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GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

THE HYDROTHERMAL SYSTEM
OF LONG VALLEY CALDERA,
CALIFORNIA

By M. L. Sorey, R. E. LEwis, and F. H. OLMSTED

ABSTRACT

Long Valley caldera, an elliptical depression covering 450 km? on
the eastern front of the Sierra Nevada in east-central California,
contains a hot-water convection system with numerous hot springs
and measured and estimated aquifer temperatures at depths of 180°C
to 280°C. In this study we have synthesized the results of previous
geologic, geophysical, geochemical, and hydrologic investigations of
the Long Valley area to develop a generalized conceptual and math-
ematical model which describes the gross features of heat and fluid
flow in the hydrothermal system.

Cenozoic volcanism in the Long Valley region began about 3.2 m.y.
(million years) ago and has continued intermittently until the pres-
ent time. The major event that resulted in the formation of the Long
Valley caldera took place about 0.7 m.y. ago with the eruption of 600
km? or more of Bishop Tuff of Pleistocene age, a rhyolitic ash flow,
and subsequent collapse of the roof of the magma chamber along one
or more steeply inclined ring fractures. Subsequent intracaldera vol-
canism and uplift of the west-central part of the caldera floor formed
a subcircular resurgent dome about 10 km in diameter surrounded by
a moat containing rhyolitic, rhyodacitic, and basaltic rocks ranging
in age from 0.06 to 0.05 m.y.

On the basis of gravity and seismic studies, we estimate an aver-
age thickness of fill of 2.4 km above the precaldera granitic and
metamorphic basement rocks. A continuous layer of densely welded
Bishop Tuff overlies the basement rocks, with an average thickness
of 1.4 km; the fill above the welded Bishop Tuff consists of interca-
lated volcanic flows and tuffs and fluvial and lacustrine deposits.
Assuming the average grain density of the fill is between 2.45 and
2.65 g/cm?, we calculate the average bulk porosity of the total fill as
from 0.11 to 0.21. Comparison of published values of porosity of the
welded Bishop Tuff exposed southeast of the caldera with calculated
values indicates average bulk porosity for the welded tuff (including
fracture porosity) from 0.05 to 0.10. Because of its continuity and
depth and the likelihood of significant fracture permeability in the
more competent rocks such as the welded tuff, our model of the hy-
drothermal system assumes that the Bishop Tuff provides the princi-
pal hot-water reservoir. However, because very little direct informa-
tion exists from drill holes below 300 m, this assumption must be
considered tentative.

Long Valley caldera is drained by the Owens River and several
tributaries which flow into Lake Crowley in the southeast end of the
caldera. Streamflow and springflow measurements for water years
1964-74 indicate a total inflow to Lake Crowley of about 10,900 L/s.
In contrast, the total discharge of hot water from the hydrothermal
reservoir is about 300 L/s. For modeling purposes, the ground-water
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system is considered as comprising a shallow subsystem in the fill
above the densely welded Bishop Tuff containing relatively cold
ground water, and a deep subsystem or hydrothermal reservoir in
the welded tuff containing relatively hot ground water. Hydrologic,
isotopic, and thermal data indicate that recharge to the hydrother-
mal reservoir occurs in the upper Owens River drainage basin along
the western periphery of the caldera. Temperature profiles in a 2.11-
km-deep test well drilled by private industry in the southeastern part
of the caldera suggest that an additional flux of relatively cool
ground water recharges the deep subsystem around the northeast
rim. Flow in the shallow ground-water subsystem is neglected in the
model except in recharge areas and along Hot Creek gorge, where
approximately 80 percent of the hot-water discharge from the hydro-
thermal reservoir moves upward along faults toward springs in the
gorge.

Heat-flow data from the Long Valley region indicate that the re-
surgent dome overlies a residual magma chamber more circular in
plan than the original magma chamber that supplied the Bishop
Tuff, and lead to the inference that magma beneath the east part of
the caldera was exhausted during eruption of the Bishop Tuff. Seis-
mic and teleseismic studies (based on distant earthquakes) also in-
dicate that an anomalously hot or partially molten mass persists
below 6-8 km under the west part of the caldera. Other evidence,
including an estimate of present-day heat discharge of 6.9 x 107 cal/s,
implies that the heat source for the hydrothermal system is related
to the main magma chamber rather than to any of the postcaldera
eruptive volcanics.

Constraints on modeling the natural conditions of heat and fluid
flow in the hydrothermal system are provided by applying chemical
mixing models to spring discharges and rates of boron discharge into
Lake Crowley to yield estimates of 200-300 kg/s of water at tempera-
tures between 200°C and 280°C leaving the reservoir under the area
of hot-spring discharge. We also estimate 6.9 x 107 cal/s for the total
heat discharge at the land surface, based on measurements of spring
discharges and temperatures, shallow conductive heat flows, and ad-
vective heat losses from warm water discharge into Lake Crowley.
Unfortunately, the time over which this heat discharge has persisted
is uncertain. Evidence of hydrothermal alteration indicates that
hydrothermal activity was present and perhaps more extensive at
0.3 m.y. ago than today, although only relatively recent periods of
saline discharge (30,000-40,000 years) from Long Valley can be ac-
counted for by analysis of salts in deposits of Searles Lake,
downdrainage from the caldera.

The total amounts of various hot-spring constituents—such as B,
Cl, Li, and As—which have been contributed to Searles Lake by the
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Long Valley system could have been supplied by leaching of realistic
volumes of reservoir rocks. A direct magmatic source would not be
required to ‘supply these elements, even considering that an ad-
ditional Searles Lake-size deposit from a previous period of hydro-
thermal activity around 0.3 m.y. ago remains undiscovered.

Our mathematical model of the Long Valley caldera involves a
transient, three-dimensional simulation using numerical techniques
to solve the appropriate partial differential equations. The model
includes five horizontal layers corresponding to the major rock units
identified by seismic-refraction and geologic studies. The simulated
hydrothermal reservoir is in fractured Bishop Tuff and precaldera
basement rocks at depths from 1 to 3 km. Recharge to the reservoir
occurs along the caldera ring fault around the west and northeast
rims, and discharge occurs at the surface along Hot Creek gorge and
at depth through the southeast rim. Estimates of effective reservoir
permeability, assuming an equivalent porous-media flow system,
were obtained with the model for several variations of reservoir per-
meability distribution. This was done by assigning pressure-
boundary conditions in recharge and discharge areas based on
water-table altitudes and then adjusting reservoir permeability to
yield a throughflow of 250 kg/s. Intrinsic permeability values from 30
to 50 millidarcys (10-15m2) were obtained for a 1-km-thick reservoir
covering the entire area of the caldera. A permeability of 350 mil-
lidarcys was required for the case of a more areally restricted fault
zone reservoir. The values obtained are inversely proportional to the
simulated reservoir thickness. Comparisons with laboratory results
on cores from Long Valley and the Neveda Test Site (NTS), and well
tests in fractured, welded tuff at NTS indicate that permeability
values obtained from the model analysis represent an integration of
the effects of fracture permeability over the volume of the reservoir
rock.

Thermal boundary conditions in the model included a constant-
temperature distribution at the base, which simulated a magma
chamber under the west half of the caldera, and constant tempera-
ture at the land surface. Initial temperature conditions were ob-
tained from a steady-state solution with no fluid flow in the reservoir.
Simulation of heat and fluid flow for a period of 35,000 years (based
on the estimated age of Long Valley salts in Searles Lake) indicates
that present-day heat discharge could have been sustained for this
period by a magma chamber at 6 km with fluid circulation to depths
from 1.5 to 2.5 km in a reservoir which is continuous over the area of
the caldera. Simulated reservoir temperatures under the Hot Creek
gorge area are close to those estimated geothermetrically (200°C-
280°C) after 35,000 years, but are only about 80°C under the south-
eastern portion of the caldera as a result of recharge from the north-
east rim near Glass Mountain. Cooler temperatures under the east-
ern caldera are consistent with results from the 2.11-km-deep test
well drilled in that area. ~

To sustain hot-spring discharge with present-day heat flow and
reservoir temperatures for periods much greater than 35,000 years,
deeper levels of fluid circulation would be required. For a period of
350,000 years, at which time the system would have reached steady-
state conditions, fluid circulation to at least 4-5 km would be neces-
sary. Consideration of cellular convection in addition to horizontal
throughflow in the hydrothermal reservoir does not significantly
alter these results.

The model simulations and the diverse indications of the age of
hot-spring activity are consistent with the concept that hydrother-
mal system has functioned intermittently with considerable periods
of inactivity—possibly related to climatic variations and chemical
self-sealing processes. Additional data from deep drilling in the
western part of the caldera are needed to more satisfactorily de-
lineate the characteristics of the hydrothermal flow system and the
caldera’s geothermal history and to evaluate the adequacy of the
simplified hydrothermal model considered in this study.

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

INTRODUCTION
INTEREST IN GEOTHERMAL POTENTIAL OF LONG VALLEY

Geothermal manifestations of Long Valley and adja-
cent areas have been recognized since the late
nineteenth century (Whiting, 1888; Russell, 1889). No
attempts to develop the geothermal resource were
made, however, until the late 1950’s and early 1960’s,
when several exploratory geothermal wells were
drilled at or near Casa Diablo Hot Springs (pl. 1, fig. 2)
by Magma Power Company (McNitt, 1963, p. 29;
California Division of Oil and Gas, 1972).

Although the deepest exploratory well reached only
324 m, temperatures as high as 180°C were recorded
(McNitt, 1963, p. 25-29; California Department of
Water Resources, 1967). In spite of these favorable in-
dications, no further test drilling was done commer-
cially until 1976, when an exploratory well was drilled
by Republic Geothermal, Inc. to a depth of 2,109 m in
the southeastern part of the Long Valley caldera (pl. 1,
T3S/R29E-29K, well 66-29). Specific data from the
deep well are proprietary but temperatures in the hole
were indicated to be too low for conventional genera-
tion of electricity and for most nonelectrical uses (W. S.
Keys, T. C. Urban, W. H. Diment, and Manuel
Mathenson, written commun., 1976).

Meanwhile, chemical analyses of hot waters from the
shallower test wells and hot springs indicated a hot-
water-type reservoir (White and others, 1971, p. 77-80)
with minimum temperatures of 180°C on the basis of
methods of geothermometry developed by Fournier and
Rowe (1966) and Ellis (1970). Calculations by White
(1965, table 1) based on relations of boron concentra-
tion to heat content of thermal waters indicated a con-
vective heat flow of 7 X 107 cal/s. According to a recent
estimate by Nathenson and Muffler (1975, table 16),
Long Valley is one of the largest hydrothermal convec-
tion systems in the western United States in terms of
potential for electric-power development. In spite of
relatively low temperatures found in the Republic
Geothermal well, the Long Valley hydrothermal sys-
tem, or perhaps, the heat stored in the rocks below the
depths of significant hydrothermal circulation, are
likely to be developed commercially, once the environ-
mental problems associated with such development
can be dealt with satisfactorily.

PREVIOUS STUDIES

Long Valley and surrounding areas have been the
subject of many geologic, hydrologic, geophysical, and
geochemical studies since the late nineteenth century.
The presence of hot springs, young volcanic rocks, and
evidence of earlier hydrothermal activity was recog-
nized in the earliest investigations. Among papers de-
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scribing thermal springs and other hydrothermal man-
ifestiations are those of Russell (1889); W. T. Lee
(1906); Waring (1915); Stearns, Stearns, and Waring
(1937), Blake and Matthes (1938); Waring (1965); and
Kaysing (1970).

Early regional geologic studies include those of Mayo
(1934), who applied the term “Mammoth embayment”
to the L-shaped reentrant in the east face of the Sierra
Nevada in what is now considered the west half of the
Long Valley caldera, and Gilbert (1941), who sum-
marized the structure and upper Tertiary volcanic
rocks of the Long Valley area.

Rhyolites of the so-called “Mammoth embayment”
were described by Chelikowsky (1940), whose interpre-
tations of the age and stratigraphic sequence have
- been greatly modified by later workers. Gilbert (1938)
gave the name Bishop Tuff to the extensive rhyolite
tuff, chiefly of ash-flow origin, that erupted from vents
beneath Long Valley at the time the caldera was
formed. Putnam (1940, 1949, 1960) showed that the
Bishop Tuff erupted shortly after the Sherwin glacial
stage (probably middle Pleistocene). Sheridan (1965,
1968, 1971) studied the Bishop Tuff in detail in expo-
sures east and southeast of Long Valley, where he con-
cluded that two major eruptive pulses were repre-
sented. Potassium-argon dates for the Bishop were ob-
tained by Dalrymple (1963, 1964) and Dalrymple, Cox,
and Doell (1965), which ultimately established an age
of about 0.7 m.y. (million years) for the eruptions that
formed the Long Valley caldera. Noble, Korringa,
Hedge, and Riddle (1972) described the rhyolite at
Glass Mountain on the northeast rim of the caldera.
Wood (1975) used radiocarbon dating and trace-
element correlations to decipher the sequence of late
Pleistocene eruptions from the northwest part of the
Long Valley caldera northward to the Mono basin.

Geologic mapping of most of the caldera and adjacent
areas to the east and west, published at a scale of
1:62,500, was done by Rinehart and Ross (1957, 1964),
Huber and Rinehart (1965), and Crowder and Sheridan
(1972). _ ’

In spite of all this and other geologic work, the Long

Valley area had not been studied systematically as a .

unit until a coordinated program of geologic, geophysi-
cal, geochemical, and hydrologic investigations was
undertaken by the U.S. Geological Survey during
1972-73 (Muffler and Williams, 1976). As a major part
of this effort, Bailey, Dalrymple, and Lanphere (1976)
presented a synthesis of their work and related studies,
which included a tentative model of the caldera system
and its evolution. Qur present interpretation of the
geologic framework of the caldera is based largely on
Bailey, Dalrymple, and Lanphere (1976) and on the
results of geophysical investigations, which are out-

A3

lined below.

The earliest published results of geophysical studies
of Long Valley consisted of gravity, seismic, and
aeromagnetic surveys in the Mono Basin-Long Valley
area (Pakiser and others, 1960). The results of the
gravity and magnetic surveys in Long Valley were
subsequently summarized by Pakiser (1961). Pakiser,
Kane, and Jackson (1964) developed a gravity model of
Long Valley and discussed the geologic structure of the
vailey and its relation to the surrounding geologic fea-
tures and to the geologic history of the Sierra Nevada
and the Basin and Range provinces. Further re-
finements of gravity and magnetic interpretations
were made by Kane and Mabey (1973), and by Kane,
Mabey, and Brace (1976a, 1976b). These studies indi-
cated a steep-sided caldera having a porous fill possibly
3 km in thickness. The magnetic results indicated a
more magnetic fill in the eastern part of the caldera
than in the western part.

Seismic-refraction studies (Pakiser, 1968; Hill and
others, Pakiser, 1973; Hill, 1976) have strongly
supplemented the gravity and magnetic studies in de-
lineating caldera geometry and showing the major
structural and stratigraphic features of the caldera fill.
Gross stratigraphic features inferred from seismic-
refraction profiles have been corroborated by total-
field-resistivity surveys, direct-current soundings, and
electromagnetic soundings, which also were successful
in outlining zones of low resistivity that correlate with
known hot springs or with zones of hydrothermal al-
teration (Jackson and others, 1973; Stanley and others,
1973, 1976). Shallow resistivity anomalies were ex-
plored by an audiomagnetotelluric system, which iden-
tified two linear zones of low resistivity associated with
hot springs and hydrothermally altered rocks (Hoover
and others, 1973, 1976). Spontaneous (self) potential
surveys indicated streaming potential attributed to
upward flow of thermal ground water in the west-
central part-of the caldera and downward flow in areas
to the north and west (Anderson and Johnson, 1973,
1976). .

A seismic-noise survey indicated the possible pres-
ence of geothermal noise beneath Long Valley (Iyer
and Hitchcock, 1976). Microearthquakes were recorded
for only a'brief period in 1973 (Steeples and Pitt, 1973,
1976). The record showed activity only at the southeast
edge of the caldera, at.a depth of 10 km, possibly on the
Hilton Creek fault. A longer record might have shown
activity elsewhere. Studies of teleseismic events (dis-
tant earthquakes) indicated delays of P-wave arrivals
attributed to presence of low-velocity material beneath
the west-central part of the caldera, at depths between
7 and 40 km (Steeples and Iyer, 1976).

Heat-flow studies—Lachenbruch (1968, 1970);
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Lachenbruch, Lewis, and Sass (1973); Sass, Lachen-
bruch, and Munroe (1974); Lachenbruch, Sass, Monroe,
and Moses (1976); Lachenbruch, Sorey, Lewis, and
Sass (1976); Sorey and Lewis (1976)—were based on 11
temperature-gradient test holes located from 0'to 30
km outside the caldera rim and ranging in depth from
113 to 271 m, and also on 40 test holes drilled to depths
from 5 to 325 m within the caldera for hydrologic as
well as heat-flow information. The heat-flow studies,
which are discussed in a later section, generally placed
constraints on our interpretation of the magmatic his-
tory of the caldera and of the effects of ground-water
movement on near-surface heat flows in the caldera.

The first significant subsurface geologic and
geochemical data in the caldera were obtained from
nine geothermal test wells drilled at Casa Diablo Hot
Springs and one well drilled about 5 km farther east
between 1959 and 1964 by Magma Power Company
(McNitt, 1963, p. 29). The wells ranged in depth up to
324 m, and the highest temperature recorded was
about 180°C (California Dept. of Water Resources,
1967).

The first hydrologic investigation for which pub-
lished data are available was that of W. T. Lee (1906).
Although primarily concerned with the geology and
water resources of the Owens Valley, Lee discussed the
volcanic features and the thermal activity of the Long
Valley area. C. H. Lee (1912) also discussed the water
resources of the Owens Valley; although he presented
no data for Long Valley, he did include data on precipi-
tation, streamflow, evaporation, transpiration, and in-
filtration which are valid, with some modification, for
Long Valley. Lewis (1974) presented basic data on
springs and wells in the Valley. Sorey (1975b) de-
scribed the effects of potential geothermal development
on the springs at Hot Creek Fish Hatchery. '

Geochemistry of the thermal waters in the caldera
was investigated by Willey, O’Neil, and Rapp (1974);
and Mariner and Willey (1976). In addition, estimates
of reservoir temperatures and convective heat dis-
charge from the caldera on the basis of chemical data
were made by White (1965); White, Muffler, and
Truesdell (1971); Sorey and Lewis (1976); and Mariner
and Willey (1976). Studies of isotopes of hydrogen and
oxygen by Mariner and Willey (1976) and Friedman
and Smith (1970, 1972) indicated possible sources of
meteoric recharge water and have assisted in delinea-
tion of the mixing of thermal and nonthermal waters in
the caldera.

Qualitative results from the Republic Geothermal,
Inc. well 66-29 (pl. 1, T3S/R29E-29K), which are gen-
erally known within the geothermal industry and are
discussed in subsequent sections of this report, include
identification of the top of the welded Bishop Tuff at
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0.85 km and a lack of evidence for basement rocks
above the drilled total depth of 2.11 km. Selected sam-
ples from the. drill cuttings were analyzed for grain
density, and one fluid sample was obtained from a drill
stem test for analysis of chlorine and stable isotope
contents. White (1976, written commun.) suggests, on
the basis of the relatively low temperatures measured
throughout the drilled interval and previous geologic,
geophysical, and geochemical data, that the eastern 40
percent of the caldera is eliminated as an attractive
hydrothermal resource, but that the western 60 per-
cent continues to have major potential.

SCOPE OF PRESENT STUDY

The purpose of the present study was to synthesize
previous geologic, geophysical, geochemical, and hy-
drologic investigations of the Long Valley caldera and to
derive one or more generalized conceptual and mathe-
matical models of the hydrothermal system. Although
fairly abundant areal geologic, surface-geophysical,
and geochemical data were available, subsurface
drill-hole information, with one exception, was limited
to depths less than about 300 m. Thus, any conceptual
model must be an oversimplification at this stage. The
model analyzed in this study is consistent with con-
straints provided by the results of the recent deep test
well, previous geologic and geophysical studies, and
estimates of heat and fluid discharge from the caldera.
Thus, we believe that the gross features of the hydro-
thermal system are adequately quantified in the
model. However, because data from additional deep
drilling could suggest necessary changes and refine-
ment in the conceptual model, we present the following
analysis more as an illustration of the usefulness of
numerical simulation techniques, rather than as a
unique representation of the Long Valley hydrother-
mal system.

The ultimate goal of this modeling effort is to satis-
factorily evaluate the potential for energy develop-
ment, the optimum methods for that development, and
the extent to which development can proceed without
unacceptable effects on other resources in the Long
Valley area. The modeling study presented in this re-
port involves a three-dimensional, transient analysis
of the natural thermal and hydrologic conditions
within the caldera. As additional detail from deep test
drilling becomes available, this basic model can be
modified and refined to permit analysis of the energy
development problem. .
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WELL AND SPRING NUMBERING SYSTEM

Wells and springs are assigned numbers according to
their location in the rectangular system for the sub-
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division of public land. For example, as shown in figure
1, in the number 35/29E-2A1, the part of the number
preceding the slash indicates the township (T 3 S.), the
part between the slash and the dash indicates the
range (R. 29 E.), the number between the dash and the
letter indicates the section (sec. 2), and the letter indi-
cates the 40-acre subdivision of the section.

Within the 40-acre tract wells are numbered se-
rially, as indicated by the final digit. Thus, well 3S/
29E-2A1 is the first well to be listed in the NE1/4:
NE1/4 sec. 2, T. 3 S., R. 29 E., Mount Diablo base line
and meridian. Springs are numbered similarly except
that an S is placed between the 40-acre subdivision
letter and the final digit, as shown in the following
spring number: 3S/28E-35ES1.

The letter Z, substituted for the letter designating
the 40-acre tract, indicates the well or spring was plot-
ted from unverified descriptions; the described loca-
tions of such wells or springs were visited, but the data
could not be correlated with existing wells or springs.
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FIGURE 1.-—~Diagram of system for numbering wells and springs.



