76 -15.50 —115.55 91.5+4.9 6
10 John Lane (spg) 04-18-76 ~15.85 -119.05 S 29
12 Charles Crump 03-15-76 —-13.60 -116.55 52+0.3 93
13 Charles Crump 03-15-76 —-13.55 —116.75 S 93
14 Fisher Hot Spring. 03-00-77 —14.80 -117.10 I 68
15 Glen Perky 03-17-76 -9.00 —86.90 S 18
16 US BLM (spg) 03-17-76 —14.90 —118.25 R 38
18 Charles Crump (spg) 03-16-76 -16.05 -117.65 . 6
19 MC-1 08-02-76 —15.55 -112.15 o 15
20 Henry O’Keefe 03-16-76 —14.65 —112.80 2.920.2 17
22 Henry O’Keefe 04-20-76 —15.10 -114.45 ——— 13.5
23 Lonny Schadler 03-28-76 -15.15 —118.65 - 33
26 MC Ranch 03-28-76 —-15.35 —118.60 N 14
30 US BLM (Sandy Well) 04-25-76 —-15.35 -119.10 0.15+0.2 25.5
31 Don Robinson (spg) 04-28-76 —15.35 -115.30 e 23
32 James Dyke 04-27-76 —-15.25 -118.55 ——- 21
33 Foskett Spring 04-05-76 -16.05 ~120.85 S 21
34 Hugh Cahill (spg) 04-05-76 —15.00 -119.30 I 66
35 US BLM (MC-well) 05-05-76 -15.15 —116.45 O 12
37 Rosebriar Spring 04-08-76 —15.40 —114.50 e 8.5
39 MC-2 08-28-76 -16.25 ~125.05 — 16
40 MC-2 08-26-76 —15.45 -120.55 e 21
41 MC-2 08-25-76 -15.20 ~119.60 0.51+0.2 22.5
42 Gravely Spring 04-07-76 ~15.10 ~-114.45 o 10
4 MC Ranch (spg) 08-03-72 -13.28 -115.5 - 78
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oxygen in a reservoir that is deeper and hotter than the
shallow aquifers. The amount of ®O enrichment in
these waters may be compared to increases of 1.4 per
mil in hot waters at Klamath Falls, Oreg. (Sammel,
1980), and as much as 3-5 per mil in a high-
temperature system such as Steamboat Springs, Nev.
(White, 1968).

Sample 15, with a temperature of 18°C, was obtained
in a 90-foot well located on the east side of Warner
Valley and is clearly anomalous in relation to other
waters in the area. Its position on the graph coincides,
however, with a trend for warm waters of the Klamath
Hills area, near Klamath Falls, in which chemical and
isotopic compositions are, for the most part, similar to
those of sample 15 (Sammel, 1980).

Low-temperature evaporation has been invoked in
order to explain the characteristics of the Klamath
Hills waters. This explanation does not satisfactorily
account for the chemical nature of sample 15. Concen-
trations of dissolved solids and of the major ions, Ca,
Mg, Na, K, HCO;, in sample 15 are from four to six
times the mean concentrations of these ions in 18 sam-
ples of water from Warner Valley having temperatures
between 10°C and 20°C. This apparent uniformity of
change suggests evaporation as a mechanism. How-
ever, concentrations of silica and chloride in sample 15
are low, respectively 1.1 and 2 times concentrations in
the 18 other waters. As silica and chloride are expected
to be conserved during evaporative concentration, this
mechanism does not satisfactorily account for their low
values. An alternative explanation is that the high
concentrations of constituents were acquired by solu-
tion of minerals in an atypical zone of the aquifer. This
explanation could account for the chloride concentra-
tion which would not necessarily be greatly increased
by solution of the valley-fill deposits, but the low silica
concentration would still be difficult to explain. The
question remains unresolved, but the explanation, if
obtained, may also account for the reported chemistry
of sample 20, from a 109-foot well near Adel, which has
the same temperature and nearly the same dissolved
solids concentration as sample 15, although greatly dif-
fering ratios of major ions. Sample 20 also shows an
enrichment in 'O which places it on the trend for sam-
ple 15 (fig. 10).

Except for samples 15 and 20, the warmer waters of
Warner Valley show an enrichment of 80 generally
commensurate with their temperatures. Small dis-
crepancies, such as those between springs 14, 16, and
34, can probably be readily accounted for by differing
mixing proportions of thermal waters with cold waters.
Springs 1, 10, 31, and 33, however, with temperatures
ranging from 21°C to 40°C, fall relatively close to the
meteoric line, suggesting either that the isotopes are

not in equilibrium or that the waters have obtained
some heat by conduction. The latter possibility is most
likely for spring 33, which is located in Coleman Valley
in an area of probable high heat flow. Sample 39, ob-
tained at a depth of about 350 feet in heat-flow hole
MC2, is a cold water that has probably been enriched
in ¥Q, as well as in major ions, by solution of minerals
in the valley-fill deposits. The exceptionally low
deuterium concentration probably implies that the
water originated at high altitude.

Concentrations of the radioactive isotope tritium
(°*H) were determined in five samples (table 8). Tritium
is formed naturally by cosmic radiation in the upper
atmosphere, and decays, with a half-life of 12.3 years,
to helium-3. Concentrations are reported in tritium
units (TU) which equal a *H/H ratio of 107'%, about 3
picocuries per liter. Most tritium now in the hydro-
sphere is the result of thermonuclear testing in the
period 1953 to 1963. Tritium levels in precipitation in
Warner Valley prior to 1953 were probably about 9 TU
(T. A. Wyerman, written commun., 1978). According to
estimates by Wyerman, levels peaked in 1966 at about
1,000 TU and have declined since then to about 20 TU
in 1976.

Samples of tritium collected at one point in time
(synoptically), as is the case for the Warner Valley
samples, cannot be used to determine exact ages of the
waters, but they do provide a basis for estimating rela-
tive times of residence in the aquifers. The relatively
large amount of tritium in sample 9, its low tempera-
ture (6°C), and the location of this spring on the valley
wall indicate a short residence time, probably on the
order of a few years. The other four samples, numbers
12, 20, 30, and 41, have relatively small amounts of
tritium which indicate long residence times, on the
order of tens of years to hundreds or thousands of
years, depending on whether the aquifer is assumed to
be recharged by piston flow or complete mixing (Pear-
son and Truesdell, 1978). The slightly higher level of
tritium in sample 12, from the hot well at Crump
geyser, suggests that the water is mixed with a larger
proportion of young recharge water than are the sam-
ples from deeper wells in basaltic rocks or valley-fill
deposits (samples 20, 30, and 41). These relations are
used in a subsequent section of this report in one of the
mixing models for the waters of the Crump geyser
area. (See section entitled “Temperatures in the
Geothermal Reservoir.”)

DISTRIBUTIONS OF TEMPERATURE AND HEAT
FLOW
TEMPERATURE OF GROUND WATER

Temperatures were measured in springs and wells at
92 sites in the study area. The observed temperatures
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are shown on the location map (pl. 1) and the frequency
distribution of temperature is shown in figure 11 for
waters having temperatures less than 40°C. Seven
samples of hot water, ranging in temperature from
40°C to 93°C are omitted. A majority of the waters
sampled had temperatures in the range 10°C to 15°C, or
about 1 to 6 degrees above the mean annual air tem-
perature at Adel.

The temperature distribution shown in figure 11 is
biased by the large number of cold springs sampled in
the highlands adjacent to the basin and by the large
number of cold wells located near the mouth of Deep
Creek. It is clear, however, that most shallow ground
water in the basin either has not been heated by deep
circulation or has not retained a significant amount of
crustal heat. The distribution in figure 11 is highly
skewed and would appear even more so if the seven
hot-water samples were added to the graph.

The gradational change from cold meteoric waters to
geothermal waters in figure 11 provides no basis for
distinguishing between these groups. The chemical na-
ture of the water also shows a gradational change (fig.
4) and indicates that many waters having tempera-
tures greater than about 16°C have a component de-
rived from hot waters of deep circulation. The tempera-
ture of water probably provides an approximate indica-
tion of the amount of mixing that has occurred, but, as
is shown elsewhere in this report, temperature is not a
completely reliable indicator.

The areal pattern of temperature distribution in
ground water (pl. 1) does not clearly define areas of
geothermal anomalies, but the data are sufficient to
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show significant differences between areas. In the area
north of Hart Lake, the ground waters sampled within
the basin boundaries show only a normal increase in
temperature with depth and there is no clear evidence
of a geothermal resource. Outside the valley walls, An-
telope Hot Spring on Hart Mountain is the only known
geothermal occurrence. South of Hart Lake, warm
waters occur at shallow depths in several areas: at a
fault intersection north of Crump Lake, near an inter-
section of faults on the east side of the valley (Fisher
Hot Spring area), between fault intersections on the
west side of the Valley (Crump geyser area), and at the
base of a tilted fault block at the south end of Warner
Valley. Several warm springs and wells are scattered
at additional isolated locations in the southern part of
Warner Valley, Coleman Valley, and Big Valley.

The factor common to nearly all these occurrences,
close proximity to major faults and, in most cases, to
fault intersections, is noteworthy. Concealed faults
undoubtedly occur at many places beneath the valley
floor, and it seems probable that undiscovered geother-
mal waters occur in association with these faults.

Subsurface resistivity measurements made by
audio-magnetotelluric methods show that a large area
near Crump geyser is underlain by rocks having
anomalously low resistivities (Gregory and Martinez,
1975). Apparent resistivities as low as 2.5 ohm meters
occur at apparent depths between 500 and 1,000 feet
and resistivities of 4 ohm meters or less were measured
beneath an area covering about a square mile. These
data are probably best explained by the assumption
that a reservoir of hot water having high electrical

24

- N
[=2] o

FREQUENCY
~

4106 7t09

10t012 13t015 161018 19t021 22t024 25t027 281030 311033 341036 37103

TEMPERATURE, IN DEGREES CELSIUS

FiGURE 11.—Frequency of temperatures (<40°C) measured in springs and wells.
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conductivity occurs at the indicated depths.

