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arc, continental margin arc, and continental interior systems
that produce abundant intermediate magmas. Al1l four sketches
are idealized and refer to no particular systems. The models
are independent of the mode or site of generation of basaltic
magma, but basalt is thought to provide the power supply
for virtually all other magmatism. (From Hildreth, 1981.)
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Mullet Island. (After McDowell and Elders, 1980.)

Fig. 5. Earthquake epicenters at the Salton Sea geothermal field
from October 1 through December 31, 1976. Tentative fault
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(From M. Sorey, U.S. Geological Survey.)
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record section and cross section showing ray traces for Pg and
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Fig. 14. Generalized map of the Clear Lake volcanic field
(crosshatched), showing major fault zones and the approximate
boundaries of The Geysers steam field. The outline of the
present-day magma chamber inferred from gravity data is
approximated by the dotted line. (After Hearn et al., 1981.)
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based on reduction densities of 2.76 g/cm3. Contour interval,
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Fig. 16. Calculated depth to bottom of anomalous body required
to account for observed delays. Top of body is considered
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Fig. 19. Generalized @eo]ogic map showing principal geothermal

Fig.

areas and Pleistocene rhyolite. Heat flow (triangles) in heat
flow units (HFU) (from Combs, 1980). A 1477-m-deep drill hole
is adjacent to heat flow site 15. F = fumarole area; heavy
solid lines = faults, with bar and ball on downthrown side;
broken 1ines = heat flow contours; hachures = outline for
areas of internal drainage; 53 = rhyolite locality. (From
Duffield et al., 1980; after Moyle, 1977.)

20. Distribution of Holocene deposits believed to be <1100
years old in the Medicine Lake Highland. (Directly from
Heiken, 1978.) ‘

Fig. 21. Sketch map and block diagram of cone sheets proposed as

Fig

Fig.

conduits for Holocene rhyolites and dacites erupted in the
Medicine Lake Highland. (a) Sketch map of the upper region of
the Highland. L.G.M. = Little Glass Mountain; G.M. = Glass
Mountain; M.L.F. = Medicine Lake Flow; C.G.F. = Crater Glass
Flow. The double broken line is the location of Anderson's
(1941) buried caldera rim. Solid lines are faults; bar and
ball on downthrown side. The fault immediately east of the
Crater Glass Flow is an open fissure, limited in extent, that
may have been opened above a rhyolite dike that did not reach
the surface. (b) Block diagram, illustrating a possible cone
sheet geometry developed over a relatively small rhyolite body

below the highland. This geometry could explain the remarkable

similarity of tephra and lavas at Little Glass Mountain and
Glass Mountain, located 15 km apart. (From Heiken, 1978.)

. 22. A north-south cross section through the center of the
Medicine Lake Highland volcano, with major features projected
onto the profile. Vertical exaggeration of surface topoaraphy
is 2X. Silicic magma chamber is shown at depth discussed in
text and intermediate in size betweeen the minimum case, a
small body at intersection of cone sheet caldera fractures
(Heiken, 1978), and the maximum possible extent marked by
position of flanking mafic vents. (From Eichelberger, 1981.)

23. Resistivity cross section through Medicine Lake based
on dc resistivity and time domain EM soundings (values in
ohm-:m).
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MELT ZONES BENEATH FIVE VOLCANIC COMPLEXES IN CALIFORNIA:
AN ASSESSMENT OF SHALLOW MAGMA OCCURRENCES

N.E. Goldstein
S. Flexser

Earth Sciences Division
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

ABSTRACT

Recent geological and geophysical data for five magma-hydrothermal
systems were studied for the purpose of developing estimates for the depth,
volume and location of magma beneath each area. The areas studies were (1)
Salton Trough, (2) The Geysers-Clear Lake, (3) Long Valley caldera, (4) Coso
volcanic field, and (5) Medicine Lake volcano, all located in California and
all selected on the basis of recent volcanic activity and published indica-
tions of crustal melt zones.

INTRODUCTION

An evaluation of recent geological and geophysical data for five magma-
hydrothermal systems was made to assess the shallowest depth at which partially
or completely molten rocks might be encountered by a deep drill hole. The
areas studied were (1) Salton Trough (Imperial Valley), (2) The Geysers-Clear
Lake, (3) Long Valley caldera, (4) Coso volcanic field, and (5) Medicine Lake
volcano, all located in California (Fig. 1). These areas were selected for
this study on the basis of earlier published data, which indicate evidence for
a magma body or melt zone beneath each area. Recent information has permitted
us to develop more refined estimates as to the probable depths and configura-
tions of the melt zones.

For each of the areas discussed in this report, the geological and
geophysical data are presented separately, preceded by a unifying summary of -
conclusions. As this report is intended to serve as a bibliographic reference

as well as an evaluation of magma characteristics, the listing of references
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cited in the text has been combined with a bibliographical 1isting for each of
the five areas discussed. An additional general bibliographic and reference
listing, containing items relevent to more than one of the five areas, has

also been included.

The areas discussed in this report are all recently active volcanic
centers with several features in common. In each area, the most recent
eruptive phases are predominantly bimodal assemblages of rhyolite and basalt.
Pyroclastic eruptions are of subordinate importance in all the areas with the
exception of the Long Valley caldera, and there voluminous pyroclastic erup-
tions represent an earlier phase (~1 m.y.b.p.) of the caldera's evolution.
Each of the areas is also characterized by an extensional tectonic environment.

The occurrence of melt zones in the crust may take a variety of forms,
reflecting the amount and rate of heat input and the tectonic environment,
among other factors. The schematic diagram in Fig. 2 (reproduced from
Hildreth, 1981) is included as a guide to conceptualizing possible melt zones
and their associated volcanic and tectonic settings. For example, in terms of
the areas discussed in this report, the Salton Trough probably corresponds
best to model A; Coso may be intermediate between A and B; and Long Valley may
be closest to model B.

A framework for estimating the dimensions and heat contents of magma
chambers underlying recently-active silicic volcanic centers was provided
by Smith and Shaw (1975; 1978), and,fﬁeir figures serve as benchmarks against
which other estimates can be compared. In their model, magma chamber area is
based mainly on vent distribution or, if a caldera is present, on caldera

area. (In some cases, volume of pyroclastic ejecta is also considered.)
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Fig. 2. Some contrasting styles of Tithospheric magmatism. Upper pair of cartoons
depicts rhyolitic~-basaltic magmatism under stress conditions favoring marked crustal
extension: (A) modest power input: (R) Tarae power input, advanced stage. Shaded
regions indicate partial melting of crustal rocks sufficient to permit separation of
rhyolitic magmas as gash veins and dikes. Lower pair of cartoons depicts two possible
stages in development of volcanic systems where tectonic extension, if any, is subor-
dinate and shallow: (C) early stage; (D) intermediate stage. This model applies to
island arc, continental margin arc, and continental interjor systems that produce abun-
dant intermediate magmas. Al1 four sketches are idealized and refer to no particular
systems. The models are independent of the mode or site of generation of basaltic mag-

ma, but basalt is thought to provide the power supply for virtually all other magmatism.

(From Hildreth, 1981.)
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Chamber volume is then estimated by choosing a figure for chamber thickness,
in the range of 2.5 to 10 km, that is scaled to the magnitude of the area
relative to other systems. This approach allows significant uncertainty in
the volume estimates, an uncertainty described by Smith (1979) as one order of
magnitude to "half an_order of magnitude if data on area and ejecta volume are
reliable." 1In cases where estimates of area are uncertain, further error may
be introduced. For example, where the distribution of volcanic vents is
influenced greatly by fault-controlled dikes (as at Coso), vent distribution
may be a poor guide to chamber area. In addition, the model may not be
applicable to vo1¢anic systems in which a large, long-lived magma chamber is
absent aﬁd eruptions are fed by dispersed, short-lived magma bodies (as is
1ikely at the Salton Trough), For these systems, it is necessary to apply the
estimates of Smith and Shaw with caution.

In this report we have attempted to refine prior estimates of magma
chamber volumes for the five areas studied, and to provide estimates of depths
to magma, based on available geological and geophysical evideﬁce. The types
of geological evidence best suited to interpreting the location, configura-
tion, and longevity of crustal melt zones are the eruptive histories (ages,
volumes, compositions) of the recent volcanics, and the structural, chemical,
and hydrological data associated with them. Radiometric dating is invaluable
in deciphering eruptive historie;, but the commonly used K-Ar method is
frequently not re]iab]e for dating very young eruptions. In those cases,
14c dating, obsidian hydration rind dating, or geomorphic criteria have been
useful. Structural data can be valuable in jnterpreting the geometry and

possibly the depth of a melt zone; for instance, where a large, shallow magma
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chamber is present and its configuration is reflected in surface features,
such as arcuate patterns of fractures or volcanic vents. Chemical data are
essential in interpreting the origin and evolution of magma, and they too are
especially useful where a continuously-evolving, stable chamber is present.
The most problematical aspect of this study from the geological perspective is
estimating quantitatively the depth to magma. In rare cases, this is possible
where pressure-dependent geological phenomena or processes can be discerned.
For example, pressure-dependent phenocryst equilibria may be present (as
observed in Long Valley); or vesiculation during mixing of two magmas (as
observed at Medicine Lake) may allow limits to be placed on the depth at which
mixing occurred.

Geophysical evidence most applicable for inferring the depth to melting,
as well as the location and dimensions of a crustal melt zone, are conductive
thermal gradients in deep wells, thermal models, and seismic velocity and/or
attenuation anomalies. In the areas studied, most of the deep drilling has
been or is being done for geothermal exploration, and these holes are
generally shallow (<6000 feet in most cases). Unfortunately, the data from
the recent wells are still proprietary. The deep conductive thermal gradient
at the Salton Sea qeothermal field is better known than that in any other of
the five areas studied, since temperature data are available from deeper wells
there (and will be augmented when the Salton Sea Scientific Drill Hole is
drilled in 1985).

Indirect geophysical evidence for the depth to and location of melt zones
has been derived mainly from seismological studies. The maximum depth of
earthquake activity is assumed to be the depth at which rocks cease exhibiting
brittle behavior, and thus provides a lower 1imit on the depth to melt. Other

important seismological evidence is derived from seismic wave velocity and
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attenuation anomalies. Using information from regional and teleseismic
events, geophysicists have applied ray tracing and inversion techniques to
discern zones of shear-wave attenuation and velocity decreases that may be
caused by partial melt beneath several of the areas studied in this report.
Other indirect information on deep thermal conditions has been sought
from electromagnetic, electric, gravity and magnetic surveys. However, as all
these methods are strongly influenced by near-surface inhomogeneities and/or
may have a limited depth of investigation (e.qg., electromagnetic-electric), it
is a difficult process to separate the effects due to shallower features from
those that might indicate the thermal state at depth. Curie isotherm analyses
of aeromagnetic data have been attempted in a few areas but the analysis can
Tead to improbable results (Salton Sea); and thus the results by themselves
are not generally considered to be a reliable guide to subsurface temperature.
Gravity lows that might suggest the presence of a large volume of low-density
silicic melt have not been observed in any of the areas studied, with the
notable exception of The Geysers. Even at The Geysers other geophysical
evidence casts serious doubt on whether the gravity anomaly there is in fact
due to a large volume of silicic melt. Deep probing electromagnetic methods
are believed by many to be a promising means for discerning large, highly
conductive melt zones within a resistive host. However, conductivity
inhomogeneities near the surface strongly affect the data and create a major
interpretation problem. In addition, conductive zones at depths of 2 to 20 km
may result from sources other than magma bodies (e.g., at Long Valley). Deep
electromagnetic methods may thus provide permissive evidence for a magma body

at depth, but are not definitive.



[LH

tay

Al



- SUMMARY AND CONCLUSIONS

On the basis of the geological and geophysical data reviewed and dis-
cussed in this report, we have attempted to place numbers on the probable
depth to melt beneath the five areas studied. The best estimates of the
minimum depth to a magma chamber or other melt zone for each area are given
in Table 1, along with the criteria used for the estimates.

There remains enough uncertainty in these depth estimates that any or all
could have an error of at least 20 percent. Magma chamber dimensions given by
Smith and Shaw (1975) are listed and compared in Table 1 to our analyses of
the data.

The shallowest melt zone, based on information available in the open
literature, unpublished technical reports, and papers in preparation, is
judged to occur beneath the Salton Sea Geothermal Field, located at the south
shore of the Salton Sea. OQur estimate of >6 km depth to melt agrees with the
depth to melting of water-saturated granite as suggested by Elders et al.
(1972). Chemical data on the rhyolite domes do not suggest the presence of a
large, cont inuous magma chamber beneath the Salton Buttes. Small, discontin-
uous high-level silicic partial melt zone(s) are more likely to be found. It
is possible that the Salton Sea Scientific Drill Hole, to be drilled in 1985,
will provide important new information on thermal conditions and magma genera-
tion for the area.

There is abundant geophysical evidence for silicic magma at depths of
6 to 8 km beneath the resurgent dome and the weétern sector of the Long
Valley caldera. Although the Long Valley ca]dera/is4one of the best studied
volcanic complexes in the U.S., scientists are not in total agreement as to

the location of the shallowest melt. Additional intermediate-depth drilling



TABLE 1.

Estimates of minimum depths and probable volumes of melt zones.

beneath central
caldera.

bodies, possibly
dispersed.

T L
SITE ESTIMATED DEPTH (km) |} CRITERIA SILICIC MAGMA | COMMENTS ON MAGMA
AND LOCATION OF MAGMA VOLUME (km3) H VOLUME
: (From Smith & |
: Shaw, 1975) |
i T
SALTON SEA 6. +  Thermal. 200 !, Probably much smaller,
E E dispersed bodies.
1 1
LONG VALLEY >5 and probably >7; | S-wave attenuation. 2400 } Probably significantly
beneath area enclosed { P-wave velocity. i smaller unless connected
by resurgent dome. i Seismic reflection- i to Mono Craters chamber.
i refraction. i
E Crustal deformation. i
] ]
THE GEYSERS- >6 and probably >7. i\ Gravity and P-wave 1500 i Probably smaller,
CLEAR LAKE 1 velocity. | dispersed bodies.
i Magma not corrobora- !
1 ted by seismic 1
1 reflection or H
1 electromagnetic i
E soundings. i
] ]
C0So >8 and probably 10 to 1 Earthquake focal depths. 650 i Smaller chamber,
12; beneath center of | P-wave attenuation. ! perhaps 200 to 300 km3.
rhyolite dome field. | Thermal and P-wave i
i velocity suggest i
! shallower source, >5 km. '
) )
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and more detailed seismic reflection and electrical studies are recommended to
help define a target for deep drilling. Some of this work is planned or in
progress by the U.S. Geological Survey, NationalﬂLaboratories and university
groups.

On the basis of geophysical anomalies (gravity, magnetics, magnetotellu-
rics and teleseismic P-wave delays) a great deal of attention has focused on
The Geysers-Clear Lake area as a place to find a shallow silicic magma.
However, recent reflection seismic and deep sounding electrical survey data
have not confirmed the original hypothesis of a large silicic magma chamber
beneath Mount Hannah. The gravity, magnetic and P-wave velocity anomalies
could be caused by a complex combination of geological features not related
to magma. Geological data are largely inconclusive, and do not support a
large magma chamber. However, magma may occur as smaller, discontinuous
volumes to the northeast of Mt. Hannah, near Clear Lake and beneath the area
of the most recent eruptions.

The Coso volcanic field and the Medicine Lake Volcano have been less
thoroughly investigated than the other three areas. Without question, both
areas need to be studied in more detail before one could feel confident about
intersecting a magma body at a reasonable depth. On the basis of the eruptive
histories, eruptive volumes, geochemical studies and indirect geophysical
information, there is much stronger evidence for a sizeable magma chamber
beneath the Coso volcanic field than beneath\Medicine Lake. However, consid-
erably more drilling and geophysical investigations have been done at the Coso
volcanic field than at the Medicine Lake volcano. The Coso chamber is prob-
ably deep (>10 km), and although the Medicine Lake chamber might be shallower,

it is still likely to be ~10 km in depth.
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SALTON SEA-IMPERIAL VALLEY
SUMMARY

The strongest direct indications of magma beneath the Salton Sea geother-
mal field (SSGF) are fhe young age of the rhyolite domes on the south shore of
the Salton Sea, and high subsurface’temperatures encountered in several deep
geothermal exploration wells. Neither geological nor geophysical data support
the concept that a large, high-level magma chamber fed the rhyolite domes at
the Salton Buttes. It appears more likely, instead, that the domes erupted

from small, dispersed bodies of silicic melt.
GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA

Chronology, Composition, and Magnitude of Volcanism

The only extrusive rocks present, the Salton Buttes, are five small
alkali rhyolite domes aligned along a 7-km northeast-trending line at the
south shore of the Salton Sea (Fig. 3) (Robinson et al., 1976). The cumula-
tive volume of the domes is ~2 km3. Associated flows and pyroclastics are
minor, and eruptions were subaqueous.‘ The sole published K-Ar age date
obtained on the domes is ~16,000,ygars{ Although there may be a large error
in this date, the domes ére 5ureiy <50;000'years old (Muffler and White,
1969). Hydration-rind ages ofw8400; 6700, and 2500 years were obtained on two
of the domes (Friedman and»Obfadovich, 1981).

Abundant basaltic and silicic dikes.haVe been interseéted by drill holes
at 1 to 2 km depth. Basalts are tholeiitic, typical of East Pacific Rise
basalts and those encountered elsewhere in Salton Trough drill holes (e.g.,
Cerro Prieto). Silicic dikes, 1ike the rhyolite domes, have primitive isoto-

pic ratios and resemble the rhyolites at islands of the East Pacific Rise
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(Robinson et al., 1976). The composition of the igneous rock suite as a whole
(domes, dikes, and xenoliths) is distinctly bimodal (basaltic and rhyolitic),
as is characteristic of magmatism in extensional environments (Martin and

Piwinski, 1972).

Structural and Tectonic Setting

The Salton Trough is a sediment-filled rift valley, tectonically active
since at least Pliocene time, in which sedimentation has almost kept pace with
tectonism. Formation of the Colorado River delta perpendicular to the rift
has isolated the Salton Basin from the Gulf of California, creating a closed
basin approximately 200 by 90 km (Elders et al., 1972). Within the basin are
numerous areas of high heat flow; the Salton Sea and Cerro Prieto areas are
the two foremost on land and the only ones with silicic (rhyolite to dacite)
eruptives. Both areas are associated with successive en echelon pairs of
northwest-trending strike-slip faults between which crustal spreading has
created rhomb grabens or rhombochasms (Mann et al., 1983). These structural
features, as well as the high heat flow, are strongly masked by sedimentation.
It is believed that dike injection into these extensional basins is respon-
sible for the high heat flow and the geothermal systems delineated by drilling.
The five rhyolite domes at the Salton Sea field may be the surface expression
of the "leaky" transform zone along which magmas ascended (Robinson et al.,

1976) .

Hydrothermal System

Thermal manifestations are scarce in the Salton Trough because of the
thick sedimentary cover, an effective caprock, and cold groundwater underflow
from the Colorado River. Although the area around the Salton Buttes is

characterized by high heat flow, surface manifestations at the domes are
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confined to warm ground and hydrothermal alteration on Mullet Island (the
northeasternmost dome) and to adjacent hot springs aligned along a northwest-
trending lineament and covered by the Salton Sea (Muffler and White, 1969:
Robinson et al., 1976). Temperature logs indicate a temperature of 300°C at
4000 ft, and up to 360°C at 6000 to 7000 ft, below the hottest area (Fig. 4).
Thermal manifestations at Cerro Prieto, Mexicali Valley, Baja California
were numerous prior to the commencement of geothermal production in 1973. A
large area of mud boils, mud volcanoes, hot springs, and steaming ground have
all but dried up. These manifestations occur in a discharge area displaced
laterally several kilometers from the main thermal zone (Lippmann et al.,

1984).

Evidence Relating to Magma Origin and Magma Chamber Presence

Chemical data for the Salton Sea rhyolite domes show they could not have
formed predominantly by partial melting of granitic basement rock (Robinson
et al., 1976). Bulk composition and 87Sr/86Sr ratios suggest an origin
by fractionation of a more primitive mantle-derived basaltic parent (Elders
et al., 1972). One possible model for such an origin, which could also explain
the close association of basaltic and rhyolitic rocks and the strictly bimodal
nature of the suite, has been discussed by Yoder (1973). In this model rhyo-
1itic and basaltic magmas are generated in separate pulses by partial melting
in the mantle of a single quartz-normative parent. Some contamination of the
rhyolites by crustal material has occurred by assimilation of granitic
xenoliths, but Robinson et al. (1976) estimate that at most 20% of the rhyolite
could be accounted for in this way. This argues against the possibility of a

large, high-level silicic magma chamber beneath the Salton Buttes.
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On the other hand, thermal data support the possibility of "granitic"
melt at a relatively shallow depth. Extrapolation of measured‘therma1
gradients (Elders et al., 1972) suqgests that water-saturated granitic rocks
could hegin to melt at or above the average depth to basement (6 km) in the
trough. There is no other geological or geophysical evidence for this melt.
Magnetic data (Griscom and Muffler, 1971), for example, indicate that the
rhyolite domes are underlain by a complex of feeder dikes and plutons, but
Curie isotherm analysis of the magnetic data (Kam, 1980) has yielded only
perplexing and inconclusive results. It seems possible that small, isolated
pockets of silicic melt may exist at >6 km depth and not yield a recognizable
geophysical anomaly.

In contrast to our assessment for limited melt, Smith and Shaw (1975)
estimated a magma chamber 50 km¢ in area on the basis of the spatial distribu-
tion of the rhyolite domes. From this they have inferred a magma volume of

approximately 200 km3, which we believe is much too large a figure.
GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS

Heat Flow

Shallow heat flow data (Lee and Cohen, 1979) indicate that there is a
conductive heat flow >200 mW/m2 (4.8 HFU) over a 5A0 km? area around the
Salton Sea rhyolite domes, and high subsurface temperatures have been encoun-
tered in several deep geothermal exploration wells (Flders et al., 1972;
Robinson et al., 1976; Humphreys, 1978; Lee and Cohen, 1979). Fxtrapolating
temperature data observed in one deep, hot well by assuming a conductive
gradient is maintained in the subhydrothermal and impermeable part of the
sedimentary-plutonic section, Lee and Cohen (1979) suggest that a granitic

melt is possible at ~6 km (650°C) and that a basaltic melt is possible at a

idi
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depth of »7 km (~875 to 950°C). For the sake of comparison it should also be
noted that Elders et al. (1984) modeled the Cerro Prieto thermal regime and
were able to match the known subsurface temperatures in Cerro Prieto wells
(some drilled to 3.5 km) to a large plutonic heat source at a comparable depth
(6 km).

The remainder of the geophysical data available and interpretations
thereef cast little light on the question of magma depth or the dimensions

of a possible melt zone.

Gravity

Gravity highs are associated with most of the geothermal systems in the
Salton Trough, and gravity is considered one of the more reliable prospecting
techniques (Meidav, 1970; Biehler and Combs, 1972; Robinson et al., 1976;
Fonseca and Razo, 1979). This is because hydrothermal fluid circulation and
water-rock chemical reactions produce a densification of the hest sediments.
At relatively sha]]ow depths, a self-sealed caprock zone has formed (Younker
et al., 1982). At greater depths, hydrothermal metamorphism of the sediments
has produced a denser set of calcium-silicate minerals typical of green-
schist facies metamorphfsm (chlorite + calcite + amphibole + epidote + sphene)
(Muffler and White, 1969; Elders et al . 1979' Keskinen and Sternfeld, 1982).
Intrusion of mafic d1kes and 1arger plutons 1nto the sed1mentary section would
also be expected to contribute to the grav1ty h1qhs (E]ders et al., 1972).
Moreover, the grav1ty anoma11es may be 1nf1uenced by reg1ona1 structures and
locally variable depth to basement as at Cerro Pr1eto (Zhou, 1984). Under
these conditions it is h1gh1y un11ke1y that the grav1ty effects of a small

silicic magma body can be identified.
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Magnetics

A positive, elliptical magnetic anomaly is centered over the SSGF.
Griscom and Muffler (1971) interpret this high as due in small part to the
exposed rhyolitic volcanoes but mainly to subvolcanic intrusive rocks at
depths >2000 m. The subvolcanic intrusives are believed to be dike-sill
swarms that probably coalesce at depth into small plutons. The dikes, pre-
dominantly basalt-diabase in composition, have been intersected by wells at
several geothermal fields: Salton Sea (Robinson et al., 1976; Elders, 1979),
East Brawley (Keskinen and Sternfeld, 1982), Heber (Browne, 1977), and Cerro
Prieto (Elders, 1979). K-Ar age dates for three samples of igneous rocks
intersected in East Brawley wells are in the range 8.1 to 10.5 m.y. (Keskinen
ahd Sternfeld, 1982) and indicate that rifting and dike injection have been
going on since at least Pliocene time.