A6

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

TaBLE 1.—Conuversion factors between metric and English units

Multiply metric units By To obtain English Units
. Length
millimeters (mm) 3.937 x 102 inches (in.)
meters (m) 3.281 feet (ft)
kilometers (km) .6214 miles (mi)
Area
hectares (ha) 2471 acres (acre)
square kilometers (km?) 2471 acres (acre)
3.861 square miles (mi?)
Volume
cubic centimeters (cm?) 6.10 x 10-2 cubic inches (in?)
liters (L) 3.2642 ) galljlonfg (;t;z?}%s)
531 x 10~ cubic fee
cubic meters (m?) 35.31 . cubic feet (ft3)
: 8.107 x 10~ acre-feet (acre-ft)
cubic hectometers (hm3) 8.107 x 102 acre-feet (acre-ft)
’ . .Flow
liters per second (L/s) 15.85 gallorfls per minute (gal/tr"n/in))
25.58 acre-feet per year (acre-ft/yr
cubic hectometers per year (hm?/yr) 8.107 x 102 acre-feet per year (acre-ft/yr)
Mass .,
grams (g) : 3.528 x.1072 ounces {0z)
kilograms (kg) 2.205 pounds (1b)

Temperature: degrees Celsius to degrees Fahrenheit—°F = 1.8°C + 32

Thermal Parameters

Multiply "working units”

By

To obtain SI units

millicalories per centimeter
second - degree

Thermal conductivity

(m cal/(cm s-°C)) 0.4187
Thermal diffusivity
square centimeters per second
(cm?/s) 1.0 x 107*

Heat flow (Heat-flux density)

microcalories per square centimeter-second

(cal/(cm?-s)) 4,187 x 107*
heat-flow unit (HFU)
Energy
calories (cal) 4,187
Heat discharge
calories per second (cal/s) 4.187

watts per meter-degree
Kelvin

(W/(m-°K))

square meters per second
(m?/s)

watts per square meter (W/m?)

joules (J)
watts (W)

CONVERSION OF UNITS

The metric system is used throughout this report,
although some of the original measurements and data
were reported in English units. Thermal parameters
are given in the more familiar “working units” rather
than in the now-standard SI (Systeme Internationale)
units. Table 1 lists metric and equivalent English
units, and “working units” and equivalent SI units for
the thermal parameters.

GEOLOGIC SETTING
LOCATION AND GENERAL FEATURES

The Long Valley caldera is in east-central Califor-
nia, in southern Mono County, about 40-70 km north-

west of Bishop (fig. 2). The caldera floor is elliptical in
plan, 17 by 30 km, with its long axis aligned east-west.
The area of the floor is about 450 km2, and the total
area of the caldera and its tributary drainage basins is
about 830 km?2.

The caldera margin (pl. 1) is formed by the Sierra
\Nevada on the south and west, by a prominent ridge
from Bald Mountain to Glass Mountain on the north,
and by an unnamed dissected volcanic tableland on the
east. Altitudes along the rim range from as low as
2,420 m in the northwest and 2,067 m at Lake Crowley
(spillway level) in the southeast to 3,390 m at Glass
Mountain in the northeast, 3,823 m at Bloody
Mountain in the south, and 3,367 m at Mammoth
Mountain in the southwest.
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Long Valley proper occupies the lower, eastern two-
fifths of the caldera. The higher, western three-fifths of
the caldera includes a complex series of postcaldera
rhyolite flows which have been arched and sub-
sequently faulted to form a resurgent dome 10-12 km
in diameter. The annular moat between the resurgent
dome and the caldera rim is occupied in the north,
west, and south by still younger rhyolitic to basaltic
lavas and in the east chiefly by alluvial and lacustrine
deposits. Altitudes within the area of the caldera floor
range from 2,067 m at Lake Crowley in the southeast
to 2,860 m at the summit of a lava dome within the

Q Bridgeport
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southwest moat. The resurgent dome rises to
maximum altitude of 2,545 m at Lookout Mountain in
the northern part, or about 340-460 m above the floor
of the adjacent moat.

The caldera is drained by the Owens River, which
flows eastward across its northern part and then
southward into Lake Crowley, and by several trib-
utaries around the periphery. Mammoth, Hot, and
Convict Creeks are the chief tributaries, flowing gen-
erally eastward across the southern part of the caldera
into Lake Crowley. Drainage on the resurgent dome
has a roughly radial pattern.
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GEOLOGIC HISTORY

The events described below are based chiefly on an
interpretation of the geologic history of the Long Val-
ley caldera by Bailey, Dalrymple, and Lanphere
(1976), whose work included geologic mapping, sam-
pling, potassium-argon dating on rock samples care-
fully selected to provide maximum information about
the sequence of eruptive events, petrologic studies, pre-
liminary petrographic work, and studies of preexisting
petrochemical data.  Although some of the conclusions
are tentative, the general outline of the history is be-
lieved to be reasonably well understood.

Cenozoic volcanism in the region now occupied by
the Long Valley caldera began about 3.2 m.y. ago with
the eruption of basalt and andesite from widely scat-
tered centers. The earliest eruptions were followed 3.0
to 2.7 m.y. ago by eruption of rhyodacite (quartz latite)
from the Two Teats-San Joaquin Mountain and Bald
Mountain areas. All these events probably happened
during the latter stages of the last major uplift of the
Sierra Nevada.

Lindgren (1911), Matthes (1930, 1933, 1939, 1947),
Dalrymple (1963, 1964), Bateman and Wahrhaftig
(1966), Christensen (1966), and others believed that
the Sierra Nevada crest reached approximately its
present height by the time of the earliest glaciation of
the Pleistocene, and that the formation of the eastern
escarpment of the Sierra followed the last major uplift.
A different interpretation was reached by Piper, Gale,
Thomas, and Robinson (1939), Axelrod and Ting
(1961), Axelrod (1962), and Putnam (1962), who in-
ferred that the last major uplift was middle Pleistocene
or later. The prepondrance of evidence, however, sup-
ports the views of Lindgren, Matthes, and later work-
ers cited above. In any event, the inference seems
reasonable that the earliest volcanic activity in the
Sierra crestal region was related to the initiation of
major normal faulting that downdropped the area to
the east.

The next volcanic episode was the eruption of highly
silicic rhyolite along an arcuate zone 13 km in length
northeast of the present Long Valley caldera in the
general vicinity of Glass Mountain. The arcuate zone
probably is coincident with an incipient ring fracture
related to the earliest stages of the development of the
Long Valley magma chamber. The rhyolitic eruptions
began at least 1.9 m.y. ago and were episodic to about
0.9 m.y. ago.

The major event that resulted in the formation of the
Long Valley caldera took place about 0.7 m.y. ago with
the eruption of 600 km3 or more of rhyolite from the
upper part of a magma chamber beneath Long Valley.
The eruptions included two major pulses and occurred
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chiefly as ash flows. Because of the withdrawal of such
a large volume of material, the roof of the magma
chamber collapsed along one or more steeply inclined
ring fractures, forming the present caldera. The
amount of subsidence was at least 1 km, and the ellip-
tical depression thus formed measured about 29 km in
an east-west direction by about 15 km north-south.

Rhyolite erupted intermittently from at least 12
vents near the center of the caldera, about 40,000 to
100,000 years after the collapse that formed the cal-
dera. During the eruptions the west-central part of the
caldera floor was uplifted to form a subcircular resur-
gent dome about 10 km in diameter. At the same time,
the crest of the dome foundered along north-
northwest-trending faults to form a keystone graben 5
km wide.

The depression formed by the caldera collapse

rapidly filled with water to form Long Valley Lake.

The lake reached a high level of more than 2,320 m
above sea level, and the early rhyolites of the resurgent
dome probably erupted into the lake. Relations of
lake-terrace deposits, strand lines, and perlitized or
hydrated zones in rhyolites to radiometrically dated
volcanic rocks indicate that the lake receded at irregu-
lar rates and finally was drained completely by
downcutting of its outlet sometime within the last
100,000 years. Recent discovery that basaltic ash in
lakebeds in the southeast part of the caldera is similar
to that at Black Point in the Mono Basin, which has
been dated at 13,500 years before present, suggests the
presence of a shallow lake as recently as 10,000-15,000
years ago (Roy Bailey, oral commun., 1976).

After the formation of the resurgent dome about 0.7
to 0.6 m.y. ago, porphyritic rhyolite erupted from three
groups of centers in the moat between the resurgent -
dome and the walls of the caldera. The eruptions oc-
curred at 0.2 m.y. intervals about 0.5, 0.3, and 0.1 m.y.
ago, starting in the north moat and proceding in
clockwise succession around the resurgent dome to the
southeast and then the west moat.

Porphyritic rhyodacite (quartz latite) erupted on the
southwest rim of the caldera and near the base of the
north-west-north caldera walls beginning about 0.2
m.y. ago and ending about 0.05 m.y. ago. The silica
content of these lavas, about 59-74 percent, averages
lower than that of the earlier rhyolitic rocks, which
suggests derivation from a lower level in the differ-
entiated and stratified magma chamber. Mammoth
Mountain, on the southwest caldera rim, was the
largest center of these eruptions.

During the same period as the eruptions of rhyoda-
cites of the caldera rim and the latest eruptions of
rhyolite in the west moat, basaltic to trachyandesitic
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flows and cinder cones erupted in the west moat about
0.2 to 0.06 m.y. ago. These mafic to intermediate vol-
canic rocks are part of a more extensive chain which
decreases in age northward from 0.9 m.y. in the Devil’s
Postpile area southwest of the caldera to about 0.013
m.y. at Black Point on the north shore of Mono Lake.
Chemically and mineralogically, these rocks are simi-
lar to many other Cenozoic rocks east of the Sierra
Nevada in the Basin and Range province, and they
may not be related directly to the Long Valley magma
chamber.

The most recent volcanic events in the Long Valley
caldera were the eruptions of the rhyolite and rhyoda-
cite of the Inyo craters and domes. These features are
alined on an apparent north-trending fracture along
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the east front of the Sierra Nevada from the west moat
of the Long Valley caldera northward to the Mono
Craters. The youngest of the five lava domes in less
than 720 years old (Wood, 1975), and the Inyo Craters,
which comprise three phreatic explosion pits on the
south side of Deer Mountain, suggest the possible pres-
ence of rhyodacitic magma in the Long Valley magma
chamber as recently as 450 years ago.

CHARACTERISTICS OF CALDERA

The present dimensions of the caldera floor result
from enlargement of the original caldera by slope re-
treat of walls caused by slumping and erosion; the
main ring fracture lies within the caldera moat (Bailey
and others, 1976, p. 731). (See fig. 3.)
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F1GUre 3.—Map showing thickness of fill in Long Valley caldera.
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The-caldera probably subsided along a single steeply
dipping ring fault (Roy Bailey, oral commun., 1976).
We infer a position of the ring fault midway across the
steepest part of the Bouguer gravity gradient. The area
encompassed within the surface trace of the ring fault
is 269 km? (fig. 4). The fracture is assumed to dip 80°
inward.

Precaldera basement rocks have a seismic P-wave
velocity of 6.0 km/s (Hill, 1976). We infer that the
basement surface beneath the caldera is the lower (B)-
horizon on the seismic-refraction profiles of Hill (1976,
figs. 7 and 8). :

The layer overlying basement in the caldera, which
has a P-wave velocity from 4.0 to 4.4 km/s (Hill, 1976),
probably comprises densely welded Bishop Tuff and

underlying volcanic and sedimentary(?) rocks that
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predate caldera collapse (rhyolite of Glass Mountain
and, possibly, volcanic rocks of Pliocene age). Most of
the Bishop Tuff within the caldera is believed to be
densely welded (Roy Bailey, oral commun., 1976), as
was found to be the case in the Republic Geothermal,
Inc. well 66-29 (pl. 1).

The layer overlying probable welded Bishop Tuff
within the caldera, which has a P-wave velocity rang-
ing from 2.6 to 3.4 km/s, is believed to comprise rhyo-
lites and rhyodacites of the caldera moat (Hill, 1976, p.
750), and, possibly, also basalt (Deadman Creek area)
and tuffs intercalated with the flows.

The top seismic layer, which has a P-wave velocity
from 1.5 to 1.9 km/s (Hill, 1976), probably comprises
unconsolidated epiclastic and volcaniclastic deposits
and soft pumiceous tuffs.
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FiGure 4.—Map showing thickness of fill above densely welded part of Bishop Tuff in Long Valley caldera.
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We used seismic sections A’—~A’' and B'—B’ of Hill
(1976, figs. 7 and 8) for primary control in constructing
the isopachous maps of caldera fill (figs. 3 and 4, lines
a—a’and b-b’). Isopachs were extended into adjacent
parts of the caldera on the basis of an interpretation of
gravity data of Kane, Mabey, and Brace (1976a, b). The
two gravity lows in the north-central part of the cal-
dera (Kane and others, 1976a, b, fig. 2) probably reflect
in part thicker caldera fill and in part material having
lower density than that in surrounding areas. We es-
timate the maximum thickness of caldera fill to be
about 4 km near the eastern gravity low and about 3.5
km near the western low. Thickness of fill above the
densely welded Bishop Tuff (fig. 4) was estimated by a
procedure similar to that used for estimating total
thickness of fill, except that little use could be made of
the gravity data of Kane, Mabey, and Brace (1976a, b),
and the isopachs were extended from the seismic sec-
tions chiefly on the basis of inferences made by Bailey
(1974; oral commun., 1976) as to the location and
amount of uplift on the resurgent dome.

Total volume of caldera fill and volume of fill above
the welded Bishop Tuff were computed by planimeter-
ing the isopachs shown in figures 3 and 4. Incremental
volumes were computed as the product of the thickness
increment and the geometric mean of the areas en-
closed by the two bounding isopachs. The volumes thus
calculated then were added to obtain the total volume
of fill, as in table 2.

Our estimate of the total volume of fill, 868 km3, is
somewhat greater than the 810 km3 estimated by
Muffler and Williams (1976). The difference between
the two estimates is due chiefly to the greater thick-
ness of fill along the margin of the caldera inferred
from our analysis than that inferred by Muffler and
Williams (1976, fig. 2). In their interpretation, Muffler
and Williams placed more emphasis on the gravity
data; in the present analysis, we placed more emphasis
on the seismic results of Hill (1976).

In modeling the hydrothermal system, it is useful to
know the average bulk density and porosity of the
caldera fill. Average bulk density of the fill is computed
as

m V_Mo
Py :T

where p,, is the bulk density of the rocks surrounding
the caldera (2.67 g/cm3), V is the volume of fill (8.68 x
10'7 cm?), and M, is the mass deficiency calculated by
Gauss’ theorem from the residual gravity anomaly
(3.33 X 10'7 g; Kane and others, 1976, p. 759). Sub-
stituting these values we obtain an average wet bulk
density of the caldera fill of 2.29 g/cm3.

All

Average bulk porosity of caldera fill is calculated as
Pe = Py
P
where ¢ is porosity (dimensionless), p, is grain density,
Py, is wet bulk density, and P, is density of interstitial
water.

Average grain density of the caldera fill cannot be
estimated within narrow limits from available data.
Sheridan (1965) found an average grain density of 2.45
g/cm? on the basis of specific-gravity and porosity meas-
urements for 51 samples of ashflow tuff from outcrop
areas of the Bishop Tuff southeast of Long Valley. The
standard deviation from the mean density of Sheri-
dan’s samples was only 0.01 g/cm3, even though bulk
density ranged widely, from 0.79 to 2.38 g/cm3. How-
ever, an average grain density of 2.65 g/cm3 was meas-
ured by the Survey’s Hydrologic Laboratory for cut-
tings of densely welded Bishop Tuff from the Republic
Geothermal test well. Muffler and Williams (1976, p.
723) assumed values of 2.50 and 2.60 g/cm3 on the basis
of inferred equivalence values of the Bishop Tuff to
those from two ash-flow tuffs from the Creede caldera,
Colorado (Ratté and Steven, 1967).

TaBLE 2.—Calculations of volume and average thickness of fill in
Long Valley caldera

Area with shallower

DeP g " e Vi
Total volume of fill:

0-1.0 369 363
1.0-1.5 357 170
1.5-2.0 324 135
2.0-2.5 224 94
2.56-3.0 159 66
3.0-3.5 111 32
3.5-4.0 36 7

>4.0 6 1
0->4.0 ' 868

Average thickness = 868 km?/369 km? = 2.35 km
Volume of fill above densely welded Bishop Tuff:

0.-0.5 369 174
0.5-1.0 330 119
1.0-1.5 172 42

>1.5 42 6
0->15 341

Average thickness = 341 km?3/369 km? = 0.92 km

Volume of densely welded Bishop Tuff and older fill = 868 km3 — 341

km3
Average thickness = 527 km3/369
km? = 1.43 km
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In calculating bulk porosity, we use a lower limit of
2.45 g/cm3 and an upper limit of 2.65 g/cm? for the
average grain density of the caldera fill. Wet bulk den-
sity of the fill is 2.29 g/cm?, as calculated above. Den-
sity of interstitial water is taken as 0.96 g/cm? on the
basis of an assumed average temperature of 100°C.
Bulk porosity, therefore, ranges from 0.11 to 0.21.

Both theoretical considerations and empirical evi-
dence suggest that porosity is not uniformly distrib-
uted throughout the caldera fill. In the following
analysis, lateral variations in porosity are not consid-
ered. However, the average porosity of the densely
welded Bishop Tuff and possible underlying older rocks
is believed to be much less than that of the post-Bishop
caldera fill. ' '
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In the analysis below, we assume, on the basis of
test-drilling and seismic-refraction results, that one-
half of the caldera fill above the densely welded Bishop
Tuff consists of flows having a porosity of 0.10 and that
the other half consists of tuffs and sedimentary rocks
having a porosity of 0.45 (see table 5). The average
porosity of the post-Bishop caldera fill is, therefore,
0.28. The average porosity of the densely welded
Bishop Tuff and older fill is computed as

$,2 ) Z,
Z, — 2y
where ¢, = bulk porosity of total fill, ¢, = bulk

porosity of post-Bishop caldera fill, Z, = average thick-
ness of total fill, and Z, = average thickness of post-
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Ficure 5.—Map showing average annual precipitation in the Long Valley basin. Data obtained from Rantz (1972) for
altitudes above 3,000 m, and from estimates of annual precipitation at 71 locations with altitudes below 3,000 m
derived from U.S. Weather Service climatological records and the work of Spreen (1947).
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Bishop caldera fill. For a range in total fill porosity of
0.11-0.21, we obtain the average porosity of the welded
Bishop Tuff in the range from 0.00 to 0.16.

These values, being residuals in a series of calcula-
tions involving uncertain assumptions, do not help
significantly to define the probable average bulk
porosity of the densely welded Bishop Tuff within the
caldera. More useful information consists of published
values for porosity of the welded phase of the Bishop
Tuff in exposures southeast of Long Valley, which
range from 0.026 to 0.079 (Gilbert, 1938, Bateman,
1965). Because these values are for small volumes of
samples collected in the field, they probably do not in-
clude significant fracture porosity, which would be
present in much larger volumes of rock. The bulk
porosity of welded Bishop Tuff in the areas of exposures
may, therefore, be somewhat higher than the pub-
lished values. However, within the caldera, because of
the greater probable thickness of the Bishop Tuff than
outside the caldera, and because of the overburden,
which averages nearly 1 km in thickness, the average
bulk porosity of the densely welded Bishop Tuff pro-
bably is no greater than the higher published values.
In our model, discussed in a later section, we use a
porosity of 0.10 for the upper part of the densely welded
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Bishop Tuff (layer 2, table 14) and 0.05 for the lower
part (layer 3, table 14).

HYDROLOGIC SETTING
CLIMATE AND PRECIPITATION

The climate in the Long Valley region is influenced
greatly by the Sierra Nevada. Precipitation is derived
chiefly from storms that originate over the Pacific
Ocean and move eastward. About 70-80 percent of the
total precipitation in the mountains and a somewhat
smaller proportion in the caldera falls as snow from
November through April. The remainder falls primar-
ily during local warm-season thunderstorms. Because
of the orographic effect of the Sierra Nevada, a
“shadow” effect is produced east and north of the crest,
and precipitation in the caldera is less than near the
crest. Average annual precipitation within the Long
Valley drainage basin ranges from more than 1,500
mm along a part of the Sierra Nevada crest to less than
300 mm on Lake Crowley, in the southeast part of Long
Valley (fig. 5). Variations in annual precipitation from
year to year are substantial, as indicated by data for
stations at Lake Mary Store and Long Valley Dam
(fig. 6).
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FIGURE 6.—Annual precipitation at Lake Mary Store and Long Valley Dam. Data from written communication, Los
Angeles Department of Water and Power, 1976.
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The lack of adequate precipitation data in the Long
Valley basin required the generation of additional data
by an indirect method to draw figure 5. Data presented
in figure 7 indicate that precipitation is not a function
of altitude alone. Spreen (1947) showed that, along
with altitude, the amount of precipitation is influenced
by other parameters such as slope, orientation, and ex-
posure. On the basis of Spreen’s work, we constructed a
family of curves relating precipitation to these factors,
using available data from along the east slope of the
Sierra Nevada. With the aid of these curves, we esti-
mated the annual precipitation for 71 data points below
3,000 m altitude; for altitudes above 3,000 m, we used
the annual precipitation shown by Rantz (1972). These
data were contoured to produce the isohyetal map in
figure 5.

Little direct information is available concerning air
temperatures within the caldera. Indirect evidence
from measurements of temperature at shallow depths
in test wells suggests that the average annual temper-
ature at the land surface ranges from about 6°C at
higher altitudes in the west-central part of the caldera
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FiGURE 7.—Relation between precipitation and altitude at stations
on the east slope of the central Sierra Nevada. Data from U.S.
Weather Service climatological records, and written communica-
tion, Los Angeles Department of Water and Power, 1976.
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floor to perhaps 10°C at lower altitudes near Lake
Crowley, in the southeast. In heat-flow calculations,
described in a later section, we use an average value
of 8°C.