Resistivity measurements are not available in the
same detail for other sites, and the areal extent of shal-
low warm waters elsewhere in the valley cannot be
estimated by this method. Temperature profiles and
heat-flow data, described below, suggest that at least
one other extensive area of the basin contains thermal
waters.

HEAT FLOW

Temperature profiles were obtained in six unused
water wells and three test holes (table 3 and figs. 12
and 13). Locations of these wells and test holes are
shown in plate 1. The three test holes, MC1, MC2, and
OK1, were completed as heat-flow holes in 1976. Ten
additional heat-flow holes were drilled in 1979 by the
Geological Survey. Temperature and heat-flow meas-
urements obtained in the 10 holes by means of an in-
situ probe (Sass and others, 1979) are available only in
preliminary form. Data and interpretations from these
sites will be released in the near future.

) 0
100 - _
— 50
200 |— —
300 _
— 100
172}
i e
t 400 — . o
= =
- z
x .
& so0l— 150 =
w a
Q w
Q
600 — —
— 200
700 +— —
800 |— _
— 250
5 10 15 20 25

TEMPERATURE, IN DEGREES CELSIUS

FIGURE 12.—Profiles of temperature measured in heat-flow holes.

Preliminary interpretation of the thermal data in-
dicates that, in the areas north of Hart Lake and in the
center of Warner Valley south of Adel, heat flow is
about 75 milliwatts per square meter (mW m~2), which
is in the lower part of the normal range for this region
of the Basin and Range province (Charles Mase, writ-
ten commun., 1980). On the basis of temperature pro-
files from holes MC1 and OK1, the average normal
thermal gradient in the valley-fill deposits may be in
the range 40°C km™' to 45°C km™'. Thus, if tempera-
tures near land surface are about 10°C, temperatures
in parts of the valley unaffected by recharge or thermal
convection should be at least 16°C at 500-foot depths
and at least 22°C at 1,000 feet. The minimum depth of
circulation required to attain temperatures of 20°C or
more would be 730 feet.

Thermal gradients and heat flows are apparently
higher than normal at several of the 10 recent test
sites. These sites include a location 1 mile west of Hart
Lake, another about 5 miles north of Crump geyser,
and three sites near Fisher Hot Spring. Thermal gra-
dients at these sites ranged from 113°C km™' to 600°C
km™', and apparent heat flows ranged from 125 to 689
mW m~2, the highest value occurring at a site a few
hundred feet from Fisher Hot Spring (Charles Mase,
written commun., 1980). No measurements were ob-
tained at the extreme south end of the valley near the
site of spring 34, but temperatures reportedly meas-
ured in the tilted fault block at this location by a pri-
vate exploration company suggest that heat flow may
be above normal.
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° r H1008
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L L L 1 150
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Ficure 13.—Profiles of temperature in water wells.
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The high thermal gradients and heat flows measured
in the areas described above occur as the result of cir-
culation of hot water that is believed to rise in the
nearby faults and spread laterally through shallow
basaltic rocks and the valley-fill deposits. The extent
and depth of the spreading zone in the Crump geyser
areas were estimated, on the basis of AMT meas-
urements, to be at least 1 mi®* and 1,000 feet, re-
spectively. The heat-flow data obtained near Fisher
Hot Spring suggest a zone of comparable size at this
location. Elsewhere in the valley, the volumes of shal-
low hot water are unknown.

The subsurface temperature distribution in the
Crump geyser area was investigated further by means
of measurements obtained in holes driven or augered
to depths of 2 meters. The area covered by these
small-diameter holes is shown in figure 14, where gen-
eralized lines of equal temperature have been drawn
on the data obtained at 2-meter depths. Temperatures
obtained at shallower depths showed a large amount of
scatter resulting from surface effects and insolation,
but the measurements at 2 meters were fairly consis-
tent. Many of the holes did not reach the full depth of 2
meters, and for these holes, the temperatures given in
figure 14 were extrapolated from shallower meas-
urements.

The number of data points shown in figure 14 is in-
sufficient to define the temperature distribution fully,
but the general characteristics of the shallow thermal
anomaly in the vicinity of Crump geyser are probably
indicated fairly well. The thermal disturbance result-
ing from the geologically recent imposition of the two
hot wells (wells 12 and 13) appears as a minor pertur-
bation in the temperature field. The cause is probably
the spreading of hot water that erupts and leaks from
the wells. A much larger anomaly appears in the area
of siliceous-sinter mounds and hot springs that oc-
cupies about 4% acres to the east of the wells. The
spread of hot water from these sources, and possibly
from others that may be concealed, raises tempera-
tures to more than 60°C over a large area.

The mounds of siliceous sinter that dot the area
stand 4 or 5 feet above the surrounding terrane.
Springs and seeps occur both at the edges of these
mounds and in isolated locations. Strata of sinter were
encountered in the temperature holes at depths of
about 3 feet at several places where no springs exist at
present. The mounds and strata suggest that hydro-
thermal activity was formerly greater than at present
and that the hydraulic heads in the springs were
higher than existing heads.

The shallow thermal anomalies in the Crump geyser
area appear to be caused by the lateral spread of hot
water from seeps, springs, and wells. The large ther-
mal anomaly inferred from geophysical measurements
is believed to be caused by spreading, at greater

depths, of hot water from two or more intersecting
faults. Two faults have been mapped as striking N. 48°
W. and intersecting the north-trending boundary fault
at points located a few hundred yards north and south
of the geyser area.

A large area of low heat flow and low thermal gra-
dients occurs in and adjacent to the former delta of
Deep Creek near Adel (Charles Mase, written com-
mun., 1980). In this area, ground-water inflow from the
canyon of Deep Creek, a probable fault zone, lowers
temperatures of ground water in the adjacent valley-
fill deposits. Reports of temperatures encountered in
the San Juan Oil Co. test well, located 1 mile east of
Adel, indicate that this cold-water inflow persists to
great depths in the Tertiary rocks beneath the valley-
fill deposits.

Profiles of temperature measured in six water wells
in Warner Valley (fig. 13) show good agreement with
data from the heat-flow holes. The correlation is sur-
prising because thermal gradients derived from meas-
urements in water wells are often unreliable owing to
convection in the well or outside the casing. Several of
the Warner Valley profiles show large effects of convec-
tive flow, most notably in well 36/24-28cabd (Flynn),
where the thermal gradient is reversed in the upper
150 feet of the well. However, the relatively uniform
gradients observed in the lower sections of most pro-
files generally confirm the data from the heat-flow
holes and suggest that thermal gradients are low at the
north end of the valley and are higher than normal at
the south end and in Coleman Valley. Gradients ob-
served in the water wells range from 36°C km™' to 58°C
km™! in three wells north of Hart Lake, and from 82°C
km~! to 86°C km™! in two wells in Coleman Valley. A
sixth well, 37/25-33bdcd, located about 1% miles north
of Fisher Hot Spring, had an extremely high gradient
in the upper 50 feet which is probably evidence of the
convective flow of hot water at shallow depths in this
area.

TEMPERATURES IN THE GEOTHERMAL
RESERVOIR: ESTIMATES FROM MIXING MODELS
AND CHEMICAL GEOTHERMOMETERS

Temperatures of equilibration were calculated for all
waters having surface temperatures of 20°C or more
(table 9). The geothermometers used for these calcula-
tions are the silica geothermometer of Fournier and
Rowe (1966) and Fournier (1973) and the Na-K-Ca
geothermometer of Fournier and Truesdell (1973). The
silica geothermometer based on quartz equilibrium is
assumed to apply if the apparent equilibration temper-
ature is greater than 110°C. Below 110°C, equilibra-
tion is assumed to occur with chalcedony. This distinc-
tion is made arbitrarily for the Warner Valley waters
on the basis of data from Iceland, where chalcedony
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tic rocks (Arnérsson, 1975).
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equilibration was established at temperatures less
than 110°C for virtually all waters occurring in basal-

The graph in figure 15 shows that the agreement
between the silica and Na-K-Ca geothermometers
ranges from poor to excellent, with generally good
agreement occurring in waters having temperatures of
40°C or more. Indicated reservoir temperatures are
generally high for waters having moderate to high
measured temperature, and for these waters the
Na-K-Ca geothermometer temperatures are, with only
one exception, lower than the quartz geothermometer
temperatures. The lower temperatures indicated by
the Na-K-Ca geothermometer are consistent with
changes in the Na/K and Ca/Na ratios that would be
expected as the result of water-rock reactions during
the ascent of thermal waters from a deep reservoir
(Fournier and Truesdell, 1973).

Equilibration temperatures shown in figure 15 rep-
resent the authors’ selection of the most probable
geothermometer temperature indicated for each sam-
ple. The quartz-conductive temperature was preferred
over the adiabatic-cooling temperature for all silica-

TEMPERATURES IN THE GEOTHERMAL RESERVOIR

evidence of steam separation in the subsurface and the
high probability that the thermal waters have cooled
conductively during their ascent. The conductive cool-
ing model is discussed below in the section entitled
“Conceptual Models of the Geothermal System.”