Although there is other geophysical and geological evidence that rifting
and dike injection continue fo the present, the magnetic data are inconclu-
sive, at best, as to whether a high-level me]t zone might exist. Indirect
information on this point may sometimes be derived from a Curie isotherm depth
analysis of the magnetic data. However, the results can be biased by the pro-
cessing techniques, by an erroneous assumption for the source geometry, and by
the presence of interfering sources. In addition, there is also the unre-
solved question of what Curie temperature best represents the compositions of
Salton Trough intrusives and basement rocks. For example, although magnetite
(Tc ~575°C) is usually assumed to be the magnetic mineral present, Goldstein
et al. (1984) found that the magnetic mineral in tholeiitic dikes intersected
by deep Cerro Prieto wells is titanomagnetite with a Curie temperature of
<200°C. This mineral should thus be paramagnetic, not ferrimagnetic, at in

situ temperature conditions.

)



~21-

Kam (1980) obtained a surprising]y large, and seemingly erroneous, depth
of 20 km to the magnetite Curie isotherm (575°C) beneath the SSGF and Brawley
areas. This is the approximate Moho depth according to deep seismic refrac-
tion data (Kasameyer, 1980). Goldstein et al. (1984) found a somewhat more
realistic magnetite Curie isotherm depth of 6 km for the Cerro Prieto area.
This finding led them to estimate that basalt melt occurs at about 10 km.

The apparent error in Kam's analysis may have been a result of the fact that
Curie depths are poor]y resolved from spectral analysis when the magnetized

lTayer is thin, which could be the case in parts of the Imperial Valley.

Electrical and Electromagnetic

Numerous electrical surveys have been made on both regional and detailed
scales within the Imperial Valley for geothermal exploration pufposes (e.qg.,
Meidav et al., 1976; Harthill, 1978; Humphreys, 1978). Because of the highly
conductive nature (~0.5 to 2.0 ohm:m) of the sediments that blanket the trough
to depths of several kilometers, the depths of published electrical investiga-
tions have also been relatively modest. There is no published information
regard}ng a possible melt zone discerned from electromagnetic sounding tech-
niques. A resistive basal layer was found beneath the SSGF (Meidav et al.,

1976) and beneath the Cerro Prieto field (Gamble et al., 1981).

Seismological Investigations

Refraction Survey Results

A seismic refraction profile crossihg the SSGF gave evidence for a denser,
high-velocity region beneath the field. This has been interpreted as due to

metamorphosed sediments and igneous rocks.
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Earthquake Activity

Seismic activity in the Imperial Valley has been monitored over several
geothermal fields. These measurements have served to define several active
fault zones and have provided scientists with a better basis for understanding
the regional tectonics (Elders et al., 1972). The patterns of small earth-
quakes and first-motion studies of larger events with clear first motions have
provided a picture of northwest-southeast-trending, en echelon strike-slip
faults of the San Andreas-Imperial fault system connected by short segments of
northeast-southwest-trending faults that exhibit extensional behavior (Hill et
al., 1975; Schnapp and Fuis, 1977; Gilpin and Lee, 1978). Earthquake foci in
the SSGF area are unusually shallow (1 to 3 km) compared to foci elsewhere in
the Imperial Valley (Gilpin and Lee, 1978). This has been explained as a
temperature-related effect; metasedimentary rocks in the upper part of the
SSGF system are brittle enough to reflect the crustal spreading by normal
faulting and the shearing by strike-slip faulting. However, rocks in the
deeper, high-temperature regions deform by aseismic creep.

Areas where one might look for ongoing magma injection are the northeast-
southwest-trending seismic zones associated with crustal spreading. One such
zone lies 6 km southeast of the SSGF rhyolite domes and connects segments of
the en echelon strike-slip faults (Fig. 5). Because this spreading center
l1ies off the main parts of the gravity and magnetic highs and because seismi-
city is shallow, it is not altogether clear whether the seismicity is related
to the processes of dike injection. Careful seismic monitoring over the Cerro
Prieto geothermal field area also provided evidence for a leaky transform
fault zone (Reyes and Razo, 1979). However, earthquakes there were deeper,
and first motion studies were consistent with extensional faulting (conducive

to possible magma movement) at depths of 6 to 11 km,
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LONG VALLEY

SUMMARY

The Long Valley area has become one of the more exhaustively studied
areas in recent years for reasons of ifs geothermal potential, as a possible
site for Continental Scientific Drilling Program (CSDP) Thermal Regions dril-
1ing and because of strong earthquake activity and possible magma movement.
Because much has already been written on the Long Valley caldera and its
magma-hydrothermal system, that material will be discussed here only in out-
line. For more detailed descriptions the reader is referred to Bailey et
al. (1976) and Emerson and Eichelberger (1980) for geological summaries and
detailed descriptions of the volcanic evolution of the caldera, and to
Lachenbruch et al. (1976a, 1976b), Sorey .and Lewis (1976), and Sorey et al.
(1978) for data pertaining to the present hydrothermal system. In addition, a
DOE/OBES-sponsord workshop was recently held for the purpose of discussing the
results of many new geophysical studies completed since the area was last
reviewed for CSDP drilling (Kasameyer, 1980; Luth and Hardee, 1980) and since
the renewal of earthquake activity,;and the reader is referred to the Workshop
Proceedings (Goldstein, 1984) for a discussion of geology-geohydrology and
geophysics. The Workshop Proceedings also provide the basis for the geophys-
ical discussion below. |

Although volcanic activity_in’tbe Long Valley caldera and vicinity has
persisted through at least the past million years, all recent phases of
activity--most notably the very young eruptions of the Inyo chain--point to
the western portion of the caldera as the location of the youngest magma
sources. Studies of the hydrothermal system also suggest the presence of

young heat sources in this area.
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Various independent lines of geophysical study have produced intriguing
anomalies that provide strong evidence for one, and perhaps several, melt
zones at depths >6 km beneath the resurgent dome area in the western part of
the caldera. The various anomalies differ, however, with respect to specific
locations and depths of the inferred melt zones. They also leave open the
question of whether the melt zohes represent residual or resurgent magma from
the main Long Valley chamber, or are related to another magma chamber such as
may be present beneath the Mono Craters to the north. The causes of present-
day seismic activity and crustal deformation--e.g., dike intrusion or magma

chamber inflation, or both--also remain to be resolved.
GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA

Hydrothermal System

Most evidence from the hydrothermal system within the Long Valley caldera
points to the west and possibly the southwest moat areas as the most likely
locations of heat sources. In the conceptual model proposed by Sorey et al.
(1978), the ground water system in the caldera is composed of a deep subsystem,
comprising the principal hot-water reservoir, in fractured, densely welded
Bishop Tuff; and a shallow subsystem of cooler waters in caldera fill above
the Bishop Tuff. The shallow subsystem is characterized by dominantly lateral
flow and is separated from the deeper hot reservoir except where recently
active normal faults provide permeable conduits for upward fluid movement.
Stable isotope data and thermal and hydraulic modeling (Sorey et al., 1978),
indicate that recharge to the hydrothermal system, for all but the easternmost
portion of the caldera, occurs mainly around the western rim, and subsurface
flow is eastward toward the main hot spring discharge areas in the Hot Creek

gorge and at Casa Diablo (Fig. 6).
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Chemical geothermometer temperatures of inferred reservoir fluids range
from ~220 to 270°C for Casa Diablo waters and diminish to ~150 to 190°C for
waters which surface in the Hot Creek gorge (Sorey et al., 1978). This
decline in reservoir temperatures is compatible with a model in which the
Casa Diablo and Hot Creek waters are related to a single hot-water reservoir
by progressive eastward cooling due to steam loss and dilution (Fournier et
al., 1979). Decline in B and C1 concentrations eastward from Casa Diablo
is also compatible with this model. (The data do not, however, exclude the
possibility that the Casa Diablo and Hot Creek waters are fed by separate and
distinct hot-water reservoirs.)

Direct magmatic contribution to thermal fluids is suggested by several
types of evidence, but that evidence is generally open to other interpretations
as well. Owing to extremely low solubility in magma, COp is likely td degas
readily from rising magma, and values of §13¢ in vapor-phase CO» obtained at
Casa Diablo are consistent with a magmatic source (Taylor and Gerlach, 1983).
However, leaching of Paleozoic carbonate rocks, which are likely to be abun-
dant in the basement underlying the Bishop Tuff, may also account readily for
the observed 13C concentrations. Soil Hg concentrations have increased in
the western moat between 1975 and 1982 (Varekamp and Buseck, 1984), and
further increases in 1983 were reported by Williams et al. (1983). While this
may reflect present-day magmatic contributions, it is more likely that the Hg
anomaly is more directly related to recent seismic activity and crustal defor-
mation in the vicinity of the west and south moats, which may have opened
pathways for shallow Hg to reach the surface. Neither is a magmatic source
required to account for'oBServed B, C1, K, Li, and As deposition in evaporites

in Searles Lake, downdrainage from Long Valley, which could have been derived
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from leaching of reservoir rocks (Sorey et al., 1978). Similarly, deuterium
and 18¢ compositions of Long Valley waters do not require significant contri-
butions of magmatic water (Sorey et al., 1978).

Evidence from hydrothermal alteration, supported by analysis of the evap-
orite deposits mentioned above, suggests that hydrothermal activity was present
~0.3 m.y. ago and was probably more extensive then than today. The general
distribution of hydrothermal alteration in the caldera occurs in an arcuate
zone periphefal to the resurgent dome, suggesting that the heat source for
this older system was residual magma of the resurgent main chamber, and that
the rise of heated fluids was controlled by the ring fracture system surround-
ing the dome (Bailey et al., 1976). In the present-day hydrothermal system,
despite the inferred presence of the main source of heat in the vicinity of
the western moat, hot spring and fumarole activity in the western moat is much
less widespread than it is in the east. This is probably due to the youth of
magmatic activity in the western moat and western caldera rim areas in combi-
nétion with the masking effect of cold aground water infiltrating along the
western rim. The lack of any present-day thermal anomaly associated with the
12,000~ to 600-y.-01d rhyolites of the Mono Craters north of the caldera

(Fig. 7) lends support to this interpretation.

Evidence Relating to Magma Origin and Magma Chamber Presence

Although many aspects of the evolution and present state of the Long
Valley magma-hydrothermal system have yet to be worked out, the general
history of the system is fairly well understood. Following the caldera-
forming eruption of the Bishop Tuff (0.7 m.y.), and resurgence of the magma

chamber within the next 0.1 m.y., the sequence of eruptions in the caldera
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records a progressive solidification of the underlying zoned chamber. As
outlined by Bailey et al. (1976), this is evidenced by the trend toward more
mafic and crystal-rich eruptions, from the early }hyolites contemporaneous
with resurgence, through the rhyolites of the peripheral moat (0.5 to

0.1 m.y.) and the rim rhyodacites (0.2 to 0.05 m.y.). The eruption of late
basaltic lavas in the west and south moat areas 0.2 to 0.06 m.y. ago also
shows that by this time the areal extent of the silicic chamber had diminished
significantly (Fig. 6).

Thickening and strengthening of the magma chamber roof over time, due to
solidification of underlying magma, is also consistent with fault configura-
tions and displacements inside and outside the caldera borders. The major
Sierra Nevada frontal faults to the northwest and southeast change from single,
continuous faults to branching and en echelon faults where they traﬁsect the
caldera, and di§p1acements inside the caldera are much smaller than outside,
and are relatively recent. This suggests that the roof of the cauldron block
had only recently thickened enough to allow tectonic stresses to be trans-
mitted through it (Bailey et al., 1976).

Constraints on the dépth to the top of the Long Valley magma chamber have
been worked out for several peripds'jn ips history. The Bishop Tuff erupted
from the top of the chambér, which prog}eégivejy deepened from ~6 km (earliest
ash falls) to ~10 km (latest ash’flbwé) dqrjng the course of eruption, accord-
ing to minera]ogica}yand geqchemfcéllgfudfes by.Hildreth and Spera (1974).

(An estimate of ~15 km,'however, wgé given by Stprmer, 1983.) Bailey et al.
(1976) estimated that the rpof of the_chémber hadrrisen to <5 km and probably
to 2-3 km depth by the‘end of resurgence ~0.1 m.y. later, based on the

geometry of the resurgent dome. They also speculated that by ~0.2 m.y.b.p.
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the roof had receded to 6-9 km depth, based on the degree of encroachment of
the basaltic vents of that age into the caldera moat.

The temporal and spatial distributions of recent eruptive units strongly
suggest that the youngest heat sources are located beneath the western moat
and western caldera rim areas. The youngest eruptions probably related to the
main magma chamber (the 0.l-m.y. moat rhyolites and the 0.05-m.y. rim rhyo-
dacites) were vented from the west moat, and the most recent intra-caldera
basalts (0.1 to 0.06 m.y.) from the west and southwest moats. But the Inyo
eruptions--a chain of rhyolitic to rhyodacitic domes and flows, with associa-
ted phreatic explosion craters, arrayed on a north-trending line intersecting
the northwest rim of the caldera (Figs. 6,7)--provide the most direct evidence
for a contemporary heat source in this area. Miller (1983) obtained an age of
~550 y. for the youngest group of Inyo eruptions, based on radiocarbon dating
of associated organic material. He also suggested that they were erupted when
an 8-km vertical dike was emplaced at shallow depth, and the existence of a
dike connecting at least the two southernmost of these eruptions has now been
confirmed by drilling in October 1984 (Eichelberger, pers. comm., 1984).

The Inyo eruptions, the late basalts, and the late caldera moat and rim
eruptions are probably all interrelated. The basalts, first of all, are part
of a chain of mafic volcanic rocks extending and decreasing in age from south-
west of Mammoth Mountain northward into Mono Basin (Fig. 7), (Bailey et al.,
1976). On a reqional scale, they are similar to Quaternary basaltic rocks
erupted along much of the eastern margin of the Sierra Nevada, including those
in the Coso area. The mafic magmas must have played a critical role in sus-
taining recent upper crustal silicic melt in the Long Valley chamber and in
the Inyo system, by providing heat input from the Tower crust. Direct mixing

of mafic magma with silicic magma probably also occurred, as demonstrated by
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the rim rhyodacites of Deadman Creek (Bailey et al.,v1976), and Mammoth Moun-
tain (Koeppen, 1983).

The Inyo eruptions must also be understood in a wider context. They are
closely related to the rhyolites of the Mono Craters, immediately to the north
of the Inyo chain, which range in age from ~12,000 to ~600 y. (Dalrymple, 1967;
Sieh et al., 1983). The youngest of the Inyo domes erupted a mixture of two
distinct silicic magmas: rhyolite obsidian similar to Mono Craters material,
and rhyodacite similar to late Long Valley caldera rim and moat extrusions.
Bailey at al. (1976) note that the rhyolite obsidian component in this group
of eruptions decreases progressively southward approaching the caldera, and
infer that these eruptions represent mixing of residual magma of the Long
Valley chamber with magma of the Mono system. Stockman et al. (1984) suggest,
however, thaf these compositional trends in the Inyo eruptions may be only
apparent, as they have observed comparable variations in drill core from a
single dome.

It is thus unclear how large or continuous a body of magma may now be
present in the western moat area, or whether the dike intrusion represented by
the Inyo eruptions is related to a large shallow silicic chamber. Any esti-
mates of volume or depth of a magma body will depend greatly on what model of
magma distribution is envisioned, and will suffer from the same uncertainties.
Even assuming that the Inyo and other ‘recent eruptions are directly related to
main Long Valley magma chamber, there is still no assurance that the pre-
viously discussed estimates of the depth to the:top of that chamber, made for
various stages in its evolution, are reliable guides to its present depth.

Smith and Shaw (1975) estimated the volume of magma present beneath the
caldera at 2400 km3, but this fiqgure should similarly be interpreted with cau-

tion. Their estimate, derived from the area of the caldera, does not account
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for the progressive solidification of the magma chamber recorded in the

sequence of post-caldera eruptions, and is therefore likely to be too high.
GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS

Heat Flow

The total (conductive plus convective) heat flow in the Long Valley
caldera is about 15 ucal em-2s-1 (HFU). In their conceptual thermal model of
the caldera, Lachenbruch and Sass (1977) picture a convecting hydrothermal
system in fractured caldera fill and basement rocks overlying a relatively
unfractured basement through which heat is conducted from magma at ~6 km depth
(Fig. 8).

The measured bottom-hole temperatures in deep wells on the resurgent dome
are consistent with this model if the total heat flow is regarded as having
been supplied to a deep circulation system by a 1arge magma chamber for a long
enough time (~300,000 y) to reach thermal equilibrium. Alternatively, the
temperature log data could represent thermal equilibrium with a deeper magma
and no deep fluid circulation.

The bottom-hole temperatures and borehole temperature profiles do not
provide an unequivocal picture of the thermal regime beneath Long Valley.
Recent studies by Sorey (1984) and Blackwell (1984) indicate a complicated
circulation pattern of deep and shallow flow controlled by subvertical faults
and shallow aquifers, snowmelt recharge from the Sierra Nevada, and possible
shallow and recent heat sources in the western moat area, such as the dike(s)

that produced the Inyo domes.
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Fig. 8. Plots of temperature versus depth for conductive heat flow at various
rates (thermal conductivity = 5 mcal/(s°C cm) and bottomhole temperatures in deep
wells in Long Valley caldera. Solid line represents the inferred background
temperature gradient beneath the resurgent dome, based on data for well M1l and
CP. D is the depth to magma at 800°C that would produce a heat flux of 15 HFU
under steady-state conditions beneath a zone of fluid convection of thickness Dc.
(From M. Sorey, U.S. Geological Survey.)
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Seismological Investigations

Earthquake Mechanisms

The spatial-temporal distribution and mechanisms of the numerous earth-
quakes that occurred in 1982-1983 beneath the south moat have been studied
by several researchers. No clear and simple picture of earthquake pattern
and mechanism has emerged. Most workers (Peterson et al., 1983; Savage and
Cockerham, 1984; Smith, 1984) seem to agree that there is evidence for swarm
activity with mechanisms consistent with northeast-southwest tension. These
events have been hypothesized to be associated with dike injection. In
partial support of this hypothesis, it was noted that following the large
1980 earthquake, intensive swarms occurred in the same area, and these had
the appearance of spasmodic tremors.

Velocity Anomalies

Cockerham (Savage and Cockerham, 1984) reported that a three-dimensional
inversion method was applied to data from 7000 earthquakes and 50,000 P-wave
arrivals recorded at USGS seismic stations in and around the caldera. A
tomographic reconstruction of these results indicates a zone of low velocity
(10% decrease) at 3 to 7 km depth, located roughly beneath the medial graben
of the resurgent dome. This finding is in general agreement with the earlier
finding by Steeples and Iyer (1976) that teleseismic P-wave delays reveal a
NW-SE zone of delays at a deptH >7 km beneath the resurgent dome.

No evidence has been found, however, for a velocity anomaly beneath the
south moat area.

Attenuation Anomalies

Several types of P- and S-wave attenuation anomalies have been recon-

structed on the basis of waves propagating under the caldera. The most
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complete study has been made by Sanders (1984), who found "massive shear wave
attenuating bodies beneath the central and northwest caldera and small anoma-
lous areas in the southern caldera and beneath Crowley Lake" (Fig. 9). The
best defined of these anomalies occurs at the south end of the medial graben,
and it is ~4.5 km deep at its shallowest point. This anomaly can also be
roughly correlated with the P-wave velocity decrease defined by Savage and
Cockerham (1984).

Sanders' attenuation anomaTy at the northwest corner of the resurgent
dome encloses the approximate area of the deep "magma roof" reflection repor-
ted by Hi11 (1976).

Possibly Reflected Waves

Two intersecting seismic refraction lines within the caldera show strong
secondary arrivals that\have been interpreted as a reverse-polarity reflection
from the "top of a magma chamber" at a depth of 6-7 km beneath the northwest
corner of the resurgent dome (Hill, 1976) (Fig. 10). More recent work by .
Luetgert and Mooney (1984), based on reduced travel times of major phases in
earthquake records, suggests a reflection at 16 km in the same area. Together,

both reflections may define the top and base of a large melt zone (Fig. 11).

Electrical ahdnElectromqgnetic Investigation

Recently, electrical conductors in the basement rocks underlying the
Bishop Tuff have been identified.

1. Hermance et al. (1984) found a broad, concave-north, arcuate con-
ductor south of the resurgent dome on the basis of the orientations and
dimensions of telluric e111psesf This féature is believed to be due mainly to
the conductive surface hydrothermal zone in relation to the resistive Sierran

block.
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Locations and approximate depths to S-wave attenuation
zones within the Long Valley caldera.

(From Sanders, 1984.)
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mate depth in kilometers to reflecting boundary. Cluster of crosses near southern boundary
of caldera are epicenters of earthquakes used in profiling. (After Hill, 1976.)
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2. They have also found magnetotelluric evidence for a deep conductor
at a depth of at least 7 km and perhaps as deep as 10 km beneath the southwest
moat and part of the resurgent dome.

3. Using both magnetotelluric anq'contro11ed-source EM, workers at
Lawrence Berkeley Laboratory (LBL) have defined two basement conductors. One
lies below the south moat area at about 3 km and plunges to the east-southeast.
The other lies below the northeast corner of the resurgent dome and plunges to
the southeast (Goldstein, 1984).

4. During August 1984, LBL made a series of MT soundings along an east-
west line across the caldera. Figure 12 shows a preliminary resistivity
section calculated from the smoothed apparent resistivity curves using the
Bostick 1-D inversion technique. Although this is a crude method for proces-
sing MT data taken in geologically complex areas, at least some of the results
seem consistent with geology and resistivity results from other electrical
surveys. The high resistivity zones extending from near-surface to depths of
3 to 5 km beneath the west end of the 1ine are associated with a moaf rhyolite
plug-dome (age ~0.1 m.y.) and the early rhyolites of the resurgent dome (age
~0.6 m.y.). The high resistivities suggest that the upper part of the rhyo-
lite plugs are unfractured and unaltered. A third resistive zone is observed
at the eastern end of the profile beneatﬁ sfétions 1 and 2. This may repre-
sent a thick section of Sierran granite. o

Of more interest to us are thevCOhdUCtive zones flanking the resurgent
dome. The broad surface conductoéléﬁ ;he eést has been well documented by
earlier surveys made by the USGS,‘Eﬁamthe!narfow surface conductor on the
west, described by Hermance et é]:n(iQSX)ibﬁ-fhe basis of their telluric

ellipse study, is an extension of the low resistivity zone (LRZ) mapped in the
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south moat and at Casa Diablo Hot Springs. Both of these flanking surface
conductors occur above regions where a deeper LRZ comes to within 5 to 8 km
of the surface. While it might be speculated that the shallow LRZ's are
associated with high temperatures and partiaT melt conditions, it is more
1ikely, particularly in the’case of station 6, that the shallowness (5 km) of
the conductor is an artifact of data bias caused by current channeling in the
surface conductor. To resolve the subsurface resistivity distribution, the
MT phase data will be studied after the appropriate instrument phase corrections
are applied to the data, and the data set will be reexamined in térms of a
2-D model. The LRZ at a depth of ~10 km beneath the central part of thé
caldera is probably a real feafure.

‘There do not seem to be any Serious points of conflict between the
various electrical and electromagnetic interpretations at this time. It is
genefa]]y agréed that more stations are needed, particularly in the areas
of the seismic velocity and attenuation anomalies.

Without the benefit of deep drill holes, the relationship between the
electrical conductors and possible magmatic heat sources is ambiguous. The
relatively shallow conductors found at depths of ~3 km could easily be related
to hydrothermal activify in fractured basement rocks or in porous sections of
pre-caldera volcanics. However, ft 15 §1so pbééib]e that graphitic schists in
Paleozoic roof pendants undef]yfng the caldera account for some portion of the
anomalies. Regarding the deeb cbnduéfo} af>a depth of 7 to 10 km, it is not
unusual for some thermal areas in the Basin‘and‘Range geomorphic province to
exhibit broad conductive zones (<10’ohm~m) at depths of around 20 m (Lienert
and Bennett, 1977). There are also reported cases of the conductive "layer"

rising to within 10 km of the surface. Some of these anomalies have been
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associated with elevated isotherms, low -seismic velocities, and possible
occurrences of melt zones. A low-velocity zone beneath Long Valley was not
confirmed by a seismic refraction study (Hi11, 1976), but one was found by the

teleseismic P-wave work of Steeples and Iyer (1976).

Gravity and Magnetic Interpretations

Neither gravity nor magnetic data have yielded conclusive information

on subcaldera conditions and structures.

Gravity and Deformation Studies

Several models have been proposed to explain the recent changes in
gravity and the concurrent vertical and horizontal deformation of the surface
observed between August 1982 and August 1983. Deformation models proposed by
Rundle (Rundle and Whitcomb, 1984) and by Savage (Castle et al., 1984) require
a volume increase of 0.02 to 0.03 km3, due to either dike injection or magma
chamber inflation.