WATER BUDGET

A water budget for the Long Valley drainage basin
for the water years 1964-74 is presented in table 3. In
calculating the budget, we assumed that (1) all the
water in the hydrologic system originates as rain or
snow and (2) inflow to the basin equals outflow. during
the budget period except for change in storage in Lake
Crowley. The first assumption is not valid if a
significant fraction of the hot water in the hydrother-
mal reservoir has a magmatic source. However, the
results of isotope studies of Long Valley and of similar
hydrothermal systems throughout the world (White,
1968) indicates that the proportion of magmatic water -
in the total inflow or outflow in the basin is very small;
it can be neglected in this discussion. The second as-
sumption is valid only if the change in ground-water
storage in the basin is insignificant in relation to total

TaBLE 3.—Water budget for the Long Valley drainage basin
for water years 1964-74

Inflow: Lis hm3/yr
Owens River below East Portal® ______________ 5,140 162.3
Hot Creek at the gorge? ______________________ 1,810 57.1
McGee Creek ________________________________ 930 294
Convict Creek ______________________________ 805 254
Hilton Creek ________________________________ 344 10.9
Rock Creek Diversion® ______________________ 293 9.3
Laurel Creek* ______________________________ 168 5.3
Crooked Creek 113 3.6
Precipitation on Lake Crowley® _______________ 168 5.3
Ungaged inflow® ____________________________ 1,090 34.5
Total inflow (rounded) __________________ 10,900 343.0
Outflow:
Main venturi at Long Valley Dam _.__________ 9,670  305.3
Evaporation of shallow groundwater? __________ 508 16.0
Evaporation from irrigated grassland® ________ 430 13.6
Evaporation from Lake Crowley? . ____ 469 14.8
Owens River gorge, Main Weir________________ 121 3.8
Ground-water loss to regional system__________ 110 3.5
Change in reservoir storage, 1964-1974 ________ -90 —-2.3
Total outflow (rounded) ________________ 11,200 354.0

*Includes water imported from Mono Lake basin: 113.2 hm%hr (3,590 L/s) average for the
11-year period of record. ’

2Includes discharge from the Hatchery springs and hot springs in Hot Creek gorge.
3Period of record: 1966-1974 water years.

4Period of record: 7/70-7/73, from Calif. DWR (1973).

SAverage 25 mm on 21 km? of lake surface.

fIncludes recoverable water from ungaged drainage and all spring discharge except as
described in 2 above.

7From 85 km? area where water table is less than 2.4 m.

8Same as from a lake—690 mm; 19 km? irrigated.

YAverage 690 mm from 21 km? lake surface.
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inflow or outflow during the budget period. Although
specific data for the budget period are lacking, we be-
lieve this condition to be reasonably well fulfilled. On
the basis of observed changes in water level in shallow
test holes during 1972-74, a change of 1 m in average
water level throughout the caldera floor from the be-
ginning of 1964 water year to the end of water year
1974 should be an upper limit. Assuming water-table
(unconfined) conditions and an average storage coeffi-
cient of 0.3, a 1-m change in water level over the 450
km? of the caldera floor would amount to 135 hm3—less
than 4 percent of the estimated total inflow or outflow
of about 3,800 hm? to the drainage basin during the
11-year budget period.

The inflow items in the budget (table 3) include
streamflow measured at eight gaging stations, an es-
timate of streamflow from several ungaged areas, and
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precipitation on Lake Crowley. Except for the precipi-
tation directly on Lake Crowley, the annual volume of
precipitation in the basin was not estimated as a dis-
crete budget item. Instead, the fraction of the precipi-
tation that runs off in the stream channels is measured
at the eight gaging stations shown in plate 1 and figure
8. A part of the measured flow is direct runoff after
storms or from melting snow, but the remainder is base
runoff furnished by ground-water discharge into the
stream channels above the gaging stations. In this sec-
tion of the report we do not estimate either the amount
of base runoff or the proportions of the base runoff that
are supplied from the deep hydrothermal reservoir
(deep subsystem) and from the shallow nonthermal
ground-water reservoir (shallow subsystem). Instead,
we include estimates of the discharge from the hydro-
thermal reservoir in later parts of the report.
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FiGURE 8.—Map showing tributary drainage areas and streamflow-measuring stations in the Long Valley basin.
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Ground-water underflow into Lake Crowley is not
included as an item of inflow because hydrologic infor-
mation was insufficient to determine this quantity di-
rectly. It is likely, however, that ground-water flow
into the lake and into the Owens River below the East
Portal gage accounts for a significant part of the com-
puted 11 hm3/yr (850 L/s) difference between total
inflow and outflow. In the section, “Thermal charac-
teristics of the hydrothermal system,” we estimate a
discharge of 4.8 hm3/yr (120 L/s) of warm ground water
(50°C) southeastward across the caldera boundary into
southwestern Lake Crowley.

Most streamflow originates in the Sierra Nevada
along the west and south margins of the basin, where
precipitation exceeds potential evapotranspiration and
where snowpacks last into the late spring in most
years. Seven Sierra streams are measured by the Los
Angeles Department of Water and Power.

Approximately 30 percent of the measured runoff
from the Sierra Nevada originates in the northwest
part of the basin drained by Deadman, Dry, and Glass
creeks. In the discussion below, this part of the basin is
called the upper Owens River area. The flow from these
three Owens River tributaries is not measured directly
but is calculated from the difference measured at the
gages at Owens River below East Portal and at the

East Portal of the Mono Tunnel. The average discharge -

from this drainage area is about 49.1 hm3/yr (1,560 L/s).
Mammoth, Convict, and McGee creeks contribute more
than half of the measured runoff to the basin from the
Sierra Nevada or about 77.7 hm3/yr (2,460 L/s). The
remainder of the runoff from three small Sierra
Nevada tributaries amounts to only about 14 percent of
the measured total.

Additional runoff, not measured, is generated from
about 44 km? along the lower slope of the Sierra
Nevada south of the caldera and from about 127 km?
between Bald Mountain and Glass Mountain Ridge
north of the caldera and around to Long Valley Dam on
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the east. Additional runoff, also ungaged, occurs from
55 km? of the resurgent dome.

To estimate the quantity of water entering the basin
as ungaged runoff, the relation between average an-
nual precipitation and average annual runoff, shown
in figure 9, was used. The area-weighted mean annual
precipitation for each of the gaged Sierra Nevada trib-
utary basins was obtained from figures 5 and 8, and
plotted versus the average annual runoff measured for
the corresponding basin. To construct the curve, water
losses from runoff above the gaging stations. were as-
sumed to be negligible and measured flows were used
to represent recoverable water in the water-budget
computations. The curve is constrained at the left by
our assumption, based on the work of Blaney (1933)
and others, that runoff is near zero where annual pre-
cipitation is less than 250 mm. Estimates of annual
runoff (recoverable water) from all the ungaged areas
in the Long Valley drainage were computed using
figures 5 and 9 and are summarized in table 4. The
total estimated runoff from the ungaged areas is 34.5
hm3/yr (1,090 L/s).

On the basis of the curve shown in figure 9, data
points for the upper Owens River, Mammoth Creek,
and Laurel creek are anomalous. This could be caused
by precipitation values which are too high or by runoff
which was not measured. Precipitation values for the
Mammoth Creek drainage basin are from two precipi-
tation gages and five snow courses and afford better
control for that basin than for any of the other drainage
basins. The relations for the adjacent upper Owens
River and Laurel Creek drainage basins also benefit, to
a lesser extent, from these data. Thus, if the
precipitation-runoff relation in figure 9 is valid, a loss
of runoff by downward percolation is indicated for the
Mammoth Creek, Laurel Creek, and upper Owens
River drainage basins. If the data point for Mammoth
Creek is shifted laterally to intersect the curve in
figure 9, an increased runoff of about 170 mm or 18.9

TaBLE 4.—Estimated runoff from ungaged areas in the Long Valley drainage basin

Precip- Average annual runoff
Area itation
Drainage (km?) (mm) (mm) (Lis) (hm?/yr)
Bald Mtn-Glass Mountain Ridge _______________ ____________ 81.1 670 190 485 15.30
East Rim ____________ 46.2 410 46 66 2.10
Resurgent Dome ____________________________________________ 55.2 530 110 188 5.92
Sierra Nevada:
Ungaged1__________ ... 3.4 510 94 10 .32
Ungaged 2______ ______ 7.3 560 120 28 .89
Ungaged 3__________ . 16.6 560 120 64 2.02
Ungaged 4. __________ . .. 10.1 510 94 30 .95
Ungaged5___.___________________ . 7.0 510 94 21 65
Valley Floor ________________________ . 215.0 360 31 207 6.54
Total or average (rounded) ____ ________________________ 442.0 460 78 1,090 34.5
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hm?/yr (600 L/s) is indicated. Similarly, for Laurel
Creek the increase in runoff is 66 mm or 0.99 hm3/yr
(31 L/s), and for the upper Owens River it is 56 mm or
10.6 hm3/yr (336 L/s).

Most of the water lost above the gaging stations on
Mammoth and Laurel Creeks probably migrates
downward through fractures in the shallow Mammoth
Lakes basalts described by Bailey (1974) and, along
with other shallow ground water and possibly a small
amount of hot water (Sorey, 1975b), furnishes most of
the 30.4 hm3/yr (964 L/s) discharge in the springs at
the Hot Creek Fish Hatchery. Test drilling shows that
basalts in the upper Owens River drainage area are
also fractured, and temperature profiles in heat-flow
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holes indicate downward movement of cold water to
depths of at least 200 m around the northwest periph-
ery of the caldera, as discussed in a later part of this
report. Thus, the indicated 10.7 hm3/yr (336 L/s) of
water lost in the upper Owens River drainage basin is
a possible source of recharge to the deep hydrothermal
system, from which a discharge of 200-300 kg/s is es-
timated (see section, “Chemical Geothermometers”).
All this additional water amounts to about 30.5
hm3/yr (965 L/s) but is not included as a separate item
in the hydrologic budget. Instead, the flows from the
Hatchery springs and the Hot Creek gorge springs,
which include most of the hot spring discharge in the
caldera, are included in the measured flow of Hot
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Creek at the downstream end of the gorge. On plate 1,
the springs in Hot Creek gorge are in T3S/R28E-S25,
along a 1.5-km reach of Hot Creek bounded by the
NW-SE trending graben faults.

Since 1947, about 69.9 hm3/yr (2,220 L/s) of water
has been imported annually from Mono Lake basin
north of Long Valley. During water years 1964-74, im-
ported water from the Mono Lake basin averaged 113
hm3/yr (3,590 L/s). The imported water enters the Long
Valley drainage basin through the Mono Craters Tun-
nel, flows into the Owens River at East Portal and then
to Lake Crowley where it is stored, and subsequently is
released at Long Valley Dam to regulate the flow in the
Los Angeles Aqueduct. Since 1965, an additional 9.3
hm3/yr (293 L/s) has been diverted into the Long Valley
system from the Rock Creek drainage basin adjacent to
the Long Valley basin on the southeast.

Most discharge from the Long Valley drainage basin
consists of controlled releases from Lake Crowley. The
releases are measured with a Venturi meter by the Los
Angeles Department of Water and Power. Since the
completion of Long Valley Dam in 1941, about 205
hm3/yr (6,490 L/s) has been discharged from the basin.
During water years 1964-74, the discharge averaged
about 306 hm3/yr (9,690 L/s). The increase in outflow
for the modern 1ll-year base period is due to the in-
crease in the volume of water imported from the Mono
Lake basin. An additional 3.8 hm3/yr (121 L/s) was re-
leased through the main weir at the dam.

Natural discharge of ground water occurs as evap-
oration from soil where the water table is near the
surface and as transpiration from native vegetation.
The estimate in table 3 0of 16.0 hm3/yr (508 L/s) of evap-
oration of shallow ground water was based on the work
of White (1932), Houk (1951), and McDonald and
Hughes (1968). Transpiration of ground water by
phreatophytes was neglected except for the 13.6 hm?/yr
(430 L/s) attributable to areas of saltgrass (Distichlis
spicata) cover along the Owens River and between Al-
kali Lakes and Lake Crowley where the water table is
less than 1 m below land surface.

An investigation along an 11-km reach of the Owens
River gorge below Long Valley Dam showed no springs
or seeps which might indicate subsurface outflow of
water from the Long Valley drainage basin. However,
in the modeling study described in the section,
“Analysis of Conceptual Model of Hydrothermal Sys-
tem,” a ground-water discharge of 3.47 hm3/yr (110 L/s)
from the deep ground-water subsystem (the hydro-
thermal reservoir), through the southeast rim of the
caldera, is included. This provides an outlet for the flux
of relatively cool ground water which is indicated by
the temperature profile in the Republic Geothermal,
Inc. test well to be moving through the Bishop Tuff
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under the southeastern part of the caldera.

Some natural discharge occurs from the lake surface
and from springs, pools, and streams as evaporation.
The evaporative loss of water is measured at one sta-
tion near the dam by the Los Angeles Department of
Water and Power. The long-term average annual pan
evaporation losses measured at the dam are about
1,000 mm. Using a pan coefficient of 0.7, this converts
to an equivalent lake evaporation of about 700 mm.
For a lake the size of Lake Crowley, this amounts to an
average evaporation of about 14.8 hm?3/yr (469 L/s).

At the end of water year 1974, 31.2 hm? more water
was stored in Lake Crowley than at the beginning of
water year 1964, the start of the 11-year budget period.
This amounts to an average annual increase of 2.84

~hm3, which is shown in table 3 as a negative outflow

item.

As shown in table 3, the total average annual out-
flow of 354 hm? exceeds the total average annual inflow
of 343 hm?3 by only about 3.2 percent, which indicates
fairly good agreement. Although the largest items of
both inflow and outfiow are streamflows measured by
standard techniques for which errors of less than 5 per-
cent of flows for periods of several years are to be ex-
pected, some of the estimated items are sizable frac-
tions of the totals. Large errors in these estimates seem
to be precluded by the fairly small imbalance in total
outflow and inflow. Furthermore, as discussed pre-
viously, part or all of the 11 hm?/yr imbalance could be
attributed to unmeasured ground-water underflow in
Lake Crowley.

SHALLOW AND DEEP GROUND-WATER SUBSYSTEMS

For purposes of the present analysis, it is useful to
consider the ground-water system in the Long Valley
caldera as comprising two major parts: (1) a shallow
subsystem in which temperatures are not much higher
than ambient land-surface temperatures, ground-
water flow paths are relatively short and direct from
areas of recharge to areas of discharge, and, except
where increased locally by evapotranspiration in the
areas of shallow water table, the concentrations of dis-
solved solids are relatively low; and (2) a deep subsys-
tem in which temperatures are commonly much higher
than ambient surface temperatures, ground-water flow
paths are relatively long and circuitous, and concen-
trations of dissolved solids—especially some of the al-
kali chlorides, silica, boron, and arsenic—are rela-
tively high. The two parts of the system are not
everywhere sharply delineated; but, in general, the
shallow subsystem is contained in the fill above the
densely welded Bishop Tuff. This part of the caldera fill
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consists chiefly of intercalated lava flows and tuffs in
the western part and chiefly of tuffs and lacustrine and
fluvial sediments in the eastern part. The lower part of
the fill, which contains the deep subsystem, probably
consists chiefly of densely welded Bishop Tuff with
subordinate amounts of pre-Bishop Tuff volcanlc and
(or) metasedimentary rocks. :

As described previously, the average poros1ty of the
materials of the shallow subsystem probably is much
greater than that of the underlying densely welded
Bishop Tuff of the deep subsystem. Although the shal-
low materials include some volcanic flows of low
porosity, especially in the west part of the caldera, the
intergranular porosity of the tuffs and sediments is
high (see table 6). By contrast, the intergranular
porosity of the Bishop Tuff in the caldera is very low,
and most of the pore space, which probably averages
less than 10 percent of the total volume, is in secondary
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fractures associated with contraction of the rock on
cooling or with deformation.

Ground water in the shallow subsystem circulates
through the relatively coarse-grained, more permeable
sediments and, locally, through brecciated or faulted
zones in the volcanic flows. Much of the material, how-
ever, is clayey, tuffaceous, or altered sedimentary de-
posits or dense flows of extremely low permeability (see
table 6). Such material forms confining layers which
separate aquifers in the shallow subsystem and, more
significantly, probably separate the shallow and deep
subsystems from each other except locally where
high-angle normal faults provide interconnecting
channelways for upward- or downward-flowing ground
water. Places where flow is assumed to occur vetween
the shallow and deep subsystems are described later in
the section, “Analysis of Conceptual Model of Hy-
drothermal System.”

Table 5.—Laboratory data for selected cores from test holes in Long Valley caldera
[Sample analyses run by Hydrologic Laboratory, WRD, Denver, Colo., except as noted below}

Specific

gravit Permeabilit, Tgle?pglt Elgc:.l“ic'?l
D . . ’ . e ility! conductivi °y2 resistivity
No. Tes,;;:ﬂif nd f,gt,“ é’sté‘r‘:g’tﬂ; "é/scolgs)s &giﬁi‘;{) (m? x 10~15) (m callem. s °C) (ohm-m
CH-1 Near Cashbaugh 84 Tuffaceous (ashy) 2.34 59.8 8300  ______  _____
Ranch sediments 640  ______  ______
3S/29E-19C 120 oodo .. 2.40 350  ______
133 Sand 2.33 50.2 7 .
146 eeodo . 2.33 63.1° 460 18NP.  ______
157 Silty ash 2.37 56.9 35 19NP.
172 Tuffaceous sedi- 2.60 39.6 5.5 x 10— 1.8NP.  ______
ments
185 Ashy sediments, clay 2.72 45.2 1.3 x 10-3 21NP. ______
alteration
209 Pumiceous sand 2.37 62.4 23x10-®  _.____  ______
229 Pumiceous tuffa- 2.69 62.3 49 x10-3% ______
ceous sediments
T 251 Pumiceous (clay 2.67 52.1 1.0 x 10-3 24NP.  ______
alteration)
305 Ash 2.69 56.5 71 x10-*  ______
CH-3 West of Crow- 29 Rhyolite flow 2.39 310 4.5 x 10-3 23NP. ______
ley Lake
3S/29E-27L
CH-4 East Rim 58 Ash 2.36 66.1 3.2 x 10! 2.1 N.P. 260
3S/30E-19M
CH-5 East of Whit- 122 Pumiceous tuff 2.32 466 ____._ 22NP. .
more Hot
Springs
4S/29E-5B 214 Tuwft 295  ______ 2588
CH-6 Little Ante- 76 Clay-altered 2.64 371 . 35NP.  ______
lope Valley tuff
3S/28E-22F 209 Altered 2.59 6.0 ______ 5288 .
(sﬂlciﬁed)
tuff .
CH-8 Srrl;(ikey Bear 57 Rhyolite ﬂow 2.52 71 83 x10-2 ____ __ 233
at
3S/28E-18D 122 Rhyolite tuff 2.33 35.2 180 2.3 N.P. 130
183 _odo . 2.28 38.6 36 2.3 N.P. 190
213 eedo 0 2.30 46.1 34 I 780
305 -do 2.35 46.8 14 2.0N.P 360
CH-9 U%per Dry 42 Basalt flow 2.87 13.9 5.510-2 3.68.8 800
reek .
3S/27E-20H 54 Andesite flow 2.66 10.2 72 x10-4 ______ ...

!Computed from vertical hydraulic conductivity measurement run with water matching chemical composition of appropriate ground water, at temperature of 16°C.
2N.P. signifies needle probe measurement; data for CH-1, 4, 5, 6, 8 (183 m) run in Heat Flow Laboratory, Geologic Division, Menlo Park, Calif. S8.S. signifies divided bar, steady-
state, conductivity measurements, made in Menlo Park Heat Flow Laboratory. All measurements made on water-saturated samples.
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GROUND WATER IN THE SHALLOW SUBSYSTEM

Shallow ground water in Long Valley caldera is both
confined and unconfined. In the eastern two-fifths of
the caldera, ground water is in unconsolidated lacus-
trine and alluvial deposits of gravel, sand, silt, and
clay. In the western three-fifths, some shallow ground
water is in similar unconsolidated deposits, but most is
in lava flows and tuffs of the resurgent dome and west
moat. Recharge to the shallow subsystem is derived
from infiltration of precipitation and runoff from the
Sierra Nevada and other surrounding mountains.
Depth to water in wells and test holes in the alluvium
ranges from less that 0.3 m to about 8 m. In the north-
central and northeast parts of the valley, a thin (5-24
m) layer of very fine grained ash underlies the surface
at depths between 2 and 27 m. This fairly extensive ash
acts as an effective confining bed. Test holes that pene-
trate the ash either flow or have potentiometric heads
higher than those in wells in the shallow, unconfined
aquifer. The exact nature and extent of the fine-ash
confining bed and the underlying confined aquifer are
not known from the shallow drilling. Either deeper
drill holes were not in the area of the confined aquifer,
or insufficient borehole data were obtained in the
upper 30-50 m to describe it adequately. The ash con-
tains abundant shells of ostracods and was probably
deposited in the Pleistocence Long Valley Lake de-
scribed by Mayo (1934). The confined aquifer im-
mediately below the ash may consist of coarser ash or
other pyroclastic deposits separated by differential set-
tling in the lake. -

Little is known about deeper aquifers in the shallow
subsystem. Permeable zones were encountered in drill-
ing each of 9 core holes to depths ranging from 52 m to
325 m. For the most part, however, more data is needed
to delineate the lateral extent of any individual zone.
Deep circulating ground water associated with the
geothermal system (the deep subsystem) is discussed
later.

Water-level contours in figure 10 are based primarily
on measurements made in spring 1973. The water table
in most of the Long Valley caldera slopes eastward
toward the Owens River and Lake Crowley. The con-
figuration of the water table is fairly well defined in the
lower, east part of the caldera, where wells and
streams that intersect the water table are numerous,
but is poorly defined in the west part, particularly
in the resurgent-dome area. Nevertheless, the gen-
eral pattern in figure 10 is believed to be substantially
correct.

The most striking features are (1) the steeper hy-
draulic gradient in the west—the average is about
0.02—as compared to the gradient of only 0.01 in the
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east, between the east edge of the resurgent dome and
Owens River-upper Lake Crowley; (2) a broad zone of
gentle gradient in the south-central area of the moat,
where the eastward gradient is only about 0.006; and
(3) a steep gradient north of the intersection of U.S. 395
with the south rim of the caldera—the fault (shown on
pl. 1) passing through this zone appears to function as a
barrier to eastward ground-water movement in the
shallow sedimentary and volcanic rocks. Feature 2 re-
flects the topography in that area, which includes a
broad, flat-lying zone, underlain by basalt flows and
alluvium. The combination of a gentle hydraulic gra-
dient and relatively large ground-water discharge in
the springs at the Hot Creek Fish Hatchery implies
that high permeability channels exist in the basalt or
interbedded sediments in this area. This is confirmed
by drillers’ logs obtained for wells at Mammoth School,
just west of the Hatchery. Water-table altitudes from
figure 10, in potential recharge areas around the cal-
dera rim and in the principal hot-spring-discharge area
in Hot Creek gorge (pl. 1, T. 3 S/R. 28 E.-S. 25), were
used to develop constant pressure boundary conditions
in the modeling study. '

HYDRAULIC CHARACTERISTICS OF CALDERA FILL

As discussed previously, the rock units comprising
the shallow ground-water subsystem—the caldera fill
above the densely welded Bishop Tuff—include near-
surface weathered volcanic flows and tuffs in the west
part and predominantly alluvial and lacustrine sedi-
ments in the east. These rocks are underlain by post-
caldera rhyolites, rhyodacites, and basalts. Analyses of
cores and cuttings from test holes to depths of 300 m
indicate considerable variability in the hydraulic prop-
erties of these materials. Interpretation of hydraulic
properties is further complicated by the distribution of
faults which cover most of the western three-fifths of
the caldera.