The Na-K-Ca geothermometer temperature selected
for the lower-temperature waters in figure 15 includes
a correction for the concentration of magnesium in the
sample. According to Fournier and Potter (1978), this
empirical correction should be applied to the Na-K-Ca
geothermometer whenever a thermal water has
equilibrated in the presence of sufficient magnesium to
affect the Na/K and Ca/Na ratios significantly. The
correction is based largely on the value of R, the per-
cent Mg/(Mg + Ca + K) in equivalents (table 9), and is
used when R has values less than 50 and the Na-K-Ca
geothermometer temperature is not less than 70°C.
The magnitude of the correction is a function of both
the R value and the Na-K-Ca geothermometer temper-
ature. Large values of R and estimated temperature
require large temperature corrections. For example, an
R value of 50 and an estimated temperature of 200°C
requires a negative correction of about 185°C. An R

based temperatures greater than 110°C. The rejection

of the adiabatic-cooling model is based on the lack of | less than about 195°C.

value of 2 would require no correction at temperatures
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Magnesium concentrations are low and values of R
are correspondingly low for well 12 and springs 44 and
46 in the Crump geyser area; the Na-K-Ca geother-
mometer consequently needs little or no correction for
these waters. Other waters, such as springs 1, 11, and
14, have larger R values, but are highly mixed waters
in which the magnesium concentrations may have
been acquired during or after mixing. No correction is
used for springs 1 and 11, but the indicated tempera-
ture for spring 14 has been corrected in order to bring
the Na-K-Ca temperature into agreement with the
quartz equilibration temperature of 123°C. This tem-
perature fits well in the mixing models discussed be-
low.

In the remainder of this section, a detailed examina-
tion is made of the chemical relations in 10 of the hot-
ter waters in order to justify the conclusions regarding
the geothermal reservoir. The final conclusions depend
largely on the relations between waters from the
Crump geyser area and those from the Fisher Hot
Spring area. Other thermal waters are fitted into the
conceptual model with varying degrees of confidence.
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CRUMP GEYSER AREA

Samples 12, 13, and 44 were obtained in two boiling
wells and a spring, respectively, which are located near
the western boundary fault about 3 miles north of
Adel. Measured surface temperatures are, re-
spectively, 93°C, 93°C, and 78°C. The temperature at a
depth of 660 feet in well 13 is reported to be 127°C and
the maximum temperature in well 12 was 124°C. Tem-
peratures in the spring (44) have previously been ob-
served to be somewhat higher than the temperature
reported here. Chemical analyses of major constituents
(table 6) show that the three waters are virtually iden-
tical.

The quartz conductive geothermometer indicates
that the temperature of equilibration is at least 173°C
for the three waters, whereas the Na-K-Ca geother-
mometer indicates a temperature close to 150°C. If the
quartz conductive geothermometer is accepted as the
more reliable of the three silica geothermometers, and
if the chloride concentrations and mixing models (dis-
cussed below) are accepted as probably correct, the

TaBLE 9.—Calculated temperatures of equilibration for waters having surface temperatures of 20°C or more

Calculated reservoir temperature (°C)

Se&uence Measured Qtz. Qtz. Chalced. Na/K +8 VCa/Na?
0. Owner or name temperature (adiab. ) {cond.)* {cond.)?
°Cy Mg
corrected® R4 81%0(S0O 4)"’

12 Charles Crump 93 163 173 151 152 152 0.9 208
13 Charles Crump 93 165 177 155 149 142 6.1 I
44 MC Ranch (spg) 78 163 173 151 144 144 1.5 202
14 Fisher Hot Spring 68 121 123 95 169 123 11.7 139
34 Hugh Cahill (spg) 66 132 136 109 125 105 13.7 179
46 Henry O’Keefe (spg) 58 163 173 151 152 150 43 219

1 US Fish and Wildlife

(Antelope Hot Spring) 40 159 169 146 168 87 19.8 125

11 Charles Crump (spg) 40 144 150 125 147 112 12.8 200
16 US BLM (Sp%) 38 109 110 81 158 148 5.8 —e
23 Lonny Schadler 33 131 136 109 253 105 21.2 P
10 John Lane (spg) 29 93 91 60 7 766 31.6 e

7 Dixon (spg) 27 104 104 74 193 59 29.2 P
43 Lonny Schadler 27 122 124 96 230 177 7.8 R
30 US BLM (Sandy Welh 25.5 109 109 80 233 100 19.9 ——-
31 Don Robinson (spg) 23 84 81 50 29 ®) 12.6 R
41 MC-2 22.5 128 132 104 191 153 8.0 ——e
32 James ke 21 114 115 87 177 62 27.6 ———
33 Foskett Spring 21 112 112 83 792 48 379 R
40 MC-2 21 124 127 99 189 149 8.6 R

4 Phillip Lynch 20.5 116 117 88 161 36 37.8 R

6 Glen erKy 20 91 88 58 758 ® 37.6 R

Fournier (1977).

28 = ¥% except where noted (Fournier and Truesdell, 1974).
3Fournier and Potter (1978).

R = Mg
Mg+Ca+K
3McKenzie and Truesdell (1977).
éNehring and others (1979).

78 = 4/3 (Fournier and Truesdell, 1974).

X 100; units of concentration are equivalents (Fournier and Potter, 1978).

8UFormula not applicable: — estimated Na-K-Ca temperature less than 70°C (Fournier and Potter, 1978).
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lower temperatures indicated by the Na-K-Ca geother-
mometer can be explained as the result of water-rock
reactions that occur as the waters ascend from the res-
ervoir and cool. The likelihood of this explanation is
supported by data from two of the samples, well 12 and
spring 44, in which a difference of 8°C between the two
Na-K-Ca temperatures results from minor chemical
changes that occur in the spring as the water rises and
cools 15°C.

The fairly high reservoir temperature indicated by
the silica geothermometer is supported by the observed
shift in the 880 ratio (fig. 7) of about 2 per mil relative
to values in cold regional waters. The amount of in-
crease suggests equilibration at fairly high tempera-
tures and is compatible with the estimated tempera-
ture of 175°C.

High rates of chloride to calcium, magnesium,
sodium, sulfate, and total carbonate species are also
compatible with relatively long residence times at high
temperatures (table 7). The ratio of sodium to potas-
sium is fairly large, however, indicating that reservoir
temperatures are probably not extremely high (White,
1970).

The close similarity in ionic concentrations and
ratios among the three waters clearly points toward
common origins and subsurface movements. The lower
temperature of the spring water is probably explained
by the additional conductive cooling of this water.

If these waters are assumed to rise and spread from
the adjacent boundary fault, it might be expected that
some mixing occurs with local ground water. The
tritium concentration in sample 12 (table 8) indicates
that such mixing does occur. The amount of mixing can
be estimated by assuming, on the basis of cold-water
sample 9 in table 8, that the tritium concentration of
the recharge water is about 90 tritium units (TU). If
the tritium concentration in the geothermal reservoir
is assumed to be zero, the fraction of cold water in
sample 12 is calculated to be 0.06. The uncertainty in
this fraction is large because of uncertainty as to the
exact nature of the cold recharge water. The results of
other mixing models discussed below show, however,
that the fraction is probably close to the value indi-
cated by the tritium model.

Possible modes of origin for the thermal waters of the
Crump geyser area are suggested by the silica-
enthalpy relations shown in figure 16 (Fournier, 1977).
The three simplest of the possible modes are described
below as they apply to sample 12, the water least af-
fected by near-surface boiling or conductive cooling.

The extension of the mixing line through sample 12
in figure 16 intersects the lowest possible enthalpy of
steam separation for the altitude of Warner Valley at
96 calories per gram (cal g™!). A vertical line from this

THE GEOTHERMAL HYDROLOGY OF WARNER VALLEY, OREGON

point (M 2) intersects the curve for maximum steam
loss due to adiabatic cooling (Fournier, 1977) and then
may be directed horizontally to intersect the curve for
quartz equilibration at M1 (enthalpy = 166 cal g1).
Point M1 indicates the minimum enthalpy and silica
concentration of a possible reservoir water supplying
water M2, which is assumed to mix with a typical cold
recharge water (point A) to form the water of sample
12. The horizontal boiling path from point M1 to the
maximum steam-loss curve represents the increase in
quartz concentration due to boiling. The vertical path
from the maximum steam-loss curve to point M2 repre-
sents the energy loss (cooling) due to boiling. The en-
thalpy estimated for the reservoir is not greatly sensi-
tive to the choice of the steam-separation point (M2).

An alternative mode of origin for sample 12 is one in
which the water cools conductively from the enthalpy
indicated by the quartz conductive geothermometer
(near point P in the diagram) and then mixes from
point M2. A third possible origin would produce the
shallow thermal water by direct mixing of cold water
with water from a reservoir having an enthalpy of
about 245 cal g™! (point M3).

The waters of well 13 and spring 44 are believed to
originate in the same way as the water of well 12. The
displacement of sample 13 relative to sample 12 is
readily explained by the surface boiling that is ob-
served in the large-diameter well of sample 13. The
position of sample 44 in the diagram appears to be the
result of additional conductive cooling as the hot water
flows to the spring at shallow depths.

The third hypothesis, mixing from a high-enthalpy
reservoir, is believed to be unlikely on the basis of in-
dications from mixing models. The fraction of cold
water calculated from the tritium mixing model is
0.06, whereas the fraction indicated by mixing from a
high-enthalpy reservoir in figure 16 is 0.66. A cold-
water fraction of 60 percent or more would probably
introduce a significant concentration of magnesium
into the mixture, whereas observed concentrations are
less than 1 mg L1, thus lending weight to the evidence
favoring only minor amounts of mixing. Either of the
first two models, adiabatic cooling with steam separa-
tion or conductive cooling from near point P is possible
on the basis of the silica-enthalpy relations, and each
postulates a reservoir temperature of at least 165°C.
However, the lack of any evidence of steam separation
or of vapor transport and the high probability of con-
ductive cooling at the observed flow rates favors the
conductive-cooling model.

A second approach to mixing models utilizes the
chloride-enthalpy relation and assumes that most
chloride in thermal waters is released by water-rock
reactions at high temperatures in the geothermal res-
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ervoir (Fournier and others, 1979; Truesdell and Four-
nier, 1976; Fournier, 1977). The diagram of figure 17
shows possible equilibration points, conductive cooling
paths, and mixing paths for the 10 samples having
temperatures greater than 30°C.