Rundle proposed a model with two point-source "magma" chambers: a deep
chamber at 8 km below the center of the resurgent dome, and a chamber at 5 km
below a point east of Casa Diablo Hot Springs. Savage proposed a model with
a 30°-dipping slab from 8 to 10 km beneath the resurgent dome and a vertical
dike intrusion from the slab to within 3 km of the surface. Neither model

fits all the other geophysical data, and both are nonunique.
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THE GEYSERS-CLEAR LAKE
SUMMARY

The presence of a 1arge? shallow magma chamber beneath the Clear Lake
volcanic field has been inferred on the basis of various geophysical surveys
and interpretations performed mainly by scientists of the USGS. An extremely
complete review of this subject was presented by Hearn et al. (1981) and
Isherwood (1981), and we borrow heavily from those papers in this report.

Although it is still widely believed that a relatively shallow magma
chamber underlies the Clear Lake volcanic field, the geophysical data on which
this inference is based do not provide a consistent and unique model for the
location and depth to a magma body or a partial melt zone. Some of the more
recent survey results do not seem to support the long-held view that a large
silicic chamber exists beneath Mount Hannah.

Geological and geochemical evidence also do not support the presence of a
magma chamber located approximately beneath Mount Hannah. Magma chambers of
significant size have probably existed beneath the Clear Lake volcanic field
in the past, but there is no solid evidénce for a chamber anywhere in the area
at the present time. If one were present, a likely location would be well to
the north of Mount Hannah, near Clear Lake. This is the area from which the
.most recent eruptions were vented, including those at Borax Lake, which were
probably erupted from a magma chamber of some form.

An alternative model consistent with available geologic data is that
magma may be pfesent fn the crust in the form of're1ative1y small, deep
bodies. Fault movements and/or movement of an underlying heat source may
prevent these bodies from coalescing, rising, and evolving into a larger,

shallow chamber.
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GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA

Chronology, Composition, and Magnitude of Volcanism

The Clear Lake volcanic field comprises ~100 km3 of volcanic rocks erup-
ted in 100 to 200 separate eruptions and ranging in age from 2.1 m.y.b.p. to
~10,000 y.b.p. As a group, the volcanics span a complete range of composi-
tion from basalt to rhyolite, with a ratio of silicic rocks (dacite and lesser
rhyolite) to mafic rocks (mostly basaltic andesite) of ~3:2. In detail,
however, four periods (possibly five) of major eruptive activity have been
recognized, each beginning with one or more silicic eruptions; the oldest
and youngest periods were dominated by mafic lavas ana the intermediate
periods by silicic lavas (Donnelly-Nolan et al., 1981).

The Clear Lake Volcanics are generally younger to the north, although
the oldest group of eruptions is widely dispersed geographically and does not
conform to this trend. Each of the subsequent three groups was much more
localized in space than the first, and each was located to the north of the
previous group (Fig. 13) (Hearn et al., 198l). The oldest of these three
groups (1.1 to 0.8 m.y.b.p.) encompasses the Mount Hannah area beneath which
the existence of a present-day magma chamber has been proposed (Fig. 14).

The youngest group (0.1 to 0.01 m.y.b.p.) was erupted along the eastern and
southeastern arms of Clear Lake, and consists almost entirely of basaltic
andesites. The only silicic eruptions in the youngest group were the

0.09 m.y.-old rhyolite and dacite of Borax Lake (Donnelly-Nolan et al., 1981).

Structural and Tectonic Setting

The Clear Lake Volcanics are situated within the San Andreas fault system

in the northern California Coast Ranges. The geologic structure is character-
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Fig. 13. Distribution of vents of the latest three eruptive groups of the
Clear Lake Volcanics. The second (0.8 to 1.1 m.y.), third (0.30 to 0.65 m.y.),
and fourth (0.01 to 0.1 m.y.) groups are represented in A, B, and C, respec-
tively. ® = Rhyolite, e = Dacite, a = Andesite, x = Basaltic andesite,

+ = Basalt. (From Hearn et al., 1981.)
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jzed by northeast-dipping imbricate thrust slices of rocks of the mainly
Mesozoic Franciscan assemblage and the coeval Great Valley sequence. These
have been further disrupted by the predominantly strike-slip motion of the
San Andreas system (McLaughlin, 1981).

The main faults in the area are the northwest-trending Collayomi fault
zone and the north-northwest-trending Konocti Bay fault zone (Fig. 14), both
of which are probably active. Fault displacements in these zones and on other
faults in the area are mainly normal dip-slip and right-lateral strike-slip
(Hearn et al., 1981). Faults provide major conduits for movement of hot water
and steam to the surface (Goff et al., 1977), and they have similarly provided
avenues for magma ascent at various periods in the eruptive history of the
volcanics. Vent alignments of some earliest mafic lavas and of some later
dacites follow the dominant northwest to north-northwest fault trends. In
addition, a zone of basaltic andesite vents and a zone of young mafic cinder
cones both follow north-to-northeast-oriented lines; this is the probable
direction for tensional fractures to develop in response to stresses generated
between parallel northwest-trending strike-slip fault zones (Hearn et al.,
1981).

Speculations concerning the relation of the Clear Lake Volcanics to
regional Coast Range volcanism have centered around two main observations:
the progressive decrease in age, from Miocene to Holocene, of Coast Range
volcanic rocks in a north-northwestward direétion toward Clear Lake; and
north-northwestward movement of the triple junction between the North American,
Pacific, and Farallon plates corresponding to the cessation of subduction and
initiation of strike-slip movement along the San Andreas fault zone. The
jnitiation of volcanism in the Clear Lake field followed closely the passage

of the triple junction at that latitude, and similar correlations in timing
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occurred at Coast Range volcanic centers to the south-southeast. This suggests
that magma emplacement at the Clear Lake field may be related to crustal

extension near the propagating end of the San Andreas transform fault (McLaughlin,
1981). An alternate model proposes that the migration of volcanism is due

to movement of the North American plate in a south-southeasterly direction

over a stationary mantle hot spot or possibly that a hot spot is tied to

the Pacific plate, with which it has moved relative to the North American plate

(Hearn et al., 1981).

Hydrothermal System

The producing steam field at The Geysers is located in Franciscan rocks
adjacent to the Clear Lake Volcanics, but it is entirely offset from them
across the Collayomi fault zone (Fig. 14). It is also offset from the verti-
cal projection of the hypothesized magma chamber beneath Mount Hannah. There
remains a debate as to the nature of The Geysers hydrothermal system. It is
popularly believed that it began as a hot-water system, evolving into a vapor-
dominated system as a result of the low recharge rate associated with low
permeability of the Franciscan reservoir rocks (McLaughlin, 1981). However,
it may yet remain fundamentally a hot water system with an ever-increasing
zone of boiling and superheated steam around the wells. A hot-water-dominated
system is observed northeast of the Collayomi fault zone (Sternfeld et al.,
1983), where the volcanic rocks and vents provide likely conduits for the deep
mixing with cold meteoric water which may sustain a hot-water-dominated
system (Goff et al., 1977).

Noncondensible gases in steam at The Geysers, including H»S and COj,
could indicate a magmatic origin, but Brook (1981) suggests that thermal

degradation of organic matter in Franciscan rocks is a more likely source.
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Nehring (1981) comes to the same conclusion regarding gases in springs and
wells in the Geysers-Clear Lake area, and 13¢ isotope values obtained from
the same locations suggest no appreciable contributions from magmatic sources
(Huebner, 1981). |

On the other hand, Steinfeld et al. (1983) propose that magmatic sources
contributed to the hydothermal deposition of tourmaline, together with biotite
and actinolite, observed in cuttings from a 3-km-deep hole drilled ~5 km north
of Mount Hannah. They suggest, based on evidence from associated fluid
inclusions, that this mineralization resulted from a hot-water-dominated
hydrothermal system related to nearby intrusion of magma during the third
period (roughly 0.5 m.y. old) of Clear Lake volcanism. The temperatures
indicated by the fluid inclusion data for this older hydrothermal system (330
to 400°C) are significantly higher than present-day temperatures (up to 260°C)

encountered in the well.

Evidence Relating to Magma Origin and Magma Chamber Presence

Various lines of evidence point to the present and past existence of
magma chambers of the Clear Lake Volcanics. The existence of a present-day
magma chamber beneath Mount Hannah has been proposed on the basis of geo-
physical studies, but whether such a chamber bears any relation to earlier
chambers, or to the youngest:erupted.magmas, is a major and unresolved
question,

Of the four clearly recognized periods of eruption of the Clear Lake
field, the earliest is both too mafic and too dispersed geographically to
have erupted from a high-level crustal magma chamber. The second and third
periods, however, were mainly silicic and relatively localized in space

(Fig. 13), and some eruption from one or more chambers during these periods
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is more likely. The possibility that crystallized subjacent lower portions of
magma chambers are present in this area is consistent with gravity data
EIsherwood, 1981) and with evidence for an older hydrothermal system as
inferred from drill cuttings by Steinfeld et al. (1983). Moreover, structural
evidence in the form of arcuate and collapse-related features suggests erup-
tion from high-level chambers, particularly for the large-volume eruptions of
the third period (Hearn et al., 1981). Lavas erupted during the previous two
periods were predominantly mafic and probably not associated with a high-level
magma chamber. A chamber may, however, be developing there in response to the
new input of heat at depth, of which the mafic lavas are evidence. The Borax
Lake eruptions discussed below-~the only silicic eruptions of this latest
period--show strong evidence of differentiation in a magma ghamber, which at
present may either be solidified, or be too small or too deep to be detected
geophysically.

Hearn et al. (1981) and Futa et al. (1981) provide detailed descriptions
and interpretations of the chemical and isotopic compositions of the volcanics;
the following summary of the chemical evidence is derived mainly from those
sources. The mafic lavas, from which the silicics must in part have evolved,
show by their variability in major and trace elements, their REE patterns, and
their 875r/86Sr ratios that they could not have originated from one parent
magma. At least two source magmas in the mantle or lower crust are indicated
by the chemical data (several lavas are chemically and isotopically very
primitive and must have been mantle derived). Furthermore, an overall corre-
lation between geographical location and chemical characteristics of the
eruptions holds for all the eruptive periods, suggesting that subjacent
regions at depth determined chemical composition to some degree and that

similar magmas may have been produced from the same region at more than one
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time. Upper crustal contamination of the basaltic magmas by assimilation of
Franciscan serpentine or ultramafic wall rocks is judged to have been likely
as well, on the basis of variability in Mg, Co, and Cr. O-isotopic and Pb-
jsotopic ratios also suggest that crustal contamination was significant.

In the silicic rocks, the correlation of trace-element and major-element
variations, as well as moderate to strong negative Eu anomalies, indicates that
these rocks evolved through various degrees of crystal fractionation (or liquid-
state differentiation processes, as described by Hildreth (1979) for the Long
Valley eruption of the Bishop Tuff). This, together with the fact that they
are generally higher in 875r/86Sr ratios than associated mafic lavas, suggests
that assimilation of wall rock Sr also occurred in the silicic rocks. Magma
mixing was a factor in their evolution as well, as suggested both by petro-
graphic observations and by observations of feldspar phenocrysts whose 875r/
86sr ratios are markedly out of equilibrium with those of their host rocks.
Bowman et al. (1973) also document chemical evidence (consisting of a closely
linear coherence of trace and major element variations) for mixing of rhyolite
and a more mafic magma in the Borax Lake rhyolite-dacite eruptions.

Despite the complexity of sources and the varied influences of crustal
assimilation and magma mixing, several factors suggest that many silicic units
erupted from magma chambers. Al1 of the rhyo]ites, and many dacites, show
the influence of upper crustal differentiation processes consistent with
evolution in a magma chamber, such as crysta] fractionation or liquid-state
differentiation. In addition, rhyo]ites erupted in each period are enriched
to the same degree in several upward-concentrating trace elements and REEs,
and these enrichments, while well below the extreme enrichments seen in the
Bishop or Bandelier Tuffs, may nonetheless indicate differentiation in the

upper level of a magma chamber; these common maxima may represent the maximum
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magma chamber enrichment attainable given the source magmas and the insta-
bility of the continental-border tectonic setting. (Several rhyolites of the
Sonoma Vb]canics, an adjacent Pliocene fie]d to the south, also show about the
same degree of enrichment.)

At least two sequences of silicic eruptions show progressive compositional
changes thaf are consistent with eruption from a common magma chamber. The
Cobb Mountain sequence (~1.1 m.y. old), from the second period of volcanism,
shows such a progression (Donnelly-Nolan et al., 1981). The Borax Lake sequence
(90,000 years old) of the latest period, mentioned previously as an example of
magma mixing, is another case; a single magma chamber probably erupted lava of
continuously varying chemical composition ranging from dacite to rhyolite.

The hypdthesized present-day magma chamber beneath Mount Hannah is located

~15 km (laterally) south-southwest of the Borax Lake lavas, and at this dis-
tance such a chamber/is not 1ikely to be directly related fo the earlier chamber
that erupted thdse lavas.

The presence of active faults may have had pronounced effects on magma
~chamber development and evolution. We noted earlier that faults control the
alignment of vents in a number of units. Several series of vents that erupted
primitive deep-source magmas are aligned in a north-to-northeasterly direction
along probable extensional fractures, suggesting that faults guided magma
~ascent from deep levels. Given this tectonic setting, it is very plausible
that faulting may have interfered with the development of magma chambers,
partiéu]ar]y if new fractures developed continually in connection with propa-
gation of a transform fault zone. (Movement of an underlying heat source
relative to the crust, as proposed by the hot-spot model, would also likely
interfere with magma chamber deve]opmént and probably propagate new fractures

as well.,) Faulting may have caused repeated tapping of magma chambers,
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thereby inhibiting the buildup of volatiles necessary for large ash-flow
eruptions and obstructing development of zones of extreme differentiation at
the tops of chambers--neither of which occurs in the Clear Lake Volcanics.
The Pliocene Sonoma volcanics to the south are located in a similar tectonic
setting, and despite major differences in chemical composition and eruptive
style, they are similar to the Clear Lake Volcanics in the abundance of
eruptions, the lack of Targe ash flows (although small ash flows are common),
and a similarly moderate maximum in trace-element enrichment in the most
silicic units'(Donne11y-N01an et al., 1981; Hearn et al., 1981). Tectonic
setting thus appears to have influenced, or hindered, the development of
high-level crustal magma chambers in both volcanic fields.

Smith and Shaw (1975) estimated the volume of a silicic magma chamber
underlying the Geysers-Clear Lake area at 1500 km3, based on vent distribution
and on the area def ined by the gravity anomaly in the Mount Hannah vicinity.
Qur interpretation of the geological and geochemical evidence, however, sug-
gests that any shallow magma bodies now present are likely to be much smaller,
and that the criteria used by Smith and Shaw may not apply well to the
present-day distribution of magma. Large high-level silicic chambers have
played a significant role in earlié; periods of Clear Lake volcanism, but
vent distribution is mofé likely to ref]ect those earlier chambers than any
present-day chamber. The associatfoh of the gravity ahoma]y with a present-

day magma chamber is a1sobfar:from’certain.
GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS

Thermal Models

By all accounts, none of the deep production wells (to nearly 4 km) at

The Geysers field has penetrated below the isothermal, convective steam zone
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(~240°C). Thus, there is no solid information by which one can extrapolate
temperatures to depth and develop a subsurface thermal model that doesn't
depend on a priori assumptions, such as the depth and temperature of a heat
source. Jamjeson (1976) attempted to model available data and concluded that
the surface heat flow was consistent with hot (>700°C) intrusive rocks at a
depth of about 8 km over a wide area, and with conduction providing the primary
means of heat transport.

Due to the competitive nature of geothermal leasing and energy devel-
opment, we suspect there exists a great deal of proprietary subsurface
information for the Clear Lake Volcanic Field in company files. The eventual
release of these data will go a long way toward developing more accurate

thermal models for the region.

Gravity and Aeromagnetics

Chapman (1975) and Isherwood (1975) have both interpreted the 25-mGal
gravity low over the volcanic edifice of Mount Hannah as due to a low-density
silicic differentiate of a magma chamber between about 6 and 14 km depth and
centered beneath the Collayomi fault (Fig. 15). The gravity low to the south-
west--called the "production low"--coincides with the steam production field
and is believed due to shallower low-density rocks. On the basis of the
gravity data alone one cannot make an unequivocal statement regarding the
cause of the Mount Hannah low. Because drill holes to depth§ of >3 km have
not penetrated low-density rocks, the source must be deeper and the density
contrast must be large to account for the observed anomaly. It has been
argued that only a silicic melt would have the proper density relative to the

Franciscan assemblage to cause the anomaly. Sediments of the Great Valley
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Fig. 15. The Geysers area, Calif., showing residual gravity based on reduc-
tion ?ensities of 2.76 g/cm3. Contour interval, 2 mGal. (From Isherwood,
1975. :
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sequence, however, could also have a sufficiently low density, although not
where these rocks are densified by high-pressure-temperature conditions.

Some of the gravity low may be caused by a large volume of rhyolite, dikes of
which are reported to have been intersected in a few deep wells.

The aeromagnetic anomalies in the area are unrelated to the gravity
anomalies. A pseudogravity map derived from the filtered aeromagnetic map
indicates different sources (Isherwood, 1975). Because no magnetic source
deeper than about 6.5 km can be identified, this depth is believed to coincide
with the Curie temperature (~500°C), the.temperature at which common ferri-

magnetic minerals become paramagnetic.

Seismological Investigations

Seismic Velocities

Teleseismic P-wave delay studies by Iver et al. (1981) outlined a broad
region of 0.5-s delay centered at Mount Hannah and extending southwestward
into the production area. Comparisons of the teleseismic velocity results
with the results of a seismic refraction survey over the same area rule out
the possibility that a Tow-velocity zone associated with complex near-surface
~ geology is the cause of the P-wave delays. The authors attribute the observed
delays to a deep zone of partially moliten rock in which velocities are
reduced by about 25%. They estimate that the zone extends downward some 30
km from a depth of about 5 km beneath the surface and has a horizontal extent
roughly equal to the diameter of the gravity anomaly source (Fig. 16).

Eartnhquake Focal Depths

Earthquakes in the Geysers-Clear Lake area have been monitored continu-

ously since 1975 (Bufe et al., 1981), and the hypocenters are no deeper than
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6 to 7 km. The reduced thickness of the seismogenic zone above the heat
source implies a zone of relative weakness in the crustal plate (Bufe et al.,
1981).

Attenuation Anomalies

Young-and Ward (1981) conducted a brief field experiment to determine
the Tocation and extent of zones with high seismic wave attenuation. Their
analysis of 22 teleseismic events recorded at 13 seismographs enabled them to
define a shallow zone of high attenuation extending an undetermined distance
from the production area to the northeast. The zone is approximately 15 km
wide and is generally centered in the area of Mount Hannah and the gravity low
(although the shapes of the anomalies are quite different). Young and Ward
(1981) believe that the value of Q (the quality factor) is "low enough to
indicate a partial melting zone or a magma chamber...." However, as the top
of the low-Q zone near Mount Hannah is very close to the surface, a magma
source is not a reasonable explanation for this anomaiy. Another small, low-Q
anomaly exists 5 to 10 km northwest of Mount Hannah, toward Clear Lake, and is
at an interpreted depth of 8 km.

Majer and McEvilly (1979) obtained evidence for attenuation anomalies
associated with the production area by deploying a tight array of geophones
over the field and studying the refracted waves from two explosions. TQey
found that Q within the steam field was high at shallow depths (low attenua-
tion at depths <1 km). Attenuation seems to increase with depth, but whether
local attenuation increases more than regional values could not be determined

from the experiment.
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Electrical Resistivity Studies

Electrical resistivity and magnetotel luric methods have been applied to
The Geysers area by various workers. Vertical electrical soundings. indicate
a low-resistivity region near Mount Hannah that also corresponds roughly to
the Towest part of the Mount Hannah gravity low and shows steep gradients near
the Collayomi fault zone (Isherwood, 1981). Interpretation of these data
suggests that the low-resistivity rocks probably represent the Great Valley
sequence (marine rocks thrust over the Franciscan), which is overlain by the
resistive Clear Lake Volcanics. Figure 17 shows an idealized geoelectric
section of the Clear Lake area based on dc resistivity survey data from
various sources (Keller et al., 1984). The underlying "resistive" basement
that has been inferred from several soundings is the Franciscan assemblage at
depths of 1.5 to 5.0 km.

A number of deep MT soundings were conducted by the USGS (Isherwood,
1981) and Group Seven (Kaufman and Keller, 1981) to determine whether a
conductive basement exists anywhere in the area of the hypothesized magma
chamber., The USGS MT results did not indicate a conductor at depths less than
7 km below the recording sites, but the coverage was sparse. Kaufman and
Keller (1981) found evidence for a deep conductor (310 km) at several sites.
Because there seemed to be no correlation between the location and depth to
this conductor and the surface conductance effects and because the deep
conductor did correlate reasonably well in plan with the gravity Tow, Kaufman
and Keller (1981) felt that the MT data supported the probable existence of
rocks heated to their melting point. There are no electrical results,
however, that support the gravity model that calls for a large volume of

conductive melt within 7 km of the surface.
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Fig. 17. Geoelectric sequence in the Clear Lake area based on dc resistivity
surveys from many sources. (From Keller et al., 1984.)
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Recent Geophysical Studies

Although there remains the possibility of a melt zone south of Clear
Lake, results of recent geophysical surveys conducted over the hypothesized
magma body are inconclusive to negative with respect to the presence of a
large, shaliow magma chamber.

1. Combined compressional- and shear-wave seismic surveys were con-
ducted northeast of The Geysers geothermal field, and the velocity sections
indicated Poisson's ratios <0.25 for depths between 5 and 11 km (Rossow et
al., 1983). High values for Poisson's ratio (such as might be expected if a
partial melt existed) were not found. The low values indicate partial liquid
saturation, such as would be found in rocks with steam-filled fractures.

2. The Colorado School of Mines operated its "Megasource" time-domain
EM system in the area around Clear Lake, but northeast of the producing area,
and obtained 245 soundings (Keller and Jacobson, 1983; Keller et al., 1984).
The single source, a l-km-length of AWG 4-0 wire, was located in a marshy area
at the southeast corner of Clear Lake. Keller et al., (1984) state that "the
most conductive rocks occur at relatively shallow depths [1 to 2 km] to the
south [of the transmitter] and at greater depths to the north...In many cases
the inversions do not indicate...resistive rock, even to the greatest depths
interpreted...[The conductive] zone with resistivities of 3 to 10 ohm-m...is
surprisingly consistent...and is assumed to belong to hotter portions of the
Franciscan assemblage. Where adequate penetration was obtained, rocks at
depths beyond 10 to 12 km appear to be resistant. No conductive rock...was
found...beyond 10 to 12 km in the area south of Clear Lake where the gravity
data suggest the presence of a [silicic melt]."

The absence of a highly conductive zone doesn't necessarily refute

entirely the silicic chamber model that has been established from gravity and
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seismic studies, but it may indicate that the melt fraction and/or the total
volume of partial melt regions are too small to produce a recognizable conduc-

tivity anomaly.
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COSO VOLCANIC FIELD
SUMMARY

From the geological and geochemical evidence at Coso, the conclusion that
can be stated with most assurance is that a magma chamber of significant size
and longevity is present, and that it is most likely located beneath the
central part of the rhyolite field. The depth and dimensions of the magma
chamber are much more open to question, but it may be in the early stages of
jts development and it is probably deeper and smaller than the large chambers
of continental caldera-forming systems. Rapid crustal extension has caused
the topmost level of the chamber to be tapped for periodic small eruptions,
thereby reducing the potential for larger explosive eruptions and perhaps also
preventing the migration of the chamber to shallower depths. Crustal extension
at lower levels has allowed basaltic magmas to penetrate the crust and provide
the heat to sustain the magmatic and geothermal systems. The tectonic setting
at Coso thus resembles that of a spreading center or rift zone. The available
geological evidence suggests that the system has not cooled or diminished in
size since the latest series of rhyolites were erupted <40,000 years ago.

Geophysical evidence--primarily the results of several independent seis-
mological investigations--also strongly squests the presence of magma beneath
the Coso volcanic field. Anomalous seismicity, P-wave velocities and P-wave
attenuations appear to be closely related. to the heat flow anomaly that
encloses the Coso .geothermal field. Interpretations indicate a magma that is
deeper than 8 km and probably deeper than 10 to 12 km. The seismological
interpretations do not, however, resolve the depth or location of the magma

very well, A magma beneath the general vicinity of Sugarloaf Mountain is
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consistent with most of the data, but it is not clear whether a single or
several melt zones exist.

GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA

Chronology, Composition, and Magnitude of Volcanism

Eruptions in the Coso Range have taken place in two periods (Fig. 18).
The younger one is of Pleistocene (and possibly Holocene) age, and extruded
roughly equal volumes of rhyolite and basalt totaling 4 to 5 km3. The older
group is of Pliocene age (~4.0 to ~2.5 m.y.b.p.), is more voluminous,

(~31 km3), and is largely mafic in composition although spanning a broad
range of composition from basalt to rhyolite (Duffield et al., 1980).