No flow tests or pumping tests were conducted dur-
ing the drilling program. However, drilling with hy-
draulic- (mud-) rotary methods provided data on zones
of relatively low permeability (low mud loss) and zones
of relatively high permeability (high mud loss or arte-
sian flow). In general, the test drilling showed that
permeable zones were confined to volcanic flows in the
west and to relatively thin sandy zones in the east. An
exception was at CH-10 near Hot Creek gorge where
the fault forming the east boundary of a graben (fig. 1)
was intersected at a depth of about 30 m and a perme-
able zone in altered rhyolite was encountered. The
number and distribution of test holes were insufficient
to describe the lateral extent of permeable zones in the
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flows in the west caldera. However, as discussed in a
later section, temperature measurements made at
core-hole sites east of Hot Creek gorge indicate an
aquifer above 100 m with sufficient continuity to
transmit warm water toward Lake Crowley.

Results of laboratory analyses of selected cores from
the Long Valley test holes are given in table 5. In all
but the flow rocks and silicified sediments, porosities
are high (>35 percent) and thermal conductivities are
low, so that the rocks of the shallow subsystem act as a
thermal blanket, producing high temperatures in the
underlying rocks of the deep subsystem. Vertical per-
meabilities measured on the cores are extremely var-
ied, ranging from 5.5 x 107 to 8.3 x 10*® millidarcys.
The lowest values were obtained for rocks and deposits
that are hydrothermally altered to varying degrees.
Such altered materials were penetrated in core holes
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within the present area of hot-spring activity and on
the resurgent dame in Little Antelope Valley. The oc-
currences of altered deposits suggest that upward
movement of hot water from the deep subsystem is
restricted to zones where recent fault movements pro-
vide conduits through the capping rocks of the shallow
system.

Hydrothermal alteration is much less widespread in
the west part of the caldera than in the east part. Ac-
tive fumaroles and zones of acid alteration occur on
Mammoth Mountain and at Casa Diablo Hot Springs,
and a zone of hydrothermal alteration parallels the
southwest caldera wall near the base of Mammoth
Mountain (Bailey and others, 1976). Pyritized rhyolite
was found at a depth of 210 m in drill hole DC in the
northwest moat. However, no evidence of alteration
was found in CH-8 (325 m deep) in Smokey Bear Flat

37°45'

EXPLANATION

©2102 42389 -

Well (dot) or spring {dot with tail)
and altitude of water level, in meters

o !
37735 o above mean sea level

2440
Water-table contour

o] 5 10
Altitude, in meters above mean sea level. L — 4 KILOMETERS
Dashed where uncertain
i 1
119°00’ 118°45’

Ficure 10.-—Map of Long Valley caldera showing configuration of the water table, spring 1973. Data from Lewis, 1974. Contour interval 20 m.
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and CH-9 (92 m deep) in the upper Dry Creek drainage
basin. Permeable zones in the shallow ground-water
subsystem in the west appear to be restricted to chan-
nels in the flow rocks, resulting from some combination
of fractures, cooling joints, and brecciated surfaces.
Large lateral flows of cold water in these layers also
appear to be responsible for the isothermal nature of
the temperature profiles in core holes CH-8, CH-9, and
DC, where significant recharge from the surface
through more than 35 m of unsaturated materials ap-
pears to be unlikely.

Secondary permeability caused by recent faulting
may be hydraulically effective only in the more compe-
tent rocks, such as the welded Bishop Tuff and pre-
Tertiary basement rocks, and apparently sediments
which have undergone alteration (silicification and
zeolitization). Drilling data and lab tests on cores in-
dicate that the primary permeability of the postcaldera
tuffs and altered sediments and the unfractured flow
rocks is relatively low. Therefore, in our conceptual
model of the hydrothermal system, the fractured,
welded Bishop Tuff and the underlying basement rocks
are assumed to provide the hot-water reservoir. If this
is correct, these rocks should also be altered, and main-
tenance of permeable flow channels may have required
either or both continued tectonic activity or successive
invasion of unaltered rock by hydrothermal fluids.
Ground-water flow in the overlying shallow subsystem
is neglected except in recharge areas around the cal-
“dera rim and in the hot-spring discharge area. Second-
ary effects, such as mixing of shallow ground water
with upflowing hot water and' shallow subsurface dis-
charge of hot water are discussed in a later section.
These effects were not included in numerical simula-
tions with the model.

GEOCHEMICAL CHARACTERISTICS
HYDROTHERMAL SYSTEM

OF THE

CHEMICAL PATTERNS

Surface and ground waters of Long Valley have dis-
tinct differences in chemical composition. In large part,
the variations in chemical character reflect sharp dif-
ferences between deep hot waters and shallow cold
waters, and they also indicate the local proportions of
these two contrasting types. The California Depart-
ment of Water Resources (1967) has identified four
principal types of water on the basis of proportions of
major dissolved constituents and concentration of dis-
solved solids: (1) cold surface and ground waters along
the caldera margins in which Ca and HCOs are the
predominant constituents and the concentration of dis-
solved solids is relatively low—usually 30-100 mg/L;
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(2) thermal waters in hot springs in which Na, HCOs,
and often also Cl are predominant and the concentra-
tion of dissolved solids is moderate—usually about
1,000-4,000 mg/L; (3) alkali lakes and adjacent ground
waters in the east-central caldera, where the water
table is near the surface, in which Na and HCOz or COs
are predominant and concentration of dissolved solids
is relatively high—about 30,000 mg/L; and (4) warm
springs and related shallow ground waters that repre-
sent mixtures of (1) and (2).

Except for type 3 above—a water that results from
concentration of other waters by evaporation and
transpiration—the types described above are useful is
assessing the changes in water chemistry that result as
hot geothermal fluid (type 2) mixes with cold, shallow
ground water (type 1).

In addition, concentrations of B and Cl may be used
to estimate the degree of mixing of hot and cold ground
waters (Sorey and Lewis, 1976; Mariner and Willey,
1976). Concentrations of B range from less than 0.5
mg/L in waters from springs and wells where tempera-
tures are 10°C or less to 14 mg/L in waters from hot
springs and geothermal test wells (table 6). Concen-
trations of chloride in the same waters range from less
than 5 mg/L to 280 mg/L.. Molal ratios of C1/B are 5.8 =
0.2 for most thermal-spring waters, which probably in-
dicates a common source at depth. The origin of B and
Cl in the hydrothermal waters have been attributed in
part to magmatic fluid rising from a magma chamber
(California Department of Water Resources, 1967, p.
21). However, we believe that, although a magmatic
contribution to circulating meteoric water cannot be
ruled out, its proportion must be low because of the
meteoric nature of the D and 80 content of the hot-
spring waters. Calculations of rock volumes required
for leaching of B, presented later, indicate that a mag-
matic contribution is not required to supply the ob-
served discharge of B.

CHEMICAL GEOTHERMOMETERS

Results of applying the silica geothermometer of
Fournier and Rowe (1966) and the Na-K-Ca geother-
mometer of Fournier and Truesdell (1973) to estimate
the temperatures of reservoir(s) feeding the hot springs
and wells in Long Valley, are given in table 7. Except
for the Hot Bubbling Pool, which cools significantly by
evaporation, reservoir temperatures based on the
cation geothermometer exceed those based on silica.
This indicates that the hot-spring waters are mixtures
of hot and cold components which have not reequili-
brated after mixing because the cation geothermome-
ter, being based on ratios of constituents, is less sensi-
tive than the silica geothermometer to changes in abso-
lute concentration.
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TABLE 6.—Selected chemical constituents, temperatures, and isotopic compositions for thermal and non thermal waters from Long Valley

[Data for features a through j from Mariner and Willey (1976); sampled in 1972. Chemical data for features 1, m, and v from Lewis (1974). Features k through t collected by M. Sorey
(September 1975), '80 analyzed by N. Nehring, D analyzed by D. White, Cl analyzed by L. Tanner. Features u through z collected by B. Evans (June, 1976), D analyzed by D. White.
Chemical concentrations are in milligrams per llt,er]

T.
surf.
Location Locality Si0. Na K Ca YHCOs Ct B (°C) 8D 5180
a. 3S5/28E-13ES3 Little Hot Creek 110 410  30.0  50.0 736 200 10.6 79 -121.8 -15.84
b. 3S/28E-32E9 Casa Diablo Well 340 390 45.0 0.9 449 280 214.0 94 —-115.8 —-14.16
c. 35/28E-35ES1 Hot Bubbling Pool 300 380 250 3.3 467 250 13.0 60 —-111.0 1244
d. 3S/29E-21PS1 Big Alkali Lake 250 310 37.0 25.0 829 150 7.7 56 —123.9 -16.17
e. 35/29E-28HS1 S.E. of Big Alkali Lake 240 400 43.0 220 846 170 8.6 49 1234 -1585
f.  35/29E-31AS1 N. of Whitmore Hot Springs 150 310 22.0 15.0 520 170 8.1 58 -121.2 -15.23
g. 3S/29E-34KS1 W. of Lake Crowley 205 320 280 23.0 696 150 6.2 41  -1249 -16.08
h. 3S/28E-25H3 Hot Creek Gorge 150 400 24.0 16 597 225 10.3 90 -120.3 —14.83
i. 28/27E-25AS1 Big Springs 58 23 4.0 5.1 90 6 0.4 11 -1154  -15.89
j. 3S/29E-13C1 Well near N.E. rim 64 28 1.3 53 117 3 0.2 10 -1295  -17.07
k. 4S/29E-6P S. of Whitmore Hot Springs — — — — — <10 — 16 -1203 -15.26
1. 48/28E-9FS1 E. of Laurel Canyon — 5 1.0 16.0 46 1 0.0 12 -127.7 -16.68
m. 35/28E-35KS1 Fish Hatcher: 33 15 3.0 130 95 3 0.1 13 -121.0 -15.89
n. 25/28E-14M McLaughlin Creek — — — — <10 — 8 -130.0 -—-16.87
o. 2S/27E-27B Deadman Creek at 395 — — — — — <10 — 13 -124.4 -16.01
p. 3S/27E-7P Deadman Tributary — — — — <10 — 7 -111.8 -14.71
r. 3S/26E-36P Minaret Summit — — — — <10 — 5 -110.7 ~14.87
s. 28/29E-21D N.W. of O’Harrel Canyon — — <10 — 7 -130.9 -16.91
t. 4S/27E-6A Mammoth Mountain — — — — — <10 — 2 -109.2 -14.52
u. 2S5/27E-180 Hartley Springs — — — — — — — 4 -126.3 —
v. 3S/30E-22BS1 Watterson Troughs 63 14 3.8 110 63 5 11.0 11 -135.0 —
w. 4S/28E-22P Spring above Convict Lake — — — — — — — 13 —-125.3 —
x. 3S/29E-2A Well near N.E. rim — — — — — — — 14 -129.2 —
y. 3S/30E-5J Wilfred Creek — — — — — — 13 —-129.2 —
z. 2S/29E-31 Well E. of Arcularius Ranch — — — — — — 10 -134.0 —

'Total alkalinity calculated as HCOs.
2Average value for 12 samples from Mariner and Willey (1976} and CDWR (1967).
3Corresponds with sample 38/28E-25A84 in Mariner and Willey (1976, p. 794}, which is incorrectly located.

Applications of mixing models to estimate mixing
ratios and the temperature of the hot-water component
at depth have been made by Mariner and Willey (1976),
Sorey and Lewis (1976), and Fournier, Sorey, Mariner,
and Truesdell (1976). Reservoir temperatures esti-
mated from the silica mixing model of Fournier and
Truesdell and the silica-chloride mixing model devel-
oped by A. H. Truesdell (Sorey and Lewis, 1976) range
from 200°C to 225°C and average 210°C. These models
suggested that a single reservoir with water similar to
that obtained from the Casa Diablo well (that is, 219°C,

TaBLE 7.—Temperatures of reservoirs feeding hot springs in Long
Valley estimated by chemical geothermometers

TITSi0r 2TNa-K-Ca
Spring or well ¢C) -0
a. Little Hot Creek Spring ______________ 143 - 172
b. Casa Diablo Well ____________ __._ 219 3238
c. Hot Bubbling Pool ____________________ 209 4189
d. 3S/29E-21PSI ______ ______  _____ _ I 196 200
e. 3S8/29E-28HSI ____________. . . 7.7 193 200
f. 3S/29E-31ASI _____.____ ______________ 161 176,
g 38/29E-34KSI ___________ ____________ 182 184
h. Hot Creek Gorge Spring ___ __________ 153 192 -

!By the method of Fournier and Rowe (1966).
2By the method of Fournier and Truesdell (1973,
3Affected by calcite deposition.

‘Affected by evaporation.

14 mg/L B, 280 mg/L Cl) underlies or at least feeds all
the major hot springs in the caldera.

A more recent anyalysis of the geothermometer and
isotope data by Fournier, Sorey, and Mariner (1976)
using chloride-enthalpy relations suggests a somewhat
more complicated circulation system, including a deep
aquifer with water at 282°C, 375 mg/L CI, and 18.8
mg/L B. This water could yield the 219°C Casa Diablo
water bs mixing with cold water, and the 201°C Hot
Creek gorge water by boiling and steam loss. Oxygen
and deuterium isotopic data, as discussed later, are
consistent with this interpretation, as are reservoir
temperature estimates of 269°C-273°C based on
oxygen-isotope composition of dissolved sulfate in
thermal waters (McKenzie and Truesdell, 1977;
Fournier and others, 1976).

Sorey and Lewis (1976) compared the concentrations
of B and Cl in each of the major thermal springs with
those in the SampIe from the Casa Diablo well to calcu-
late the h@t—Wéter component in the measured spring
flows. A ‘total hot-water discharge of 250 L/s was ob-

‘tained, of which approximately 80 percent is contrib-

uted by the sprmgs in the Hot Creek gorge. This esti-
mate is based on discharge measurements at relatively
warm surface temperatures and should be corrected for
hot-water density and temperature to yield a mass flux
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of 250 kg/s and a volumetric flux of 290 L/s at 210°C.
Fournier, Sorey, Mariner, and Truesdell (1976) as-
sumed that the same total discharge of B and Cl in the
springs was supplied by a hot-water component with
375 mg/Li Cl and 18.8 mg/LL B and calculated a mass
flux of 190 kg/s.

The average annual rate of B discharge from the
caldera waters in Lake Crowley can also be used to
estimate the flux of hot water through the hydrother-
mal system if it is assumed that most of the B in Lake
Crowley was contributed by the hot-water reservoir.
From 1960 to 1973, the average annual discharge of B
from sources within the caldera was 136 metric tons per
year (Sorey. and Lewis, 1976, p. 789). This B flux could
be supplied by a discharge of 300 kg/s of water with a B
concentration of 14 mg/L (table 6, Casa Diablo well).
Alternatively, the same annual discharge of boron
could be supplied by 230 kg/s of water having a boron
concentration of 18.8 mg/L, which applies to the 282°C
water suggested by Fournier, Sorey, Mariner, and
Truesdell (1976).

Comparisons of the estimates of mass flux based on
boron discharge in individual hot springs with those
based on boron discharge into Lake Crowley, indicate
that as much as 20 percent of the upflowing hot water
discharges in the subsurface and flows laterally into
Lake Crowley. The magnitude of this hot-water flux is
small compared with the total surface-water and
ground-water discharge into Lake Crowley of 11,000
L/s, but it carries away a significant amount of heat.
The rate of heat discharge from the caldera by convec-
tion and conduction is discussed in a later section.

BORON DISCHARGE

Smith (1976) compared the present-day rates of dis-
charge of characteristic hot-spring elements such as B,
Li, Cl, and As from the Long Valley hydrothermal sys-
tem with amounts and ages of evaporite deposits in
Searles Lake, downstream in the Owens River system.
The salts in Searles Lake are less than 32,000 years
old, on the basis of dating of interbedded mud layers,
and approximately 70 percent of the B in the salt
layers can be accounted for by discharge from Long
Valley at present rates for a 32,000-year period. A
similar period of spring flow would account for ob-
served quantities of K and SO4, whereas much of the Li
and As from Long Valley was apparently lost in
transport to Searles Lake. Smith also found that the
amount of Cl now in Searles Lake is two to three times
greater than the present Owens River could have
supplied from Long Valley over 32,000 years, suggest-
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ing that Searles Lake received Cl from sources outside
Long Valley. ]

In contrast, Bailey, Dalrymple, and Lanphere (1976)
found evidence of a wide distribution of fossil gas vents,
ancient sinter deposits, and areas of acid alteration,
which indicates that surficial hydrothermal activity
within the caldera was more extensive as well as more
intensive in the past than at present. The extensive
development of hydrothermal activity in lacustrine
sediments that are about 0.3 m.y. old, based on the 0.28
m.y. age of the interbedded Hot Creek rhyolite flow,
suggests that the hydrothermal system may have
reached maximum development at that time. Bailey,
Dalrymple, Lanphere (1976) suggest a subsequent de-
cline and areal restriction in surficial hydrothermal
activity, owing to a general reduction in permeability
of the intracaldera rocks caused by self-sealing proc-
esses of silicification, argillization, and zeolitization.

To reconcile the differences between these two esti-
mates of the age of hot-spring activity, Smith (1976)
suggests that large saline deposits remain undiscov-
ered somewhere in the Owens River drainage or that
only late states of spring activity contributed elements
like B, Li, and K to the Owens River. Smith’s analysis
results from intensive search by the U.S. Geological
Survey for borate deposits in the Owens River drain-
age, and it seems unlikely that large deposits of B,
equivalent in amount to, say, 10 Searles Lake deposits,
have been overlooked. A third alternative, suggested
by D. E. White (oral commun., 1976), is that hot-spring
activity has been intermittent, and that the equivalent
of one more Searles Lake deposit (presumably from the
0.3-m.y. activity) may be dispersed in earlier river
drainages and sediment-filled basins.

The origin of the dissolved material in the hot-spring
waters is of interest in this discussion. If magmatic
fluids contribute the bulk of elements such as B, Li, Cl,
and K, then it is possible that hydrothermal activity
was continuous over the past 0.3 m.y. with changes in
chemical composition of hot-spring waters occurring in
relation to intermittent intrusive activity. Alterna-
tively, if these elements are provided chiefly by hy-
drothermal leaching of the reservoir rocks, then the
apparent variation in chemical discharge would most
likely be related to variations in flow in the hydro-
thermal system.

As discussed by Ellis and Mahon (1964) and White

- (1968), evidence from deuterium and 80 determina-

tions in volcanic hydrothermal systems indicates that
only minor (less than 5-10 percent) amounts of mag-
matic water are present in the circulating thermal
fluids. Isotopic compositions of Long Valley waters, as
discussed in the following section, are similar in this
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regard. However, the contribution of magmatic fluids
cannot be completely eliminated, especially if varia-
tions in isotopic composition of hydrothermal fluids oc-
curred over the 0.7-m.y. caldera history. '

In relation to the leaching mechanism, Ellis and
Mahon (1964) present data from short-term (20-day)
leaching experiments involving volcanic rocks from
New Zealand and temperatures from 150°C to 350°C.
They found that from 12 to 75 percent of the original
chloride and from 3 to 30 percent of the original boron
in the rocks could be removed within 20 days, and con-
cluded that much of this “easily liberated” material
was held on surfaces in the rocks rather than in solid
solution in the rock silicates. Over long periods of time,
additional releases of rock constituents associated with
hydrothermal alteration of silicate structures would be
expected. Further evidence from drill cores from New
Zealand hydrothermal areas (Steiner, 1955) showed
that more than 80-90 percent of the original chloride
and boron in rhyolitic rocks from 200°C to 260°C is lost
during natural alteration.

The reservoir volume required for leaching to supply
the bulk of the chemical discharge from the Long
Valley hydrothermal system can be calculated as a
function of the percentage of original rock constituents
which can be removed. The bases for these calculations
are the estimates by Smith (1976) of the quantities of
B, K, Cl, and Li in Searles Lake which are supplied by
the Long Valley system. These totals are listed in table
8, along with measured element concentrations in the
caldera rock.

These data show that B and Cl discharges place the
greatest demand on leached rock volumes. Accord-
ingly, in table 9, the required rock volumes are listed
as functions of the percentage of leachable B and Cl.
Corresponding reservoir thicknesses are calculated by
assuming a reservoir area of 220 km?2, which covers the
western three-fifths of the caldera.

TABLE 8.—Measured concentrations of chemical elements in Long
Valley rocks and total amounts discharged from Long Valley into
Searles Lake

Total amount
discharged?

Concentration in
rock samples?

Element (ppm) (kgx10?
B___ 330-53 7
K__ 416,000-20,000 44
Cl 5300-400 6140
i 320-49 1

'Spectrographic analysis by C. S. Annell, USGS, Reston, Va.

2From Smith (1976).

3Range for 9 samples of Bishop Tuff from Owens River gorge. .

4Sheridan (1965).

*Range for 6 samples of intracaldera early rhyolite and Bishop Tuff from Owens River
gorge.

§Calculated from total B, assuming CI/B = 20.
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These results indicate that under certain conditions
the reservoir volume and thickness required for leach-
ing to supply the salts discharged from Long Valley are
realistic. One condition is that significant percentages
of the original B and Cl in the reservoir rocks be re-
moved. Considering a reservoir thickness of 2 km as
reasonable, and accounting for an additional period of
comparable hydrothermal activity around 0.3 m.y. ago,
at least 30 percent of the B and 60 percent of the Cl
must have been leached. The New Zealand data dis-
cussed above suggest that this is certainly possible. A
second condition is that the areal extent of the reser-
voir be close to the assumed 220 km2. If it were consid-
erably more areally restricted, the required reservoir
thickness would become unreasonably large, unless
the 80-90 percent B and Cl leaching found in New
Zealand has also occurred in Long Valley. If these
levels of element removal have not been approached in
Long Valley and if the hydrothermal circulation sys-
tem is not as areally extensive as assumed here, then
magmatic sources must have contributed significantly
to the chemical and probably the thermal discharge
from the Long Valley caldera. Additional lithologic
data from deep test holes in the western caldera are
required to resolve these questions.