In figure 17, the high-chloride, low-enthalpy waters
of samples 12, 13, and 44 are shown in relation to two
possible points of origin, M1 and M4. Point M1 corres-
ponds closely to the similar point in the silica-enthalpy
diagram from which boiling might occur. Point M4 is
an equilibration point determined by the silica geo-
thermometer from which conductive cooling could
occur.

The line connecting points M1 and M2 in figure 17
represents an adiabatic cooling curve constructed by
extending a line from M2, the point of steam separa-
tion, to a point of zero chloride concentration and an
enthalpy of 639 cal g~! representing the composition of
pure steam (Truesdell and Fournier, 1976).

The mixing fractions of cold water calculated for well
12 from the chloride-enthalpy and silica-enthalpy
graphs are identical (0.05), and are close to the value

400 | l | T
— - Spring,>30°C
Enthalpy =639 cal gm' at Cl=g < Spring, _
350 [ (Truesdell and \ Awell ~30%C .
Fournier, 1976) \ verage of 14 wate:s with
’ temperatures <17°C
\ \ O Average of 5 low-silica waters
@Possible equilibration point
300 - \ O lntermediate stage
+++s.« Possible conductive
\ cooling path
— — — Possible mixing trend
<§( \ \__. Possible beiling path
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FiGURE 17.—Graph of chloride concentration versus enthalpy in waters
having surface temperatures >30°C.
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obtained from the tritium mixing model (0.06). Al-
though the coincidence inspires some confidence in the
mixing models and in the probability of an origin in a
reservoir at about 170°C, the data do not permit a clear
choice between the alternatives of conductive or
adiabatic cooling. These alternatives are discussed
further at the end of this section of the report.

Corroborative evidence for the mixing trend between
M2 and cold water is provided by the data from spring
11. This spring, with a temperature of 40°C and a flow
of about 5 gallons per minute (gal min™), is located
along the west boundary fault about a mile north of
well 12. The water has a chemical composition similar
to those of the Crump geyser waters (fig. 4), but
roughly half the dissolved-solids concentration.

It seems reasonable to assume that the water in
spring 11 has cooled conductively, perhaps 15°C or
20°C, as spring 44 is believed to do. This assumption
places spring 11 on the mixing trend for well 12 in both
the chloride and silica diagrams. On the basis of the
mixing line from point M2, cold-water fractions in
spring 11 are calculated to be 0.48, 0.44, and 0.52, re-
spectively, for the constituents silica, chloride, and dis-
solved solids. The dissolved solids concentration at M2
was estimated from ratios of silica and chloride to dis-
solved solids in sample 12. Thus, the mixing model
shows excellent agreement for these constituents and
indicates that the thermal component of spring 11
could have originated in water represented by point
M2.

There remains the possibility that the water of
spring 11 has attained its present state entirely by
conductive cooling from its indicated quartz conductive
geothermometer temperature of about 150°C. This pos-
sibility cannot be entirely ruled out, but the small con-
centration of dissolved solids (662 mg L™!) in the water
is incompatible with equilibration at this temperature
and indicates that mixing has occurred. Ratios of major
ions in spring 11 also support the concept of low-
temperature mixing. Ratios of calcium, magnesium,
and bicarbonate to chloride and sodium are increased
by the mixing, while ratios of sodium to potassium,
chloride to sodium, and chloride to sulfate remain simi-
lar to those in the higher temperature water. The mix-
ing model explains these observations better than the
conductive-cooling hypothesis.

A third spring which is included with the Crump
geyser waters on the basis of its chemical composition
is spring 46, located about one mile south of Crump
geyser and about 0.6 miles east of the boundary fault.
This spring, with a temperature of 58°C and a flow rate
of about 3 gal min~!, issues at the end of a penin-
sulalike sinter terrace about 0.6 miles long extending
southeast from the fault zone. At least six additional
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springs and seeps having low flows and temperatures
ranging from 35°C to 49°C also issue from the terrace.

The chemical composition of spring 46 is similar in
all important respects to the compositions of wells 12
and 13 and spring 44; the silica concentration is identi-
cal to that of well 12 and the chloride concentration is
only slightly lower than that of well 12 (230 mg L™!
versus 240 mg L™!) (table 6).

The virtual coincidence of ionic concentrations in the
Crump geyser water and spring 46 compels the belief
that the two waters originate in the same reservoir and
probably ascend in the same fault. It is significant,
therefore, that the water of spring 46 undergoes little
change in ionic concentrations (with the possible ex-
ception of an increase in boron) as it flows 0.6 miles
from the fault zone to its outlet while cooling about
35°C. The lack of water-rock interaction during this
passage implies that the water moves in a conduit that
is probably armored with silica and that has remained
open during the time required to precipitate the large
amount of silica laid down in building the sinter ter-
race. Further important implications are that the hot
waters of the Crump geyser area can presumably move
upward from the reservoir in similar armored conduits
while changing little in composition as they cool con-
ductively. The indirect evidence afforded by spring 46
thus tends to increase confidence in the belief that the
Crump geyser waters closely approximate the chemical
composition of the geothermal reservoir.

Waters from the two wells and three springs in the
Crump geyser area appear to define a lower limiting
trend on the silica-enthalpy and chloride-enthalpy dia-
grams (figs. 16 and 17). Spring 1, which falls below this
trend on the silica graph, is an isolated spring at high
altitude whose relation to thermal waters in Warner
Valley is unclear. This spring is discussed below. All
other thermal waters fall on or above the trend estab-
lished by 12, 13, and 44 if about 20°C of conductive
cooling is accepted for spring 11, and 30°C or more of
cooling has occurred in spring 46.

FISHER HOT SPRING AREA

An upper limiting trend in both the silica and
chloride diagrams is determined by the mixing lines
through spring 14, Fisher Hot Spring. This spring has
a surface temperature of 68°C and an estimated flow of
15-20 gal min~'. The calculated temperature of
equilibration is 123°C for both the quartz conductive
and the magnesium-corrected Na-K-Ca geother-
mometers.

The concentration of dissolved solids (360 mg L")
and the position of this water on the chloride and silica
diagrams (figs. 16 and 17) and the trilinear diagram
(fig. 4) suggest that this is a mixed water. Ratios of
major ionic constituents (table 7) are similar to those in
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spring 11 and show changes relative to the hotter wa-
ters that are consistent with low-temperature mixing.
For these reasons, the line showing a direct conductive
cooling path in figure 17 is not favored as an explana-
tion for the origin of this water.

If the water of Fisher Hot Spring is assumed to be
highly mixed, as its chemical composition suggests,
several possible mixing relations can be postulated
from figures 16 and 17. In figure 16, thermal water at
N1, having an equilibration temperature of 143°C may
mix with cold water represented by point A. The frac-
tion of cold water calculated for this mixture is 0.58,
and is the same for the corresponding mixture on the
chloride-enthalpy graph. The temperature of equili-
bration indicated by point N1 is 20°C higher than the
temperature estimated by the quartz and Mg-corrected
Na-K-Ca geothermometers but is close to the tempera-
ture of 139°C indicated by the sulfate-oxygen geother-
mometers. The latter geothermometer may not be reli-
able if the water is mixed, however, and low-
temperature sulfate is introduced in the mixture
(Nehring and Mariner, 1979).

A second possible mixing path utilizes average val-
ues of silica in five low-silica cool waters (point B, figs.
16 and 17). The five waters (5, 6, 36, 37, and 42) include
four high-altitude cold springs on the eastern fault
blocks and a well located about 3 miles north of Fisher
Hot Spring. These waters differ somewhat from other
cool waters in the area, and they could represent a
mixing water that occurs on the east side of the valley.
The equilibration temperature for quartz at which this
trend ends in figure 16 (point N2) coincides with the
uncorrected Na-K-Ca temperature (about 168°C).

Other explanations for the origin of spring 14 are
possible, including various combinations of conductive
cooling and mixing from high- or low-temperature res-
ervoirs. One alternative hypothesis, given below,
seems more probable than others when all the availa-
ble evidence is considered.

Abnormally high thermal gradients and heat flow in
the area near Fisher Hot Spring have been described in
the section of the report entitled “Distributions of
Temperature and Heat Flow.” The presence of large
volumes of warm ground water in the area makes it
probable, therefore, that the spring water has acquired
heat by conduction and by mixing with ground water
having temperatures as high as 30°C to 40°C. The ef-
fects of these processes would probably establish a mix-
ing line for spring 14 on the silica-enthalpy diagram
originating at some position above point A and trend-
ing roughly parallel to the line through spring 34. The
mixing line would probably include sample 16, a
highly mixed water from a spring located about 2 miles
south of Fisher Hot Spring. Spring 16 has a surface
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temperature of 38°C and a flow of 1-2 gal min~'. The
reservoir equilibration point could range from near M1
to P, depending on the point of origin and the dis-
placement of spring 14 due to conductive heating. The
indicated temperature of equilibration is in the range
of 165°C to 175°C and the fraction of high-temperature
water in the mixture is about 0.10. A similar trend
would appear on the chloride-enthalpy diagram (fig.
17).