The Pleistocene rhyolite field comprises at least 38 steep-sided domes
and shQrt flows, with associated pyroclastics. Total volume is ~2 km3,
of which <20% is pyroclastic material. Al1l of the rhyolite eruptions consist
of highési1ica, crystal-poor to aphyric rhyolite, énd they are very similar
chemically, particularly with respect to major-element composition. Seven
episodes of rhyolite eruption are recognized from trace element and chrono-
logical criteria. They range from ~1.0 to <0.04 m.y. old, but most are less
than ~0.15 m.y. old (Racon et al., 1981).

Within each of the seven groups of rhyolites, the various eruptions are
jndistinquishable in terms of both trace and major elements, and they are very
close in age despite their geographic spread. The volume of rhyolite erupted
has increased with decreasing age, the latest group being the most voluminous.
The youngest K-Ar age is ~40,000 years, but the error due to low radiogenic Ar
is ~50%. Evidence from the chronology and geomorphic effects of recent
pluvial periods suggests that several rhyolites may be much younger, perhaps

<10,000 years old (C.F. Austin, pers. comm., 1984). Ages calculated from
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hydration rind thicknesses of obsidian (Friedman and Obradovich, 1981) include
three <40,000 years and one of 17,000 years (these dates also have large
uncertainties).

Basalt has erupted throughout the span of Pleistocene (or younger) rhyo-
lite eruptions. During at least the past ~0.24 m.y. basaltic vents have
consistently been peripheral to the central part of the rhyolite field.
Nineteen Pleistocene basaltic vents are recognized, and each fed one or more
flows. The cumulative volume of these basalt flows is ~1 km3. The most
recent basalts are located to the south and southwest of the rhyolite field,

and the youngest K-Ar age on basalt is similar to the youngest rhyolite age.

Structural and Tectonic Setting

The Coso Range is situated at the boundary between the Basin and Range and
the Sierra Nevada geological provinces and close to the Mojave province
located across the Garlock fault to the south. The rhyolite domes and flows
are located atop an approximately 5-by-8-km horst in pre-Cenozoic basement
rocks, on the margins of which considerable uplift has taken place since
Pliocene time (Duffield et al., 1980).

A high level of seismicity in the Coso area shows it to be tectonically
active, and three dominant sets of faults are recognized (Fig. 18) (Duffield
et al., 1980):

1. Northwest- to north-northwest-trending, steeply dipping faults, with
linear traces and of regional extent. They are mainly strike-slip faults
and have been active since perhaps Mesozoic time. Recent earthquakes show
right-lateral displacement.

2. North- to north-northeast-trending faults, dipping steeply to the

west, with Tinear traces. Both field evidence and data from recent earth-
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quakes indicate that they are mainly normal faults related to the regional
Basin and Range extensfona]lregime.. Severé1 major faults in the Coso Range
belong to‘this gfoup, inc]uding the bohnding faults of the central horst, the
fault associated with CosovHot Springs, and the series of en echelon faults
forming a westward-facing staircase in.Pliocene basalts on the northeast side
of the range. |

3. Faults with arcuate traces, of local extent, in the north and north-
east part of the range. They are steeply dipping and concave toward the
center of the rhyolite field. These faults may be related to a similarly
oriented arcuate fault zone cutting Sierran granitic rock just west of the
Coso Range, and it has been suggested (Duffield, 1975; Moore and Austin,
1983) that they are part of a ring fracture zone associated with a large
underlying magma chamber. However, evidence for 360° continuity for these
faults has not been found, and they do not offset rock younger than
PTliocene (Duffie]d'et al., 1980). Rogquemore (1980) believes they are not
volcanogenic but are instead the splayed ends of the regional right-lateral
strike-slip fault system terminating against the Garlock fault zone to the
south.

Fault control has been a factor in the distribution of both rhyolites
and basalts. Vent orientation has been influenced mainly by the north-
northeast-trendihg‘horma] faults and to'a lesser extent by the older
north-northwest-trending structures. Vent orientation thus reflects the
late Cenozoic and present-day Basin and Rahgé tectonic regime, in which the
axis of maximum horizontal compression is oriented north-northeast and exten-
sion is in a west-northwest direction.

Volcanism in the Coso Range is related to regional tectonics; it began

concurrently with the onset of regional mafic volcanism and normal faulting
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along the eastern margin of the Sierra Nevada, ~3-4 m.y.b.p. Rhyolite
volcanism near Coso also occurred in the Pliocene and Pleistocene on the Kern
Plateau in the Sierra Nevada, where it was associated with basaltic eruptions
of similar ages. One small dome, located at Long Canyon ~40 km northwest of
the Coso field, is composed of high-silica rhyolite very similar in major-
and trace-element composition to Coso rhyolites, and has a K-Ar age of

~0.2 m.y.b.p., similar to the age of the first major group'of Coso fhyo]ites

(Bacon and Duffield, 1981).

Hydrothermal System

The Coso volcanic field is characterized by high heat flow, and the
central part of the field is located within, but offset 1 to 2 km west of the
center of, the triangular area defined by the 15-HFU contour (Fig. 19) (Combs,
1980). Within this area of high heat flow, én east-northeast-trending zone
~6 km 1ong:encompasses nearly all sites of active thermal emissions and
associated clay-opal-alunite alteration (Hulen, 1978). The main thermal
manifestations are the intermittently discharging Coso Hot Springs, located
a]gng a north-northeast-trending active fault defining the eastern border of
the main heat flow anomaly, and the acid-sulfate fumaroles at Devil's Kitchen,
located near the center of the anomaly (Fig. 19).

The highest published temperatures encountered by drill holes are 195°C
at a depth of 1100 m (well CGEH-1, Fournief and Thompson, 1980) and 213°C at a
depth of 388 m (Moore and Austin, 1983). The maximum calculated geothermo-
meter temperatures indicate a reservoir at 240 to 250°C (Fournier and Thompson,
1980). Recent drilling by the California Enerqy Company, 1 to 2 km south of
Devil's Kitchen, has encountered temperatures of ~250°C at a depth of ~850 m

(R.H. Adams, pers. comm., 1984).
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Fig. 19. Generalized geologic map showing principal geothermal areas and
Pleistocene rhyolite.  Heat flow (triangles) in heat flow units (HFU) (from
Combs, 1980). A 1477-m-deep drill hole is adjacent to heat flow site 15.

F = fumarole area; heavy solid lines = faults, with bar and ball on downthrown
side; broken lines = heat flow contours; hachures = outline for areas of
-internal drainage; 53 = rhyolite locality. (From Duffield et al., 1980; after

Moyle, 1977.)
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The presence of hot spring sinter below a dated basalt flow suggests that
vigorous hydrothermal activity has probably occurred near the central part of
the rhyolite field since at least 0.3 m.y.b.p. (Duffield et al., 1980). To
date, the system has been characterized by a high ratio of rock to water on
the basis of stable isotope analyses (Fournier and Thompson, 1982). One model
that has beeh proposed for the present-day geothermal system (C.F. Austin,
pers. comm., 1984) consists of a chloride-rich brine at depth, overlain by a
zone of steam. above condensate, which is overlain in turn by a 1000 to 1400-

ft-thick argillized caprock.

Evidence Relating to Magma Origin and Magma Chamber Presence

The Coso rhyolites, although volumetrically small, appear to have erupted
from a single magma chamber of consfderab]e size and longevity. The argument
in favor of this model is comprehensively presented by Bacon et al. (1981),
and what follows largely summarizes their work.

The rhyolite domes and flows are composed of highly differentiated,
high-silica rhyolite, with extreme enrichments in elements that tend to
concentrate in the uppermost layer of large silicic magma chambers (e.g.,

Na, Rb, Th, U, and volatiles) and corresponding depletions in downward-
concentrating elements (e.g., Mg, P, Ba, Sr, Eu). The rhyolitic rocks are
similar to, and even more differentiated than, the uppermost layers inferred
to be present in the Long Valley and Valles magma chambers prior to their
eruptions as ash flows. Seven rhyolite groups are distinguished on the basis
of their trace element compositions and ages. Two are older and differ
compositionally from the other groups, suggesting that they may have had a

different source. But the five youngest groups are very close in composition,

-
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and the trace-element variations between them match variations expected from
varying degrees of differentiation at the top of a magma chamber. (In
comparing variations between any two groups, the upward-concentrating
elements in each group vary together in one direction, while the downward-
concentrating elements vary in the other direction.) These five groups thus
represent leaks of magma at different times from the topmost lTayer of the
same vertica]Ty-zdnéd chamber.

The five groups of rhyolites span an age range from >0.24 to <.04 m.y.,
and their similar compositions indicate that the chamber from which they
erupted was in existence and was compositionally zoned for at least that
period of time (possibly much longer if the earlier rhyolites were also
associated with it). This is consistent with an age of >0.3 m.y. for the
geothermal system, as well as with the absence of basaltic eruptions younger
than ~0.24 m.y. within the central portion of the rhyolite field.

The extreme uniformity of composition within each group of rhyolites
shows that their eruption occurred from the small uppermost fraction of the
vertically zoned chamber only, and that the main body of the chamber was not
tapped. The volume of the chamber therefore must always have been far greater
than that of any of the groups'of‘rhyOIitésf(a11 were <0.7 km3). A quantita-
tive estimate of the size of ‘the maéﬁé chamber is difficult to make, but
several have been attempted. By analogy with the rate of growth of large
continental silicic magma systéms;?aﬁH u§ing an estimate of the duration
of volcanic activity in the Coso Range, Bacon et al. (1981) estimated the
volume of magma presently in the éystém‘atisevéra1 hundred km3. Smith and
Shaw (1975) estimated a volume of <650 km3'by4deriving chamber area from the

distribution of rhyolite vents, and chamber thickness by a very approximate
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relation between thicknessﬁand area (see Introduction). Bacon et al. (1980),
however, found that the vent distribution is consistent with a magma chamber
underlying the central part of the field only, and with outlying extrusives
fed from the chamber by dikes propagating along tensional fractures. According
to this model, then, deriving the area of the magma chamber from the total areal
" extent of the vents would lead to an overestimation. This would explain why
Smith and Shaw (1975) came up with the much larger estimate of chamber volume.

Other models for the geometry of the magma chamber have been proposed;
if valid, they could imply a larger chamber than so far discussed. If the
arcuate fractures in and near the Coso Range do in fact represent an ellip-
tical ring fracture zone some 40 by 50 km in size, as Duffield (1975) and
Moore and Austin (1983) suggest, the associated magma chamber could be on the
order of 1000 km? or more in area. Furthermore, such a ring fracture zone
could imply an extremely deep chamber (30 to 40 km) if the generally conceived
model relating ring fractures to underlying magma chambers proved valid at
such depths [see Heiken's (1978) discussion of this model vis-a-vis the
Medicine Lake caldera]. However, the ring fracture concept probably does not
apply, at least to the Pleistocene rhyolite field, because of structural
reasons discussed earlier, because basalts have erupted repeatedly from within
the area vertically above the presumed magmé chamber, and because no eruptions
or hydrothermal manifestations have occurred along the ring fractures.

Another possibility is that the center of the rhyolite field, from which
rhyolite has vented in each of the latest five periods, overlies only the
margin of a larger magma chamber, instead of encompassing an entire smaller
chamber as Bacon et al. (1980) suggest. Such a chamber could be centered west

of the rhyolite field, perhaps bounded by recent basaltic eruptions on the
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south and southwest and by the Sierran front on the west. Although the Tack
of eruptive or heat flow evidence for this model makes it seem unlikely,

it remains plausible by analogy with Glass Mountain, adjacent to the Long
Valley caldera. The Glass Mountain rhyolites are very similar to the Coso
rhyolites in composition, style of eruption, and near absence of phenocrysts
(Noble et al., 1972, in Long Valley reference list). They erupted from vents
along a probable incipient ring fracture system and represent early leakage
from the Long Valley magma chamber (Bailey et al., 1976, in Long Valley
reference list).

Any attempt on strictly geological grounds to assess the depth to the
top of the Coso magma chamber must be only qualitative. It is likely that
the chamber is comparatively deep, since the eruptions tapped the volatile-
enriched upper fraction of the chamber, yet explosive activity was relatively
minor. High C1 and F contents in the rhyolites and the presence of micro-
phenocrysts of hydrous minerals also point to a high magmatic volatile content.
Thus much of the water originally present in the magma may have been lost
during a long ascent from a deep reservoir (Bacon, 1982).

Eruption from a shallower magma chamber (<5 km?) would be likely to
proceed differently, either (1) explosively, in predominantly pyroclastic
eruptions, with rapid bubble growth resulting from exsolution of volatiles
once the confining pressure is released at the start of eruption; or (2)
nonexplosively, but guided by rfng‘erCtheé“Which‘open in response to the
shallow buildup of magﬁatic'erSSUFé’(Baéon;?lész);"The Tatter mechanism
describes ring fractUreveruﬁfﬁbhégdkTngétin§’fﬁom”1arge;'sha]]ow magma
chambers that ultimately (as ét G]ass Mduntaih;'Lbng Valley), or previously,

formed calderas (Smith and Bailey, 1968). At Coso, however, small leaks from
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the magma chamber did not occur along arcuate faults, suggesting (1) that the
chamber had not migrated to depths sufficiently shallow to permit the geometry
of the chamber to exért a greater influence than regional structures on vent
distribution; and (2) that crustal extension played a greater role than magmatic
pressure in triggering eruptions.

Extension can thus be seen as a safety valve on explosive eruptions,
preventing an extreme buildup of volatiles by causing periodic bleeding off
from the upper level of the chamber. The rate of crustal extension at Coso
may be fairly constant, as érgued by Bacon (1982), who finds that the time
interval between any twb successive groups of eruptions is proportional to the
volume of the first of the two groups. This seems to be true of the Quater-
nary basalts as well as the rhyolites. This pattern is consistent with a
model in which extensional strain, accumulating in roof rocks at a constant
rate, causes eruptions when it reaches a critical value. It contrasts with
the opposite pattern, in which erupted volume cbrre]ates with the preceding
repose time between eruptions. The latter pattern is consistent with a system
in which a steady buildup of magmatic pressure causes eruptions when it
reaches a critical value or in which the volume erupted is a large fraction of
the total reservoir that is being supplied at a constant rate (Bacon, 1982),
as is observed in some large central volcanoes (Smith, 1979). Thus the
pattern observed at Coso suggests that the magmatic system responds relatively
passively to crustal extension, erupting in small leaks from the top, and is
consistent with a deep chamber in which internal pressure buildup is not the
critical factor in causing eruptions.

The maintenance of an erupting magma chamber and a convecting hydrother-

mal system for over 0.2 m.y. reqguires that heat be added continuously to the
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magmatic system by intrusion of basalt (Lachenbruch and Sass, 1978). Assimi-
lation of crustal rocks due to this influx of heat would contribute greatly to
the development of the silicic magmatic system, and studies of Sr and Pb
isotopes at Coso support a mid- to upper-crustal source for the rhyo]ites and
a much deeper source for at Teast some of the basalts (Bacon et al., 1981).
Once the silicic system was we11 established, any basaltic eruptions would
1ikely be confined to the periphery of the silicic volcanic field, and such a
"shadow" is observed for basaltic eruptions younger than ~0.24 m.y. Support-
ing evidence of a basaltic heat source for the system (possibly in the form of
discrete pulses that trigger rhyolitic eruptions from the magma chamber) comes
from the close association of basalt with the rhyolites. Each of the groups
of rhyo]tte eruptions either is associated with approximately coeval eruptions
of basalt or contains inclusions interpreted to be quenched blobs of mafic
magma (Bacon et al., 1980; Metz and Bacon, 1980).

The most recent eruptions at Coso could be several tens of thousands of
years old, and this raises the question whether the magma chamber may have
cooled and largely solidified since the last rhyolites were extruded. Several
lines of evidence suggest it has not The vo1ume of rhyohte erupted in the
latest group (<70,000 years) is greater than that of any of the earlier
groups, and the present 1nterva1 of dormancy is no 1onqer than several earlier
1nterva1s The 1atest rhyo11tes a1so show no s1gn1f1cant growth of phenocrysts,
as might be expected 1f the chamber were in a wan1ng staqe Finally, there is
no evidence that the processes u1t1mate1y respons1b1e for the development of
the silicic magmatic system--crustal extension and emp]acement of basaltic
magma into the lithosphere--have ceased or slowed. ‘Indeed, the latest basalts
are similar in age or perhaps younger than the latest rhyolites, and normal |

displacement on steep north- to northeast-trending faults continues to occur.
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GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS

Heat Flow

On the basis of 25 shallow drill holes and one of intermediate depth,
Combs (1975, 1980) outlined a heat flow anomaly whose peak is centered approxi-
mately between Sugarloaf Mountain (one of the <40,000-year-old rhyolite domes)
and the Devil's Kitchen area of fumaroles and intense argillic alteration
- (Fig. 19). The heat flow anomaly is sharply bounded on the east by the north-
northeast-trending normal faults that define the irregular eastern margin of
~the central horst of the Coso Range. Elongation of the heat flow contours
along this fault zone suggests a fault-controlled, convective component in the
heat_f]ow. The heat flow anomaly is also elongated to the west. The anomaly
shape suggests that the present heat source could be centered a few miles to
the southwest of Sugarloaf Mountain. There is also seismic evidence for a
magma west of Sugarloaf Mountain.

The depth to the heat source was estimated.by Hardee and Larson (1980)
to be about 5 km, assuming a spherical source and steady-state conductive heat
flow. This could be a minimum figure because of uncertainties introduced by
convective heat transport in the highly fractured and perTeable rock (Combs,
1980) and because the thermal system is probably not in the steady-state
condition. Most of the seismic evidence (discussed in a later section) favors

'a deeper zone of magma or partial melt.

Temperature Gradients

Recent geothermal development drilling by the California Energy Company

(CEC), under contract to the U.S. Navy,vhas been done near the center of the

heat flow anomaly. The holes have been located southward from the Devil's
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Kitchen area a distance of approximately 1.5 miles. According to R. Adams
(pers. comm., 1984) the bottom-hole temperatures beneath Nevil's Kitchen are
approximately 210°C at 500 m; temperatures of 250°C at 850 m were encountered
in a deeper well 2 km south of Devil's Kitchen. The CEC hole temperatures and
gradients have been larger than those encountered in the DOE Coso Exploration
Well (CGEH-1) (Galbraith, 1978), which was drilled 2 km north of Devil's
Kitchen but also within the zone of maximum heat flow. Temperature logs made
af ter the thermal equilibrium in the DOE well was restored indicate a maximum
temperature of about 190°C at 670 m and a negative temperature gradient below

900 m to the total depth of 1200 m.

Gravity

The gravity data give no indication of a gravity low that one might asso-
ciate with a shallow, silicic magma chamber beneath the Coso volcanic field.
However, a deep zone of partial melt producing a small density contrast
(~0.1 g/cm3) would produce a small anomaly (peak value <2 mGal) that would
be difficult to discern in the background of other density inhomogeneities

(Plouff and Isherwood, 1980).

Magnetic

Fox (1978b), Plouff and Isherwood (1980), and Roquemore (1984) have
examined high- and low-level aeromaénetiq and ground magnetic survey data
taken over the area. It is genera1}y~agregd«that most of the individual
magnetic anomalies are associated with;specific rock types mapped at the
surface, with large structural features (such as the alluvial valleys), and
with possible concealed mafic b]utons (such as those inferred both south and
north of the heat flow anomaly). There are, however, no inferences that can

be drawn relating the aeromagnetic anomalies to a magma body or heat source.
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To our knowledge there is no published information on Curie temperature depths

beneath the area.

Seismological Investigations

Earthquake Focal Depths

Seismic studies of Walter and Weaver (1980) have shown an abundance of
seismic activity of magnitude 0.5 to 3.9. During two years of seismic moni-
toring (1975 to 1977), 4216 Tocal earthquakes were located in a ZQOO-ka area
around the Coso geothermal field. Plotting the distribution of M > 1.5 earth-
quakes with respect to depth, Walter and Weaver (1980) show a sharp increase
in events from 1 to 6 km depth, and then a sharp decline in earthquake
activity at depths >8 km. The depth distribution has the same character for
earthquakes beneath the Coso volcanic field as for earthquakes occurring in
the region. For thi; reason Walter and Weaver (1980) conclude that there is
no evidence for rocks "near liquidus at shallow depth beneath the rhyolite
field." It also seems possible to state that the earthquake focal depths do
not support the presence of any significant melt fraction at depths less than
8 km,

Piotting all earthquakes located in the area along north-south and east-
west sections through the area, Walter and Weaver {1980) show that there seems
to be a definite loss of earthquake activity at depths >8 km beneath the Coso
volcanic field relative to the regional picture. This general piéture of
earthquake focal depths had earlier been reported by Combs (1975).

Focal Mechanisms and Swarms

Overall, the first-motion studies of earthquakes occurring in the area
show mechanisms consistent with north-south compression and east-west exten-

sion (Walter and Weaver, 1980). Within the geothermal area, there is mainly
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normal faulting and a small component of strike-slip motion along north-
northeast faults. The normal faulting indicated by the earthquakes is roughly
parallel to the alignment of rhyolite domes and to the alignment of surface
faults (Duffield and Bacon, 1981).

Walter and Weaver (1980) reported that four of the six earthquake swarms
monitored were within the rhyolite field, and two of those occurred directly
below Sugarloaf Mountain., Other than these earthquakes, there was no evidence
for unusual activity beneath the heat flow anomaly.

Combs (1975) reported that strain release in the Coso geothermal area
seemed to occur primarily in swarm-type sequences of nearly continuous occur-
rences of microearthquakes. On the other hand, he reported that earthquakes
outside the area exhibit the more usual mainshock-aftershock sequence.

Earthquake Magnitude Distribution

Statistically significant higth values for earthquakes were found in
the upper 5 km of the crust beneath the volcanic field relative to the
surrounding rock. This implies shorter than average fault lengths beneath
the Coso rhyolite field and, thus, more highly fractured rocks.

Attenuation Anomalies

An attenuation analysis based on 44 te]eseisms observed at one l6-station
and one 26-station arréy of geophohes wés made by Young and Ward (1980).
Performing a three-dimenéibna] {hvérsion of the differential attenuations
between each station and a reference station, Ybuhgand/ward (1980) charac-
terized the relative atténuations in threé zones beneath the Coso volcanic
field:

1. A high-attenuation zone from the surface to 5 km depth beneath most
of the Pleistocene rhyolite domes and flows. This is consistent with the

picture of water-saturated and highly fractured rocks discussed earlier.
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2. A low-attenuation zone from 5 to 12 km depth.

3. Three hfgh-attenuation zones in the depth range 12 to 20 km.
These might be related to the presence of magma. One of. these zones is
Tocated west of Sugarloaf Mountain, another beneath Coso Hot Springs.

Velocity Anomalies

The three-dimensional velocity structure under the Coso Range wés studied
using the P-wave phases of sfeep1y incident teleseismic waves. Lateral varia-
tions in the velocity structure beneath the range were determined by Reasenberg
et al. (1980) by observing the relative arrival times of the P phases across a
geophone array and by employing both ray tracing and inversion techniques to
model the P-wave delays. The compressional waves studied had wavelengths of
approximately 5 km, the geophone array was ~25 km in diameter, and the average
geophone separation was ~5 km in the center of the array.

An intense, 10w-ve1ocity‘zone was discerned in the middle crust. Ray
tracing (forward modeling) gave an interpretation of a spherical zone, radius
5 km, buried beneath Devil's Kitchen at 15 km depth. The zone has a 10% lower
velocity than the enclosing medium. However, this model is highly nonunique
and served only as a guide to the three-dimensional inversion model. Three-
dimensional inversion produced a more accurate fit to the data and revealed a
low-velocity body between 5 and 20 km deep under Devil's Kitchen. The zone is
approximately 5 km wide on top, becoming increasingly elongated in the north-
south direction and more intense with depth. A maximum velocity contrast of
8.4% was estimated at between 10 and 17.5 km depth.

Combs (1975) also reported a low Vp in the surface on the basis of
calibration shots provided by personnel of the Naval Weapons Center. The
refraction study showed a zone of essentially constant P-wave velocity

(4.75 km/s down to a depth of 5 km) underlain by é high-velocity zone
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(6.0 km/s). Analyzing the S-P times in terms of a Wadati diagram, Combs (1975)
found that the upper layer under the field is characterized by a Tow Poisson's
ratio of 0.16 instead of the more normally observed values in the 0.25 to 0.30
range. The Tow value of the Poisson'g ratio suggests fractured rocks with

steam or a two-phase fluid.