The contrast between the age of the saline deposits of
Searles Lake and that of the earliest hydrothermal ac-
tivity within the caldera, and the inference of extreme
climatic and hydrologic variations during the interven-
ing period, lead to the conclusion that the hot springs
and associated hydrothermal activity have been in-
termittent. This matter is considered further in a later
section in terms of the influence of the age of hy-
drothermal activity on heat-flow requirements from an
underlying magma chamber.

TABLE 9.—Size of leached reservoir required to supply total discharges
of B and Cl for various changes in B and Cl concentrations in the
reservoir rock

Change in element Leached-rock Leached-rock
content of rock! volume? thickness?
Element (percent) (km?) (km)
B 75 100 0.45
50 150 .68
25 300 14
10 750 34
Cl 75 214 0.97
50 320 1.5
25 640 2.9
10 1600 7.3

!Assuming original rock B = 40 ppm, Cl = 350 ppm.

2Volume = Amount of element discharged/(change in element content of rock x bulk
density of rock).

3Assuming reservoir area = 220 km2,
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STABLE ISOTOPES

Comparisons of 180 and deuterium contents of hot
and cold Long Valley waters are useful in understand-
ing the caldera’s hydrologic system. In comparison
with most other isotopically studied hydrothermal
convection systems, the Long Valley system appears
unusual in terms of the large areal variability in
isotopic contents of its meteoric waters and clear evi-
dence of the involvement of at least two different
meteoric waters in the hot-spring fluids.

Figure 11 is a plot of stable isotope date in standard &
values, parts per mill (%) relative to SMOW, for var-
ious waters which were sampled at the locations shown
in figure 12. Mariner and Willey (1976) used data from
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samples collected in 1972, represented by the dark cir-
cles, to suggest that water similar to i (Big Springs)
was typical of the recharge to the hydrothermal sys-
tem. The bulk of the flow in Big Springs probably
originates in the Deadman Creek drainage basin and
moves eastward at shallow depth through the exposed
basalt flows. As meteoric water percolates deeper un-
derground and is heated, the oxygen isotopes react
with oxygen in the rocks while hydrogen isotopes re-
main almost unchanged. Thus, the isotopic composi-
tion of the circulating water would shift from i to b.
Water b from a well at Casa Diablo Hot Springs was
interpreted by Mariner and Willey (1976) to be a sam-
ple of the hottest water in the system, having a
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Ficure 11.—Relations between concentrations of deuterium and 80 in Long Valley waters. Closed
circles represent samples collected in 1972, open triangles represent 1975 samples, open squares
represent 1976 samples for which 80 concentrations have not been determined. Sample locations

given in figure 12 and table 7.



HYDROTHERMAL SYSTEM OF LONG VALLEY CALDERA, CALIFORNIA

geochemically estimated temperature at depth of
219°C. During upflow, if this water mixed in different
proportions with cold water similar to j (from an arte-
sian well near the northeast rim), the isotopic contents
of the various hot and warm springs could be obtained.
The lineation of points representing these springs be-
tween end points b and j tends to support this mixing
model.

Additional data from cold springs sample in 1975 and
1976 and annual variations in D/H ratios of snow sam-
ples collected at Mammoth Mountain midstation
(Friedman and Smith, 1970, 1972; Smith, unpub. data,
1976) allow somewhat more detail in the analysis of
recharge and mixing relationships. The more recent
data are represented by the open symbols in figure 11.
Point t* for the Mammoth Mountain spring was calcu-
lated using an average 8D of —114 * from snow sam-
ples for the years 1970-76 over which a range of —110
to —118 occurred. This point, along with points r, p, and
t, which also represent cold waters from the west rim
but are based only twice 1975 data, suggests that re-
charge water for the hydrothermal system may be
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slightly heavier than i. If this were so, water b could be
a mixed water rather than an end member, consistent
with the geothermometer analysis by Fournier, Sorey,
Mariner, and Truesdell (1976). Water ¢ from the Hot
Bubbling Pool has been strongly fractionated probably
by evaporation, similar to many other hot springs of
high surface temperatures but without surface dis-
charge.

The more recent 8D date in figure 11 also indicate
differences between cold waters around the north, east,
and sourth rims. Water just beyond the east rim (v) is
lightest at —135°%o . Ground waters from the north
and northeast rims (j, n, q, and y) range in 8D from
—129 to —132 %0 . The south rim waters (1 and w) are
heaviest at —125 to —128%o, and similar to the
Hartley Springs water (u) from beyond the northwest
rim of the caldera. The 8D content of water z from a
windmill on the northeast flank of the resurgent dome
is quite light at —134 % . If this water originates as
precipitation on the resurgent dome, as suggested by
the water table map in figure 10, the dome waters must
be relatively light. A contribution of recharge from the
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Lookout Mountain area on the dome to Big Springs
might account for point i being lighter than the other
west rim waters.

In view of temporal variations in D/H ratios of snow-
fall, a complete set of sample from springs at one or
more times would be desirable. However, the data in
figure 11, along with our knowledge of ground-water
movements in the shallow system, suggest several
sources of cold, diluting water in the thermal springs,
rather than the single source (i) indicated by Mariner
and Willey (1976). For the Casa Diablo Hot Springs
area and the warm springs west of the Hot Creek
gorge, the south rim and resurgent dome are the most
likely sources. For springs in the gorge and Little Hot
Creek, the north rim and resurgent dome and possibly
the south rim are indicated. Because shallow recharge
from the northeast and east rim fiows into the Owens
River and Lake Crowley, it would not be available for
mixing with hot-springs waters further to the west as
was previously suggested.

The isotope data do suggest, however, that some re-
charge from the higher altitudes on the flanks of Glass
Mountain may percolate down the rim fractures and
flow laterally toward the southwest through permeable
zones in the Bishop Tuff. A drill-stem sample of ques-
tionable quality from a depth of 1.46 km in Republic
Geothermal’s 2.11 km-deep test hole near spring f (fig.
12) yielded a 8D of —126 %o, (C1 = 100 mg/L). If this
sample was contaminated by drilling fluid, which had a
measured 8D of —114 %o, the relatively cold waters in
the Bishop Tuff at this location may have D/H ratios
closer to the —129 to —132 %o range for the northeast-
rim waters.

THERMAL CHARACTERISTICS OF THE
HYDROTHERMAL SYSTEM

Measurements of thermal anomalies would seem the
most obvious indication of potentially valuable geo-
thermal areas. These anomalies may take the form of
hot-spring and fumarolic discharge, above-normal
ground temperature detectible by infrared imagery or
snow calorimetry, and above-normal near-surface heat
flow, geothermal gradient, and temperature. As noted
by Lachenbruch, Sass, Munroe, and Moses (1976), meas-
urements of heat flow, unlike other geophysical meas-
urements, may contain direct information on past
geologic events because of the long time required for a
thermal disturbance to equilibrate by conduction in
earth materials.

Unfortunately, the time variable and the interaction
of convective (or advective) and conductive heat-
transfer mechanisms can produce large variations
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from one area to the next and make interpretation of
thermal and hydrologic conditions at depth uncertain.
With due consideration for these limitations, investi-
gations of regional heat flow and the near-surface
thermal regime in the Long Valley area were under-
taken. These studies are described by Lachenbruch,
Sass, Munroe, and Moses (1976) and Lachenbruch,
Sorey, Lewis, and Sass (1976); the results which are
pertinent to our analysis of the hydrothermal system
are discussed below.

REGIONAL HEAT FLOW

Temperature-gradient and heat-flow measurements
were made at 11 stations in the vicinity of (but outside
of) Long Valley caldera (Lachenbruch, Sass, Munroe,
and Moses, 1976). Evaluation of the thermal anomaly
associated with magma beneath the caldera shows no
conspicuous effect of the transition between the Sierra
Nevada and Basin and Range provinces, possibly a
small local heat-flow anomaly beyond the east rim of
the caldera (2.2 HFU), and a very substantial anomaly
beyond the west rim (3.8 HFU).

Lachenbruch, Sass, Munroe, and Moses (1976) con-
clude that heat-conduction models for the near-normal -
heat flow at the east rim suggest that magma beneath
the east part of the caldera might have been exhausted
during eruption of the Bishop Tuff 0.7 m.y. ago and
that the resurgent dome, which subsequently formed
in the west-central caldera, overlies a residual magma
chamber more circular in plan than the original
magma chamber that supplied the Bishop Tuff. High
heat flow indicated by the measurement near the west
rim is attributed either to a simple shallow magma
chamber beneath the western caldera or to recent local
magmatism along the Sierra frontal fault system.

The analysis of heat-conduction models of cooling
magma further suggests that the Long Valley caldera
is the surface expression of a deep magmatic system,
because an upper-crustal magma chamber could not
have furnished molten material throughout the 2-m.y.
eruptive history since the early eruptions of the Glass
Mountain Rhyolite unless it were resupplied with heat
from deep crustal sources. Calculations of heat supply
by crustal intrusion of mantle basalt yield minimum
intrusion rates of the order of 1 m per century, which
implies accelerated crustal spreading.

THERMAL REGIME WITHIN THE CALDERA

Thermal measurements were made in 29 holes
drilled to depths of 30 m or less and in 10 deeper holes
(from 52 to 325 m) within the caldera. Well locations
are shown in plate 1; LV designates the shallow (30 m)



HYDROTHERMAL SYSTEM OF LONG VALLEY CALDERA, CALIFORNIA

holes; CH designates the deepper holes in which cores
were obtained. A few thermal conductivity meas-
urements were made to permit rough estimates of
conductive heat flows. Selection of drilling sites and
depths involved a compromise between areal coverage
and vertical definition. As noted by Lachenbruch,
Sorey, Lewis, and Sass (1976), the farther beneath the
surface we extend our observations the more we can
expect to learn about the hydrothermal system associ-
ated with the potential resource, but the more costly
and time consuming each observation becomes. In ad-
dition, adequate information on lateral variability may
prove essential to subsequent selection of sites for deep
drilling.

Temperature profiles from all the test holes are plot-
ted in figure 13; identification of individual profiles in
the 30-m holes is given by Lachenbrich, Sorey, Lewis,
and Sass (1976). Temperatures at 15 m are shown in
figure 14 and near-surface conductive heat flows in
figure 15. The former differs somewhat from the cor-
responding map in Lachenbruch, Sorey, Lewis, and
Sass (1976), because it is based on additional data.
Methods of drilling and completion to minimize effects
of fluid circulation in boreholes are described by
Lachenbruch, Sorey, Lewis, and Sass (1976). Thermal
conductivity measurements and lithologic characteris-
tics of the rocks at each core-hole site are listed in
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table 10.

In contrast to the regional temperature and heat-
flow data, thermal data obtained within the caldera are
strongly influenced by the hydrologic system. Analysis
of the thermal regime has provided useful information
on near-surface (0-300 m) hydrology, as discussed be-
low. The shallow thermal observations also help to
define the nature and extent of the recharge and dis-
charge areas for the deeper hydrothermal system and
suggest areas where the shallow ground-water subsys-
tem is relatively impermeable and shallow tempera-
ture gradients might be used to estimate temperatures
in the underlying deep subsystem. However, additional
information from deep test drilling is needed to evalu-
ate satisfactorily the role of shallow thermal observa-
tions in geothermal exploration in Long Valley.

Temperature profiles in figure 13 show gradients as-
sociated with conductive heat flows of 0 to 50 HFU for
thermal conductivities (table 11) of about 2 mcal/
(s °C cm). Temperatures at 15 m (and as shallow as 6 m)
correlate well with the character of the thermal gra-
dients to 30 m, as discussed by Lachenbruch, Sorey,
Lewis, and Sass (1976). The grouping of temperature
profiles in figure 13 is suggested by the following.
Group I regimes, representing heat flows less than 1
HFU, are characteristic of the outer margin of the
caldera, suggesting that this is an area of hydrologic

0 — e

T T T T T T

\ \(\\\
|

-1 11
50

100 + CHO

DC
CH4

-

DEPTH, IN METERS
o
[=]
T

200 |-

CH8
250 -

CH7
CH10 7

-
-
-

CH6

CHS

1 1 i 1 I

300 Y 1 L I L
0

10 20 30 40 50

80 70 80 80 100 110

TEMPERATURE, IN DEGREES CELSIUS

F1GURE 13.—Temperature profiles from core holes and shallow holes in Long Valley caldera. Data from Lachenbruch, Sorey, Lewis, and Sass
(1976), except for CH 8, 9, 10.



A30

recharge. Group Il regimes, representing conductive
heat flows of about 4 to 8 HFU, show little influence of
convection down to 300 m in at least one location
(CH-1). Group III regimes, representing larger heat
flows ranging to more than 50 HFU, show considerable
variability with depth and more variability with time
than gradients in the other groups (Lachenbruch,
Sorey, Lewis, and Sass, 1976). Temperature profiles in
group III indicate that they are characteristic of areas
of subsurface discharge of hot or warm ground water;
the hot springs discharge in a fault zone characterized
by near-surface regimes in groups II and I1I. Tempera-
ture reversals in wells CH-3, CH-5, CH-7, and CH-10
and temperature and heat-flow patterns (figs. 14 and
15), indicate that warm ground water moves laterally
from Hot Creek gorge toward Lake Crowley. An esti-
mate of the heat discharged by this subsurface flow is

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

discussed in the next section.

Heat flows at the group Il sites are comparable to the
hydrologically undisturbed value of about 4 HFU meas-
ured in granite at Devils Postpile just beyond the west
rim of the caldera (Lachenbruch, Sass, Munroe, and
Moses, 1976), although the agreement is probably for-
tuitous. One explanation for the group II profiles is
that they occur in areas where the 200°C reservoir
temperatures (from chemical geothermometers) exist
at depths of about 1 km or less and heat transfer in
overlying rock of low permeability is basically conduc-
tive.

One core hole in group III, CH-6, was drilled on the
resurgent dome in Little Antelope Valley, and encoun-
tered the highest temperature (110°C) in any of the test
holes. The nearly isothermal part of the temperature
profile below 165 m indicates that circulation of heated
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TaBLE 10.—Generalized lithologic descriptions and thermal conductivity data from cores and cuttings

at test-hole sites in Long Valley caldera

A31

Thermal
Hok Depth nal
N(z).e Location (ers) Lithology (n[ig:f/l(%ihlsVJEé "
CH-1 38/29E-19C 0-160 Tuffaceous sediments, alternately coarse 1.8-2.1
Cashbaugh and fine, some clay-alteration
Ranch
160-305 Tuffaceous sediments, hydrothermally 1.7-2.5
altered with permeability reduction
CH-3 3S/29E-27L 052 Porphyritic biotite rhyolite flow 2.1-2.4
West of Lake
Crowley
CH-4 3S/30E-19M 0-90 Ash and sediments 2.1-2.4
East rim 90-187 Medium to coarse sand 2.6
CH-5 4S/29E-5B 0-60 Tuffaceous sediments S
E. of Whit- 60-120 Pebbly sand with obsidian and metamorphic clasts ~ ______
more Hot Spring 120-200 Biotite rhyolite pumiceous tuff 2.0-2.3
210-265 Hornblende-biotite rhyolite tuff (0.3 my old) 2.1-2.8
CH-6 3S/28E-22F 0-150 Clay-altered tuff 2.9-3.5
Little Ante- 150-208 Altered tuff with sulfide-bearing silica 3.4-5.2
lope Valley veins
CH-7 3S/29E-19R 0-70 Sand
Near Little 75-165 Altered sediments (silicified, argillized) 3.6-3.8
Alkali Lake
CH-8 3S/28E-18D 0-30 Pumice
Smokey Bear 30-100 Rhyolite low
Flat 100-325 Aphyrite rhyolite tuff 1.8-2.3
CH-9 38/27E-20H 0-10 Pumice
Upper Dry 10-50 Porphyritic vesicular basalt 3.0-3.6
Creek 50-85 Hornblende-plagioclase andesite (dense 3.8-4.0
to vesicular)
88-92 Olivine-plagioclase basalt 3.3
CH-10 35/29E-30E 0-53 Altered Hot Creek rhyolite — ______
Hot Creek
Gorge
DC 25/27E-34A 0-50 Pumiceous sediments
Deadman 50-100 Trachyandesite 3.6-4.4
Creek 100-190 Sand 1.7-2.4
190-193 Pumiceous tuff 1.7

TaBLE 11.—Previous estimates of convective heat discharge from Long
Valley caldera

Reservoir  Convective

tempera- heat flow

Reference Method ture (°C) (X107 cal/s)
Sorey and Lewis Measured springflow __ 210 4.3
(1976) Boron discharge ______ 210 54
White (1965) Boron discharge ______ 180 7.0
Fournier, Sorey, Measured springflow *:_ - 282 5.3
Mariner, and Boron discharge _:___._ 282 - 6.6

Truesdell (1976)

ground water is influencitig the thermal regime in the
upper 200 m. In contrast, the temperature profile in
CH-8, drilled in- Smokey.Bear Flat 5.6 km northwest of
CH-6 and within the keystone graben on the resurgent
dome, is characteristic of the low-heat-flow regimes of
group I. Similar low temperatures and isothermal
temperature profiles were found at other core holes
drilled farther west of CH-8, suggesting that the circu-
lation of relatively cold ground water may be masking
evidence of deeper thermal activity in the western
third of the caldera. It is clear from the thermal data in
figure 13, that deepening any of the holes by 50 to 100



A32

m could lead to surprises, and that downward extrapo-
lation of near-surface temperature gradients is
hazardous.

In general, our conceptual model of the Long Valley
hydrothermal system ignores the details of the shallow
thermal and hydrologic regimes. However, the data
discussed above were used in calculating the total heat
discharge from the caldera, which provides a check on
the estimates from chemical mixing models of reser-
voir temperatures and hot-water discharge and also
provides a necessary constraint on heat-flow simula-
tion with the numerical model.

NATURAL HEAT DISCHARGE

The natural rates of heat and fluid discharge from

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

the Long Valley caldera provide useful constraints on
the simulation of the hydrothermal system. Published
estimates of the convective heat discharge are given in
table 11. The estimates by Sorey and Lewis (1976)
should have been corrected for variable fluid density to
yield from 5.1 to 6.4 x 107 cal/s. Calculations based on
measured springflow use geochemical mixing models
to estimate reservoir temperature and mixing ratios
between hot-water and cold-water components. The
rate at which heat leaves the hydrothermal reservoir
by convection (Q) is computed from

Q@ =M(h, - h,) oY)
where M = mass discharge of hot water from the reser-
voir, h, = enthalpy of hot water, and A, = enthalpy of
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recharging meteoric water (=10 cal/gm). The corrected
estimate of 5.1 x 107 cal/s noted above is based on a
mass discharge of 250 kg/s at 210°C and 214 cal/gm.
The corresponding estimate by Fournier, Sorey,
Mariner, and Truesdell (1976) of 5.3 x 107 cal/s is es-
sentially the same, even though it is based on a reser-
voir temperature of 282°C. This is because the same
total flux of boron and chloride from the hot-water res-
ervoir was assumed, but higher calculated concen-
trations of these elements in the hot water are in-
volved. The result is a lower mass discharge of 190 kg/s
used in equation (1).

Convective heat-flow estimates based on boron dis-
charge from Lake Crowley involve calculating the
mass discharge of hot water from the reservoir needed
to supply the average annual tonnage of boron leaving
the caldera. Using similar assumptions as to boron and
heat contents in the hydrothermal reservoir, the con-
vective heat-flow estimates in table 11 exceed the cor-
responding estimates based on measured springflow by
25 percent. As discussed previously, these differences
are due in part to unmeasured subsurface discharge of
hot water from the hot-spring conduits.

To determine the total heat discharge by conductive
and convective processes and to test the adequacy of
the mixing-model results, we have calculated the total
heat discharge at the land surface. For the purpose of
the following analysis, the heat discharge from the
caldera is subdivided into three elements : (1) convec-
tive heat discharge by springflow; (2) near-surface con-
ductive heat discharge; and (3) advective heat
discharge by ground-water flow beyond the caldera
margin into Lake Crowley.
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CONVECTIVE HEAT DISCHARGE BY SPRINGFLOW

The estimate of convective heat discharge by
springflow (table 12) is based on data of Sorey and
Lewis (1976, tables 1 and 2) and Lewis (1974). Dis-
charge temperatures are measured values except for
the springs discharging into Hot Creek in Hot Creek
gorge, where the discharge is assumed to be 93°C (boil-
ing temperatures at an altitude of 2,120 m) and the
Fish Hatchery Springs, where the weighted-average
discharge temperature is 14.4°C (Sorey, 1975b, p. 4).
Net enthalpy per gram of discharge from each spring or
spring area is calculated as the difference between the
discharge temperature and an assumed average an-
nual temperature of 8°C at the land surface.

The estimate of total convective heat discharge by
springflow, about 2.9 x 107 cal/s, is believed to be con-
servatively low, because several nonthermal springs in
Long Valley that have sizable discharges at more than
8°C were not included.

NEAR-SURFACE CONDUCTIVE HEAT DISCHARGE

The second element of heat discharge—near-surface
conductive heat discharge—was estimated in the fol-
lowing manner. As the first step in the calculation, the
average annual near-surface geothermal gradient at
each test-well site was computed as the difference be-
tween the observed temperature at a depth of 15 m and
an assumed average annual temperature of 8.0°C at
the land surface, divided by the 15-m depth interval. A
depth of 15 m was selected because repeated meas-
urements in most of the test wells indicated very
small seasonal fluctuations in temperature at that

TaBLE 12.—Convective heat discharge by springflow from Long Valley caldera

[Temperature and discharge data from Sorey and Lewis (1976, tables 1-2)]

Discharge Temperature Net enthalpy Density of water Heat discharge
Spring or spring area (Lis) °C) (cal/g) (g/lem®) (x10% cal/s)

1. Springs in Hot Creek gorge . __________________________ 247.0 93.0 85.0 0.963 20.20

2. Fish Hatchery Springs . _____  _________________ 964.0 144 6.4 999 6.16

3. Little Hot Creek' _________________ . ___ 12.0 80.0 72.0 972 .84

4. Casa Diablo Hot Pool ________ I B, 6.5 60.0 52.0 .983 .33

5. Whitmore Hot Springs _______________________________ 26.0 34.0 26.0 .994 .67

6. Big Alkali Lake2 _ _____ . _____ 8.8 56.0 48.0 .985 42

7. Little Alkali Lake? ___ _____ ______ ____ ____ ____.__ 3.8 66.0 58.0 980 .22

8. Chance Spring ___________________ . _________.__ 23.0 20.0 12.0 .998 28

9. T3S/R29E-27, 28 _____ o _ 3.8 49.0 41.0 .988 15

10. T3S/R29E-34K .. 1.8 41.0 33.0 .992 .06
11. T38S/R29E-31A . . 1.5 58.0 50.0 .984 .07
Total or average _________ _____ __________________ 1,298.0 - 31.3 23.3 0.991 29.40

Based on discharge measurements by L. Willey at ES3 and ihcludes corresponding estimates for the other three springs.