General confirmation of the mixing relations for
Fisher Hot Spring and other thermal waters is pro-
vided by the boron-enthalpy diagram (fig. 18), which
shows a configuration similar to that of the chloride-
enthalpy relation. However, plots of the relation be-
tween boron and other major ions (not presented in this
report) show much more scatter than similar plots
using chloride. In particular, samples 1, 14, and 34
have exceptionally low boron-chloride ratios that have
the effect of displacing these samples on the boron-
enthalpy graph (fig. 18) from the positions they occupy
on the chloride-enthalpy graph (fig. 17). If boron con-
centrations in these samples are low as the result of
near-surface reactions with clay minerals, for example,
adjustments for these losses applied to the boron con-
centrations in figure 18 for samples 1, 14, and 34 would
bring them into conformity with the relations on the
chloride-enthalpy graph. The boron-enthalpy graph
thus provides a partly independent confirmation of the
chloride relations and supports the concept of high-
enthalpy, low-concentration mixed waters for Fisher
Hot Spring and spring 16.2

In spring 16, thermal water apparently has mixed
with local water to produce ratios of major ions that are
similar in all important respects to those in spring 14
(table 7). Most of these ratios contrast strongly with
those in three shallow low-temperature wells in the
area (6, 8, 15). The relatively high temperature of
spring 16 probably reflects the high ambient tempera-
tures in the area rather than a large component of
thermal water, however. The fraction of thermal water
may be only about 0.05, as determined by the probable
mixing line with background water of elevated tem-
perature and dissolved solids concentration. The mix-
ing water could readily be derived from waters like
those in wells 6, 8, and 15 by conductive heating and
reequilibration, with consequent decreases in calcium,
magnesium, bicarbonate, and sulfate relative to
sodium and chloride.

Relations among major ionic constituents of the
thermal waters and mixing calculations based on these

*The !

ly high tration of boron in spring 46 may be the result of water-
rock interaction as the spring water flows about 0.6 mi through the siliceous sinter terrace
to its outlet. Chemical analysis of the sinter shows that it contains 700 parts per million by

weight of boron.

relations tend to reinforce the hypothesis of low-
temperature mixing for the waters of Fisher Hot
Spring and spring 16. These springs consistently fall
on or near the trends of chloride versus silica and
chloride versus bicarbonate in figures 7, 8, and 9. They
also have consistent ratios to the positions of spring 11
and the hotter waters in these diagrams. Mixing trends
are believed to provide good evidence that waters in
positions along well-defined trends probably reflect
similar origins and are mixed with chemically similar
waters.

From these arguments, and as a check on the rela-
tionship between the silica-enthalpy and chloride-
enthalpy graphs, it may be assumed that, if the water
of spring 14 is derived from a reservoir between points
P and M1, having a temperature of 170°C, a chloride
concentration of about 215 mg L (fig. 17) and a silica
concentration of about 175 mg L~ (fig. 16) the position
of this reservoir water should fall along the mixing
trend in the silica-chloride graph (fig. 7). The point
labeled P’ in figure 7 is consistent with this hypothesis
and with the positions of the Crump geyser samples.
The graphs based on chloride concentration, silica con-
centration, and enthalpy thus demonstrate fairly con-
sistent relationships among waters in the two major
thermal areas of Warner Valley.

The mixing hypothesis described above indicates
that the temperature of equilibration for the thermal
component of Fisher Hot Spring is at least 170°C. The
apparent equilibration temperature of 123°C indicated
by the quartz geothermometer (table 9) is, of course, in
agreement with the proposed mixing formula derived
from the silica-enthalpy graph. The identical tempera-
ture obtained from the magnesium-corrected Na-K-Ca
geothermometer could be fortuitous, and the uncor-
rected temperature of 169°C may be correct. The addi-
tion of magnesium during mixing at shallow depths
would not have changed the ratios used in the Na-K-Ca
geothermometer.

To summarize the conclusions for the Fisher Hot
Spring and Crump geyser areas, the reservoir waters
indicated by mixing models for the two areas have
similar, although not identical, temperatures and con-
centrations of dissolved constituents. Apparent
equilibration temperatures range from a mimimum of
165°C for Fisher Hot Spring to 173°C for Crump geyser.
Chloride concentrations may be in the range 215 to 240
mg L' and silica concentrations may be in the range
165 to 190 mg L~'. On the basis of ratios to silica and
chloride, dissolved solids concentrations could range
from 900 to 1,150 mg L~!. The apparent differences
between the reservoirs supplying the two areas may be
commensurate with the uncertainties inherent in the
mixing models and hence should not be taken as con-
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clusive evidence of discontinuity between the reser-
voirs.

Graphs of the isotope concentrations 6'*0 and 8D
versus chloride have proven useful in clarifying the
relations among thermal waters and thermal reser-
voirs in Yellowstone Park and Long Valley (Truesdell
and others, 1977; Fournier and others, 1979). This ap-
proach, applied to waters of Warner Valley (figs. 19
and 20), adds little to the information previously dis-
cussed, largely because of the scarcity of boiling waters
and uncertainties concerning the reservoir charac-
teristics. However, the relations depicted in figures 19
and 20 agree with the mixing models for the Warner
Valley waters with only minor inconsistencies.

The partition of oxygen-18 and deuterium that
would result from single-stage boiling from a reservoir
at 220°C (point Q) to a separation temperature of 96°C
(surface boiling temperature in Warner Valley) fixes
one outside limit for the thermal waters, while the
mixing line between the equilibration point and an as-
sumed cold-water point fixes the remaining boundary
(Truesdell and others, 1977). Point Q represents a pos-
sible, but not probable, origin for the thermal waters in
a deep, high-temperature reservoir. The evidence for
such a reservoir is discussed at the end of this section of
the report.

The scatter of deuterium concentrations in the low-
temperature waters (table 8) makes it difficult to select
a low-temperature origin point, and spring 18 was
rather arbitrarily chosen for this point in figure 19. In
figure 20, the average 8'%0 value in 14 cold waters was

chosen as the point of origin, A, although the high con-
centrations of oxygen-18 in springs 14 and 16 probably
require a cold-water point considerably enriched in
oxygen-18. This fact is not incompatible with the pro-
posed mixing of thermal water with moderately high-
temperature water to produce the water of Fisher Hot
Spring and spring 16. The probable error in the deter-
mination of oxygen-18 and deuterium concentrations is
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rather large; despite this fact, the correlation of figures
19 and 20 with the silica-enthalpy and chloride-
enthalpy graphs is fairly good.

OTHER THERMAL WATERS

Spring 34 is located at the base of a tilted fault block
at the south end of Warner Valley. The rate of flow is
difficult to determine but is estimated to be in the
range of 3 to 5 gallons per minute. The surface temper-
ature is 66°C and the apparent temperatures of
equilibration are 109°C and 105°C respectively, accord-
ing to the chalcedony and the magnesium-corrected
Na-K-Ca geothermometers.

Spring 34 is probably a mixed water having fractions
of cold water of 0.68 and 0.66 calculated from the
silica-enthalpy and chloride-enthalpy graphs, re-
spectively. The graphs of isotope concentration versus
chloride concentration (figs. 19 and 20) also suggest
that the water has formed by direct mixing of local
ground water with reservoir water. Fractions of cold
water calculated by assuming mixing from point P in

figures 20 and 21 range from 0.62 and 0.66, depending
on the point chosen for the cold-water component. It
should be noted, however, that quantitative determi-
nations from figures 19 and 20 are highly dependent on
the chloride concentrations and hence add little inde-
pendent support to the determinations based on the
chloride-enthalpy relation.

The interpretations given above suggest that the
geothermal regime at the south end of Warner Valley
in the vicinity of spring 34 is similar to the regime
postulated for the areas north of Adel. Several aspects
of the chemistry of spring 34 cloud this picture, how-
ever.

Spring 34 has high concentrations of sulfate, bicar-
bonate, and fluoride and low concentrations of calcium
and boron relative to other thermal waters. The pH is
fairly low (7.2) and the deuterium concentration is
significantly depleted relative to concentrations in
more typical thermal waters. Finally, the concentra-
tion of dissolved solids in this water is too high to fit
any of the mixing relations utilized above.
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Ratios of several major ions, Ca/Mg, Cl/Mg, and
CI/Na (table 7), indicate a fairly close relationship be-
tween spring 34 and the hotter thermal waters. The
silica-chloride relation in figure 7 also confirms the
probable origin of the thermal component of spring 34
in hot water similar to that of Fisher Hot Spring and
Crump geyser. Ratios that are sensitive to low-
temperature equilibration, such as Ca/Mg and
Cl/(HCO; + CO,), are closer to those observed in two
samples from a deep test hole located near the south
end of the valley (samples 40 and 41). The samples
from depths below 492 feet in this test hole have higher
concentrations of bicarbonate, sulfate, and fluoride
than shallower ground waters and they may represent
a type of water that occurs in the Tertiary volcanic
sediments that underlie the valley floor. The positions,
in figure 4, of samples from wells in bedrock or deep
wells in the valley-fill deposits tend to support this con-
clusion. (See samples 4, 19, 23, 32, 40, 41, and 43.)
Ground water of this type is depleted in deuterium and
probably contains little or no tritium; it may represent
old water recharged during pluvial times from high
altitudes.

On the basis of the chemical composition and mixing
models, therefore, it is believed that the thermal wa-
ters of spring 34 and other warm springs at the south
end of the valley originally equilibrate at a tempera-
ture of 170°-180°C. Mixing with local ground water
adds high concentrations of fluoride, sulfate, bicarbo-
nate, and dissolved solids while ratios of chloride to
silica remain on the mixing trend observed for more
typical thermal waters. The fraction of cold water in
the mixture may range from 0.65 to 0.71 or more, de-
pending on the selection of a low-temperature point for
the local ground water. The sulfate-oxygen geother-
mometer (table 9) apparently confirms a high-
temperature equilibration for this water (179°C), but
the reliability of this geothermometer is questionable
when it is applied to a mixture presumably containing
large amounts of low-temperature sulfate.

Another thermal water, that of Antelope Hot Spring
on Hart Mountain (1), does not fit any of the models
thus far described. The sample is a low-enthalpy,
high-silica, sodium bicarbonate water that is not
clearly related to other thermal waters of the area.

Antelope Hot Spring appears far from the mixfng
trends established by other thermal waters in figures
7, 8 and 9, although the separate trend that could be
deduced from the graph of figure 7 is not substantiated
by the graphs of figures 8 and 9. This water contains
low concentrations of deuterium and oxygen-18 which
place it outside the field established by other thermal
waters on the graphs of isotope-chloride relations (figs.
19 and 20). The quartz and Na-K-Ca geothermometers

are in close agreement at a temperature of about
168°C, but the high concentration of magnesium (2.5
mg L) suggests that the corrected Na-K-Ca tempera-
ture of 87°C may be applicable.