Electrical and Electromagnetic Soundings

Reconnaissance Surveys

Areas of high and low resistivity were outlined by means of a telluric
survey (Jackson and 0'Donnell, 1980). Micro;ulsation energy in the 0.02- to
0.01-Hz bandwidth was used to estimate the variation in the longitudinal con-
‘ductance, S over the area (S = H/p, where H is the thickness of conductive
rocks above basement and e is the average resistivity). Stations were
located 5 to 8 km apart. Resistivity lows were delineated over Rose Valley
and the Coso Basin. A subsidiary low was found over the Coso Hot Springs-
Devil's Kitchen area and the general area of the heat flow high. Resistivity
highs were located southwest of the rhyolite field near Volcano Peak (Fig. 18),
west of the field and in a broad arc from north to east. A1l these highs are
presumed to be caused by higher-resistivity basement rocks at or near the
surface, and there is a rough ﬁorreTation betweeﬁ tHese highs and aeromagnetic
highs. | |

A 7.5-Hz audiomagnetote]]ufié:(AMT) SUFVey’wag aiso madé in a somewhat
smaller area around the géothefmai greaJ(Jéckson ;ndiO'Donne11, 1980). Sta-
tion separations of 2 to 5 km werétéﬁp]o?edé{ahd £hé AMT resistivity pattern
agrees very well with the felluficipaftekﬁ. A prominent resistivity low
(6.3 ohm-m) was mapped in thé ea§f-¢éntra1‘bart of the rhyoiite field; the

low extends northeastward beyond Coso Hot Springs and into the valley. This



-84-

Tow is centered between Devi]'s’Kitchen and Coso Hot Springs and may be
fault-related, but no mapped faults with the same orientation occur in
the area.

The reconnaissance electrical surveyg did not find any other areas of
possible geothermal interest in the Coso Range, and the depth of exploration
was too shallow to reveal anything about resistivity conditions at mid-crustal
depths.

Electrical Surveys

Detailed dc electrical soundings were made by Furgerson (1973) and by the
USGS (Jackson and O'Donnell, 1980). Fox (1978a) reported on the results and
interpretations of several lines of dipole-dipole dc resistivity run across
the geothermal field. The dc resistivity studies better define a bedrock
resistivity low measuring 10 to 15 km2 in extent associated with the geother-
mal system. This low-resistivity zone (10 to 20 ohm-m) is presumed to be
caused by a combination of high fracture density, saline pore fluids, high
temperature, and hydrothermal alteration. The zone probably extends to
depths greater than 750 m and shows a north-south orientation at depth (Fox,
1978a).

The University of Oregon (H. Waff, pers. comm., 1984) has conducted 42
remote-reference magnetotelluric stations for CEC. The stations are located
southeast, south, west, and northwest of Sugarloaf Mountain, and many sound-
ings show pronounced splitting of the apparent resistivities in the principal
directions. This is indicative of inhomogeneous subsurface conditions, neces-
sitating a two-dimensional interpretation. Until a proper interpretation of
the data is completed, it would be very difficult and premature to offer an

assessment of the MT results.
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MEDICINE LAKE VOLCANO
SUMMARY

Arguments have been made on a variety of geological grounds that a large
silicic magma body may underlie the caldera at the summit of the Medicine Lake
Highland volcano. The existence of a shallow (<15 km and probably <10 km
deep) body of magma of uncertain size can probably be claimed with some
assurance on the basis of vesiculation of basaltic magma during mixing with a
reservoir of silicic magma prior to one of the recent rhyolite eruptions. As
a pressure-dependent process, the vesiculation provides constraint on the
depth at which mixing took place. The volume and longevity of the silicic
reservoir, however, is more difficult to evaluate. Most of the geological
evidence suggests that it, or any other shallow reservoir of silicic magma
which may be present at Medicine Lake, would be a relatively small and short-
Tived body. However, the possibility that a sizeable magma is present cannot
be ruled out, mainly because two strikingly similar rhyolite eruptions, very
close in age, are located on either side ofbthe summit caldera, 15 km apart.

In general, geophysical evidence for the existence and depth of magma
beneath the Medicine Lake vo1cdno is incoﬁc]uﬁivé. This may be due, in part,
to the fact that there have been few pubaishédAgeopHysica1 studies on this
area compared to the other areas conéide;ea in this report.

Geophysical evidence doesipoinf strbnéiy to a dense, resistive, high
velocity zone of rocks direc%]y below £he‘¢a1deraAand extending from near the
surface to depths 24 km‘be1ow the surface:v The probable cause is an assem-
blage of mafic dikes and larger plutons. The existence of high-temperature
conditions is suggested by the large number of geothermal wells being permit-

ted and drilled within the caldera by commercial geothermal developers.
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GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA

Chronology, Composition, and Magnitude of Volcanism

The Medicine Lake Highland is a broad Quaternary shield volcano, measur-
ing 25 to 50 km in diameter, depending on whose estimate one wishes to accept.
It is composed of basaltic andesite and andesite flows and tuffs that have
accumulated to a thickness of ~1 km on a dominantly volcanic, late-Tertiary
plateau (C.A. Anderson, 1941). At its summit is an 8-by-6-km, 100- to 200-m-
deep caldera that formed prior to the end of glaciation (Eichelberger, 1975).
The caldera is ringed by a rampart of mainly andesitic cones and domes con-
temporaneous with or slightly younger than the caldera. Since formation of
the caldera, volcanism has been essentially bimodal. Basalt and basaltic
andesite have erupted mainly on the flanks of the shield volcano, and rhyolite
and dacite obsidian and tephra have erupted within and near the ring of
the caldera (C.A. Anderson, 1941).

The most recent silicic eruptions include the Glass Mountain rhyolite-
dacite, the Little Glass Mountain-Crater Glass rhyolites, and the Medicine
Lake dacite, with a cumulative volume of ~1.5 km3 (Fig. 20). Organic
material associated with the flows and tephra of Glass Mountain have been
dated by 14c, yielding dates of 130 to 140 years and 1100 to 1400 years.
Heiken (1978) reviewed geochronological data in light of observed field
relations and concluded that all of the above-mentioned silicic eruptions, as
well as the most youthful basaltic eruptions on the shield's flanks, appéar to

be about the same age, perhaps all younger than 1100 years.

Structural and Tectonic Setting

The Medicine Lake volcano is located to the east of the line of High

-Cascades volcanoes on the western margin of the Basin and Range. Normal



.y

-87-

LIL T AR

[ T
LEGFND

FZ7A muvouive - vacive eLows
777 vasaLr riows wenvioneo
NoOTENT

T T %) sasaLtic ciwpem cowes

WOLOCENL DEPOSITS OVERLYING A
WELL - DEVELOPED S0IL, BELIEVED
TO #f <1100 YEARS OLD

£ -~

//cnu.mn FLOW
Treias,

-
CALDERA MM {ANDERSON,
941)

)/'AULV!. FISSURES ; BAR & DALL
ON DOWNTHROWN SIDE

o\ 272

R 7/
.4441¥/1//

<> CINDER QUTTE

REPRODUCED FROM
BEST AVAILABLE COPY

LAVA BEOS N .M.

O LITTLE MT MEDICINE @ /
PUMICE STONE // HOFFMAN \ LAKE o
TN, ~ o
Y P IS S
J
(R paint poT
W/ CRATER
é/.
° 'MIGH HOLE
CRATER
° // PR
430" o 7//BURNT LAVA FLOW
121%48°

Fig. 20. Distribution of Holocene deposits
the Medicine Lake Highland. (Directly from

121°ge’

XBL 849-3874

believed to be <1100 years old in
Heiken, 1978.)



-88-

faults trendinguabproi%mate1y<nbfth-south, including the western margin of the
Tulelake graben, cut the entire surface of the volcano (Ciancanelli, 1983),
and numerous small scarps attest to the recency of faulting (C.A. Anderson,
1941). A major northeast-trending regional lineament cuts across the volcano
near the northern rim of the caldera (Ciancanelli, 1983; Donnelly-Nolan,
1983), and northwest-trending normal faults are also present (Heiken, 1978).
Alignment of vents along faults is common in many of the young silicic
and basaltic eruptions. Most prominent is the alignment of the Little Glass
Mountain and Crater Glass flows along a northeast-trending zone that includes
open fissures up to 3 m in width and which may connect with a concentric ring
fracture system. Fink and Pollard (1983) studied this zone and concluded that
the fissures overlie silicic dikes possibly as shallow as 30 m. The vents of
the Glass Mountain flow are also aligned, in this case parallel to the north-
west-trending fault set, and much of the youngest basaltic volcanism has
occurred along normal faults of the same trend, as well as a north-south trend
(Heiken, 1978). Heiken believes that the controlling factor in the formation
of the caldera and in the eruption of the Holocene silicic rocks is the
caldera's location at the intersection of two major sets of normal faults,
one trending north-south, the other northwest. In this, as well as in other
respects (C.Af Anderson, 1941), the Medicine Lake Highland resembles Newberry

Volcano in Oregon.

Hydrothermal System

There are few surface manifestations in the Medicine Lake Highland of a
geothermal reservoir at depth. One present-day site of fumarolic activity
is the Hot Spot, located 0.5 km west of Glass Mountain, where temperatures

>80°C occur at 0.5 m depth in an area of ~1 acre (Eichelberger, 1975). Two
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relict fumaroles, within the caldera and near the northern rim, have also
been recognized on the basis of altered pumice and tuff (J.M. Donnelly-Nolan,
pers. comm., 1984).

The near-absence of surface hydrothermal manifestations may be due to
influx of large volumes of meteoric water. This would occur through a
combination of high rainfall and very high permeability of the young volcanic
rocks, resulting in thorough dilution of geothermal fluids by large aquifers,
as suggested by Mase et al. (1982). They report zero heat flow for the
Medicine Lake Highland area, although their measurements were taken on the
flanks of the volcano and may not represent locally higher heat flow in the
area of the caldera at the summit. Donnelly-Nolan (1983) suggests that hot
water from the Medicine Lake volcano may migrate northward 30 to 50 km toward
the structural low at Klamath Falls, Oregon, where a geothermal system exists

that is unrelated to any recent extrusions.

Evidence Relating to Magma Origin and Magma Chamber Presence

Geochemical studies of the Medicine Lake volcanic suite indicate that
crustal assimilation, fréctiona] crystallization, and magma mixing were all
factors in the origin of the silicic rocks. ‘Magma mixing and its possible
role in triggering eruptions have béen documented (A.T. Ahderson, 1976;
Gerlach and Grove, 1982), most notably in the case of the Glass Mountain
dacite-rhyolite flow (Eicheibergé?, 1981). "87sr/86sr and 180 data are con-
sistent with partial melting of continental crust, and depletions in Sr and
Eu are consistent with shaliow fractional crystallization (Peterman et al.,
1970; Condie and Hays]ip; 1975; Grove et al., 1982). But despite the evidence
for crustal assimilation and fractional crystallization, the recent silicic

rocks do not show evidence of prolonged evolution in a stable magma body, such
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as the extreme differentiation observed in the Coso rhyolites or in ash-
flows common at large calderas. Gerlach and Grove (1982) state that "none of
our petrologic observations allow us to infer the characteristics of or even
the existence of a magma chamber beneath Medicine Lake."

Several other arguments have been made in favor of a magma chamber as the
source of the recent obsidian and tephra eruptions. Heiken (1978) presents a
case for a small chamber centrally situated below the caldera. His argument
is based mainly on two lines of evidence: (1) the striking similarity
between Glass and Little Glass Mountains (located 15 km apart on either side
of the caldera) with respect to age, eruption sequence, major- and trace-
element compositions, and tephra characteristics, suggesting they were
erupted from the same body of magma; and (2) recent rhyolite vents and fis-
sures on the west and northeast sides of the caldera, which suggest alignment
along inward-dipping ring fractures. By analogy with the geometry of ring
fracturé systems studied in other intrusive-volcanic complexes, Heiken infers
an intersection of the ring fractures at the top of a chamber at a depth of 4
to 8 km (Fig. 21). Smith and Shaw (1975) also use the configuration of the
caldera to infer characteristics of an underlying magma chamber. They hypo-
thesize a chamber equal in area to that of the caldera (~75 km2) and, on the
basis of a very approximate relationship between chamber thickness and area
(see Introduction), infer a chamber volume of 300 km3.

There are several problems, however, with basing magma chamber models on
the size of the caldera. One problem, which Heiken recognizes, is that a
small basaltic cinder cone of Holocene age is present within the caldera
(Fig. 20), suggesting that a silicic magma body either does not exist beneath
the caldera or that it is very narrow. Another problem relates to the nature

of the caldera itself. C.A. Anderson (1941) interprets the caldera as a col-
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(a)

~ XBL 849-3875

Fig. 21. Sketch map and block diagram of cone sheets proposed as conduits for
Holocene rhyolites and dacites erupted .in the Medicine Lake Highland. (a)
Sketch map of the upper region of the Highland. L.G.M. = Little Glass Moun-
tain; G.M. = Glass Mountain; M.L.F. = Medicine Lake Flow; C.G.F. = Crater
Glass Flow. The double broken line is the location of Anderson's (1941)
buried caldera rim. Solid lines are faults; bar and ball on downthrown side.
The fault immediately east of the Crater Glass Flow is. an open fissure,
limited in extent, that may have been opened above a rhyolite dike that did
not reach the surface. (b) Block diagram, illustrating a possible cone sheet
geometry developed over a relatively small rhyolite body below the highland.
This geometry could explain the remarkable similarity of tephra and lavas at
Litt1§ Glass Mountain and Glass Mountain, located 15 km apart. (From Heiken,
1978. '
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lapse feature, and that view has found general acceptance. But the original
walls of the caldera, which would have resulted from collapse, are not visible;
Anderson attributes this to the andesitic flows along the rim, which built up
until they overran and obliterated the walls. There is, however, considerable
disagreement on whether the caldera is a collapse feature at all. Noble
(1969) believes it is, and he and others (é.g., A.T. Anderson, 1976) suggest
that its collapse may correlate with a unit known as the Andesite Tuff, the
only major ash-flow unit in the region. Mertzman (1981) disagrees, and
interprets the eruption of the Andesite Tuff as a much earlier event than the
formation of the caldera. Donnelly-Nolan (pers. comm., 1984), in recent
mapping at Medicine Lake, sees no evidence of collapse following eruption of
the Andesite Tuff. But even if the caldera formed by subsidence following
withdrawal of underlying magma, there is no evidence directly linking the
recent eruptions of rhyolite and dacite magmas to that earlier magma body.

The interpretation of the fractures controlling the alignment of rhyolite
vents on either side of the caldera is also open to dispute, given the abun-
dance of active faults cutting the volcano. For example, Donnelly-Nolan
(1983) suggests that the northeast trend of faults and fissures near Little
Glass Mountain may be related to a major regional normal fault. In the end,
perhaps the best of the arguments favoring a sizeable body of magma as the
source of the recent rhyolites is that based on the similarity of the two
widely separated Glass Mountains.

Eichelberger (1980, 1981) takes a different approach in making a case
for a high-level magma chamber. His model is derived from a detailed study
of the rhyolite-dacite eruption of Glass Mountain, which he interprets, as
have others (e.g., C.A. Anderson, 1941; A.T. Anderson, 1976), as an example

of the mixing of two magmas. Eichelberger proposes that preceding the Glass
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Mountain eruption, basaltic magma was injected into a silicic magma chamber,
and the evidence for this mixing is found in abundant basaltic xenoliths. The
observation that is central to Eichelberger's interpretation is that the
xenoliths are vesicular, despite the virtual lack of vesicularity of the
rhyolitic host rock. Although the basaltic magma was significantly denser
than the rhyolitic, its density was reduced sharply by vesiculation as it
cooled and crystallized in the cooler host magma. Blebs of basaltic magma
that separated from the main body of intruding magma were able to float upward
to form a layer of frothy basaltic xenoliths at the top of the silicic chamber.
The cause of vesicﬁ]ation in the basaltic blebs was exsolution of water from
the basaltic liquid phase when its concentration in that phase was %ncreased
drastically during crystallization; water could not diffuse out of the basal-
tic liquid, because the rate of cooling of the blebs was far greater than the
rate of diffusion of water into the rhyolite magma.

The critical variables in determining whether vesiculation and flotation
can occur during mixing are water content of the basaltic magma, and pressure.
Using the available data on ofiéina] water content of basalts, Eichelberger
estimates that to produce the observed vesiculation, the mixing must have
occurred in the range of 7 to 15 km depth, and probab}y <10 km depth. This
interpretation provides the best estimate, on purely geological grounds, of
the depth to a magma reservoir at Medicine Lake (although considerable uncer-
tainty is introduced through Tack of adequate constraints on the water content
of basaltic magma). .if is the only interpretation that is based upon a
process that is pressﬁre and depth deﬁendént.

Eichelberger goes further in his interpretation to propose that the magma
body is large as well; he cites the following evidence: (1) similar mixed erup-

tions located near Glass Mountain and elsewhere near the summit of the Highland
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suggest that intrusion of basalt into a large, long-lived chamber is a continu-
ing process; and (2) a similar mixture erupted from Mount Mazama just prior to
the climactic Crater Lake eruption, which clearly did originate from a large
shallow magma chamber. These arguments are difficult to assess, for in
neither case does Eichelberger describe in detail the eruptions to which he is
referring or in what respects they are similar to the Glass Mountain mixed
magma erﬁption. The model he proposes (Fig. 22) still relies heavily on the
geometry of the caldera in its estimate of the dimensions of the underlying
magma body; the pitfalls of this apprbach were discussed earlier. He also
neglects the presence of the aforementioned basaltic cinder cone (Fig. 20)
within the boundaries of the caldera.

An alternative view concerning magma at Medicine Lake is that any silicic
magma bodies are small, disconnected, and short lived (J.M. Donnelly-Nolan,
pers. comm., 1984). Such a view is consistent with most of the geological
and geochemical evidence and with a model that Eichelbrger (1978) proposes for
areas in which crustal extension plays a major role, as it may at Medicine
Lake. Possibly the best argument in favor of a magma body of significant size
remains the strong similarity between the widely separated Glass Mountain and
Little Glass Mountain eruptions.

One further point that runs counter to the notion of a large, high-level
magma chamber at Medicine Lake is that made by Mase et al. (1982) on the
basis of heat-flow measurements, referred to earlier. They suggest that large
volumes of cold water circu]ating at depth within the volcanic pile may have
“serious implications for the development and thermal longevity of 'shallow'
crustal magma chambers. In‘such an environment, the enhancement of cooling
by convective over conductive heat loss will have a profound effect on the

cooling rate of the magma chamber...." Their views conflict, however, with
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Fig. 22. A north-south cross section through the center of the Medicine Lake
Highland volcano, with major features projected onto the profile. Vertical
exaggeration of surface topography is 2X. Silicic magma chamber is shown at
depth discussed in text and intermediate in siZe®betweeen the minimum case, a
small body at intersection of cone sheet caldera fractures (Heiken, 1978), and
the maximum possible extent marked by position of flanking mafic vents. (From
Eichelberger, 1981.)
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those of Smith and Shaw (1978), who state that "calculated times for solidifi-
cation of magma by either conduction or magma convection models are affected
negligibly by the presence and amount of water in the surroundings," and that
water "cannot ... greatly influence the interior cooling regimes that govern

the overall duration of magmatic crystallization."
GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS

Heat Flow and Subsurface Temperatures

Accurate estimates of temperature gradient and heat flow have been
difficult to obtain in many parts of the Cascade Range because of the cold-
water, or "hydraulic," masking effect that exists to depths of 300 m. This is
generally, and probably correctly, attributed to the high rates of infiltra-
tion and percolation by rainfall and snowmelt (e.g., Black et al., 1982).

This effect also explains why the Medicine Lake Highland and the Quaternary
volcanic field northeast of Mount Lassen are depicted as areas of zero heat
flow (Mase et al., 1982). Below the cold water surface layer the subsurface
temperatures are likely to be similar to those encountered by deep holes in
other areas of the Cascades. For example, a bottom-hole temperature of 265°C
at 932 m was recorded in the Newberry 2 well (Sammel, 1981, 1983). On the
basis of their heat flow studies in the Cascades, Blackwell and Steele (1983)
argue that it is not inconceivable to expect temperatures of about 800°C and
partial melt at 10 km depth.

Exploration and temperature-gradient drilling is currently in progress at
the Medicine Lake volcano by several geothermal developers. Union Geothermal
is the operator of a unit agreement that includes Union, Occidental, and
Phillips. Republic Geothermal and California Energy are also active in the

area. To date, several wells have been completed, two to at least 4000 ft.
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Approximately another 40 wells have been permitted or are in the process of
being drilled. One has a planned depth of 8000 ft. According to a BLM verbal
communication, all of the wells are located within a 3-mile radius of Medicine
Lake and within the boundary of the caldera. Exact hole locations, depths,

and temperature data have not been made public.

Gravity

The Bougper gravity map of the Alturas sheet (Chapman and Bishop, 1968)
shows a posif{ye anomaly associated with the Medicine Lake volcano. The gravity
high occurs within a large (60-mile diameter), roughly circular gravity low
caused in part by low-density volcanic rocks (LaFehr, 1965). The low may also
be partially related to subsidence (Blakely et al., 1983). After separating the
Medicine Lake gravity high from the regional field and the field from a nearby
interfering gravity high, Finn and Williams (1982) interpreted the 27-mGal
Medicine Lake residual anomaly as a dense zone consisting of mafic plutons and
dikes extending from 1.5 to 4.0 km below the caldera. The roughly cylindrical
anomaly has a diameter of 9 km at its top, expanding to a 20-by-36-km ellipse
at its base. There is no evidence in the gravity data to suspect a low-
density silicic chamber below the caldera. The maximum gravity low from a
small felsic chamber at a dépth of 6 to 10 km would be <2 mGal, and thus it

would be obscured by the larger shallow effects.

Aeromagnetic Studies

Although interpretation and analysis of the aeromagnetic data are not
complete, Blakely et al. (1983) réport_that_the Medicine Lake volcano occurs
in an area of a broad magnetic low. This they feel may indicate a shallowing
of the Curie-point depth. Connard et al. (1983) found Curie-point depths as

shallow as 9 km beneath parts of the central Oregon Cascades, between Crater
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Lake and Three Sisters. While that study has little direct bearing on the
Medicine Lake caldera area, it is mentioned because the Curie-point depth
implies temperature gradients of >60°C/km and heat flow >100 mW/m2. These
~values are consistent wfth gradient and heat flow in the California Cascades
(Mase et al., 1982) and in various wells around Mount Hood, Oregon (Priest and

Vogt, 1983).

. Seismo1ogica1 Investigations

";Catchings et al. (1983) reported on a seismic refraction experiment

' -they conducted to investigate the deep structure beneath and adjacent to the
‘Medicine Lake volcano. The shape of the conical, high-velocity body

 '(6.1 km/s) is consistent with the gravity interpretation.

Differences in crustal structure around the caldera are attributed to
variations in flow thicknesses due to fault offsets of up to 5 km. A promi-
nent reflector was observed at 21 km depth beneath and southeast of the
volcano. It could not be determined whether the reflector was caused by a
pontiye or a negative impedance contrast. The former could be interpreted as
local doming of the mantle. The latter might "imply a magma chamber.

';”Amp1itude attenuation patterns suggest that there may be partial melt

béibw the volcano from the near surface down to the 21-km depth reflector.

Electrical and Electromagnetic

_JLRegional Surveys

-Stdn]ey (1982, 1984) reported on the results of 10 regional magnetotel-
.Idr{c*(MT) profiles conducted at widely spaced stations along east-west lines
 ?éckoss the California, Oregon, and Washington Cascades. Line number 1 passed
?fhrough the Medicine Lake Highland. On that line, MT sounding station 1-3 was

16Cated near Fourmile Hill, 10 km north of Medicine Lake and on pre-caldera
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olivine andesite (Anderson, 1941). A one-dimensional inversion of an average
of the two apparent resistivity curves rotated to the principal directions
(Table 2) gave no indication of a conductor that one might associate with a
partial melt within 10 km of the surface. The low-resistivity second layer is

probably Tertiary volcanics.

Table 2. MT resistivity layering, Medicine Lake (Station 1-3) (after Stanley,

1982).
Layer Resistivity Depth to layer bottom
(ohm-m) (km)
1 >100 .3
2 7.1 1.7
3 216. 17.5
4 7.4 infinite

Table 3. TDEM resistivity layering, Medicine Lake (Station 8) (after Anderson
et al., 1983).

Layer Resistivity Depth to layer bottom
(ohm-m) (km)
1 1630 0.6
2 42 0.8
3 15 0.9
4 17 undetermined

dc Resistivity Surveys

Zohdy and Bisdorf (1982) conducfed 50 Schlumberger soundings in the
Medicine Lake area as part of the USGS geothermal research program. One of
their stations (station 37) was close to Stanley's (1982) MT station 1-3.
MT and dc resistivity compare reasonably well, although the dc resistivity
soundings have much less depth of investigation. As part of the same USGS

program, Anderson et al. (1983) conducted time-domain EM soundings using both
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single and central loop configurations with a SIROTEM MKII instrument.
Table 3 shows the result of a one-dimensional data inversion at a station
close to Stanley's MT station 1-3. The major point of difference is that
TDEM seems to reveal a thicker first layer.