2Based on estimates by Lewis to include some unmeasured discharge.
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depth. Temperature at 15 m at sites where test wells
are less than 15 m deep, was estimated using a least-
squares linear-regression correlation between temper-
atures at 10 m and 15 m. The coefficient of determina-
tion for the linear regression was greater than 0.99 for
each of three sets of measurements during 1972-74.
The data and linear regression for the last set of meas-
urements, in October 1972, are shown in figure 16.

The pattern of temperature at 15 m depth is shown in
figure 14. The area of highest temperature is presuma-
bly along the Hot Creek gorge where the hot springs
discharge into the creek. Highest measured tempera-
tures are in two wells less than 0.6 km southeast of the
gorge. The configuration of the isotherms suggests
southeastward transport of heat by ground water mov-

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

ing through aquifers below 15 m depth in the direction
of the lateral hydraulic gradient, toward Lake Crow-
ley. The pattern of two elongate lobes of high tempera-
ture, separated by a zone of much lower temperature
shown in figure 14 differs from the pattern at a depth of
10 m inferred by Lachenbruch, Sass, Munore, and
Moses (1976, fig. 1). Although the data points are too
sparse to choose between the two isotherm configura-
tions, we prefer the present interpretation, for two
principal reasons. First, the configuration of the
isotherms shown in figure 14 is most consistent with
the pattern of shallow ground-water flow (fig. 10). Ac-
cording to our .present interpretation, some of the
thermal water that rises near the Hot Creek gorge does
not discharge as springs in the gorge but mixes with
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F1Gure 16.—Relation between temperatures at depths of 15 m and 10 in Long Valley
caldera, October 1974. Data from Lachenbruch, Sorey, Lewis, and Sass, 1976.
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shallow ground water and moves laterally toward Lake
Crowley. As discussed in a later section, the zone carry-
ing most of the hot water lies at depths about 100 m.
Second, a temperature survey at 1 m depth in 1972
utilizing additional data points (Lewis, unpub. data,
1973) showed approximately the same pattern as that
in figure 14. Although the correlation of temperatures
at 1 m with those at greater depths is not nearly as
good as that of temperatures at 10 m and 15 m de-
scribed above, we believe the pattern inferred from the
1-m temperature data is a fairly reliable indication of
the pattern at a depth of 15 m.

As the second step in the calculation of near-surface
conductive heat discharge, the temperature gradients
derived from the measured and extrapolated tempera-
tures at 15 m and the assumed land-surface tempera-
ture of 8°C were multiplied by an assumed average
thermal conductivity of 2.0 mcal/(cm s - °C) (Sass and
others, 1974, p. 29 and table 11) for the materials from 0
to 15 m to give conductive heat flow. Heat-flow values,
in u cal/(cm? s) or heat-flow units (HFU), are shown in
figure 15. Because they are derived from the tempera-
ture at 15 m, the heat flows define an areal pattern
similar to that of the temperatures (compare figs. 14
and 15).

Much of the area having heat flow less than 2 HFU is
affected by recharge of cold ground water. The area of
high heat flow, especially above 20 HFU, is charac-
terized by convective upflow of thermal water or by
lateral advection of thermal water that has moved
upward nearby.

To calculate the total near-surface conductive heat
discharge in the caldera, heat discharge from the area
between each pair of heat-flow isograms in figure 15 is
computed as the product of the area and the geometric
mean of the two isogram values. The heat discharges
thus obtained are then added to obtain the total as
shown in table 13. The total area used is slightly
greater than that of the caldera floor, because heat
flows within the 10- and 20-HFU isograms southeast of

the caldera, at Lake Crowley, are included. The total-

conductive heat flow, 3.5 x 107 cal/s, represents all the
geothermal heat leaving the caldera .éxcept that

transported to the surface by spring flow-or transported-
beyond the perimeter of the caldera by ground-water |

flow into southern Lake Crowley.

ADVECTIVE HEAT DISCHARGE BY
GROUND-WATER OUTFLOW TO LAKE‘CROWLEY | .

The final element of heat discharge from the Long
Valley caldera is the heat advected by-eastward and
southeastward ground-water flow from the Hot Creek
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TABLE 13.—Near-surface conductive heat discharge from Long Valley
caldera (from heat-flow data showr in fig. 15)

Geometric-mean

Heat flow heat flow Heat discharge

(HFU) (km2) (HFU) (x108 calfs)
> 60 9.5 69.30 6.6
40-60 9.1 49.00 4.4
20-40 28.3 28.30 8.0
10-20 74.4 14.10 10.5
2-10 95.2 4.47 4.3
< 2 2324 0.50 1.2

Total or

average ___________ 448.9 7.80 35.0

gorge thermal area into Lake Crowley south of the
caldera margin. Warm bulges in the temperature pro-
files of four test wells, CH-3, CH-5, CH-7, and CH-10,
indicate that most of the thermal ground water moving
toward the lake is in an aquifer at depths above 100 m
and ranging in thickness from about 23 to 46 m. The
heat advected to the lake by this ground-water flow is
estimated as follows. )

First, thermal ground-water outflow is considered as
the flow across a vertical section of aquifer near the
north shore of the southern part of the lake (line A—A’
in fig. 17). The outflow is calculated as the product of
the average hydraulic gradient normal to the
transmitting section, the area of the section, and its
average hydraulic conductivity at the prevailing tem-
perature of the fluid (50°C). The area of the transmit-
ting section is the product of its length (3.1 km) and its
average thickness (32 m), or 9.9 x 108 cm?. The average
hydraulic gradient is calculated as the average of the
two gradients of the water table shown in figure 17, or
0.0115. The average hydraulic conductivity at the pre-
vailing temperature of 50°C is assumed to be 9.3
m/day. This value is equivalent to a hydraulic conduc-
tivity of 4.5 m/day at the standard temperature of 60°F
(15.6°C), which is near the upper limit of values meas-

 ured for core samples from the test wells (table 6 and

Lewis, 1975, table 2). Estimated ground-water outflow
is, therefore,

Q@ =A1K=1201L/s

where A = area of transmitting section, ] = hydraulic
gradient, and K = hydraulic conductivity.

.The heat advected by this outflow is calculated from
equation (1) as 5.0 x 108 cal/s, on the basis of an annual
average ambient temperature at land surface of 8°C
and an average discharge temperature of 50°C.
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TOTAL HEAT DISCHARGE

The total discharge of geothermal heat from the
Long Valley caldera is summarized below:

Heat discharge
(X107 calls)

Convective heat discharge by springflow ________ 2.9
Near-surface conductive heat discharge . ______ 3.5

Advective heat discharge by ground-water
outflow to Lake Crowley ______________________ 5
Total heat discharge ______________________ 6.9

This estimate of heat discharge exceeds the previous
estimates listed in table 11, except for that by White
(1965), at least in part because most of the earlier esti-
mates do not include all the effects of heat conduction.
The close agreement with White’s estimate is partly

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

coincidental with offsetting of differences in assump-
tions. Sources of error in the present estimate include
errors inherent in the simplified assumptions and
errors or deficiencies in the data. Previous estimates of
convective heat discharge are limited by various as-
sumptions in the geochemical models, which are not
yet verified by deep-test-hole data, but which appar-
ently lead to reasonable heat-flow estimates. Taking
into account all the known sources of error, the most
likely value of the total natural heat discharge is
within the range 5-10 x 107 cal/s. Our estimate 0f 6.9 X
107 cal/s is equivalent to 15 HFU integrated over the
449-km? area of the caldera floor. In the numerical
simulations discussed in the following section, this
heat flow represents an important constraint on the
required depths of fluid circulation.
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SOURCES OF HEAT

The results of several investigations suggest that a
residual magma chamber underlies the west half of
Long Valley caldera at the present time. The heat-flow
anomaly beyond the west rim and implications of re-
supply of magma from deep crustal sources to sustain
molten material over the 2-m.y. eruptive history of the
area were noted above. In discussing the magmatic his-
tory, Bailey, Dalrymple, and Lamphere (1976) explain
the concentric zonation of the postcaldera eruptives as
a consequence of progressive downward crystallization
of a magma chamber that was vertically zoned from
rhyolite in its upper part to rhyodacite in its lower
part. On the basis of structural analysis of the resur-
gent dome, they suggest that at the close of resurgence
about 0.6 m.y. ago, the top of the Long Valley magma
chamber had risen to at least a 5-km depth and possi-
bly to 2 or 3 km. By about 0.2 m.y. ago, lateral en-
croachment of basalt dikes on the chamber suggests
that it had congealed inward and downward 4 km to a
depth of 6 to 9 km.

Teleseismic and seismic refraction studies (Steeples
and Iyer, 1976; Hill, 1976) indicate that an anoma-
lously hot or partly molten mass persists below 6 to 8
km under the western caldera. Gentle gravity gra-
dients outside, but sloping toward, the caldera indicate
a low-density mass at depths of 8 to 16 km and large
enough to constitute an anomaly of about 10 mgal
(Kane and others, 1976a, b). Magnetic contrasts within
the caldera (lower in the west half) are best explained
in major part by extensive hydrothermal alteration of
the Bishop tuff in and near the resurgent dome
(Williams, 1976).

A simplified model which emerges from the above
results involves a magma chamber at a depth of 6 to 8
km, which has underlain the west half of the caldera
for at least the last 0.3 m.y. A period of 0.3 m.y. is
sufficient for equilibration of an overlying conductive
regime. This is, of course, an oversimplification: young
rhyolitic rocks of the Inyo Domes, which erupted in the
west moat as recently as 700 yrs-ago, appear to be a
mixture of magmas from the residual. Long Valley
chamber and from the younger Mono Craters magma
system farther to the north. This and other recent vol-
canic activity suggest that localized areas of relatively
shallow hot rock may underly the west moat; their
presence may be masked by the flow of cold ground
water originating near the west rim. However, if the
hydrothermal system has persisted for a period of 0.3
m.y., as suggested by Bailey, Dalrymple, and Lanphere
(1976), the paucity of evidence for hydrothermal ac-
tivity directly associated with any of the postcaldera
eruptive rhyolites and estimates of present-day heat
discharge imply that the hydrothermal system is re-
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lated to the main magma chamber, which is a deeper
and larger heat source.

ANALYSIS OF CONCEPTUAL MODEL OF
HYDROTHERMAL SYSTEM
DESCRIPTION OF CONCEPTUAL MODEL

On the basis of geologic, hydrologic, geophysical, and
geochemical characteristics of the Long Valley caldera
discussed previously, we have developed a generalized
conceptual model of the hydrothermal system. In many
respects the model is oversimplified, and should not be
considered a unique representation of the caldera’s
hydrothermal system. Although the gross features of
the model are consistent with known constraints, ad-
ditional data from deep test holes would add consid-
erably to the level of detail with which the system
could be modeled. Indeed, results obtained from Repub-
lic Geothermal’s recent deep test well caused a
significant revision of our original model in regard to
hydrothermal conditions beneath the eastern part of
the caldera. With these limitations in mind, we have
analyzed heat and fluid flow in the model, using nu-
merical simulation techniques, in order to demonstrate
the capabilities of this approach, to provide prelimi-
nary quantification of the relationship between heat
and fluid flow, and to gain insights as to the hydraulic
characteristics of the hydrothermal reservoir.

The conceptual model is illustrated in figure 18. The
model is three-dimensional, includes the area within
the topographic boundary of the caldera floor, and ex-
tends to a depth of 6 km. For numerical simulation, the
caldera rocks are divided into 5 horizontal layers, cor-
responding in general to the major rock units identified
by the seismic refraction study (Hill, 1976), the geolog-
ical investigations (Bailey, and others, 1976), and the
calculations of depths of fill presented previously. The
upper layer, 1 km thick, corresponds to the postcaldera
sedimentary and volcanic rocks having low P-wave ve-
locities (from 1.5 to 3.4 km/s). This layer includes the
shallow ground-water subsystem described earlier.
Layer 2 corresponds to the densely welded Bishop Tuff
and forms a continuous layer over the area of the cal-
dera having a seismic P-wave velocity of 4.0 to 4.4
km/s. Layer 3 extends to a depth of 3 km and includes
densely welded Bishop Tuff, rhyolite of Glass
Mountain, and other precaldera sediments and vol-
canics, and, in parts of the caldera, probably some
basement rocks. Layers 2 and 3 correspond approxi-
mately to the deep ground-water subsystem described
earlier. Layers 4 and 5 extending to 6 km are consid-
ered as impermeable but thermally conductive granitic
and metasedimentary basement rocks. Two layers are
used in this depth interval to allow more accurate nu-
merical heat-flow simulation. A magma chamber
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below 7 km under the western half of the caldera, as
suggested by the seismic, teleseismic, and heat-flow
‘studies discussed previously, is simulated by a con-
stant (with time) but areally variable temperature dis-
tribution at the base of the model. The adequacy of this
simplification is discussed later in this section.

The hydraulic and thermal properties of each layer
in the model are listed in table 14. Layer 1 is considered
an impermeable cap except along parts of the caldera
rim, where recharging ground water moves downward
along the ring fault, and in the Hot Creek gorge area,
where hot water flows upward along faults and dis-
charges in the springs in the gorge. We assume that,
although ground-water flow in the shallow sedimen-
tary and volcanic rocks may have significant localized
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effects on the surficial thermal regime, flow in this
layer can be considered as separated hydraulically
from the hydrothermal reservoir (the deep subsystem),
except as noted. Extremely low values of vertical hy-
draulic conductivity measured in cores from the upper
300 m tend to support this assumption, although the
existence of slow vertical flows through this layer,
which may significantly affect the temperature and
heat-flow regime at depth, cannot be discounted, par-
ticularly in areas of active faulting. Limitations of
computing times and the lack of adequate hydrologic
data require that the shallow ground-water subsystem
be neglected in this analysis, except as a source,or re-
charge along parts of the caldera rim.

The hydrothermal reservmr is assumed to ex1st in

Glass Mtn
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Ficure 18.—Block diagram showing conceptual model of Long Valley hydrothermal system. Model consists of 5 horizontal layers having
properties listed in table 15. Patternless layers between depts of 1 and 3 km represent the hydrothermal reservoir in fractured, densely
welded Bishop Tuff. Recharge to reservoir is by way of caldera ring fault in the west and northeast. Discharge is by way of faults and
fractures to springs in Hot Creek gorge. Straight arrows indicate ground-water flow, wavy arrows indicate heat flow. Vertical to
horizontal exaggeration approximately 1.6 to 1.
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TaBLE 14.—Hydraulic and thermal properties for Long Valley hydrothermal model

Thermal Heat Intrinsic Vertical
conductivity capacity permeability compressibility
Layer (meal/)ems - °C)) {calem? °C)) {m? x 10—19) (m2/N) Porosity
R 2 0.54-0.58 0 110.0 x 10 1° 0.35
/R 5 .54~ .58 0.03-0.35 21.0 x 1071e .10
S 5 .5b4- .58 .03- .35 1.0 x 10710 .05
4 __ 6 .54- .58 0 1.0 x 10710 .05
5 6 .54- .58 0 1.0 x 10710 .05

!Estimated at 3 times compressibility of sand (Jacob, 1950, p. 334) because of abundance of tuffaceous and Jacustrine deposits.

2Estimated at 1/3 compressibility of sand because of induration.

the fractured, welded Bishop Tuff in layers 2 and 3 of
the model. The possibility that the main aquifer is
below the Bishop Tuff in precaldera sediments, tuffs,
and lava flows should be recognized. Because the aver-
age thickness of the welded Bishop Tuff is about 1.4
km, layer 3 in the model could be considered as includ-
ing such an aquifer. The effect of the depth of fluid
circulation on temperature and heat-flow distributions
was evaluated by simulating flow in layer 2 only, in
layer 3 only, and finally in both layers 2 and 3. In each
case, ground-water flow is from the higher altitudes
along the west and northeast rims toward discharge
areas in Hot Creek gorge and along the southeast cal-
dera rim. Additional driving force causing flow is pro-
vided by density differences between hot and cold parts
of the flow system.

In some model runs, pressures based on altitudes of
the water table in recharge and discharge areas (fig.
10) were specified and reservoir permeability was ad-
justed to yield the desired mass flux of water through
the reservoir. Similar results were obtained by specify-
ing recharge rates and pressures in discharge areas,
and adjusting permeability until pressures in recharge
areas matched the observed water-table altitudes. Re-

charge rates were determined by distributing the total ‘

mass flux over the areas of the recharge nodes, with
weighting according to water-table altitudes. These
procedures yield values for the product of effective res-
ervoir permeability times thickness; the ranges in
permeability values listed in table 15 represent results
from three cases of assumed reservoir permeability dis-
tributions, as discussed below. The principal limitation
of this procedure is the uncertainty as to pressure
losses in the upflow and downflow fault conduits.

NUMERICAL SIMULATION

To permit numerical simulation of heat and ﬂuia
flow, each layer of the model is subdivided into 82 grid
blocks or nodes along land-net lines (fig. 19). Finer

nodal spacing is used near the discharge areas. Ther-
mal water is assumed to discharge only over the sur-
face of the node that includes the springs in Hot Creek
gorge, and through the southeast rim of the caldera.
Only minor differences in computed distributions of
pressure and temperature would be expected if a more
detailed distribution of hot-water discharge were
modeled, because approximately 80 percent of the sur-
face discharge from the thermal reservoir is through
the springs in the gorge (Sore and Lewis, 1976).

The equations and solution procedure used in this
study are described in detail by Sorey (1975). The flow
equation is

Vo [psaP -] =Co (@)
where
p = fluid density, k = intrinsic permeability, u =
dynamic viscosity, P = fluid pressure, g = gravita-
tional acceleration vector, C = fluid-rock com-
pressibility, and ¢ = time.

Equation 2 is based on conservation of mass and
Darcy’s law for nonisothermal fluid flow in porous
‘media. An assumption inherent in this formulation is
that fluid flow in the hydrothermal system, although
probably controlled locally be permeable zones along
faults, can best be described in large scale as a porous
medium in which permeability is distributed effec-
tively throughout.

The energy equation is

VK, AT - o AT = () 3 @)
where
K,, = rock-fluid thermal conductivity, T = rock-

fluid temperature, v = Darcy velocity vector, ¢ =
fluid specific heat at constant volume, and (pc)’ =
rock-fluid heat capacity.

Equation (3) accounts for conductive and convective
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transfer of heat under steady-state and transient con-
ditions. We assume that thermal equilibrium exists be-
tween fluid and solid phases at points of contact and
that heat transfer by hydrodynamic dispersion can be
neglected in the type of problem considered here
(Mercer and others, 1975, p. 2618). Temperature-
dependent parameters, u and ¢, in equations (2) and (3)
were evaluated from tabulated data (Dorsey, 1968)

The equation of state relating fluid density to tem-
perature is

p=p, n-pT - TO) -Y T -T) (4)
where
p, = fluid density at reference temperature T, 8 =
thermal expansivity, and Y = coefficient for
second-order fit. Density variations with pressure
are neglected.

GEOHYDROLOGY OF GEOTHERMAL-SYSTEMS

Simultaneous solutions to the flow and energy equa-
tions were obtained by an integrated finite-difference
method involving iterative solutions at selected time
steps for pressure, temperature, and velocity fields.
This numerical procedure offers considerable advan-
tages over standard finite-difference methods in terms
of reduced computing times and nodal requirements
(Narasimhan and Witherspoon, 1976). The time step
used to solve the energy equation is continuously in-
creased by a factor between 1 and 2, with the limitation
that the maximum change in nodal temperatures per
time step be less than about 10 percent of the
maximum total change expected in the system. Be-
cause the response times for pressure changes are
much smaller than for temperature changes, the flow
system-essentially equilibrates to a quasi-steady state
within each thermal time step. For a simulation period
of 35,000 years, approximately 50 thermal time steps
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FiGURE 19.—Sketch map of Long Valley caldera showing nodal configuration for numerical simulation of hydrothermal system with uniform
reservoir permeability distribution (case A). R denotes recharge node; D denotes discharge node covering springs in Hot Creek gorge.
Principal faults shown as solid heavy lines with ball on downthrown side. Arrow denotes ground-water discharge at depth through

southeast rim.
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were used; for a 350,000-year simulation, approxi-
mately 70 time steps were required.

As indicated in figure 19, by the nodes marked R,
recharge water enters the upper layer of nodes along
the caldera rim. The centers of the rim nodes corres-
pond generally to the caldera ring fault which is as-
sumed to provide conduits for downflow to the hydro-
thermal reservoir. The rationale for simulating re-
charge only around the west and northeast rims in-
volves several factors. First, isotopic evidence indicates
that meteoric water from the west rim is the dominant
source of the hot-water component in the thermal
springs. Second, water-table altitudes are highest
around the west rim (fig. 10), and cold, isothermal tem-
perature profiles are observed in core holes drilled in
the west moat (figs. 13 and 14). On the basis of data
from the 2.11-km-deep test well (pl. 1, well 66-29),
water in the deep ground-water subsystem under the
eastern part of the caldera is isotopically similar to
meteoric waters from the northeast rim. This similar-
ity and the nature of the temperature profile observed
in the deep well suggest that in addition to the easterly
flow of hot water from the west rim, there is a flux of
cooler water moving through the welded Bishop Tuff
east of Hot Creek, the source of which is presumed to be
recharge around the northeast rim. However, in pre-
liminiary model simulations which permitted recharge
through all the rim nodes by assigning to them a non-
zero permeability and connecting them at the land sur-
face to nodes held at constant pressure based on corre-
sponding water-table altitudes, upflow occurred along
the north, south, and east rims. Thus for deep recharge
from the northeast rim to occur, artesian heads well
above water-table altitudes would have to exist on the
flanks of Glass Mountain. Additional water-level data
are required to confirm this possibility.