A comparison of the silica-enthalpy and chloride-
enthalpy graphs (figs. 16 and 17) suggests that the
water has acquired excess silica relative to the chloride
concentration. Computer calculations of phase equilib-
ria (Kharaka and Barnes, 1973) lend support to this
assumption by showing that the water is supersatu-
rated with respect to amorphous silica at its measured
temperature.

Molal ratios of VCa/Na, Na/K, and Cl/SO, are simi-
lar to ratios in the waters of Crump geyser and Fisher
Hot Spring, but other ratios are highly dissimilar (ta-
ble 7). Most ratios suggest that the water is highly
mixed and has reequilibrated with shallow ground
water at low temperature.

Several hypotheses provide partial explanations for
the origin of Antelope Hot Spring. First, the water may
have cooled conductively from the reservoir indicated
by the quartz and Na-K-Ca geothermometers at about
170°C. If so, the low chloride concentration in relation
to silica and dissolved solids concentrations must be
accounted for in some other way. A second explanation
is based on the single-stage boiling and mixing rela-
tionship determined by the mixing line through spring
1 on the silica-enthalpy graph (fig. 16). This process
would require that the thermal component of the mix-
ture originate in a reservoir at about 215°C. The data
do not clearly rule out such a high-temperature reser-
voir, and this possibility is discussed further in the
summary of this section of the report. It may be
significant, however, that the mixing line from R1 in
figure 16 closely follows the equilibrium curve for
amorphous silica solubility and that the spring water
is supersaturated with respect to amorphous silica.

The most probable explanation for the characteris-
tics of Antelope Hot Spring involves conductive cool-
ing, mixing, and the solution of silica during the cool-
ing and mixing process. Many combinations of these
processes would fit the available data and none of them
is susceptible to convincing proof.

The position of sample 1 on the chloride-enthalpy
diagram (fig. 17) is probably the most reliable indicator
of the relation of this water to other thermal waters in
the area. On this diagram, sample 1 falls above the
mixing line for the Crump geyser waters. In view of the
isolated location of spring 1, its high altitude, and the
absence of any other thermal water on Hart Mountain,
it seems probable that this water cools conductively
from a position even farther above the Crump geyser
mixing trend and that this water is not necessarily
derived from the reservoir that supplies the Crump
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geyser water. Furthermore, the water that recharges
Antelope Hot Spring is probably derived from the same
high-altitude sources that recharge the shallow aqui-
fers on Hart Mountain. The result is seen in the un-
usually low concentrations of oxygen-18 and
deuterium in the spring water (figs. 10, 19, and 20).

The exceptionally high silica concentration in spring
1 is probably derived from Tertiary tuffaceous
sedimentary rocks that underlie and are incorporated
in the volcanic dome of Hart Mountain (fig. 3). Cor-
roborative evidence for this view is provided by the
chemical composition of Valet Spring, a cold-water
spring located about 1 mile north of Antelope Hot
Spring on Hart Mountain. The silica concentration in
Valet Spring is 66 mg L', the highest concentration
measured in a cold spring, and the water also contains
higher concentrations of sodium, bicarbonate, sulfate,
and dissolved solids than other cold springs in or near
the valley.

The water of Antelope Hot Spring probably rises in
the permeable zone of a major fault intersection (fig. 3),
cools conductively, and mixes with local ground water.
The reservoir supplying the spring has a temperature
of at least 87°C, as indicated by the magnesium-
corrected Na-K-Ca geothermometer (table 9), but the
temperature could be considerably higher if possible
mixing relations on the chloride-enthalpy graph are
considered.

The equilibration temperature for Antelope Hot
Spring probably cannot be estimated on the basis of
available data. Despite agreement between the quartz
conductive and uncorrected Na-K-Ca geothermome-
ters, neither of these is believed to be reliable in this
instance. The quartz geothermometer is almost cer-
tainly erroneous if the chloride concentration is, as as-
sumed, a valid indicator of mixing. The Na-K-Ca
geothermometer is probably erroneous if, as assumed,
the thermal water originates from and mixes with
low-temperature ground water from Hart Mountain.
When the Na-K-Ca geothermometer is applied to the
water of spring 45, for example, calculated equilibra-
tion temperatures are 191°C and 63°C, respectively, for
the uncorrected and magnesium-corrected geother-
mometers. These temperatures do not differ greatly
from those indicated for spring 1, suggesting that even
the magnesium-corrected value may not be a reliable
indicator of equilibration temperature in the hot
spring.

The last of the nine samples having temperatures
greater than 30°C is number 23, obtained from a well of
unknown depth located along the west boundary fault
about 2 miles south of Adel. The well is known to be old
and is used only rarely for stock watering. As a conse-
quence, there is some doubt about the reliability of the
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chemical data.

The data from well 23 demonstrate many of the com-
plexities inherent in the determination of chemical re-
lations in low-temperature waters. Sample 23 falls
near the trends for Fisher Hot Spring and spring 34 in
figure 17 (chloride-enthalpy); it falls near the trend for
Crump geyser waters in figures 5 (chloride-fluoride)
and 16 (silica-enthalpy); and it is on the trend with
Antelope Hot Spring and low-temperature waters from
deep wells in figure 7 (silica-chloride). Ratios of major
ions in this water (table 7) are similarly varied.

The chloride concentration should be one of the more
reliable indicators for well 23, and in relation to this
constituent, both temperature and silica concentration
are higher than expected. The water shares significant
characteristics, however, with other deep well waters
from the southern part of the valley and also with
water from the thermal spring 34.

On the basis of the ratios Cl/Na, C1/SO,, Cl/(HCO; +
CO;), Ca/Mg, and Na/K (table 7), and the chloride-
enthalpy and 8D-chloride diagrams (figs. 17 and 19),
the water is assumed to be a combination of typical
high-temperature water mixed with a large fraction of
shallow ground water having higher than normal tem-
perature and silica concentration. The relations are
probably similar to those in spring 34 with additional
complexities of unknown origin.

The most probable interpretations of the chemical
relations and geothermometers in the waters of
Warner Valley lead to the conclusion that the thermal
components of these waters equilibrate in similar res-
ervoirs at temperatures of at least 170°C and attain
their surface temperatures and compositions largely by
conductive cooling and mixing.

Adiabatic cooling with steam separation is believed
to be minimal for even the hotter waters. At the al-
titude of Crump geyser (4,500 feet), water in an uncon-
fined aquifer could boil only at depths less than about
230 feet if the temperature were as high as 170°C. Data
from wells 12 and 13 at this location indicate that tem-
peratures were about 124°C and 127°C at depths of 120
and 660 feet, respectively, suggesting that the shallow
water is far below temperatures required for boiling
under normal hydrostatic heads. If the mixing rela-
tions deduced for these wells are valid, they imply that
a reasonably good hydraulic connection exists between
the reservoir water and the shallow waters, and this
suggests that the reservoir waters could not boil at
great depths. The implausibility of extensive boiling
thus favors the conductive cooling hypothesis for the
Crump geyser waters and the concept of deep mixing
for the remaining thermal areas.

The silica-enthalpy and chloride-enthalpy relations
for the Warner Valley thermal waters can be inter-
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preted to imply the existence of a deep parent reservoir
from which the 170°C waters of shallower reservoirs
are derived. In figures 16 and 17, mixing lines for two
springs, Antelope Hot Spring and Fisher Hot Spring,
can be projected to equilibration points that represent
such a deep, hot reservoir. One line through Fisher Hot
Spring (14) projects to a reservoir at Q on the chloride-
enthaipy graph, and a line through Antelope Hot
Spring (1) projects to a similar point (Q1) on the silica-
enthalpy graph.

Although highly speculative, point Q on the
chloride-enthalpy graph could be a point of origin for
all thermal waters in the area. According to this
hypothesis, reservoir water at Q cools adiabatically to
M2 and mixes with cold water to form the waters of the
Crump geyser area (12, 13, and 44). At intermediate
points, M1 and R, the water mixes directly with cooler
water to form the waters of spring 34 and spring 1.
Water from Q also mixes directly with waters of lower
temperature to produce the mixture at N2, from which
waters of the Fisher Hot Spring area are derived by
further mixing. (The point N2 was established as the
end point of a possible mixing trend for Fisher Hot
Spring in fig. 16).

Inspection of the silica-enthalpy graph (fig. 16)
shows that if the water of Antelope Hot Spring is de-
rived from a high-temperature reservoir, the reservoir
water could cool adiabatically from Q1 to R1 and then
mix with recharge water, A, to produce the observed
silica concentration in the spring. The equilibration
point equivalent to R1 on the chloride-enthalpy graph
could be anywhere along the 96 cal gm™! steam separa-
tion line. If it is placed, as shown in figure 17, at a point
where the mixing fractions are identical to those for
R1-1-A on the silica diagram, it falls conveniently near
the extension of a boiling curve through N2. The reser-
voir equilibration point equivalent to Q1 would then
presumably occur at the 218 cal gm™! enthalpy level
along the boiling curve as shown.

The hypothesis outlined above requires the existence
of two intermediate reservoirs beneath Warner Valley,
one having high silica and low chloride concentrations
and the other having the reverse. An occurrence of this
kind seems implausible. Furthermore, the relations
proposed for Antelope Hot Spring are not substantiated
by the isotope-chloride graphs (figs. 20 and 21) or by
calculated mixing fractions. The unreliability of indi-
cations from Antelope Hot Spring has been discussed
above, and the evidence from this spring should prob-
ably be given very little weight in conclusions concern-
ing a high-temperature reservoir. The mixing line
through Fisher Hot Spring to point Q also cannot be
substantiated by the isotope-chloride graphs. If the
most probable of several possible mixing lines for

Fisher Hot Spring is accepted, the equilibration point
falls close to M1 and the evidence for a reservoir at Q
vanishes.