So that we could examine the results of the dc resistivity and TDEM
inversions in cross section, we plotted the results for several soundings in a
N85°E alignment passing through Medicine Lake (Fig. 23). The eastern end of
the line is at a point south of Glass Mountain. The two techniques show
various differences in layer thicknesses and layer resistivities that will
not be discussed in this report. The major similarities are a resistive
first layer, grading down to a conductive second layer at a depth of around
500 m. Notice that the conductor is best resolved close to Medicine Lake, but
the region immediately below the lake appears to be resistive. The conductive
second layer does not extend below 1 km depth anywhere except at Schlumberger
sounding 2. From the figure one could infer a resistive plug beneath the lake,
with zones of fractured rock and possible hydrothermal circulation flanking
the plug. The resistivity cross section seems consistent with the gravity
interpretation given by Finn and Williams (1982) and with the seismic refrac-

tion interpretation of Catchings et al. (1983).



)

West Medicine Lok East
o2 9 8L9 7 L7 g oo 204 16L6 a7 48
2000 ST e T N WL T
300 1000 2,000 o005 / \ 1,000 = ' 400
- - ; - ~009180 1\ - R e T
- 000 150
! 10,00 L <200, 000, eo  / . ,5‘5”_2 >100 ]
- ' 00 =< . \ 338 - -
X 500 /’-go/ R 2 % / ) 150 A
~ soof % - et = ag ]
E P . .* ?. 80
£ |- -~ o T 12 100 1
Q 1
[ - 500 .~ b 9 >4.000 h —
e - S { =
- 40 5 - 2 1
|'OOO = I30 - g - ]
X >10,000 10 & - 150
677
9  Schlumberger DC resistivity sounding { projected to section) Horizontal scale
L9 Loop location for SIROTEM TDEM sounding (projected to section) 0 ) 2 3km
——— Boundary of resistive first-layer over conductive second - layer rocks C d 4 ]
based on DC resistivity soundings
see«++ Boundary based on TDEM soundings
XBL 848-9854

Fig. 23.
and time domain EM soundings (values in ohm-m).

Resistivity cross section through Medicine Lake based on dc resistivity



-102-

ACKNOWLEDGMENT

This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Renewable Technology, Division of Geothermal and
Hydropower Technologies of the U.S. Department of Energy, through Sandia
National Laboratories Purchase Order No. 58-5958, under Contract No.

DE-AC03-76SF00098.



-

-103-jc4 -

BIBLIOGRAPHY AND REFERENCES






-

-105-

SALTON SEA-IMPERIAL VALLEY

Babcock, E.A., 1971. Detection of active faulting using oblique infrared
aerial photography in the Imperial Valley of California. Geol. Soc. Am.
Bull., v. 82, pp. 3189-3196.

Biehler, S., 1971. Gravity studies in the Imperial Valley. In Cooperative
Geological-Geophysical Investigations of Geothermal Resources in the
Imperial Valley Area of California. Univ. of Calif., Riverside,
14-06-300-2194, pp. 29-42.

Biehler, S. and Combs, J., 1972. Correlation of gravity and geothermal
anomalies in the Imperial Valley, southern California (abstr.). Geol.
Soc. Am. Abstr. Progs., v. 4, pp. 128.

Biehler, S., Kovach, R.L., and Allen, C.R., 1964. Geophysical framework of
northern end of Gulf of California.structural province. Am. Assoc.
Petr. Geol. Mem. 3, pp. 126-143.

Browne, P.R.L., 1977. Occurrences and hydrothermal alteration of diabase,
Heber geothermal field, Imperial Valley, California. Univ. of Calif.,
Riverside, Inst. Geoph. Plan. Sci. Publ. UCR/IGPP-77/9, 70 pp.

Combs, J. and Hadley, D., 1977. Microearthquake investigation of the Mesa
Geothermal Anomaly, Imperial Valley, California. Geophysics, v. 42,
pp. 17-33.

Coplen, T.B. and Kolesar, P., 1974. Investigation of the Dunes Geothermal
Anomaly, Imperial Valley, California: I. Geochemistry of geothermal
fluids. Univ. of Calif., Riverside, Inst. Geoph. Plan. Phys. Rept.
IGPP-UCR-74-18, 21 pp.

Coplen, T.B., Combs, J., Elders, W.A., Rex, R.W., and Burckhalter, G., 1973.
Investigation of the Dunes Thermal Anomaly, Imperial Valley, California:
Preliminary findings. Univ. of Calif., Riverside, Inst. Geoph. Plan.
Phys. Rept. IGPP-UCR-73-7, 48 pp.

de Boer, J., 1978. Paleomagnetism of the Quaternary Cerro Prieto Crater
Elegante, and Salton Buttes volcanic domes in the northern part of the
Gulf of California rhombochasm. Baja California, Mexico, Comisibn
Federal de Electricidad, Mexicali, pp. 91-98.

Elders, W.A., 1979. The geological background of the geothermal fields of
the Salton Trough. In W.A. Elders, ed., Geology and Geothermics of the
Salton Trough. Univ. of Calif., Riverside, pp. 1-19.

Elders, W.A. and Biehler, S., 1975. Gulf of California rift system and its
implications for the tectonics of western North America. Geology, v. 3,
pp. 85-87.

Elders, W.A. and Cohen, L.H., 1983. The Salton Sea geothermal field, Califor-
nia, as a near-field natural analog of a radioactive waste repository
in salt. Office of Nuclear Waste Isolation Rept. BMI/ONWI-513, 138 pp.



-106-

SALTON SEA-IMPERIAL VALLEY

Elders, W.A., Rex, R.W., Meidav, T., Robinson, P.T., and Biehler, S., 1972.
Crustal spreading in southern California. Science, v. 178, pp. 15-24,

Elders, W.A., Hoagland, J.R., McDowell, S.D., and Cobo R., J.M., 1979. Hydro-
thermal mineral zones in the geothermal reservoir of Cerro Prieto. In
Guidebook--Geology and Geothermics of the Salton Trough. Univ. of.
Calif., Riverside, Museum Contr. No. 5, pp. 36-43.

Elders, W.A., Bird, D.K., Williams, A.E., and Schiffman, P., 1984. Hydro-
thermal flow regime and magmatic heat source of the Cerro Prieto
geothermal system, Baja California, Mexico. Geothermics, v. 13,
pp. 27-47.

Fonseca L., H.L., and Razo M., A., 1979. Gravity, magnetics and seismic
reflection studies at the Cerro Prieto Geothermal Field. In Proc. Second
Symp. Cerro Prieto, Comisidn Federal de Electricidad, Mexicali,
pp. 303-328.

Friedman, I. and Obradovich, J., 1981. Obsidian hydration dating of volcanic
events. Quaternary Res., v. 16, pp. 37-47.

Frith, R.B., 1978. A seismic refraction 1nve§tigation of the Salton Sea
geothermal area, Imperial Valley, California. M.S. Thesis, Univ. of
Calif., Riverside, 94 pp.

Fuis, G.S., Mooney, W.D., Healy, J.H., McMechan, G.A., and Lutter, W.J., 1982.
Seismic refraction studies of the Imperial Valley region, California--
Profile models, a travel time contour map and a gravity model. U.S.
Geol. Survey Open-File Rept. 81-270.

Gamble, T.D., Goubau, W.M., Goldstein, N.E., Miracky, R., Starke, M., and
Clarke, J., 1981. Magnetotelluric studies at Cerro Prieto. Geothermics,
v. 10, n. 3/4, pp. 169-182.

Gilpin, B. and Lee, T.-C., 1978. A microearthquake study in the Salton Sea
geothermal area, California. Bull. Seis. Soc. Am., v. 68, pp. 441-450.

Goldstein, N.E., Wilt, M.J., and Corrigan, D.J., 1984. Analysis of the Nuevo
Lebn magnetic anomaly and its possible relation to the Cerro Prieto
magmatic-hydrothermal system. Geothermics, v. 13, n. 1/2, pp. 3-11.

Goupillaud, P.L. and McEuen, R.B., 1983. Geophysical indications of shallow
magma in Imperial Valley, California. Sandia National Laboratories Rept.
SAND 83-7117, 24 pp.

Griscom, A. and Muffler, L.J.P., 1971. Salton Sea aeromagnetic map. U.S.
Geol. Survey Map GP-754, Washington, D.C.

Hallof, P.G. and Bell, B.S., (no date). Memorandum on the dipole-dipole
resistivity results over the East Mesa geothermal anomaly, Imperial
Valley, California. McPhar Geophysics, Toronto, Internal Report.



v§

-107-

SALTON SEA-IMPERIAL VALLEY

Harthill, N., 1978. A quadripole resistivity survey of the Imperial Valley,
California. Geophysics, v. 43, pp. 1485-1500.

Hil1l, D.P., Mowinckel, P., and Peake, L.G., 1975. Earthquakes, active
faults, and geothermal areas in the Imperial Valley, California.
Science, v. 188, pp. 1306-1308.

Humphreys, E.D., 1978. Telluric sounding and mapping in the vicinity of the
Salton Sea geothermal area, Imperial Valley, California. M.S. Thesis,
Univ. of Calif., Riverside, UCR/IGPP-78/17, 116 pp.

Johnson, L. and Hill, D.P., 1982. Seismicity in the Imperial Valley. U.S.
Geol. Survey Prof. Pap. 1254, pp. 15-24.

Kam, M.N.S., 1980. Determination of Curie isotherm from aeromagnetic data in
the Imperial Valley, California. M.S. Thesis, Univ. of Calif., River-
side, UCR-IGPP-80/4, 110 pp.

Kasameyer, P.W., 1976. Preliminary interpretation of resistivity and seismic
refraction data from the Salton Sea geothermal field. Lawrence Livermore
National Laboratory Rept. UCRL-52115.

Kasameyer, P., 1980. Comparative assessment of five potential sites for
magma-hydrothermal systems: Geophysics. Lawrence Livermore National
Laboratory Rept. UCRL-52980, 52 pp.

Kelley, V.C. and Soske, J.L., 1936. Origin of the Salton volcanic domes,
Salton Sea, California. Jour. Geol., v. 44, pp. 496-509.

Keskinen, M, and Sternfeld, J., 1982. Hydrothermal alteration and tectonic
setting of intrusive rocks from East Brawley, Imperial Valley: An
application of petrology to geothermal reservoir analysis. In Proc.
Eighth Workshop Geoth. Res. Eng., Stanford Univ., SGP-TR-60, pp. 39-43.

Lee, T.-C., 1977. On shallow-hole temperature measurements--A test study
in the Salton Sea geothermal field. Geophysics, v. 42, pp. 572-583.

Lee, T.-C. and Cohen, L.H., 1979. 'OhShore and offshore measurements of
temperature gradients in the Salton Sea geothermal area, California.
Geophysics, v. 44, pp. 206-215.

Lippmann, M.J., Go]dstéin, N.E., Halfman, S.E., and Witherspoon, P.A., 1984,
Exploration and development of the Cerro Prieto geothermal field. Soc.
Petr. Eng. Pap. SPE 12098, Lawrence Berkeley Laboratory Rept. LBL-15594,

17 pp.

Lomnitz, L., Mooser, F., Allen, L., Brune, J.N., and Thatcher, W., 1970.
Seismicity and tectonics of the northern Gulf of California region,
Mexico--Preliminary results. Geofisica Internacional, v. 10, pp. 37-40.



-108-

SALTON SEA-IMPERIAL VALLEY

Macdonald, K.C. and Fox, P.J., 1983. Overlapping spreading centres: New
accretion geometry on the East Pacific Rise. Nature, v. 302, pp. 55-58.

Mann, P., Hempton, M.R., Bradley, D.C., and Burke, K., 1983. Development of
pull-apart basins. Jour. Geol., v. 91, pp. 529-554.

Martin, R.F. and Piwinskii, A.J., 1972. Magmatism and tectonic settings.
Jour. Geoph. Res., v. 77, pp. 4966-4975.

McDowell, S.D., and Elders, W.A., 1980. Authigenic layer silicate minerals
in borehole Elmore 1, Salton Sea geothermal field, California, U.S.A.
Contr. Min. Petr., v. 74, pp. 293-310.

Meidav, T., 1970. Application of electrical resistivity and gravimetry in
deep geothermal exploration. U.N. Symp. on the Devel. and Util. of
Geoth. Res., Pisa (Geothermics Spec. Issue 2), v. 2, pt. 1, p. 303.

Meidav, T. and Furgerson, R., 1972. Resistivity studies of the Imperial
Valley geothermal area, California. Geothermics, v. 1, pp. 47-62.

Meidav, T., West, R., Katzenstein, A., and Rotstein, Y., 1976. An electrical
resistivity survey of the Salton Sea geothermal field, Imperial Valley,
California. Lawrence Livermore Laboratory Rept. UCRL-13690, v. 1-2.

Muffler, L.J.P. and White, D.E., 1969. Active metamorphism of upper Cenozoic
sediments in the Salton Sea geothermal field and the Salton Trough,
southeastern California. Geol. Soc. Am. Bull., v. 80, pp. 157-182.

Palmer, T.D., 1975. Characteristics of geothermal wells located in the Salton
Sea geothermal field, Imperial County, California. Lawrence Livermore
National Laboratory Rept. UCRL-51976.

Randall, W., 1974. An analysis of the subsurface structure and stratigraphy
of the Salton Sea geothermal anomaly, Imperial Valley, California.
Ph.D. Thesis, Univ. of Calif., Riverside.

Rex, R.W., 1983. The origin of the brines of the Imperial Valley, California.
Geoth. Res. Counc. Trans., v. 7, pp. 321-324.

Reyes, A. and Razo, A., 1979. Estudios de microtectdénica y de anomalias de
potencial en el campo geotérmico de Cerro Prieto. Proc. Second Symp.
Cerro Prieto, Comisidbn Federal de Electricidad, Mexicali, pp. 374-389.

Riney, T.D., Pritchett, J.W., Rice, L.F., and Garg, S.K., 1979. A preliminary
model of the East Mesa hydrothermal system. In Proc. Fifth Workshop
Geoth. Res. Eng., Stanford Univ., SGP-TR-40, pp. 189-196.

Robinson, P.T., Elders, W.A., and Muffler, L.J.P., 1976. Quaternary volcanism
in the Salton Sea geothermal field, Imperial Valley, California. Geol.
Soc. Am. Bull., v. 87, pp. 347-360.



SALTON SEA-IMPERIAL VALLEY

Savino, J.M., Rodi, W.L., Goff, R.C., Jordan, T.H., Alexander, J.H., and
Lambert, D.G., 1977. Inversion of combined geophysical data for deter-
mination of structure beneath the Imperial Valley geothermal region.
Systems, Science, and Software Final Rept., SSS-R-78-3412, 82 pp.

Schnapp, M. and Fuis, G., 1977. Preliminary catalog of earthquakes in the
northern Imperial Valley, October 1, 1976 to December 31, 1976. U.S.
Geol. Survey Seis. Lab.

Smith, R.L. and Shaw, H.R., 1975. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83.

Tewhey, J.D., 1977. Geologic characteristics of a portion of the Salton Sea
geothermal field. Lawrence Livermore Laboratory Rept. UCRL-52267, 51 pp.

Thatcher, W., Brune, J.N., and Clay, D.N., 1971. Seismic evidence on the
crustal structure of the Imperial Valley region (abstr.). Geol. Soc.
Am. Abstr. Progs., v. 3, p. 208.

The Experiments Panel, 1984. Proposed scientific activities for the Salton
Sea Scientific Drilling Project. Lawrence Berkeley Laboratory Rept.
LBL-17716, 132 pp.

Yoder, H.S., Jr., 1973. Contemporaneous basaltic and rhyolitic magmas. Am.
Min., v. 58, pp. 153-171.

Younker, L.W., Kasameyer, P.W., and Tewhey, J.D., 1982. Geological, geophys-
ical, and thermal characteristics of the Salton Sea geothermal field,
California. Jour. Volc. Geoth. Res., v. 12, pp. 221-258.

Zhou, Hua-Wei, 1984. Prismatic method in solving the gravitational potential,
with applications at Cerro Prieto geothermal field, northern Mexico.
M.S. Thesis, Calif. State Univ., Long Beach, 82 pp.



EY




*t

-111-

LONG VALLEY

Abers, G., 1984. The subsurface structure of Long Valley caldera, Mono County, .
California: A preliminary synthesis of gravity, seismic and drilling
information. Jour. Geoph. Res., in press.

Aki, K., 1984. Evidence for magma intrusion during the Mammoth Lakes earth-
quakes of May, 1980 and implications of the absence of volcanic (harmonic)
tremor. Jour. Geoph. Res., v. 89, pp. 7689-7696.

Archuleta, R.J., Cranswick, E., Mueller, C., and Spudich, P., 1982. Source
parameters of the 1980 Mammoth Lakes, California, earthquake sequence.
Jour. Geoph. Res., v. 87, pp. 4595-4608.

Bailey, R.A., 1980. Structural and petrologic evolution of the Long Valley,
Mono Craters, and Mono Lake volcanic complexes, eastern California.
Eos, Trans., Am. Geoph. Union, v. 61, p. 1149,

Bailey, R.A., 1983. Postcaldera evolution of the Long Valley magma chamber,
eastern California (abstr.). Eos, Trans., Am. Geoph. Union, v. 64,

p. 889.

Bailey, R.A. and Koeppen, R.P., 1977. Preliminary geologic map Long Valley
caldera, Mono County, California. U.S. Geol. Survey Open-File Map
77-468.

Bailey, R.A., Dalrymple, G.B., and Lanphere, M.A., 1976. Volcanism, struc-
ture, and geochronology of Long Valley caldera, Mono County, California.
Jour. Geoph. Res., v. 81, pp. 725-744.

Blackwell, D.D., 1984. A model of the geothermal system of the Long Valley
caldera, California. In D.P. Hill, Ryall, A.S., and Bailey, R.A., eds.,
Active Tectonic and Magmatic Processes Beneath Long Valley Caldera,
Eastern California. U.S. Geol. Survey Open-File Rept. 84-939,

Castle, R.0., Estrem, J.E., and'Savage, J.C., 1984. Uplift across Long Valley
caldera, California. Jour. Geoph. Res., v. 89, pp. 11,507-11,516.

Clark, M.M, and Yount, J.C., 1981. -Surface faulting along the Hilton Creek
fault associated with the Mammoth Lakes, California earthquakes of May,
1980. Earthquake Notes, v. 52, p. 45.

Cockerham, R. and Savage, J., 1983. . Earthquake swarm in Long Valley, Calif-
ornia, January 1983 (abstr.). Eos, Trans., Am. Geoph. Union, v. 64,
p. 890. .

Cramer, C.H. and Toppozada, T.R., 1980. A seismological study of the May
1980 and earlier earthquake activity near Mammoth Lake, California.
In R.W. Sherburne, ed., Mammoth Lakes, California, Earthquakes of May
1980. Calif. Div. Mines Geol. Spec. Rept. 150, pp. 91-130.



-112-

LONG VALLEY

-Dalrymple, G.B., 1967. Potassium-argon ages of Recent rhyolites of the Mono
and Inyo Craters, California. Earth Planet. Sci. Lett., v. 3,
pp. 289-298.

Emerson, D. and Eichelberger, J., 1980. Geology of the Long Valley caldera,
California. In F. Goff and A.C. Waters, eds., Continental Scientific
Drilling Program Thermal Regimes, Comparative Assessment Geology of
Five Magma-Hydrothermal Systems. Los Alamos National Laboratory Rept.
LA-8550-0BES, pp. 29-35.

Fournier, R.0., Sorey, M.L., Mariner, R.H., and Truesdell, A.H., 1976.
Geochemical prediction of aquifer temperatures in the geothermal system
at Long Valley, California. U.S. Geol. Survey Open-File Rept. 76-469,
34 pp.

Fournier, R.0., Sorey, M.L., Mariner, R.H., and Truesdell, A.H., 1979. Chemical
and isotopic prediction of aquifer temperatures in the geothermal system
at Long Valley, California. Jour. Volc. Geoth. Res., v. 5, pp. 17-34.

Gambill, D.T., 1981. Preliminary Hot Dry Rock geothermal evaluation of Long
Valley caldera, California. Los Alamos National Laboratory Rept.
LA-8710-HDR, 22 pp.

Geot imes, 1982a. Earthquake swarm in Long Valley caldera, California. Geo-
times, v. 27, n. 8, p. 28.

Geotimes, 1982b. Earthquake swarm in Long Valley caldera, California. Geo-
times, v. 27, n. 9, p. 28.

Gilbert, C.M., 1941. Late Tertiary geology southeast of Mono Lake, Califor-
nia. Geol. Soc. Am. Bull., v. 52, pp. 781-816.

Gilbert, C.M,, Christensen, M.N., Al-Rawi, Y., and Lajoie, K.R., 1968. Struc-
tural and volcanic history of Mono Basin, California-Nevada. Geol. Soc.
Am. Mem. 116, pp. 275-329.

Goldstein, N.E., ed., 1984. Proceedings of the workshop on geophysical
modeling of the Long Valley caldera. Lawrence Berkeley Laboratory Rept.
LBL-18106, 90 pp.

Hermance, J.F., 1983. The Long Valley/Mono Basin volcanic complex in
eastern California: Status of present knowledge and future research
needs. Rev. Geoph. Space Phys., v. 21, pp. 1545-1565.

Hermance, J.F., Slocum, W., and Neumann, G.A., 1983. The Long Valley/Mono
Basin volcanic complex: Status of present magnetotelluric investiga-
tions (abstr.). Eos, Trans., Am. Geoph. Union, v. 64, p. 890.



»

-113-

LONG VALLEY

Hermance, J.F., Slocum, W.M., and Neumann, G.A., 1984. The Long Valley/Mono
Basin volcanic complex: A preliminary magnetotelluric and magnetic
variation interpretation. Jour. Geoph. Res., v. 89, pp. 8325-8338.

Hildreth, W., 1979. The Bishop Tuff: Evidence for the origin of compositional
zoning in silicic magma chambers. Geol. Soc. Am. Spec. Pap. 180, pp. 43-75.

Hildreth, W. and Spera, F., 1974. Magma chamber of the Bishop Tuff: Gra-
dients in T, Ptotals “and PHo0 (abstr ). Geol. Soc. Am. Abstr. Prog.,
v. 6, p. 95.

Hill, D.P., 1976. Structure of Long Valley caldera, California, from a
seismic refraction experiment. Jour. Geoph. Res., v. 81, pp. 745-753.

Hinkle, M.E. and Kilburn, J.E., 1980. Survey of helium in soil gases of Long
Valley, California. U.S. Geol. Survey Open-File Rept. 80-612.

Hoover, D.B., Frischknecht, F.C., and Tippens, C.L., 1976. Audiomagnetotel-
luric sounding as a reconnaissance exploration technique in Long Valley,
California. Jour. Geoph. Res., v. 81, pp. 801-809.

Huber, N.K. and Rinehart, C.D., 1967. Cenozoic volcanic rocks of the Devil's
Postpile quadrangle, eastern Sierra Nevada, California. U.S. Geol.
Survey Prof. Pap. 554-D, 21 pp.

Julian, B.R., 1983. Evidence for dike intrusion earthquake mechanisms near
Long Valley caldera, California. Nature, v. 303, p. 323.

Julian, B.R. and Sipkin, S.A., 1983. Earthquake processes in the Long Valley
caldera area, California {(abstr.). Eos, Trans., Am. Geoph. Union, v. 64,
p. 890.

Kane, M.F., Mabey, D.R., and Brace, R.L., 1976.‘ A gravity and magnetic
investigation of the Long Valley caldera, Mono County, California.
Jour. Geoph. Res., v. 81, pp. 754-762.

Kasameyer, P., 1980. Comparative asséssment of five potential éites for
magma-hydrothermal systems: Geophysics. Lawrence Livermore National
Laboratory Rept. UCRL-52980, 52 pp.

Kilbourne, R.T. Chesterman, C.MW., and WOod S H , 1980. Recent volcanism
in the Mono Basin-Long Valley region of Mono County, Catifornia. In
R.W. Sherburne, ed., Mammoth Lakes, California, Earthquakes of May 1980.
Calif. Div. Mines Geo] Spec. Rept. 150, pp. 7-22.

Kissling, E., Cockerham, R.S., and'E11sworth, W.L., 1983. Structure of the
Long Valley caldera region as interpreted from seismic data (abstr.).
Eos, Trans., Am. Geoph. Union, v. 64, p. 890.



-114-

LONG VALLEY

Kistler, R.W., 1966. Structure and metamorphism in the Mono Craters quad-
rangle, Sierra Nevada, California. U.S. Geol. Survey Bull. 1221-E,
pp. 1-52.