The recharge rate from the northeast rim was arbi-
trarily set at about one-third of the flux from the west
rim; this resulted in reservoir temperatures under the
eastern caldera which agree with those observed in the
deep test well. Simulation of subsurface discharge
through the southeast rim provides the outlet for most
of the northeast-rim inflow. The latter would otherwise
have to discharge in the springs along Hot Creek
gorge. Mixing of these waters would result in consid-
erably cooler reservoir temperatures beneath Hot
Creek gorge than in the numerical simulations dis-
cussed below. The geochemical evidence discussed pre-
viously, particularly the analysis by Fournier, Sorey,
Mariner, and Truesdell (1976), indicates that such deep
mixing does not occur. Permeable channels for the
southeast rim outflow, which was modeled as leaving
the reservoir through the caldera wall, could be pro-
vided by the Hilton Creek fault or possibly by con-
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cealed faults farther to the east (fig. 19). Additional
subsurface information would be required to establish
the existence and location of such outflow channels.

HYDRAULIC CHARACTERISTICS

Ground-water flow in the hydrothermal model be-
tween recharge and discharge areas is simulated
trhough a horizontal layer of permeable rock from 1 to
2 km thick in layer 2 and/or layer 3. The permeability
needed to obtain the observed discharge of hot water
can be considered an effective permeability which
should be useful in analyzing reservoir response to de-
velopment. A similar modeling effort for the hot-water
reservoir at Wairakei, New Zealand, yielded tempera-
ture and pressure patterns that correlated well with
observed response prior to initiation of two-phase con-
ditions in the reservoir (Mercer and others, 1975).
However, where faults and fractures are primarily re-
sponsible for the effective reservoir permeability, an
individual well drilled into the reservoir may en-
counter considerably larger or smaller permeabilities
than those indicated by the model simulation.

In figure 19, northwest-trending faults, some of
which probably are extensions of the Hilton Creek
fault, generally traverse the resurgent dome in the
central part of the caldera. In the west moat, a group of
north-trending faults are alined with postcaldera ex-
trusive rocks (< 0.15 m.y. old) extending from Mam-
moth Mountain north toward the Mono Craters. Frac-
tures in the welded tuff associated with these major
faults, as well as other faults not delineated at the land
surface, are considered to provide the major channels
for flow in the hydrothermal sytem.

Some justification for assuming no hydraulic connec-
tion between the upper and lower ground-water sub-
systems (except along the ring fault) is that secondary
fracture permeability would be less likely to remain
effective in the poorly indurated deposits overlying the
Bishop Tuff. The occurrence of present-day hot springs
along active faults, however, indicates that where
poorly indurated deposits are altered and cemented,
they can and do have secondary permeability. The ap-
parent lack of faulting in the east part of the caldera
(with the exception of the ring fault) need not preclude
permeable zones in the Bishop Tuff in that area which
could also result from brecciated zones between two
major cooling units identified within the Bishop Tuff
southeast of the caldera (Sheridan, 1968).

Three cases of reservoir permeability distribution
are considered. Case A, referred to as the continuous
reservoir (fig. 19), postulates a uniform permeability
over the area of the caldera. In case B, referred to as
the fault-zone reservoir (fig. 20), the northwest-
trending fault zone in the central part of the caldera is
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considered as the only permeable zone within the
Bishop Tuff. The volume of permeable rock in the
fault-controlled rservoir is assumed to be approxi-
mately 40 percent of that in the continuous-reservoir
model. Case C, called the low-permeability-block res-
ervoir, is similar to case A except for a zone of lower
permeability (100 times lower than the remainder of
the reservoir) between the west moat and the Casa
Diablo Hot Springs area, as shown in figure 21. The
rationale for case C involves the consideration that
temperatures above 200°C are indicated geochemically
in the reservoir underlying the Casa Diablo Hot
Springs area, as discussed in the next section.

For Cases A and C, numerical computations were
made for mass fluxes of 190 kg/s, 250 kg/s, and 300 kg/s
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recharging in the west rim and discharging in Hot
Creek gorge, and 110 kg/s recharging in the northeast
rim and discharging through the southeast rim. For
case B, a flux of 250 kg/s recharging in the north rim
and discharging in the gorge was simulated, with no
discharge through the southeast rim.

In table 15, values of intrinsic permeability obtained
in the model simulations are compared with values
from laboratory tests ori Long Valley cores, with values
for ash-flow tuffs at the Nevada Test Site (Keller, 1960;
Winograd and others, 1971), and with values for
pumice breccia and vitric tuff of the Wairora aquifer in
New Zealand (Mercer and others, 1975). The Long Val-
ley model results shown are for a mass flux of 250 kg/s
discharging in the gorge.
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FiGURE 20.—Sketch map of Long Valley caldera showing nodal configuration for numerical simulation of hydrothermal system with
fault-zone reservoir permeability distribution (case B). Permeability of nodes outside hatch area set to zero. R denotes recharge nodes, D

denotes discharge node covering springs in Hot Creek gorge.
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TABLE 15.—Intrinsic-permeability data from Long Valley model and
other studies

Reservoir Permeability
Data source thickness (km) (millidarcys)
Continuous reservoir (case A) ______ 1 30
Fault-controlled reservoir (case B) __ 1 350
Low-permeability-block
reservoir (case C) ________________ 1 150
Wairakei modelz __________________ 0.4-0.85 100
Long Valley cores® ____ ___________  ______ 0.0005-180.0
NTS ash-flow tuffs® ______________ = ______ .04-10.0
NTS welded tuffs (fracture) ________ .05-.2 5,000-30,000

!This value applies to west three-fifths of caldera; permeability equaled 30 md in eastern
two-fifths.

*Wairora aquifer consisting of pumice breccia and vitric tuffs as modeled by Mercer,
Pinder, and Donaldson (1975).

SIncludes only data from cores of altered rock, flow rocks, and nonweided tuffs.

40ak Springs Formation {Keller, 1960).

SWinograd, Thordarson, and Young (1971).
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Permeabilities computed from the model are inversely
proportional to the assumed reservoir thickness. The
range for a reservoir 1 km thick is from 30 millidarcys
(md) for the continuous reservoir to 350 md for the
fault-zone reservoir. Corresponding values of hydraulic
conductivity, which are related to intrinsic permeabil-
ity as

k
=L (5)
K o P8

vary with temperature within the reservoir. At a tem-
perature of 100°C, hydraulic conductivity for the con-
tinuous reservoir is 0.09 m/day, compared to 1.0 m/day
for the fault-zone reservoir. The reservoir temperature
distributions for which the results in table 16 were ob-
tained are discussed in the next section.
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FIGURE 21.—Sketch map of Long Valley caldera showing nodal configyration for numerical simulation of hydrothermal system with low-
permeability-block reservoir permeabilliﬁy distribution (case C). Permeability of hatched reservoir nodes equal to 10—2 times permeabil-
ity of other reservoir nodes. R denotes recharge nodes, D denotes discharge node covering springs in Hot Creek gorge. Arrow denotes

discharge at depth through Southeast rim.
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The effective permeability of 100 md used in the

Wairakei model (Mercer and others, 1975) is within a

factor of three of each of the Long Valley model cases.
This suggests that the results for the Long Valley
model are reasonable, but does not show which of the
three cases is most likely. Thermal consideration dis-
cussed in the next section of the report indicate that
depths of fluid circulation required for the fault-zone
model to obtain reservoir temperatures in excess of
200°C are considerably greater than for the other
two cases.

Permeabilities measured on all cores from the upper
300 m of Long Valley fill range from approximately
107* md to 104 md. As shown in table 6, the highest
values were obtained on samples of sandy or gravelly
tuffaceous sediments, and the lowest values were ob-

. GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

tained from hydrothermally altered tuffs and sedi-
ments. In table 16, the range in permeability for cores
of altered rock, flow rocks, and nonwelded tuffs are
close to or below the range of effective permeability
from the model simulations, as are values reported by
Keller (1960) for ash-flow tuff at the Nevada Test Site
(NTS). In contrast, permeabilities obtained from well
tests in fractured welded tuff at NTS (Winograd and
others, 1971) are considerably greater than the per-
meabilities indicated by the model. This supports the
concept that the effective permeability obtained with
the numerical model represents an integration of the
effects of fracture permeability over the volume of the
welded-tuff reservoir.

To illustrate circulation patterns in the simulated
reservoir, pressures at each node were converted to
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Ficure 22.—Sketch map of Long Valley caldera showing equivalent hydraulic head in reservoir from 1 to 2 km deep from case A with
uniform reservoir permeability of 30 millidarcys, hot-spring discharge of 250 kg/s in Hot Creek gorge, southeast-rim outflow of 110 kg/s,
and simulation period of 35,000 years. Contours of equivalent hydraulic head in meters above mean sea level. Interval 20 m.
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equivalent or “cold water” heads using the relationship

H =Plpg+z (6)
where p, = fluid density at reference temperature
(10°C) and z = altitude of node above sea level. This
also permits comparisons of equivalent head distri-
butions with the water-table map (fig. 10). Reservoir
head distribution in layer 2 at 1.5-km depth for the
continuous-reservoir and low-permeability-block-
reservoir cases are shown in figures 22 and 23. Both
cases show the predominant eastward flow toward the
Hot Creek gorge area and the effects of recharge from
the Glass Mountain area and discharge through the
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southeast rim. Comparison of figures 22 and 23 indi-
cates the barrier effect of the low-permeability block
west of the Casa Diablo area, with the bulk of circula-
tion passing north of the barrier. Reservoir permeabil-
ity in case C was about 50 percent greater in the
western three-fifths of the caldera than in the continu-
ous-reservoir case A in order to yield the same flow.
The permeability assigned to the low-permeability
block was two orders of magnitude lower than
elsewhere in the reservoir.

Comparisons of reservoir head distribution in figures
22 and 23 with the head distributions in the shallow
ground-water system in figure 10 help to clarify some of
the hydraulic characteristics of the hydrothermal
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Ficure 23.—Sketch map of Long Valley caldera showing equivalent hydraulic head in reservoir from 1 to 2 km deep from case C with
low-permeability-block reservoir west of Casa Diablo Hot Springs, permeability of 45 millidarcys in remainder of western three-fifths of
caldera, and permeability of 30 millidarcys in eastern two-fifths of caldera. Discharge in Hot Creek gorge equals 250 kg/s; southeast rim
outflow equals 110 kg/s. Simulation period equals 35,000 years. Contours of equivalent hydraulic head in meters above mean sea level.
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model, in spite of the fact that hydraulic connection
between the deep and shallow subsystems was simu-
lated only in the recharge and discharge areas. Equiva-
lent reservoir heads along the west rim are lower than
water-table altitudes because of head losses incurred in
downflow to the reservoir. Heads along the northeast
rim are-above water-table altitudes, which implies that
artesian conditions are required in the shallow
ground-water subsystem below the uppermost uncon-
fined aquifer if recharge to the deep subsystem occurs
in that area. Numerous flowing wells and springs on
the flanks of Glass Mountain indicate that artesian
conditions do exist. As discussed previously, the mag-
nitude of reservoir head needed to obtain an assumed
inflow of 110 kg/s in the northeast rim is dependent on
the value of permeability used. Less head would have
resulted if either a higher permeability or less inflow
were simulated in this region. However, both quan-
tities are constrained to be close to the chosen values;
permeability in the eastern caldera is unlikely to ex-
ceed that in the western caldera because of the absence
of surficial faulting, and inflow from the northeast rim
must be sufficient to produce relatively low tempera-
tures observed in the Bishop Tuff in the deep test hole.

An alternative possibility is that the reservoir in the
east part of the caldera is hydraulically separated from
the reservoir in the west part, perhaps along the east
margin of the intracaldera Hilton Creek fault zone,
which could act as a barrier due to sealing effects of
hydrothermal alteration. This would have little effect
on fluid circulation and temperatures in the model
simulations of the western three-fifths of the caldera
but might lower the head requirements for recharge
from the northeast rim.
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In most of the west part of the caldera, equivalent
reservoir heads are below water levels in the shallow
ground-water subsystem, which indicates a potential
for downward flow through the shallow subsystem.
Whether such flow actually occurs depends, of course
on the vertical permeability distribution. Additional
data from drill holes deeper than 300 m in the western
part of the caldera are needed to adequately assess the
degree of interconnection between the shallow and
deep ground-water subsystems.

THERMAL CHARACTERISTICS

Any model of the hydrothermal system in Long Val-
ley is constrained by the estimates of natural heat dis-
charge from the caldera and hot-water discharge from
the reservoir. Our best estimate of the heat discharge
by convection and conduction is 6.9 x 107 cal/s. The
ranges in mass flux and maximum reservoir tempera-
ture, obtained from geochemical mixing models, are
from 190 to 300 kg/s and from 210°C to 282°C, with the
highest reservoir temperature corresponding to the
lowest mass flux. The magnitude of heat discharge,
which requires a heat supply of 15 HFU averaged over
the area of the caldera, places severe demands on the
underlying heat source, depending upon the length of
time it has persisted. In this section we describe the use
of the numerical model to evaluate conditions under
which an underlying magma chamber could supply the
required heat for various periods of time, including the
steady-state condition.

The important thermal features of the model are dis-
cussed with reference to figure 24, which shows
steady-state isotherms in an east-west cross section

Hot Creek

Gorge Owens River

EAST

0 )
[ 1

10
1 KILOMETERS

- Ficure 24.—Diagrammatic east-west cross section of Long Valley caldera showing steady-state, conduction-only isotherms from
model simulations without fluid flow and used as initial conditions in simulations of flow in the hydrothermal system. Dotted
pattern indicates simulated reservoir and vertical flow channels through confining layers of shallow ground-water subsystem.
Thermal properties of each layer in the model are given in table 15. Lines of equal temperature in degrees Celsius. Interval

100°C.
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passing through Hot Creek gorge. This is the tempera-
ture distribution that would exist in the absence of
fluid flow, or under conduction-only conditions, with
the boundary conditions used in the model. At the bot-
tom, a constant temperature distribution is imposed
with 800°C under the western half, 300°C under the
eastern third, and a linear variation between. As dis-
cussed, this boundary condition is intended to simulate
magma at 6 km under the western half of the caldera;
the 300°C temperature under the eastern part was
selected to yield conductive heat flows near 2 HFU at
the east rim as constrained by the measured heat flows
in that area (Lachenbruch, Sass, Munroe, and Moses,
1976). A constant temperature of 10°C is imposed at the
land surface except in the discharge area at Hot Creek
gorge. The caldera walls are treated as insulated
boundaries. The reservoir depth shown in figure 24 is
from 1 to 2 km; other simulations involved reservoir
depths from 2 to 3 km and from 1 to 3 km.
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As discussed previously, the assumption that magma
has existed at depths from 6 to 8 km during the last 0.3
m.y. is reasonable. Our transient analysis of the hydro-
thermal system also involves a period of approximately
0.3 m.y., which is sufficient for steady-state conditions
to be reached. We are primarily interested in thermal
conditions after two distinct periods of flow, one being
the 30,000-40,000-year period of recent spring flow
which has contributed salts to Searles Lake (Smith,
1976); the other being the 0.3-m.y. period since the ear-
liest indicated time of extensive hydrothermal activity
(Bailey and others, 1976). The initial temperature dis-
tribution used in our transient simulation is the
steady-state, conduction-only, condition shown in
figure 24. For the recent period of spring flow, the use
of this initial condition would be valid if the system has
had nearly 0.3 m.y. to equilibrate conductively after
cessation of the earlier period of hydrothermal activity.
This would correspond to the concept of intermittent
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hydrothermal activity discussed previously. In con-
trast, if spring flow has been continuous over the past
0.3 m.y., our 0.3.-m.y.-period simulation would indi-
cate the present-day steady-state thermal condition,
even though the assumed initial condition in figure 24
did not exist 0.3 m.y. ago. ;

In figure 25 the areal distribution of heat flow under
the initial temperature conditions is shown. The total
conductive heat flow is 2.1 X 107 cal/s, and the heat flux
varies from 5.7 HFU near the west rim to 2.0 HFU
near the east rim. Comparison with the measured total
heat flow of 6.9 x 107 cal/s and the measured surficial
heat-flow map (fig. 15) indicates the extent to which
ground-water circulation affects the thermal regime of
the caldera.

Simulation of ground-water flow through the hy-
drothermal system produces the temperature distri-
butions illustrated in figures 26 and 27. These results
are for a continuous reservoir (case A) at a depth of 1 to
2 km, with a hot-spring discharge of 250 kg/s persisting
for 35,000 years. Temperatures in the east-west cross
section in figure 26 indicate the cooling effect of re-
charge near the west rim, the increased temperature
gradients and heat flows below the reservoir in the
west part of the caldera, and the gradual heating of the
reservoir fluid as it moves eastward toward the dis-
charge area at Hot Creek gorge. The temperature in
the middle of the reservoir beneath the gorge is near
200°C, and lateral heat conduction away from the ris-
ing column of hot water causes the high temperatures
in the adjacent shallow subsystem. The effect of re-
charge from the northeast rim is also evident with res-
ervoir temperatures of about 80°C in the southeast part
of the caldera. These lower temperatures are reason-
ably consistent with results from the deep test hole.
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The areal distribution of reservoir temperature
shown in figure 27 applies to the midplane of the reser-
voir at 1.5-km depth, and could be considered as aver-
age reservoir temperatures. This interpretation is, of
course, limited by the coarseness of the vertical nodal
spacing used in the model. One observation from the
results shown in figure 27 is that a laterally extensive
layer of uniform temperature does not exist, although
reservoir temperatures below the area of present-day
hot-spring discharge around the southeast flank of re-
surgent dome are between about 180°C and 240°C. Res-
ervoir temperatures below the Casa Diablo area, how-
ever, are only about 120°C, whereas measured and
chemically estimated temperatures at depth exceed
180°C. The lower temperatures from the model simula-
tion result from the proximity of Casa Diablo to the
recharge area around the west rim.

The low-permeability-block permeability distribu-
tion, case C discussed previously, offers an alternative
model which produces higher temperatures under Casa
Diablo. The temperature distributions at 35,000 years
in cross section and plan for this case are shown in
figures 28 and 29. A pronounced temperature and
heat-flow anomaly west of Casa Diablo is produced by
the permeability barrier which diverts the eastwardly
ground-water flow to the north. In this case, average
reservoir temperatures are near 180°C under Casa Di-
ablo as well as under Hot Creek gorge. Existing test-
hole data west of Casa Diablo are too sparse and too
shallow to confirm the presence of the temperature-
heat-flow anomaly shown in figure 28. Additional test
drilling might delineate this as a potential area for
hot-dry-rock exploration.

Results for the fault-zone-reservoir (case B, fig. 20),
for a similar period of flow in a more areally restricted
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Ficure 26.—Diagrammatic east-west cross section of Long Valley caldera showing isotherms from model simulation (case
A—uniform reservoir permeability distribution) after 35,000 years with a discharge of 250 kg/s in Hot Creek gorge, southeast-
rim outflow of 110 kg/s, and reservoir depth of I to 2 km. Lines of equal temperature in degrees Celsius. Interval 100°C.
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FIGURE 27.—Map of Long Valley caldera showing distribution of average reservoir temperature from model simulation (case A—uniform
reservoir permeability distribution) after 35,000 years with a discharge of 250 kg/s in Hot Creek gorge, southeast-rim outflow of 110 kg/s,
and reservoir depth of 1 to 2 km. Lines of equal temperature in degrees Celsius. Interval 20°C.
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FiGUre 28.—Diagrammatic east-west cross section of Long Valley caldera showing isotherms from model simulation (case C—low
permeability-block reservoir west of Casa Diablo) after 35,000 years with discharge of 250 kg/s in Hot Creek gorge, southeast-
rim outflow of 110 kg/s, and reservoir depth of 1 to 2 km. Lines of equal temperature in degrees Celsius. Interval 100°C.
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reservoir at a 1-2-km depth, yield maximum reservoir
temperatures of only about 100°C. These lower temper-
atures are caused by the reduced area for heat flow into
the reservoir. To obtain higher reservoir temperatures
with this model, deeper circulation is required.

As discussed in the section “Chemical Geother-
mometers,” estimates of actual maximum reservoir
temperatures and fluxes of hot water vary.- The
analysis by Sorey and Lewis (1976) indicates a reser-
voir with 210°C water discharging from 250 to 300 kg/s;
the analysis by Fournier, Sorey, Mariner, and Trues-
dell (1976) indicates a 282°C reservoir discharging
from 190 to 230 kg/s. However, convective heat flows
for each case, based on equation (1), are not
significantly different. This is in agreement with the

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

model results which show that, for a given reservoir
depth and period of spring flow, maximum reservoir
temperatures are inversely related to the mass-flux
rate. For example, if in the continuous-reservoir case
shown in figures 26 and 27, a mass flux of 190 kg/s
instead of 250 kg/s is simulated, reservoir tempera-
tures under Hot Creek gorge near 245°C instead of
200°C are obtained. Thus the choice of which geochem-
ical model of reservoir temperature and flux to match
with these simulations is perhaps not as important at
this stage as is the matching of total heat flow from the
model with the measured value of 6.9 x 107 cal/s.

Heat flows corresponding to the three cases of reser-
voir permeability distribution discussed above, are
listed in table 16.
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" Ficure 29.—Map of Long Valley caldera showing distribution of average reservoir temperature from model simulation (case C—
low-permeability-block reservoir west of Casa Diablo) after 35,000 years with discharge of 250 kg/s in Hot Crgek gorge, southeast-rim
outflow of 110 kg/s, and reservoir depth of 1 to 2 km. Lines of equal temperature in degrees Celsius. Interval 20°C.
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TaBLE 16.—Conductive and convective heat discharge for each case of
reservoir-permeability distribution after 35,000 years of fluid flow at
250 kgls in reservoir at 1-2-km depth

Reservoir- Conductive Convective

permeability heat discharge heat discharge Total

case (cal/s) (cal/s) (cal/s}
A 1.6x107 4.9%107 16.5x 107
B___ 1.4x107 2.2x107 3.6x107
C o ___ 1.8%x107 4.2x107 16.0%x 107

Does not include 1.4 x 107 cal/s advected through southeast caldera rim.

These results indicate that present-day heat flow could
be obtained after a period of 35,000 years with an aver-
age depth of hydrothermal circulation of 1.5 km, pro-
vided the reservoir is continuous over the western half
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of the caldera. For a more areally restricted reservoir,
correspondingly deeper circulation is required.