Additional evidence supporting the concept of a
high-temperature reservoir are the equilibration tem-
peratures estimated by means of the sulfate-oxygen
geothermometer (McKenzie and Truesdell, 1977) for
springs 11, 44, and 46 and well 12 in the Crump geyser
area (table 9). Apparent temperatures of sulfate-
oxygen equilibration range from 200°C to 219°C in
these waters for the conductive heat-loss model. The
consistency of the estimated temperatures is remarka-
ble in view of the inclusion of spring 11, a highly mixed
water having a measured temperature of 40°C. The
maximum temperature, 219°C, is consistent with the
indications of the chloride-enthalpy graph (fig. 17).

The most damaging argument against the evidence
provided by the silica-enthalpy and chloride-enthalpy
diagrams is the extremely low probability that water
from a high-temperature reservoir has cooled adiabati-
cally in accordance with the boiling curves suggested
in figures 16 and 17. There is no evidence, for example,
that the waters represented by possible equilibration
points N2, M1, or P are derived from or are heated by
steam that would have separated from a deep reser-
voir. There are no fumaroles in the Crump geyser area
that would indicate steam separation, although this
lack does not preclude the condensation of steam in the
shallow ground water. However, ratios of chloride to
boron, which would be expected to indicate deep boil-
ing, show evidence only of normal heating of meteoric
water. Other constituents, such as fluoride, arsenic,
and lithium, similarly give no indications of extensive
boiling.

There would be no need to invoke adiabatic cooling,
however, if fluid from a deep high-temperature reser-
voir were assumed to ascend and cool conductively and
then reequilibrate at shallower depths in a reservoir
represented by points in the vicinity of M4 in figure 17.
All thermal waters in the area could be derived from a
point near M4 by the same means proposed above for
an origin at point Q. The silica and Na-K-Ca geother-
mometers thus would represent the reequilibration
temperatures, whereas the slow-responding sulfate-
oxygen would continue to indicate the temperature of
the deeper reservoir.

Many uncertainties still surround the application of
the sulfate-oxygen geothermometer. A discussion by
Nehring and Mariner (1979) shows, for example, that
thermal waters may dissolve “fossil” sulfate from min-
erals formed at higher temperatures, thus giving
higher sulfate geothermometer temperatures than
chemical geothermometers. This explanation was ad-
vanced to account for discrepancies in geothermome-
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ters in the Klamath Falls area (Sammel, 1980). On the
other hand, Nehring and Mariner present evidence to
show that some high-temperature waters precipitate
silica at concentrations greater than about 200 mg L,
thereby causing the discrepancies between the silica
and sulfate geothermometers.

A third possible hypothesis, therefore, is that the
precipitation of silica has resulted in erroneously low
temperatures from the quartz geothermometer. In this
case, the reservoir would be deeper than estimated and
the thermal fluids would be assumed to cool conduc-
tively to temperatures at which the mixing relations
proposed previously would apply. Some of the mixing
proportions would be incorrect in this case but the gen-
eral relationships would still be applicable.

The significance of these several hypotheses for
strategies of exploration and development is discussed
in the final section of this report. In view of the uncer-
tainties, however, the occurrence of a deep high-
temperature reservoir in Warner Valley is speculative
and has an essentially unknown probability.

CONCEPTUAL MODELS OF THE GEOTHERMAL
SYSTEM

HEAT-FLOW CONSTRAINTS ON THE DEPTH OF FLUID
CIRCULATION

Thermal waters of the Warner Valley area are be-
lieved to originate in a deeply-circulating hot-water
system. The chemical compositions of the thermal wa-
ters show no evidence that the waters have been in
contact with magma or have been heated by steam ris-
ing from a magma chamber. The chemical evidence is
thus in accord with the data of MacLeod, Walker, and
McKee (1975), who conclude that silicic domal masses
or magma chambers in this region are probably 8 or 9
million years old and would have cooled to ambient
temperatures by the present time.

Geothermometers and mixing models indicate that
temperatures of equilibration for the thermal compo-
nents of the waters are at least 170°C prior to mixing.
The depth at which this temperature would occur in a
steady-state conductive regime beneath Warner Valley
is estimated to be at least 13,000 feet. The assumptions
used for this estimate are depicted in figure 21 and are
described as follows: average heat flow in the valley is
75 milliwatts per square meter (mW m=2); thermal
conductivity in the valley-fill deposits is 1.88 watts per
meter kelvin (W (meK)™'); the average depth of the
valley fill in the area north of Adel is 800 feet, based on
depth to bedrock in the U.S. Geological Survey test
hole, MC1, and on a similar depth reported in a San
Juan Oil Co. test hole near Adel; thermal conductivity
in the underlying Tertiary basalt and tuffaceous sedi-

ments is 1.9 W (m*K)™!, which is lower than the con-
ductivity in a dense basalt but which may be a reason-
able value for the thin flows, tuffs, and tuffaceous sed-
iments that underlie the valley.

The depth of 13,000 feet (4 km) is calculated with the
further assumption that the average thermal conduc-
tivity in the bedrock remains constant with depth.
Characteristics of the bedrock reported in logs of the
San Juan Oil Company well show no overall change to
a depth of 7,500 feet, but if deeper rocks were to have
higher thermal conductivities as the result of greater
densities, the depth to the 170°C horizon would be cor-
respondingly increased. Calculated gradients of about
39°C km ' in the bedrock and 40°C km™' in the valley-
fill deposits produce a temperature-depth relation that
is in close agreement with a reported bottom-hole tem-
perature of 94°C at a depth of 6,980 feet in the San
Juan Oil Co. test hole (figure 21).

The requirement that thermal waters circulate to a
depth of at least 4 km in order to attain the estimated
reservoir temperature implies that the flow probably
occurs in major boundary faults. Evidence that major
faults are active and are possible conduits for ground-
water flow to such depths is provided by the Adel
earthquake swarm which had focal centers at depths
ranging from 2 km to nearly 13 km and averaging 9
km (Schaff, 1976).

It is clear from geometric considerations that if
thermal water is confined to a nearly vertical fault
plane, it will not capture the vertical conductive heat
flux in the crust as efficiently as if the water were
spread laterally in a horizontal aquifer. Numerical
models developed by M. L. Sorey for the Grass Valley,
Nev., geothermal system show, for example, that for
some fault-controlled hydrothermal systems in the
Basin and Range province, rates of heat absorption by
meteoric water circulating down a fault are insufficient
to raise fluid temperatures to known or inferred reser-
voir temperatures within reasonable depths of circula-
tion (Welch, and others, 1981). In addition to vertical
flow in the fault, lateral circulation is needed in order
to capture a sufficient amount of heat. In the absence of
lateral circulation, the meteoric recharge water would
cool the adjacent rocks.

In order to estimate whether or not lateral circula-
tion might be required in the Warner Valley fault-
system, flow rates were estimated for all known ther-
mal springs and wells in Warner Valley and the flow
rates of the thermal components, presumably derived
from the 170°C reservoir, were calculated on the basis
of proportions derived from mixing models. The sum of
the flow rates of thermal springs and wells in Warner
Valley is approximately 7.5 kilograms per second (kg
s™1) and the total rate of flow from the thermal reser-
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voir is approximately 2 kg s™'). Total thermal dis-
charge at the land surface above a base temperature of
10°C is calculated to be 1.8 x 10° watts (W).

If the estimated mass flow from the reservoir is as-
sumed to be replaced by recharge water circulating
down the faults, calculations based on numerical
models show that, at a depth of 4 km, this circulation
would lower the rock temperature about 20°C below
that which would exist in the absence of fluid circula-
tion (Welch and others, 1981). The assumed boundary
conditions include a 70°C dip of the fault planes on
either side of the valley and circulation to 4 km. The
dip of the faults is taken as the smaller of two esti-
mates: 70°C estimated by Peterson (1959), and 80°C
estimated by Schaff (1976) on the basis of seismic data
from the Warner Valley earthquake swarm of 1968.
The smaller estimate is slightly more favorable for ef-
fective heat transfer. Half of the total flow is assumed
to occur on each side of the valley, and the horizontal
length of fault through which flow occurs is assumed to
be 4 km on each side. If downflow occurs over greater
lengths of the fault or if fluid circulation has not con-
tinued for sufficient time to establish a thermal steady
state, resulting temperatures at depth in the fault con-
duit would be correspondingly higher.

This analysis indicates that if the total throughflow
of the thermal water is approximately 2 kg s!, the
hydrothermal system in Warner Valley could consist
largely of water circulating within the boundary faults
to a depth of little more than 4 km. The storage of both
water and heat in the system would be extremely small
in this case. The existence of a more extensive reser-
voir is not ruled out, however, and this possibility is
discussed in the final section of this report.

Numerical simulations by Sorey (1978) further sug-
gest that thermal waters having flow rates similar to
those estimated for the Warner Valley springs would
cool appreciably by conduction prior to reaching the
surface. Conductive cooling at a flow rate of 2 kg s™!
might lower the temperature as much as 75°C from a
reservoir temperature of 170°C. These results are qual-
itatively confirmed by calculations, reported by Trues-
dell, Nathenson, and Rye (1977), which indicate that
flows less than 1.7 kg s7! at 200°C would cool to below
boiling temperature in a vertical ascent of 4 km.
Thermal water arising from such a depth would have
to flow at rates greater than 15 kg s™! in order to main-
tain reservoir temperatures.