Koeppen, R.P., 1983. Petrochemical evolution of Mammoth Moﬁntain, Long
Valley caldera, eastern California (abstr.). Eos, Trans. Am. Geoph.
Union, v. 64, p. 889.

Lachenbruch, A.H., Sorey, M.L., Lewis, R.E., and Sass, J.H., 1976a. The
near-surface hydrothermal regime of Long Valley caldera. Jour. Geoph.
Res., v. 81, pp. 763-768.

Lachenbruch, A.H., Sass, J.H., Munroe, R.J., and Moses, T.H., 1976b. Geother-
mal setting and simple heat conduction models for the Long Valley caldera.
Jour. Geoph. Res., v. 81, pp. 769-784.

Lide, C.S. and Ryall, A.S., 1984. Relationship between aftershock locations
and mechanisms of the May 1980 Mammoth Lakes earthguakes. In D.P. Hill,
Ryall, A.S., and Bailey, R.A., eds., Active Tectonic and Magmatic
Processes Beneath Long Valley Caldera, Eastern.California. U.S. Geol.
Survey Open-File Rept. 84-939.

Lienert, B.R. and Bennett, D.J., 1977. High electrical conductivities in the
lower crust of the northwestern Basin and Range: An application of
inverse theory to a controlled-source deep-magnetic-sounding experiment.
Am. Geoph. Union, Geoph. Monogr. 20, pp. 531-552.

Luetgert, J.H. and Mooney, W.D., 1983. Earthquake profiles across Long
Valley, California (abstr.). Eos, Trans., Am. Geoph. Union, v. 64,
p. 890.

Luetgert, J. and Mooney, W.D., 1984. Crustal refraction profile of the Long
Valley caldera, California, from the January 1983 Mammoth Lakes earth-
quake swarms. Bull. Seis. Soc. Am., in press.

Luth, W.C. and Hardee, H.C., 1980. Comparative assessment of five potential
sites for hydrothermal-magma systems: Summary. U.S. DOE Rept. DOE/TIC
11303, 51 pp.

Mariner, R.H. and Willey, L.M., 1976. Geochemistry of thermal waters in Long
Valley, Mono County, California. Jour. Geoph. Res., v. 81, pp. 792-800.

McGee, K.A., Sutton, A.J., Sato, M., and Casadevall, T.J., 1983. Correlation
of hydrogen gas emissions and seismic activity at Long Valley caldera,
California (abstr.). Eos, Trans., Am. Geoph. Union, v. 64, p. 891.

Meador, P.J. and Hill, D.P., 1983. Data report of the August 1982 seismic-
refraction experiment in the Mono Craters-Long Valley region, California.
U.S. Geol. Survey Open-File Rept. 83-708.



o)

-115-

LONG VALLEY

Miller, C.D., 1983. Chronology of Holocene eruptions at the Inyo volcanic
chain, California (abstr.). Eos, Trans., Am. Geoph. Union, v. 64,
p. 900.

Miller, C.D., Mullineaux, D.R., Crandell, D.R., and Bailey, R.A., 1982.
Potential hazards from future volcanic eruptions in the Long Valley-Mono
Lake area, east central California and southwest Nevada--A preliminary
assessment. U.S. Geol. Survey Circ. 877, 10 pp.

Morrison, H.F., Goldstein, N.E., Wilt, M.J., Lee, K.H., and Turnross, J.L.,
1983. Controlled-source electromagnetic soundings at the Long Valley
caldera, California (abstr.). Eos, Trans., Am. Geoph. Union, v. 64,
p. 890.

Muffler, L.P.J. and Williams, D.L., 1976. Geothermal investigations of the
U.S. Geological Survey in Long Valley, California, 1972-1973. Jour.
Geoph. Res., v. 81, pp. 721-724.

Noble, D.C., Korringa, M.K., Hedge, C.E., and Riddle, G.0., 1972. Highly
differentiated subalkaline rhyolite from Glass Mountain, Mono County,
California. Geol. Soc. Am. Bull., v. 83, pp. 1179-1184.

Pakiser, L.C., 1961. Gravity and volcanism and crustal deformation in Long
Valley, California. U.S. Geol. Survey Prof. Pap. 424-B, pp. B250-B253.

Pakiser, L.C., 1976. Seismic exploration of Mono Basin, California. Jour.
Geoph. Res., v. 81, pp. 3607-3618.

Pakiser, L.C., Press, F., and Kane, M.F., 1960. Geophysical investigation of
Mono Basin, California. Geol. Soc. Am. Bull., v. 71, pp. 415-447.

pakiser, L.C., Kane, M.F., and Jackson, W.H., 1964. Structural geology and
volcanism of Owens Valley region, California--A geophysical study.
U.S. Geol. Survey Prof. Pap. 438, pp. 1-68.

Peterson, J.E., Jdr., Majer, E.L., and McEvilly, T.V., 1983. Mammoth Lakes
seismicity at M_ > 1 from dense networks with automated processing
(abstr.). Eos, Trans., Am. Geoph. Union, v. 64, p. 769.

Rinehart, C.0. and Huber, N.K., 1965. The Inyo Crater Lakes--A blast in
the past. Min. Inform. Serv. Rept. 18, Calif. Div. Mines Geol.,
pp. 169-172. '

Rinehart, C.D. and Ross, D.C., 1957. Geology of the Casa Diablo Mountain
quadrangle, California. U.S. Geol. Survey Quad. Map GQ-99.

Rinehart, C.D. and Roés, D.C., 1964. Geology and mineral deposits of the
Mount Morrison Quadrangle, Sierra Nevada, California. U.S. Geol.
Survey Prof. Pap. 385, 106 pp.



-116-

LONG VALLEY

Rinehart, C.D. and Smith, W.C., 1982. Earthquakes and Young Volcanoes Along
the Eastern Sierra Nevada, In G. Smith, ed., 62 pp. William Kaufmann,
Inc., Los Altos, Calif.

Rison, W., Welhan, J.A., Poreda, R., and Craig, H., 1983. Long Valley:
Increase in the 3He/%He ratio from 1978 to 1983 (abstr.). Eos,
Trans., Am. Geoph. Union, v. 64, p. 891.

Rundle, J.B. and Cires, W.J., 1983. A new model for deformation in Long
Valley caldera, 1980-1983 (abstr.). Eos, Trans., Am. Geoph. Union,
v. 64, p. 891.

Rundle, J.B. and Whitcomb, J.H., 1984. A model for deformation in Long Valley,
California, 1980-1983. Jour. Geoph. Res., v. 89, pp. 9371-9380.

Russell, I.C., 1889. OQuaternary history of Mono Valley, California. U.S.
Geol. Survey Ann. Rept., v. 8, pp. 261-394.

Ryall, A. and Ryall, F., 1980. Spatial-temporal variations in seismicity
preceding the May, 1980, Mammoth Lakes, California, earthquakes. 1In
Mammoth Lakes, California, Earthquakes of May 1980, Calif. Div. Mines
Geol. Spec. Rept. 150, pp. 27-39.

.Rya11, A. and Ryall, F., 1983. Spasmodic tremors and possible magma injec-
tion in Long Valley caldera, eastern California. Science, v. 219,
pp. 1432-1433.

Ryall, F. and Ryall, A., 1981. Attenuation of P and S waves in a magma
chamber in Long Valley caldera, California. Geoph. Res. Lett., v. 8,
pp. 557-560.

Sampson, D.E., Ardito, C.P., Kelleher, P.C., Cameron, K.L., and Bullen, T.D.,
1983. The geochemistry of Quaternary lavas from the Inyo-Mono chain:
Evidence for several magma types (abstr.). Eos, Trans., Am. Geoph. Union,
'v. 64, p. 891.

Sanders, C.0., 1984. Llocation and configuration of magma bodies beneath Long
Valley, California, determined from anomalous earthquake signals. Jour.
Geoph. Res., v. 89, pp. 8287-8302.

Savage, J.C. and Clark, M.M., 1982. Magmatic resurgence in Long Valley
caldera, California: Possible cause of the 1980 Mammoth Lakes earth-
quakes. Science, v. 217, pp. 531-533.

Savage, J. and Cockerham, R.S., 1984. Earthquake swarm in Long Valley
caldera, California, January 1983: Evidence for dike inflation. Jour.
Geoph. Res., v. 89, pp. 8315-8324.



t

-117-

LONG VALLEY

Savage, J.C., Lisowski, M., Prescott, W.H., and King, N.E., 1981. Strain
accumulation near the epicenters of the 1978 Bishop and 1980 Mammoth
Lakes, California, earthquakes. Bull. Seis. Soc. Am., v. 71,
pp. 465-476.

Sieh, K., Wood, S.H., and Stine, S., 1983. Most recent eruption of the Mono
Craters, eastern central California (abstr.). Eos, Trans., Am. Geoph.
Union, v. 64, p. 889.

Smith, A.T., 1984. High-resolution microseismicity study of possible
magmatic intrusion in the Long Valley caldera. Lawrence Livermore
National Laboratory Rept. UCRL-90278, 14 pp.

Smith, G.I., 1976. Origin of lithium and other components in the Searles
Lake evaporites, California. In J.D. Vine, ed., Lithium Resources and
Requirements by the Year 2000. U.S. Geol. Survey Prof. Pap. 1005,
pp. 92-103.

Smith, R.L. and Shaw, H.R., 1975. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83.

Sorey, M.L., 1984. Evolution and present state of the hydrothermal system in
Long Valley caldera. In D.P. Hill, Ryall, A.S., and Bailey, R.A., eds.,
Active Tectonic and Magmatic Processes Beneath Long Valley Caldera, U.S.
Geol. Survey Open-File Rept. 84-939.

Sorey, M.L. and Lewis, R.E., 1976. Convective heat flow from Hot Springs in
the Long Valley caldera, Mono County, California. Jour. Geoph. Res.,
v. 81, pp. 785-791.

Sorey, M.L., Lewis, R.E., and Olmsted, F.H., 1978. The hydrothermal system
of Long Valley caldera, California. U.S. Geol. Survey Prof. Pap. 1044-a,

pp. Al-A60.

Stanley, W.D., Jacksoh,AD.B., and Zohdy, A.R., 1976. Deep electrical investi-
gations in the Long Valley geothermal area, California. Jour. Geoph.
Res., v. 81, pp. 810-820. ‘

Steeples, D.W. and Iyer, H.M., 1976. Low-velocity zone under Long Valley
as determined from teleseismic events. Jour. Geoph., Res., v. 81,
pp. 849-860.

Steeples, D.W. and Pitt, A.M., 1976. Microearthquakes in and near Long
Valley, California. Jour. Geoph. Res., v. 81, pp. 841-847.

Stockman, H.W., Westrich, H.R., and Eiche]bekger, J.C., 1984. Variations in
volatile and non-volatile components in Obsidian Dome (abstr.). Eos,
Trans., Am. Geoph. Union, v. 65, p. 1127.



-118-

LONG VALLEY

Stormer, J.C., Jr., 1983. Determination of the depth of origin of large
volume silicic magmas: Two feldspar + Fe-Ti oxide method (abstr.). Eos,
Trans., Am. Geoph. Union, v. 64, p. 336.

Sylvester, A.G., 1983. Benchmarks and tilt, Long Valley caldera, Ca]ifofﬁia,
1982-1983 (abstr.). Eos, Trans., Am. Geoph. Union, v. 64, p. 891. ‘

Taylor, B.E. and Gerlach, T.M., 1983. Chemical and isotopic composition of
Casa Diablo Hot Springs: Magmatic CO» near Mammoth Lakes, California
(abstr.). Eos, Trans., Am. Geoph. Union, v. 64.

Varekamp, J.C. and Buseck, P.R., 1984. Changing mercury anomalies in Long
Valley, California: Indication for magma movement or seismic activity.

Geology, v. 12, pp. 283-286.

Whitcomb, J.A. and Rundle, J., 1983. Gravity variation in the Mammoth Lakes,
Mono Lake and Owens Valley, California regions (abstr.). Eos, Trans.,
Am. Geoph. Union, v. 64, p. 890.

Willey, L.M., O'Niel, J.R., and Rapp, J.B., 1974. Chemistry of thermal waters
in Long Valley, Mono County, California. U.S. Geol. Survey Open-File
Rept., 19 pp.

Williams, D.L., Berkman, F., and Mankinen, E.A., 1977. 1Implications of a
magnetic model of the Long Valley caldera, California. Jour. Geoph.
Res., v. 82, pp. 3030-3038.

Williams, S.N., Hudnut, K.W., Lawrence, E.A., and Lytle, J.N., 1983. Soil
Hg® distribution patterns and response to magmatic resurgence at Long
Valley caldera, California (abstr.). Eos, Trans., Am. Geoph. Union,
v. 64, p. 891.

Wood, S.H., 1975. Mono and Inyo Crater eruptions, eastern California--
Radiocarbon dating and trace element correlations of Late Pleistocene
tephra. Geol. Soc. Am. Abstr. Progs., v. 7, p. 389.



i

-119-

THE GEYSERS-CLEAR LAKE

Anderson, C.A., 1936. Volcanic history of the Clear Lake area, California.
Calif. Div. Mines Geol. Bull. 133, 112 pp.

Bowman, H.R., Asaro, F., and PerIman, I., 1973. On uniformity of composition
in obsidians, and evidence for magmatic mixing. Jour. Petr., v. 81,
pp. 312-327.

Brook, C.A., 1981. Variability and sources of hydrogen sulfide and other
gases in steam at The Geysers. U.S. Geol. Survey Prof. Pap. 1141,
pp. 193-204.

Bufe, C.G., Marks, S.M., Lester, F.W., Ludwin, R.S., and Stickney, M.C., 1981.
Seismicity of the Geysers-Clear Lake region. U.S. Geol. Survey Prof.
Pap. 1141, pp. 129-138.

Chapman, R.H., 1975. Geophysical study of the Clear Lake region, California.
Calif. Div. Mines Geol. Spec. Rept. 116, 23 pp.

Denlinger, R.P. and Kovach, R.L., 1981, Seismic reflection investigations at
Castle Rock Springs in The Geysers geothermal area. U.S. Geol. Survey
Prof. Pap. 1141, pp. 117-128.

Donnelly, J.M., 1977. Geochronology of the Clear Lake volcanic field. Univ.
of Calif. Berkeley, Ph.D. Thesis, 48 pp.

Donnelly, J.M., McLaughlin, R.J., Goff, F.E., and Hearn, B.C., Jr., 1976.
Active faulting in the Geysers-Clear Lake area, northern California
(abstr.). Geol. Soc. Am. Abstr. Progs., v. 8, pp. 369-370.

Donnelly, J.M., Hearn, B.C., Jr., and Goff, F.E., 1977. The Clear Lake
Volcanics, California: Geology and field trip guide. Geol. Soc. Am.,
Cordilleran Sect., Field trip quide, pp. 25-56.

Donnelly-Nolan, J.M., Hearn, B.C., Jr., Curtis, G.H., and Drake, R.E., 198l.
Geochronology and evolution of the Clear Lake Volcanics. U.S. Geol.
Survey Prof. Pap. 1141, pp. 47-60.

Futa, K., Hedae, C.E., Hearn, B.C., Jr., and Donnelly-Nolan, J.M., 1981.
Strontium isotopes in the Clear Lake Volcanics. U.S. Geol. Survey Prof.
Pap. 1141, pp. 61-66.

Goff, F.E., Donnelly, J.M., Thompson, J.M., and Hearn,'B.C., Jr., 1977.
Geothermal prospecting in the Geysers-Clear Lake area, northern California.
Geology, v. 5, pp. 509-515.

Gupta, H.K., Ward, R.W., and Lin, T.L., 1982. Seismic wave velocity inves-
tigation at the Geysers-Clear Lake geothermal field, California.
Geophysics, v. 47, pp. 819-824.



-120-

THE GEYSERS-CLEAR LAKE

Hamilton, R.M. and Muffler, L.J.P., 1972. Microearthquakes at The Geysers
geothermal area, California. Jour. Geoph. Res., v. 77, pp. 2081-2086.

Hearn, B.C., Jr., Donnelly, J.M., and Goff, F.E., 1975a. Geology and
geochronology of the Clear Lake volcanic field, Lake County, California.
U.S. Geol. Survey Open-File Rept. 75-296, 18 pp.

Hearn, B.C., Jr., Donnelly, J.M., and Goff, F.E., 1975b. Preliminary geologic
map of the Clear Lake volcanic field, Lake County, California. U.S.
Geol. Survey Open-File Rept. 75-391.

Hearn, B.C., Jr., Donnelly, J.M., and Goff, F.E., 1976a. Preliminary geologic
map and cross-section of the Clear Lake volcanic field, Lake County,
California. U.S. Geol. Survey Open-File Rept. 76-751.

Hearn, B.C., Jr., Donnelly, J.M., and Goff, F.E., 1976b. Geology and geochro-
nology of the Clear Lake Volcanics, California. In Proc. Second U.N.
Symp. on the Devel. Use of Geoth. Res., San Francisco, v. 1, pp. 423-428.

Hearn, B.C., Jr., Donnelly-Nolan, J.M., and Goff, F.E., 1981. The Clear Lake
Volcanics: Tectonic setting and magma sources. U.S. Geol. Survey Prof.
Pap. 1141, pp. 25-46.

Hildreth, W., 1979. The Bishop Tuff: Evidence for the origin of composi-
tional zonation in silicic magma chambers. Geol. Soc. Am. Spec. Pap.
180, pp. 43-75.

Huebner, M., 1981. Carbon-13 isotope values for carbon dioxide gas and
dissolved carbon species in springs and wells in the Geysers-Clear Lake
region. U.S. Geol. Survey Prof. Pap. 1141, pp. 211-214.

Isherwood, W.F., 1976. Gravity and magnetic studies of the Geysers-Clear Lake
geothermal region, California, USA. In Proc. Second U.N. Symp. on the
Devel. Use of Geoth. Res., San Francisco, v. 2, pp. 1065-1073.

Isherwood, W.F., 1975. Gravity and magnetic studies of The Geysers-Clear Lake
geothermal region, California: U.S. Geol. Survey Open-File Rept. 75-368,
37 pp.

Isherwood, W.F. 1981. Geophysical overview of The Geysers. U.S. Geol. Survey
Prof. Pap. 1141, pp. 83-96.

Iyer, H.M., Oppenheimer, D.H., and Hitchcock, T., 1979. Abnormal P-wave delays
in the Geysers-Clear Lake geothermal area, California. Science, v. 204,
pp. 495-497.

Iyer, H.M., Oppenheimer, D.H., Hitchcock, T., Roloff, J.N., and Coakley, J.M.,
1981. Large teleseismic P-wave delays in the Geysers-Clear Lake geothermal
area. U.S. Geol. Survey Prof. Pap. 1141, pp. 97-116.



T

),

-121-

THE GEYSERS-CLEAR LAKE

Jamieson, I.M., 1976. Heat flow in a geothermally active area: The Geysers,
California. Ph.D. Thesis, Univ. of Calif., Riverside, 143 pp.

Kaufman, A.A. and Keller, G.V.,'1981, The Magnetotelluric Sounding Method.
Elsevier, New York, pp. 564-571.

Keller, G.V. and Jacobson, J.J., 1983. Deep electromagnetic soundings north-
east of The Geysers steam field. Geoth. Resour. Council Trans., v. 7,
pp. 497-503.

Keller, G.V., Pritchard, J.I., Jacobson, J.J., and Harthill, N., 1984.
Megasource time-domain electromagnetic sounding methods. Geophysics,
v. 49, pp. 993-1009.

Lange, A.L. and Westphal, W.H., 1969. Microearthquakes near The Geysers,
Sonoma County, California. Jour. Geoph. Res., v. 74, pp. 4377-4378.

Lofgren, B.E., 1978. Monitoring crustal deformation in the Geysers-Clear
Lake geothermal area, California. U.S. Geol. Survey Open-File Rept.
78-597, 19 pp.

Lofgren, B.E., 1981. Monitoring crustal deformation in the Geysers-Clear
Lake region. U.S. Geol. Survey Prof. Pap. 1141, pp. 139-148.

Majer, E.L. and McEvilly, T.V., 1979. Seismological investigations at The
Geysers geothermal field. Geophysics, v. 44, pp. 246-269.

McLaughlin, R.J., 1977a. Late Mesozoic-Quaternary plate tectonics and the
Geysers-Clear Lake geothermal anomaly, northern Coast Ranges, California
(abstr.). Geol. Soc. Am. Abstr. Progs., v. 9, p. 464,

McLaughlin, R.J., 1977b. The Franciscan assemblage and Great Valley sequence
in the Geysers-Clear Lake region of northern California. Geol. Soc.
Am., Cordilleran Sect., Field trip guide, pp. 3-24.

McLaughlin, R.J., 1978. Preliminary geologic map and structural sections of
the central Mayacamas Mountains and The Geysers steam field, Sonoma,
Lake and Mendocino Counties, California. U.S. Geol. Survey Open-File”
Map 78-389.

McLaughlin, R.J., 1981. Tectonic setting of pre-Tertiary rocks and its
relation to geothermal resources in the Geysers-Clear Lake area. U.S.
Geol. Survey Prof. Pap. 1141, pp. 3-24.

McLaughlin, R.J., Moore, D.E., Sorg, D.H., and McKee, E.H., 1983. Multiple
episodes of hydrothermal circulation, thermal metamorphism, and magma
injection beneath The Geysers steam field, California (abstr.). Geol.
Soc. Am. Abstr. Progs., v. 15, p. 417.



-122-

THE GEYSERS-CLEAR LAKE

Nehring, N.L., 1981. Gases from springs and wells in the Geysers-Clear Lake
area. U.S. Geol. Survey Prof. Pap. 1141, pp. 205-210.

Rossow, J., Applegate, J.K., and Keller, G.V., 1983. An attempt to measure
Poisson's ratio in the subsurface in the Geysers-Clear Lake geothermal
areas of California. Expanded Abstracts of the Technical Program, Soc.
Expl. Geophysicists, 53rd Annual International Meeting and Exposition,
Las Vegas, Nevada, pp. 143-144.

Smith, R.L. and Shaw, H.R., 1975. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83.

Stanley, W.D., Jackson, D.B., and Hearn, B.C., Jr., 1973. Preliminary results
of geoelectrical investigations near Clear Lake, California. U.S. Geol.
Survey Open-File Rept., 20 pp.

Sternfeld, J., Keskinen, M., and Blethen, R., 1983. Hydrothermal mineraliza-
tion of a Clear Lake geothermal well, Lake County, California. Geoth.
Resour. Council Bull., v. 7, pp. 193-197.

Stockman, A.D., Thomas, R.P., Chapman, R.H., and Dykstra, H., 1981. A
reservoir assessment of The Geysers geothermal field. Calif. Dept.
Conservation/Div. 0i1 and Gas Publ. TR27, 60 pp.

Young, C.-Y. and Ward, R.W., 1981. Attenuation of teleseismic P-waves in
the Geysers-Clear Lake region. U.S. Geol. Survey Prof. Pap. 1141,
pp. 149-160.



-123-

€030

Babcock, J.W. and Wise, W.S., 1973. Petrology of contemporaneous Quaternary
basalt and rhyolite in the Coso Mountains, California (abstr.). Geol.
Soc. Am. Abstr. Progs., v. 5, p. 6.

Bacon, C.R., 1982. Time-predictable bimodal volcanism in the Coso Range,
California. Geology, v. 10, pp. 65-69.

Bacon, C.R. and Duffield, W.A., 1981. Late Cenozoic rhyolites from the Kern
Plateau. Am. Jour. Sci., v. 281, pp. 1-34.

Bacon, C.R., MacDonald, R., and Metz, J., 1979. Petrogenesis of the Quater-
nary high-silica rhyolites of the Coso Range geothermal area, California
(abstr.). Geol. Soc. Am. Abstr. Progs., v. 11, p. 382.

Bacon, C.R., Duffield, W.A., and Nakamura, K., 1980. Distribution of Quater-
nary rhyolite domes of the Coso Range, California: Implications for the
extent of the geothermal anomaly. Jour. Geoph. Res. v. 85, pp. 2425-2433.

Bacon, C.R., MacDonald, R., Smith, R.L., and Baedecker, P.A., 1981. Pleis-
tocene high-silica rhyolites of the Coso volcanic field, Inyo County,
California. Jour. Geoph. Res., v. 86, pp. 10223-10241.

Bacon, C.R., Giovannetti, D.M., Duffield, W.A., Dalrymple, G.B., and
Drake, R.E., 1982. Age of the Coso Formation, Inyo County, California.
U.S. Geol. Survey Bull. 1527, 18 pp.

Combs, J., 1975. Heat flow and microearthquake studies, Coso geothermal area,
China Lake, California. Adv. Res. Proj. Agency, ARPA-2800, 65 pp.

Combs, J., 1980. Heat flow in the Coso geothermal area, Inyo County, Califor-
nia. Jour. Geoph. Res., v. 85, pp. 2411-2424.