Conductive heat flows in table 16 were determined
from the temperature distributions in layer 1 at a
depth of 0.5 km. The areal distribution of surficial heat
flow for the continuous-reservoir case is shown in
figure 30. Differences between this map and the meas-
ured shallow-heat-flow map (fig. 15) are due in part to
the effects of shallow ground-water circulation which
were neglected in the numerical model. The most obvi-
ous effects are seen in the west moat where apparently
shallow recharge cools ground temperatures over a siz-
able area, and east of Hot Creek gorge where lateral
flow of warm water in the shallow system causes a
high-heat-flow bulge to the southeast.
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FiGure 30.—Map of Long Valley caldera showing results from model simulations (case A—uniform reservoir-permeability distribution) in
terms of conductive heat flow above a depth of 0.5 km after 35,000 years with discharge of 250 kg/s in Hot Creek gorge, southeast-rim

outflow of 110 kg/s, and reservoir depth 6f'1 to 2 km. Lines of equal

heat flow in heat-flow units. Interval 1.0 HFU.



AB2

If hot-spring discharge continues for periods greater
than 35,000 years, reservoir temperatures cool
significantly from the previous results. For the dimen-
sions and parameters used in these simulations, tem-
peratures would be close to steady state after 350,000
years. The temperature distribution in cross section
corresponding to the continuous-reservoir (from 1 to 2
km deep) case after 350,000 years of spring flow is
shown in figure 31. Additional heat has been removed
from the rocks above and below the reservoir, and res-
ervoir temperatures below the gorge have dropped
from about 200°C to about 100°C. The total heat flow is
now only 2.7 x 107 cal/s, which does not include 0.7 x
107 cal/s advected through the southeast rim of the
caldera.

The transient response of reservoir temperature
under the gorge is plotted in figure 32 for case A and
two reservoir depths. In each simulation the early-time
increase in reservoir temperature under the discharge
area, prior to about 10,000 years, is due to the arrival of
hotter water from the west (see fig., 24). After about
10,000 years, discharge temperatures decrease con-
tinuously until steady state is reached after approxi-
mately 350,000 years.

It is possible to calculate the average travel time of
water in the reservoir from the time at which the cold
temperature wave arrives under the gorge. The effec-
tive Darcy, or seepage, velocity ve, can be computed
from equation (3) (neglecting heat conduction) as

v, =(Lit) [ (pe)'/pc) (7N
with L = the average distance from recharge to dis-
charge area and ¢ = time for arrival of the cold temper-
ature wave. For L = 20 km, ¢ = 10,000 years, (pc)’' = 0.6
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cal/ (°C em3), and pc = 1 cal/(°C ecm?3), ve = 0.003 m/d.
The average pore velocity, v* = ve/porosity, would then
be 0.003/0.1 = 0.03 m/d, indicating that most of the
recharge water would show up in the hot springs after
about 2,000 years. These calculations apply to a reser-
voir 1 km thick. If the Long Valley hydrothermal res-
ervoir is less than 1 km thick, pore velocities would be
proportionately greater and travel times pro-
portionately smaller.

The transient responses shown in figure 32 are not
expected to represent the caldera’s actual thermal his-
tory over the entire period shown. Instead, results for
the first 35,000-year period apply to the recent period
of boron accumulation in Searles Lake, and would be
valid only if the hydrothermal system, after initial ac-
tivity, was then inactive for close to the 300,000 years
needed for conductive equilibrium to be reestablished.
In contrast, results for steady-state conditions (at
350,000 years in fig. 32) would apply to the present day
only if hydrothermal activity has been reasonably con-
tinuous for the past 350,000 years at close to present
rates.

Reservoir temperatures under Hot Creek gorge at
35,000 and 350,000 years from all of the numerical
simulations are listed in table 18. The effects of both
mass-flux rate and reservoir depth on reservoir tem-
peratures can be seen. These results indicate that if
present-day hydrothermal activity has persisted for
only about 35,000 years, estimated reservoir tempera-
tures and heat flow could be supplied by a magma
chamber at 6 km with fluid circulation to from 1.5 to
2.5 km over the western three-fifths of the caldera.
More areally restricted circulation (case B) or greater
depths to magma would require correspondingly
deeper circulation.
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Ficure 31.—Diagrammatic east-west cross section of Long Valley caldera showing isotherms from model simulation (case
A—uniform reservoir-permeability distribution) after 350,000 years with hot-spring discharge of 250 kg/s, southeast-rim
outflow of 110 kg/s, and reservoir depth of 1 to 2 km. Lines of equal temperature in degrees Celsius. Interval 100°C.
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TaBLE 17.—Average reservoir temperature below Hot Creek gorge for
various model runs

Reservoir Initial T after T after
depth T 35,000 yrs 350,000 yrs
Run specifications! 2 (km) (°C) °C) °C)

1. Case A, M = 300 _._ 1-2 260 179 95
2. Case A, M = 250 __ 1-2 260 203 102
3.Case A, M =190 __ 1-2 260 245 120
4, Case B,M =250____ 1-2 260 100 60
5.Case C, M = 250____ 1-2 260 185 101
6. Case A, M = 300 __ 2-3 345 262 124
7. Case C, M = 250____ 2-3 345 270 135
8. Case A, M =250 __ 1-3 300 255 142

1Applies to reservoir-permeability distributions in figs. 19-21.
2M = mass discharge in Hot Creek gorge springs in kg/s; additional cooler discharge of
110 kg/s simulated through southeast rim in each run except that for case B.

The model results in table 17 can also be used to infer
that under steady-state conditions, present-day reser-
voir temperature and heat flow could be supplied by
conduction from a magma chamber at 6 km only if fluid
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circulation in the model extended to depths of 4 to 5
km. Alternatively, the effective depth to magma, or the
thickness of a conducting, impermeable roof, must be
only 1 to 2 km thick. Unfortunately, it is not as yet
known whether fluid circulation to such depths does, in
fact, occur. From structural considerations, calcula-
tions of depths at which the compressive strengths of
rocks are exceeded suggest that from 4 to 5 km may be
a maximum (King, 1971). However, recent stable-
isotope data showing effects of interactions of volcanic
rocks with circulating meteoric ground water indicate
that fluid circulation to from 5 to 10 km is possible (J.
R. O'Neil, oral commun., 1977, and Taylor, 1976, p.
41). Thermal modeling results show that without deep
circulation, hydrothermal discharge near or in excess
of present rates could not have been sustained continu-
ously over the last 0.3 m.y. by conduction from an un-
derlying magma chamber. In this event, an intermit-
tent character for the hydrothermal system is implied.
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Ficure 32.—Transient response since initiation of springflow of average reservoir temperature below Hot Creek gorge
for two reservoir depths, from model simulation (case A—uniform reservoir-permeability distribution) with dis-
charge of 300 kg/s in Hot Creek gorge and southeast-rim outflow of 110 kg/s.
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The thermal modeling results and the chemical dis-
charge records are consistent with the concept of an
initial period of hydrothermal activity around 0.3 m.y.
ago, followed by nearly 0.25 m.y. of inactivity until the
present system was established-approximately 35,000
years ago. Under these conditions, hydrothermal circu-
lation through the fractured Bishop Tuff at depths of 1
to 3 km in the western three-fifths of the caldera is
plausible.

The possibility that cellular convection within the
reservoir might increase the rate of vertical heat
transfer, yielding higher discharge temperatures, and
also causing a more uniform reservoir temperature dis-
tribution, was also examined.  Simulations with uni-
form permeability in a reservoir 2 km thick, which
included nodal layers 2 -and 3, enabled vertical flow
components to be determined. The likelihood of cellu-
lar convection is related to the dimensionless Rayleigh
number (Ra), which for variable fluid properties can be

calculated from Sorey (1975) as
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Ra, = gkL(AT)

8
X 8

[ Po 2»C_m Be]
B

where the subscript m indicates evaluation at the av-
erage temperature in the layer in the absence of con-
vection, and AT is the temperature difference across
the layer of thickness L. The effective thermal expan-
sivity, Be, is computed as

Be= oy = p)Np AT) @)
where p, and p, are evaluated at top and bottem, re-
spectively, of the permeable layer. For the conduction-
only temperature distribution in figure 24, Ra,, = 1,500
in the west part of the caldera and 500 in the east part.
For a horizontal layer of large lateral extent and tak-
ing into account temperature-dependent fluid prop-
erties, cellular convection should occur for Ra,, > 70
(Sorey, 1975, p. 33). Thus, if the Long Valley reservoir
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Ficure 33.—Diagrammatic east-west cross sections of Long Valley caldera showing isotherms and convection patterns from model
simulations (case A—uniform reservoir-permeability distribution) after 35,000 years (A) and 350,000 years (B), with cellular
convection in reservoir at 1-3-km depth, hot-spring discharge of 250 kg/s, and southeast-rim outflow of 110 kg/s. Lines of equal
temperature in degrees Celsius. Interval 100°C. Arrows show inferred direction of fluid flow related to throughflow and cellular

convection in reservoir.
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is uniformly permeable and as thick as 2 km, a vigor-
ous cellular convection motion would be expected.

The results in table 17 for the reservoir from 1 to 3
km deep (run 8), in which convection cells did occur,
also include the effects of a 250-kg/s discharge in the
hot springs and 110-kg/s discharge through the south-
east rim. Comparisons with single-layer reservoir runs
with the same throughflows indicate average reservoir
temperatures under the gorge which are close to the
2-3-km reservoir results at 35,000 years and 350,000
years. Total heat discharge for run 8 was 10.6 x 107
cal/s at 35,000 years and 4.9 x 107 cal/s at 350,000
years.

Isotherms and convective patterns in east-west cross
sections for run 8 are shown in figure 33. At 35,000
years a two-convection-cell pattern with axes alined
northwest was observed, superimposed on the east-
ward- and southward-throughflow regimes. The
isotherms form a mushroom configuration similar to
that observed in the Wairakei hydrothermal system
(Elder, 1965). Comparison with figure 26 for the
single-layer reservoir indicates that the convection
cells produce more areally uniform reservoir tempera-
ture conditions, extending westward from Hot Creek
gorge to the Casa Diablo area. At longer times, the
cooler throughflow tends to sweep out the cellular mo-
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tion west and east of the gorge, although some effect is
still evident under the gorge.

This analysis is limited primarily by the coarseness
of the nodal spacing in the vertical direction. It would
be anticipated that, if more layers of nodes were added
to the simulated reservoir without changing its total
thickness, higher rates of heat transfer and higher dis-
charge temperatures would have been obtained. At
35,000 years this effect could make circulation in a
reservoir from 1 to 2 km deep appear more plausibie
from a heat-flow standpoint. At longer times, however,
the observed tendency for throughflow to sweep out the
vertical convective motions indicates that cellular con-
vection would be a dominant influence on the thermal
regime only if throughflow in the hydrothermal system
were more restricted than at present.

The effect of the coarseness of the vertical nodal
spacing also causes a lowering in vertical heat-transfer
rates in the single-layer-reservoir simulations. This ef-
fect would be more important at earlier times when the
vertical temperature distribution is strongly non-
linear, and when conductive heat fluxes from adjacent
layers into the reservoir—and hence, reservoir
temperatures—are underestimated. Because of the ex-
pense involved in using finer vertical node spacing in
the 3-dimensional simulations, the magnitude of this
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effect was examined for a roughly equivalent,
2-dimensional vertical-cross-section problem. Results,
as indicated in figure 34, indicate that the grid spacing
in the 3-dimensional model, with 5 nodal layers in the
vertical direction, could cause avérage reservoir tem-
peratures to be underestimated by as much as 35 per-
cent at 35,000 years and 20 percent at 350,000 years.
Obviously, this is a significant effect, which bears di-
rectly on the estimates of reservoir depths required for
short-term (35,000 years) and steady-state (350,000
years) hydrothermal activity. However, it may be
largely offset by the likelihood that the Long Valley
magma chamber is actually deeper and less extensive
than assumed in this model.

Reservoir températures obtained from the
3-dimensional model runs beneath the southeastern
part of the caldera, near the location of the deep test
well (pl. 1, well 66-29), range from 80-90°C at 35,000
years to around 50°C at steady state for the 1-
2-km-deep-reservoir case. Temperatures measured in
the test hole were between 50°C and 70°C from below
about 200 m to the bottom. Thus the concept of re-
charge from the northeast rim and discharge through
the southeast rim at rates near 110 kg/s produces
thermal conditions consistent with those observed.
Other sources for the flux of relatively cool water under
the southeastern area cannot be ruled out, such as re-
charge moving down the Hilton Creek fault from the
Sierra Nevada southeast of the caldera. Whatever the
source, the pattern of ground-water circulation found
in the model simulations with discharge through the
southeast rim indicates that little of this water dis-
charges in the hot springs. However, if no such outlet
through the southeast rim exists, this flux of cool water
would have to move westward under the intracaldera
extensions of the Hilton Creek fault to mix with hot
water moving from the west and discharge in the Hot
Creek gorge springs. On the basis of geochemical and
thermal considerations, we prefer the model analyzed
in this study, but more data are needed to resolve this
question.

It is also possible that within the caldera the east-
ernmost extensions of the Hilton Creek fault (pl. 1 and
fig. 19) act as a barrier to the westward movement of
cool water at depth. The hydraulic characteristics of
the reservoir between the regions of hot-water circula-
tion under the resurgent dome and cool-water circula-
tion east of Hot Creek could be important if future
geothermal development involved production of hot
fluids from under the dome. If no permeability barrier
exists, then movement of the cool water from the east
into the production zone may significantly limit the
rate or duration of high-enthalpy-fluid production.

GEOHYDROLOGY OF GEOTHERMAL SYSTEMS

CONCLUSIONS AND IMPLICATIONS

Results of previous investigations by the U.S.
Geological Survey and limited information from a re-
cently drilled 2.11-km-deep test hole in Long Valley
caldera enable a useful conceptual model of the hy-
drothermal system to be developed. Because of the lack
of sufficient data from deep drill holes and because of
generalizations required for numerical analysis of heat
and fluid flow, the model is oversimplified at this stage.
However, the results obtained from numerical simula-
tions with this model permit a useful determination of
the general relation between heat flow and the depth
and duration of fluid flow, as well as the effective hy-
draulic characteristics of the hydrothermal reservoir.

The conceptual model is based largely on the follow-
ing information from previous studies. Seismic-
refraction experiments and geological investigations
delineate three major rock units: (1) a near-surface
layer of low velocity, largely nonindurated sediments
and volecanic rocks, (2) an underlying, continuous layer
of densely welded Bishop Tuff, and (3) precaldera
granitic and metamorphic basement rocks below
depths of 2.5 to 3.0 km. Regional heat-flow, seismic-
refraction, and teleseismic analyses, and the recent oc-
currence of extrusive volcanism suggest that magma or
partially molten rock exists under the western three-
fifths of the caldera at depths of 6 to 8 km. The
present-day hydrothermal system is dominated by hot
water with aquifer temperatures at depth, estimated
from the geochemistry of hot-spring waters, of about
210°C to 280°C. .

If a reservoir with significant areal extent exists, it is
most likely to occur in the densely welded Bishop Tuff
because of the continuity and depth of the tuff and the
likelihood that it retains secondary permeability after
fracturing. Hydrologic and geochemical studies, in-
cluding determinations of isotopic contents in caldera
waters, indicate that recharge to the hydrothermal
system occurs around the western rim, supplying a
mass flux of 200 to 300 kg/s which discharges in the hot
springs and into Lake Crowley in the southeast part of
the caldera. Relatively cool temperatures measured in
the recently drilled, deep test hole indicate that an ad-
ditional fiux of water may recharge around the north-
east rim and flow southward at depth under the east-
ern third of the caldera.

Numerical simulations of heat and fluid flow in the
model yielded values of effective reservoir permeabil-
ity for several alternative cases of reservoir size. For
two cases with nearly homogeneous permeability, in a
1-km-thick reservoir, permeabilities of 30 to 50 mil-
lidarcys were required to produce a hot-spring dis-
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charge of 250 kg/s. A more areally restricted reservoir
case required a permeability of 300 millidarcys. Com-
parison of these results with laboratory results on cores
from Long Valley and the Nevada Test Site and with
data from hydraulic tests in wells in. fractured tuff at
NTS indicate that equivalent-porous-media per-
meabilities determined in the model simulations rep-
resent integrations of the effects of fracture permeabil-
ity over the volume of the reservoir rock.

Estimates of the average residence time of fluid in a
1-km-thick reservoir, based on a 10,000-year arrival
time for the cool temperature wave from recharge
around the west rim, are close to 2,000 years. For the
same mass flux in a thinner reservoir, the estimated
residence time would be proprotionately shorter.

Thermal contraints on the model results are pro-
vided by our estimate of the present-day total heat dis-
charge from the caldera of 6.9 x 107 cal/s, and average
reservoir temperatures below discharge areas of 210°C
to 280°C. Numerical simulations show that these con-
ditions could have been sustained for a period of 35,000
years by magma at 6 km under the western three-fifths
of the caldera with fluid circulation to depths of 1.5 to
2.5 km in a reservoir covering at least the western
three-fifths of the caldera. A more areally restricted
reservoir would require correspondingly deeper levels
of circulation. Studies of saline deposits in Searles
Lake which were derived from Long Valley indicate
that the present-day hot-spring discharge has persisted
for only 30,000 to 40,000 years. Estimates of reservoir
volume and thickness required to leach observed quan-
tities of B, Cl, K, and Li are reasonable for a reservoir
in the Bishop Tuff, indicating that a magmatic-fluid
component providing chemical elements and heat to
the hydrothermal system would not be required.

In contrast, evidence exists for extensive hydrother-
mal alteration about 0.3 m.y. ago which appears to be
related to the main magma chamber, rather than to
the postcaldera eruptive rocks. Numerical simulations
representing a period of 350,000 years, at which time
steady-state conditions would be reached, indicate that
to obtain present-day heat flow and reservoir tempera-
tures above 200°C after this period, fluid circulation to

depths of 4 to 5 km would be required.. If-downward -

extension of permeable channels to these depths in the

basement rocks has not occurred, then the modeling’

results and the diverse indications of the ‘agezof hy-
drothermal activity suggest an alternative hypothesis
that discharge from the hydrothermal system has been
intermittent. It would, in fact, be reasonable to expect
that significant periods of inactivity after 0.3 m.y. ago
resulted from climatic variations and self-sealing proc-
esses which are in evidence today. These possibilities,
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and the adequacy of the simplified hydrothermal model
analyzed in this study, can be evaluated only by deep-
test drilling in the western part of the caldera.

Under the eastern two-fifths of the caldera, reservoir
temperatures measured in the 2.11-km test hole and
the model simulations indicate that temperatures are
sufficiently low to preclude the possibility of
electrical-energy development east of Hot Creek. Tem-
perature conditions close to those measured in the test
hole were modeled by including a recharge flux of 110
kg/s around the northeast rim and discharge at depth
through the southeast rim. To determine if these flow
conditions actually exist would also require further
deep drilling. Although there presently exists little
economic incentive to do more drilling in this area,
selection of the east side of the caldera for possible
reinjection of residual geothermal fluids could change
this situation. Under normal conditions, the model re-
sults and geochemical analyses indicate that the cool
reservoir water east of Hot Creek does not mix
significantly with hot water discharging in Hot Creek
gorge. However, should large-scale production of hot
fluids occur in the future, the resultant westward mi-
gration of this cool water toward the production area
would have to be considered. Of importance in this re-
gard is the existence of any permeability barrier be-
tween the hot- and cold-water areas within the reser-
voir, which could have developed from chemical deposi-
tion along former fault-plane fluid conduits.
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DESCRIPTION OF MAP UNITS

RHYOLITE OF INYO DOMES - Rhyolitic to thyodacitic lava domes in north-
western part of caldera,

ALLUVIUM - Heterogeneous deposits ranging from boulder to clay along peren-
nial or intermittent streams or beneath alluvial fans, Includes older deposits
now being dissected and near-shore deposits of former Long Valley Lake.

GLACIAL TILL ~ Unsorted morainal debris from Sierra Nevada deposited during
Sherwin, Casa Diablo, Mono Basin, Tahoe, Tenaya, and Tioga glaciations.

LAKE DEPOSITS — Pebble conglomerate, tuffaceous sandstone, grading eastward
into marsh deposits and fine-grained diatomaceous deposits in topographically
lower parts of caldera.

BASALT OF WESTERN MOAT ~ Flows and cinder cones of basalt, trachybasalt,
and trachyandesite in western moat of caldera and farther west, beyond west-
ern rim of caldera. Ranges downward in age from 0.9 m.y. near Devil’s Postpile
to about 0.06 m.y.

RHYODACITE OF CALDERA RIM — Hornblende-biotite rthyodacite and rhyolite
domes and short, thick flows at Mammoth Mountain, Deadman Creek, and foot
of (Glass Mountain. Ranges downward in age from 0.18 to 0.05 m.y.

RHYOLITE OF MOAT - Post-resurgent coarsely porphyritic hornblende-biotite
rhyolite erupted from three groups of vents in caldera moat. Age ranges down-
ward from about 0.5 m.y. on northwest flank of resurgent dome to about 0.3
m.y. on southeast flank to about 0.1 m.y. on west flank.

EARLY RHYOLIT Aphryic rhyolite, pyroxene rhyolite, and biotite rhyolite
erupted after caldera subsidence and exposed in uplifted and tilted blocks of
resurgent dome in central part of caldera. Age ranges downward from about
0.7 to about 0.6 m.y. Qer, flows and lava domes; Qrt, tuffs.

BISHOP TUFF — Extensive sheet composed to two cooling units of rhyolite ash-
flow tuff erupted from vents now buried within caldera. Consists of crystal-rich
nonwelded to welded tuff containing as much as 30 percent phenocrysts of
quartz, sanidine, plagioclase, biotite, and iron and titanium oxides. Age about
0.7 m.y.

RHYOLITE OF GLASS MOUNTAIN - Precaldera hypersilicic rhyolite ranging
downward in age from 1.9 to 0.9 m.y. Qgr, chiefly flows; few domes and small
intrusive bodies. Qgt, chiefly tuffs, Pelean avalanche deposits, and epiclastic
conglomeratic deposits,

VOLCANIC ROCKS, UNDIFFERENTIATED ~ Basalt and andesite flows along
west and north walls of caldera; less extensive flows on east and south rims;
rhyodacite overlying basalt northwest of caldera. Age ranges downward from
3.2t0 2.6 my.

GRANITIC ROCKS ~ Sierra Nevada batholitic rocks ranging from small masses
of gabbro and diorite to large plutons of granodiorite and quartz monzonite.

AVOLCANIC ROCKS - Include a variety of pyroclastic rocks, flows, and
hypabyssal intrugive rocks; minor interealated sedimentary rocks; all meta-
morphosed to varying degrees. Composition ranges from basalt to dacite.

METASEDIMENTARY ROCKS — Chiefly quartz-rich hornfels; subordinate sand-
stone, shale, quartzite, metachert, marble, phyllite, and schist.
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