CONSTRAINTS BASED ON CHEMICAL DATA AND MIXING
MODELS

The results of the numerical models must be recon-
ciled with chemical data which are partly ambiguous
(for example, the geothermometers) but which have a
generally satisfying consistency (for example, the

isotope data and the mixing calculations). Indications
based on ratios of major ions, isotope concentrations,
and mixing relations can probably be taken at face
value as evidence of a high-temperature reservoir.
Silica-concentrations in the hotter waters are consis-
tent with this evidence and indicate that the tempera-
ture is at least 170°C.

Two factors may mitigate the supposed effects of
conductive cooling. The flow rate from the reservoir
could be as much as double the estimated rate, and
much of the flow could be dispersed within the valley-
fill deposits. The large volumes of heated ground water
known to exist in the Crump geyser and Fisher Hot
Spring areas are evidence of this dispersion. Higher
flow rates would decrease the temperature loss in the
upflowing thermal water and the higher ambient tem-
peratures in the mixing zones would further increase

the final temperature of the mixing water.
The differing influences of these factors are probably

involved to some extent in the temperature differences
observed between the Crump geyser area and the
Fisher Hot Spring area. It is likely, for example, that
the flow system is not symmetric as postulated in the
heat-loss model described above. Discharge on the west
side of the valley could be as much as twice the dis-
charge on the east side, thereby accounting in part for
the temperature differences between the two areas.

On the west side of the valley, thermal water from
the reservoir probably ascends and cools conductively
in several conduits within the boundary fault. The flow
rate may be in the range 1 to 3 kg s™'. Near the base of
the valley-fill deposits, the continuity of the channels is
broken and the water spreads and mixes with local
ground water. Clear evidence for the hot saline water
in this zone is seen in the resistivity data described in a
previous section of the report.

The water may reequilibrate to some extent in this
mixing zone and attain the cation ratios that, in the
Na-K-Ca geothermometer, indicate a temperature of
152°C. Silica concentrations and dissolved solids con-
centrations remain high, however, in the slowly cir-
culating hot water. Vertical permeabilities in this zone
are probably low and one half or more of the hot water
spreads laterally through the valley-fill deposits. The
remainder ascends to the surface through the conduits
that supply the thermal springs in this area. As previ-
ous sections of this report have shown, some springs
contain highly mixed water (samples 7, 10, and 11, for
example) while other springs and two wells (springs 44
and 46 and wells 12 and 13) tap only slightly mixed
water that retains most of the characteristics acquired
in the thermal reservoir.

In the Fisher Hot Spring area, the cooling and mix-
ing relations are not entirely clear, but much of the
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evidence points toward a reservoir temperature of
170°C or more. The reservoir could be the one that
supplies the Crump geyser waters or it could be
hydraulically unconnected and have slightly lower
concentrations of chloride and slightly higher silica
concentrations than the Crump geyser reservoir. The
resolution of mixing diagrams for these waters is not
sufficiently precise to permit distinctions of this sort to
be made. It seems fairly certain, however, that the reser-
voir water mixes directly with local warm waters to pro-
duce the water of Fisher Hot Spring and spring 16.

There is at present no evidence to indicate a large
mixing zone in the deeper valley-fill deposits beneath
Fisher Hot Spring similar to the zone inferred beneath
Crump geyser. Heat-flow holes give clear evidence,
however, of a zone of lateral spreading that extends to
depths of at least several hundred feet. The areal ex-
tent of this zone has not been well defined but is at
least several square miles.

Conditions similar to those in the Fisher Hot Spring
area are also believed to exist at the south end of
Warner Valley, where thermal waters having temper-
atures of 170°C or more appear to mix directly with
local warm waters. The area may differ from the
northern areas in that much of the warm water may
exist in a fractured fault block that dips into the valley
and forms its southern boundary. Little else can be
deduced from the data available at this time, and ad-
ditional data collected in the area by a private explora-
tion company may refine or alter these conclusions in
the future.

RESERVOIR CHARACTERISTICS

Discussions in this report referring to the geother-
mal reservoir in Warner Valley have thus far assumed
only that circultion occurs along fault planes to depths
sufficient to attain indicated reservoir temperatures.
Available data neither confirm nor deny the possibility
that circulation also occurs in a direction perpendicu-
lar to the fault plane in a laterally extensive volume of
rock.

Some evidence supports this possibility. The great
enrichment of oxygen-18 in the reservoir waters rela-
tive to recharge waters could require that the thermal
waters percolate through large volumes of permeable
rock outside the fault zone, especially if leaching has
depleted the oxygen-18 in the rocks of the fault con-
duits. The similarity of thermal waters on opposite
sides of the valley (if the mixing models are valid) may
also support the concept of a laterally extensive reser-
voir.

If a more extensive reservoir exists, the narrow
range of reservoir temperatures indicated by the
geothermometers and mixing models for waters on

both sides of the valley may imply that the reservoir
rocks have a fairly small vertical thickness. The known
stratigraphy of the area also implies that permeable
strata at great depths are likely to be thin, perhaps
confined to alternating interflow zones in basaltic
rocks.

If rock temperatures are assumed to range from
170°C at the top of the reservoir to 180°C at the bottom,
this temperature difference would probably occur over
a vertical distance of no more than a few hundred me-
ters, assuming that vertical convective flow in the res-
ervoir is minimal. For the calculations that follow, a
minimum reservoir thickness of 200 meters (650 ft)
and a probable maximum thickness of 500 meters
(1,600 ft) are assumed.

It is convenient to assume that the reservoir is con-
fined to the rocks that lie between the main boundary
faults, although it may be equally probable that a
major reason for the occurrence of the thermal waters
at this location is a fortuitous juxtaposition of perme-
able rocks on both sides of the two faults. The first
possibility seems much the more likely of the two,
however, and is assumed to be the case in the following
discussion.

It may also be assumed that the reservoir supplying
Crump geyser and Fisher Hot Spring is confined to a
9-mile length of the valley between Pelican Lake and
Hart Lake. This assumption is based on the lack of
thermal manifestations to the north and south of this
area and on data from the Geological Survey test holes
MC1 and OK1 and the San Juan Oil Co. well east of
Adel, all of which show less than normal temperatures
at their respective total depths of 885, 522, and 7,500
feet.

By projecting an assumed 70° dip of the boundary
faults in the area underlain by the reservoir, the aver-
age width of the reservoir between the faults at a depth
of 13,000 feet is determined to be 3.2 miles and the area
of the reservoir is, therefore, about 29 mi? (75 km?). For
assumed thicknesses of 650 feet (200 m) and 1,600 feet
(500 m), the reservoir volume is calculated to be 3.6 mi?
(15 km?®) and 9 mi® (38 km?), respectively.

Utilizing the International System of Units for ease
in comparison of results, a porosity of 0.10 is assumed
in the reservoir rocks and volumetric specific heat is
assumed to be 2.7 joules per cubic centimeter per de-
gree Celsius (J cm™ °C™!). Volumetric heat above a
base temperature of 10°C stored in the reservoir is then
calculated to be 6.5 x 10'® J for the 200 m thickness
and 1.6 x 10" J for the 500-meter thickness. Applying
the 25 percent recovery factor used by Nathenson and
Muffler (1975), recoverable thermal energy is esti-
mated to be 1.6 x 10 J and 4 x 10'* J for the two
thicknesses of reservoir assumed.
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Several additional calculations can be made to serve
as rough checks on the heat and mass balances implied
by the preceeding analysis. For example, assuming
that normal heat flow through the valley-fill deposits is
0.075 W m™2, the total conductive heat flow in the area
underlain by the reservoir (117 km?) is calculated to be
8.8 x 10® W. The calculated convective heat discharge
at or near land surface, 1.8 x 10% W, is, therefore, about
one-fifth of the conductive heat flow. The difference be-
tween the values is sufficiently large to ensure an
adequate conductive heat-flow base from which to de-
rive the convective discharge. The convective dis-
charge is large enough, however, to account for a prob-
able small deficit in the measured heat flows in the
central and northern parts of the valley. It may also
account, in part, for the lower than normal thermal
gradients observed in the San Juan Oil Company well
and the Geological Survey test holes MC1 and OK1.

A second calculation may be made in order to esti-
mate mass flow rates and apparent permeabilities in
the reservoir rocks. For this calculation, it is assumed
that mass discharge from the thermal reservoir is dou-
ble the estimated flow at the surface, or 4 kilograms
per second (kg s™). Corrected for density at 170°C, this
becomes 4.7 liters per second (L s7!). The hydraulic
gradient in the reservoir is assumed to be 0.005, com-
parable to the near-surface gradient estimated for re-
gional ground-water flow. For the width and range of
thicknesses assumed for the reservoir, the apparent
permeability is calculated to be in the range 0.10 to
0.15 feet per day (ft d™'), which, corrected to surface
temperature, is about 2 x 10 2to 5 x 1072 ft d".

It could also be assumed that as little as one-fourth
or as much as three-fourths of the total flow in the
reservoir results in upward flow in the conduits, but in
all cases, the calculated permeabilities remain in a
range that appears reasonable when compared with
published data from other areas. (See, for example, 6 X
1073 ft d-! for welded tuffs in Nevada (Davis and De
Wiest, 1966, p. 339), 6 x 1073 ft d~! for welded tuffs and
tuffaceous sediments in Long Valley, Calif. (Sorey and
others, 1978), and 2.5 x 10~* ft d~' for moderately
dense Hawaiian basalts (Davis, 1969, p. 65). All of the
parameters assumed for the above calculations have
extremely large uncertainties, and the fair agreement
with a few published data is not intended to imply any
degree of reliability in the results. The calculations do
no more than indicate that the assumptions used may
be reasonable ones.

At the south end of Warner Valley in the large tilted
fault block and the adjacent valley-fill deposits, the
reservoir may have an area of about 8 mi? (21 km?). On
the basis of the chemical data, the reservoir may be
assumed to occur at the same depth as the northern
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reservoir. For the same range of reservoir thicknesses
the stored heat is calculated to be about 3.2 x 10! J
and the recoverable energy is about <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>