Combs, J. and Rotstein, Y., 1976. Microearthquake studies at the Coso
geothermal area, China Lake, Califernia. Proc. Second U.N. Symp. on
the Devel. Use of Geoth. Res., San Francisco, v. 2, pp. 909-916.

Copp, J.F., 1981. Soil mercury geochemistry in the Coso volcanic field,
Inyo County, California. M.S. Thesis, Ariz. State Univ., Tempe.

Duffield, W.A., 1975. Late Cenozoic ring faulting and volcanism in the Coso
Range, California. Geology; v. 3, pp. 335-338.

Duffield, W.A. and Bacon, C.R., 1981. " Geologic map of the Coso volcanic
field and adjacent areas, Inyo County, California.  U.S. Geol. Survey
Misc. Invest. Series, Map I-1200.

Duffield, W.A. and Smith, G.I., 1978. Pleistocene history of volcanism and
the Owens River near Little Lake, California. Jour. Res. U.S. Geol.
Survey, v. 6, pp. 395-408.



-124-

O]

Duffield, W.A., Bacon, C.R., and Dalrymple, G.B., 1980. Late Cenozoic vol-
canism, geochronology, and structure of the Coso Range, Inyo County,
California. Jour. Geoph. Res., v. 85, pp. 2381-2404.

Fournier, R.0. and Thompson, J.M., 1980. Interpretation of chemical analyses
of waters collected from two geothermal wells at Coso, California.

Jour. Geoph. Res., v. 85, pp. 2405-2410.

Fournier, R.0. and Thompson, J.M., 1982. Chemical and isotopic studies of
the Coso geothermal area. In Proc. Eighth Workshop Geoth. Res. Eng.,
Stanford Univ., SGP-TR-60, pp. 45-48.

Fox, R.C., 1978a. Dipole-dipole resistivity survey of a portion of the Coso
Hot Springs KGRA, Inyo County, California. Univ. Utah Res. Inst.,
ID0/77.5.5.

Fox, R.C., 1978b. Low-altitude aeromagnetic survey of a portion of the Coso
Hot Springs KGRA, Inyo County, California. Univ. Utah Res. Inst.,
ID0/77.5.7, 19 pp.

Friedman, I. and Obradovich, J., 1981. Obsidian hydration dating of volcanic
events. Quaternary Res., v. 16, pp. 37-47.

Furgerson, R.B., 1973. Progress report on electrical resistivity studies,
Coso geothermal area, Inyo County, California. China Lake Naval Weapons
Center, NWC TP 5497, 64 pp.

Galbraith, R.M., 1978. Geological and geophysical analysis of Coso geothermal
exploration hole no. 1 (CGEH-1), Coso Hot Springs KGRA, California. Univ.
Utah Res. Inst., 1D0/78-1701.b.4.2, 39 pp.

Goranson, C., Schroeder, R., and Haney, J., 1978. Evaluation of Coso geother-
mal exploratory hole no. 1 (CGEH-1), Coso Hot Springs KGRA, China Lake,
CA. In Proc. Fourth Workshop Geoth. Res. Eng., Stanford Univ., SGP-TR-30,
pp. 118-132.

Hardee, H.C. and Larson, D.W., 1980. Thermal techniques for characterizing
magma body geometries. Geothermics, v. 9, pp. 237-249.

Hulen, J.B., 1978. Geology and alteration of the Coso Geothermal area, Inyo
County, California. Univ. Utah Res. Inst., ID0/78-1701.b.4.1, 28 pp.

Jackson, D.B. and 0'Donnell, J.E., 1980. Reconnaissance electrical surveys
in the Coso Range, California. Jour. Geoph. Res., v. 85, pp. 2502-2516.

Jarzabek, D. and Combs, J., 1978. Seismic wave attenuation from local micro-
earthquakes at the Coso geothermal area, California (abstr.). Eos,
Trans., Am. Geoph. Union, v. 59, pp. 1200-1201.



L 1g

-125-

CosSo

Knight, J.E. and Norton, D., 1976. Computer prediction of mass and energy
transport in Coso geothermal systems, Inyo County, California (abstr.).
Geol. Soc. Am. Abstr. Progs., pp. 958-959.

Koenig, J.B., Gawarecki, S.J., and Austin, C.F., 1972. Remote sensing survey
of the Coso geothermal area, Inyo County, California. China Lake Naval
Weapons Center, NWC TP 5233, 27 pp.

Lachenbruch, A.H. and Sass, J.H., 1978. Models of an extending lithosphere
and heat flow in the Basin and Range province. Geol. Soc. Am. Mem. 152,
pp. 209-250.

Lanphere, M.A. and Dalrymple, G.B., 1975. K-Ar ages of Pleistocene rhyolitic
volcanism in the Coso Range, California. Geology, v. 3, pp. 339-341.

Metz, J. and Bacon, C.R., 1980. OQuenched blobs of mafic magma in high-silica
rhyolite of the Coso volcanic field, California (abstr.). Geol. Soc. Am.
Abstr. Progs., v. 12, p. 120.

Moore, J.L. and Austin, C.F., 1983. Initial exploration results, Coso
geothermal field, Inyo County, California. Proc. Seventh Ann. Geoth.
Conf. and Workshop, AP-3271,

Moyle, W.R., Jr., 1977. Summary of basic hydrologic data collected at Coso
Hot Springs, Inyo County, California. U.S. Geol. Survey Open-File Rept.
77-485, 53 pp.

Plouff, D. and Isherwood, W.F., 1980. Aeromagnetic and gravity surveys in
the Coso Range, California. Jour. Geoph. Res., v. 85, pp. 2491-2501.

Reasenberg, P.A., Ellsworth, W.L., and Walter, A.W., 1980. Teleseismic
evidence for a low-velocity body under the Coso geothermal area. Jour.
Geoph. Res., v. 85, pp. 2471-2483.

Roquemore, G.R., 1978, Evidence for basin and range/Sierra Nevada transi-
tional zone structures in the Coso Mountains, California (abstr.). Geol.
Soc. Am. Abstr. Progs., v. 10, p. 144.

Roquemore, G., 1980. Structure, tectonics, and stress field of the Coso
Range, Inyo County, California. Jour. Geoph. Res., v. 85, pp. 2434-2440.

Roquemore, G.R., 1984. Ground magnetic survey in the Coso Range, Ca11forn1a
Jour. Geoph. Res., v. 89, pp. 3309-3314.

Smith, R.L., 1979. Ash-flow magmatism. Geol. Soc. Am. Spec. Pap. 180,
pp. 5-27.

Smith, R.L. and Shaw, H.R., 1975. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83.



-126-

C0SO

Smith, R.L. and Bailey, R.A., 1968. Resurgent caldrons. Geol. Soc. Am.,
Mem. 116, pp. 613-661.

Towle, J.N., 1980. Observations of a direct current concentration on the
eastern Sierran front: Evidence for shallow crustal conductors on the
eastern Sierran front and beneath the Coso range. Jour. Geoph. Res.,
v. 85, pp. 2484-2490.

Walter, A.W. and Weaver, C.S., 1980. Seismicity of the Coso Range, Califor-
nia. Jour. Geoph. Res., v. 85, pp. 2441-2458.

Young, C.-Y. and Ward, R.W., 1980. Three-dimensional Q"l model of the Coso
Hot Springs Known Geothermal Resource Area. Jour. Geoph. Res., v. 85,
pp. 2459-2470.

i



(1]

-127-

MEDICINE LAKE

Anderson, A.T., 1976. Magma mixing: Petrological process and volcanological
tool. Jour. Volc. Geoth. Res., v. 1, pp. 3-33.

Anderson, C.A., 1941. Volcanoes of the Medicine Lake Highland, California.
Univ. of Calif. Berkeley, Publ. Geol. Sci., v. 25, pp. 345-423.

Anderson, W.L., Frischknecht, F.C., Raab, P.V., Bradley, J.A., Turnross, J.,
and Buckley, T.W., 1983. Inversion results of time-domain electromag-
netic soundings near Medicine Lake, California, geothermal area. U.S.
Geol. Survey Open-File Rept. 83-233, 31 pp.

Black, G.L., Blackwell, D.D., and Steele, J.L., 1982. Heat flow of the Oregon
Cascades. In G.R. Priest and B.F. Vogt, eds., Geology and Geothermal
Resources of the Cascades, Oregon. Oregon Dept. Geol. and Min. Ind.
Open-File Rept. 0-82-7.

Blackwell, D.D. and Steele, J.L., 1983. A summary of heat flow studies in
the Cascade Range. Geoth. Resour. Council Trans., v. 7, pp. 233-236.

Blakely, R.J., Jackens, R.C., and Simpson, R., 1983. Tectonic setting of
the southern Cascade Range as interpreted from its magnetic and gravity
fields (abstr.). Eos, Trans., Am. Geoph. Union, v. 64, p. 886.

Catchings, R.D., 1982. Interpretation and geologic implications of seismic
refraction data from along the boundary of the Cascade-Modoc Plateau
geologic provinces of northern California. M.S. Thesis, Madison, Univ.
of Wisconsin.

Catchings, R.D., Mooney, W.D., and Fuis, G.S., 1983. Seismic investigation
of Medicine Lake volcano. Structure and probable genesis (abstr.).
Eos, Trans., Am. Geoph. Union, v. 64, p. 899.

Chapman, R.D., and Bishop, C.C., 1968. Bouguer gravity map of California,
Alturas sheet.  Calif. Div. Mines Geol.

Ciancanelli, E.V., 1983. Geology of Medicine Lake volcano, California.
Geoth. Resour. Council Trans., v. 7, pp. 135-140.

Condie, K.C. and Hayslip, D.L , 1975. Young bimoda1-901Canism at Medicine
Lake volcanic center, northern California. Geochim. Cosmochim. Acta,
v. 39, pp. 1165-1178.

Connard, G., Couch, R., and Gemperle, M., 1983. Analysis of aeromagnetic
measurements from the Cascade Range in central Oregon. Geophysics,
v. 48, pp. 376-390.

Donnelly-Nolan, J., 1983. Structural trends and geothermal potential at
Medicine Lake volcano, northeastern California (abstr.). Eos, Trans.,
Am. Geoph. Union, v. 64, p. 898.



-128-

MEDICINE LAKE

Eichelberger, J.C., 1975. Origin of andesite and dacite: Evidence of mixing
at Glass Mountain in California and at other circum-Pacific volcanoes.
Geol. Soc. Am. Bull., v. 86, pp. 1381-1391.

Eichelberger, J.C., 1978. Andesitic volanism and crustal evolution. Nature,
v. 275, pp. 21-27.

Eichelberger, J.C., 1980. Vesiculation of mafic magma during replenishment
of silicic magma reservoirs. Nature, v. 288, pp. 446-450.

Eichelberger, J.C., 1981. Mechanism of magma mixing at Glass Mountain,
Medicine Lake Highland, California. U.S. Geol. Survey Circ. 838,
pp. 183-189.

Fink, J.H., 1983. Structure and emplacement of a rhyolite obsidian flow:
Little Glass Mountain, Medicine Lake Highland, northern California.
Geol. Soc. Am. Bull., v. 94, pp. 362-380.

Fink, J.H. and Pollard, D.D., 1983. Structural evidence for dikes beneath
silicic domes, Medicine Lake Highland volcano, California. Geology,
v. 11, pp. 458-461.

Finn, C. and Williams, D.L., 1982. Gravity evidence for a shallow intrusion
under Medicine Lake volcano, California. Geology, v. 10, pp. 503-507.

Frischknecht, F.C. and Anderson, W.L., 1983. Electromagnetic soundings on
the Medicine Lake volcano, California (abstr.). Eos, Trans., Am. Geoph.
Union, v. 64, p. 899.

Gerlach, D.C. and Grove, T.L., 1982. Petrology of Medicine Lake Highland
volcano: Characteristics of end members of magma mixing. Contr.
Min. Petr., v. 80, pp. 147-1579.

Grove, T.L. and Dohne]]y-No]an, J., 1983. Role of amphihole in the
differentiation history of the Medicine Lake Highland lavas (abstr.).
Eos, Trans., Am. Geoph. Union, v. 64, p. 900.

Grove, T.L., Gerlach, D.C., and Sando, T.W., 1982. Origin of calc-alkaline
series lavas at Medicine Lake volcano by fractionation, assimilation,
and mixing. Contr. Min. Petr., v. 8, pp. 160-182.

Heiken, G., 1978. P]iﬁian-type eruptions in the Medicine Lake Highland,
California, and the nature of the underlying magma. Jour. Volc. Geoth.
Res., v. 4, pp. 375-402.

Heiken, G., 1981. Holocene plinian tephra deposits of the Medicine Lake
Highland, California. U.S. Geol. Survey Circ. 838, pp. 177-181.

LaFehr, T.R., 1965. Gravity, isostasy and crustal structure in the southern
Cascade Range: Jour. Geoph. Res., v. 70, pp. 5581-5597.

]



-129-/3C ~

MEDICINE LAKE

Mase, C.W., Sass, J.H., Lachenbruch, A.H., and Munroe, R.J., 1982. Prelimi-
nary heat-flow investigations of the California Cascades. U.S. Geol.
Survey Open-File Rept. 82-150, 240 pp.

Mertzman, S.A., 1977. The petrology and geochemistry of the Medicine Lake
volcano, California. Contr. Min. Petr., v. 62, pp. 221-247.

Mertzman, S.A., 1981. Pre-Holocene silicic volcanism on the northern and
western margins of the Medicine Lake Highland, California. U.S. Geol.
Survey Circ. 838, pp. 163-169.

Noble, D.C., 1969. Speculations on the origin of Medicine Lake caldera
(abstr.). Oregon Dept. Geol. Min. Ind. Bull. 65, p. 193.

Peterman, Z.E., Carmichael, I.S.E., and Smith, A.L., 1970. Sr87/5r86 ratios
of Quaternary lavas of the Cascade Range, northern California. Geol.
Soc. Am. Bull., v. 81, pp. 311-318.

Priest, G.R. and Vogt, B.F., eds., 1983. Geology and geothermal resources of
the central Oregon Cascade Range. Oregon Dept. Geol. Min. Ind. Spec.
Pap. 15, 124 pp.

Sammel, E.A., 1981. Results of test drilling at Newberry Volcano, Oregon.
Geoth. Resour. Council Bull., v. 10, pp. 3-8.

Sammel, E.A., 1983. The shallow hydrothermal system at Newberry Volcano,
Oregon: A conceptual model. Geoth. Resour. Council Trans., v. 7,
pp. 325-330.

Sans, J.R., 1972. Glass inclusions in olivines from Holocene cinder cones,
‘ Medicine Lake, California (abstr). Eos, Trans., Am. Geoph. Union, v. 53,
p. 547.

Smith, A.L. and Carmichael, I.S.E., 1968. Quaternary lavas from the Southern
Cascades, Western U.S.A. Contr. Min. Petr., v. 19, pp. 212-238.

Smith, R.L. and Shaw, H.R., 1975. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83.

Smith, R.L. and Shaw, H.R., 1978. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 790, pp. 12-17.

Stanley, W.D., 1982. A regional magnetotelluric survey of the Cascade moun-
tain region. U.S. Geol. Survey Open-File Rept. 82-126, 16 pp.

Stanley, W.D., 1984. Téctonic study of the Cascade Range and Columbia Plateau
in Washington state based upon magnetotelluric soundings. Jour. Geoph.
Res., v. 89, pp. 4447-4460.

Zohdy, A.A.R. and Bisdorf, R.J., 1982. Schlumberger soundings in the Medicine
Lake area, California. U.S. Geol. Survey Open-File Rept. 82-887, 162 pp.



LA



vy

-131-

GENERAL

Anderson, A.T., 1976. Magma mixing: Petrological process and volcanological
tool. Jour. Volc. Geoth. Res., v. 1, pp. 3-33.

Anderson, E.M., 1937. Conerheets and ring dykes: The dynamical explanation.
Bull. Volc., v. 1, pp. 35-40.

Bjornsson, A., Johnsen, G., Sigurdsson, S., Thorbergsson, G., and
Tryggrason, E., 1979. Rifting of the plate boundary in north Iceland,
1975-1978. Jour. Geoph. Res., v. 84, pp. 3029-3038.

Cathles, L.M., 1977. An analysis of the cooling of intrusions by ground water
convection which includes boiling. Econ. Geol., v. 72, pp. 804-826.

Christiansen, R.L. and Lipman, P.W., 1972. Cenozoic volcanism and plate-
tectonic evolution of the western United States: 2. Late Cenozoic.
Phil. Trans. R. Soc. London, v. 271, pp. 249-284.

Colp, J.L., 1982. Final report--Magma energy research project. Sandia
National Laboratories Rept. SAND 82-2377, 36 pp.

Crisp, J.A., 1984. Rates of magma emplacement and volcanic output. Jour.
Volc. Geoth. Res., v. 20, pp. 177-211.

Delaney, P.T. and Pollard, D.D., 1982. Solidification of basaltic magma
during flow in a dike. Am. Jour. Sci., v. 282, pp. 856-885.

Eichelberger, J.C., 1978. Andesitic volanism and crustal evolution. Nature,
v. 275, pp. 21-27.

Eichelberger, J.C., 1980.. Vesiculation of mafic magma during replenishment
of silicic magma reservoirs. Nature, v. 288, pp. 446-450.

Eichelberger, J.C. and Gooley, R., 1977. Evolution of silicic magma chambers
and their relationship to basaltic volcanism. Am. Geoph. Union, Geoph.
Monogr. 20, pp. 57-77.

Fedotov, S.A., 1981. Magma rates in feeding conduits of different volcanic
centers. Jour. Volc. Geoth. Res., v. 9, pp. 379-394.

Friedman, I. and Obradovich, J., 1981. Obsidian hydration dating of volcanic
events. Quaternary Res., v. 16,'pp.»37-47.

Fultz, L.A., Bell, E.J., and Trex1ér, D.T., 1983. Volcanic rock petro-
chemistry as an exploration technique for geothermal energy. Geoth.
Resour. Council Trans., v. 7, pp. 289-294.

Giberti, G., Moreno, S., and Sartoris, G., 1984. Evaluation of approxima-
tions in modeling the cooling of magmatic bodies. Jour. Volc. Geoth.
Res., v. 20, pp. 297-310.



#

-132-

GENERAL

Goff, F. and Waters, A.C., eds., 1980. Continental scientific drilling
program thermal regimes: Comparative site assessment geology of five
magma-hydrothermal systems. Los Alamos National Laboratory Rept.
LA-8550-0BES, 100 pp. ~

Hardee, H.C., 1982. Incipient magma chamber formation as a result of repeti-
tive intrusions. Bull. Volc., v. 45, pp. 41-50.

Hardee, H.C. and Larson, D.W., 1980. Thermal techniques for characterizing
magma body geometries. Geothermics, v. 9, pp. 237-249.

Hedge, C.E. and Noble, D.C., 1971. Upper Cenozoic basalts with high Sr87/5r86
and Sr/Rb ratios, southern Great Basin, western United States. Geol.
Soc. Am. Bull., v. 82, pp. 3503-3510.

Hermance, J.F. and Colp, J.L., 1982. Kilauea Iki lake: Geophysical con-
straints on its present (1980) physical state. Jour. Volc. Geoth. Res.,
v. 13, pp. 31-61.

Hibbard, M.J., 1981. The magma mixing origin of mantled feldspars. Contr.
Min. Petr., v. 76, pp. 158-170.

Hildreth, W., 1979. The Bishop Tuff: Evidence for the origin of composi-
tional zonation in silicic magma chambers. Geol. Soc. Am. Spec. Pap.
180, pp. 43-75.

Hildreth, W., 1981. Gradients in silicic magma chambers: Implications for
1ithospheric magmatism. Jour. Geoph. Res., v. 86, pp. 10153-10192.

Hi1l, D.P., 1977. A model for earthquake swarms. Jour. Geoph. Res., v. 82,
pp. 1347-1352.

Kasameyer, P., 1980. Comparative assessment of five potential sites for
magma-hydrothermal systems: Geophysics. Lawrence Livermore National
Laboratory Rept. UCRL-52980, 52 pp.

Koide, H. and Bhattacharji, S., 1975. Formation of fractures around magmatic
intrusions and their role in ore localization. Econ. Geol., v. 70,
pp. 781-799.

Lachenbruch, A.H. and Sass, J.H., 1977. Heat flow in the United States and
the thermal regime of the crust. Am. Geoph. Union, Geoph. Monogr. 20,
pp. 626-675.

Lachenbruch, A.H. and Sass, J.H., 1978. Models of an extending 1lithosphere
and heat flow in the Basin and Range province. Geol. Soc. Am. Mem. 152,
pp. 209-250.

Lienert, B.R., 1979. Crustal electrical conductivities along the eastern
flank of the Sierra Nevadas. Geophysics, v. 44, pp. 1830-1845.

o



~

-133-

GENERAL

Lienert, B.R. and Bennett, D.J., 1977. High electrical conductivities in the
lower crust of the northwestern Basin and Range: An application of
inverse theory to a controlled-source deep-magnetic-sounding experiment.
Am. Geoph. Union, Geoph. Monogr. 20, pp. 531-552.

Luth, W.C. and Hardee, H.C., 1980. Comparative assessment of five potential
sites for hydrothermal-magma systems: Summary. U.S. DOE Rept. DOE/TIC
11303, 51 pp.

Marsh, B.D., 1984. Mechanics and energetics of magma formation and ascension.
In F.R. Boyd, ed., Explosive Volcanism: Inception, Evolution, and
Hazards. National Academ. Press, Wash., D.C., pp. 67-83.

Martin, R.F. and Piwinskii, A.J., 1972. Magmatism and tectonic settings.
Jour. Geoph. Res., v. 77, pp. 4966-4975.

Nakamura, K., 1977. Volcanoes as possible indicators of tectonic stress
orientation--principle and proposal. Jour. Volc. Geoth. Res., v. 2,
pp. 1-16.

Norton, D. and Knight, J., 1977. Transport phenomena in hydrothermal systems:
Cooling plutons. Am. J. Sci., v. 277, pp. 937-981.

Pollard, D.D., 1973. Derivation and evaluation of a mechanical model for
sheet intrusions. Tectonophysics, v. 19, pp. 233-269.

Rice, A. and Eichelberger, J.C., 1976. Convection in rhyolite magma (abstr.).
Eos, Trans., Am. Geoph. Union, v. 57, p. 1024.

Silberman, M.L., Noble, D.C., and Bonham, H.F., Jr., 1975. Ages and tectonic
implications of the transition of calc-alkaline andesitic to basaltic
volcanism in the western Great Basin and the Sierra Nevada (abstr.).
Geol. Soc. Am. Abstr. Progs., v. 7, p. 375.

Smith, R.L., 1973. Volcanic rocks as geologic guides to geothermal explora-
tion and evaluation (abstr.). Eos, Trans., Am. Geoph. Union, v. 54,
p. 1213,

Smith, R.L., 1979. Ash-flow magmatism. Geol. Soc. Am. Spec. Pap. 180,
pp. 5-27.

Smith, R.L. and Shaw, H.R., 1975, Igneoué-re1ated geothermal systems. U.S.
Geol. Survey Circ. 726, pp. 58-83. ‘

Smith, R.L. and Shaw, H.R., 1978. Igneous-related geothermal systems. U.S.
Geol. Survey Circ. 790, pp. 12-17.

Smith, R.L. and Bailey, R.A., 1968. Resurgent cauldrons. Geol. Soc. Am.,
Mem. 116, pp. 613-661.



-134-

GENERAL

Sparks, R.J.S., Sigurdsson, H., and Wilson, L., 1977. Magma mixing: A
mechanism for triggering acid explosive eruptions. Nature, v. 267,
pp. 315-318.

Spera, F.J. and Crisp, J.A., 1981. Eruption volume, periodicity, and caldera
area: Relationships and inferences on development of compositional
zonation in silicic magma chambers. Jour. Volc. Geoth. Res., v. 11,
pp. 169-187.

Torrance, K.E. and Sheu, J. P., 1978. Heat transfer from plutons undergoing
hydrothermal cooling and thermal cracking. Numerical Heat Transfer,
v. 1, pp. 147-161.

Yoder, H.S., Jr., 1973. Contemporaneous basaltic and rhyolitic magmas. Anm.
Min., v. 58, pp. 153-171.

Vetter, U.R. and Ryall, A.S., 1983. Systematic change of focal mechanism
with depth in the western Great Basin. Jour. Geoph. Res., v. 88,
pp. 8237-8250.

White, A.F., 1980. Comparative assessment of five potential sites for hydro-
thermal magma systems: Geochemistry. Lawrence Berkeley Laboratory Rept.
LBL-11410, 72 pp.

White, D.E., Thompson, G.A., and Sandberg, C.H., 1964. Rocks, structure,
and geologic history of Steamboat Springs Thermal Area, Washoe County,
Nevada. U.S. Geol. Survey Prof. Pap. 458-B, 62 pp.

Williams, H., 1941. Calderas and their origin. Univ. of Calif., Berkeley,
Publ. Geol. Sci., v. 25, pp. 235-346.

L 3]





