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During 1972 and 1973 the U.S. Geological Survey (U.S.G.S.) conducted detailed geological. geophys
ical, hydrological, and geochemical investigations in Long Valley, California, as part of a new geothermal 
research program. The goal of these investigations was to understand a typical hot watt:r geothermal 
system, thus providing a basis for extrapolation to other hot water areas and for regional exploration and 
assessment of geothermal resources. Although the U.S.G.S. investigations have thoroughly characterized 
the surface expression and geophysical signatures of the Long Valley geothermal system, our under
standing of the geothermal system at depth is incomplete. The available data allow us to make only a 
crude estimate of 350-700 MW cent. for the electric power generation potential. Refinement of this 
estimate must await exploration of the area by deep drill holes. 

U.S. GEOLOGICAL SURVEY GEOTHERMAL 
RESEARCH PROGRAM 

The geothermal research program of the U.S. Geological 
Survey (U.S.G .S.) is a multidisciplinary earth science in
vestigation whose goal is the understanding of the factors that 
control the nature and distribution of geothermal resources. A 
corollary objective is to provide the resource data needed to 
evaluate the extent to which geothermal energy can help meet 
the energy demands of the United States. 

The U .S.G.S. has conducted modest geological and geo
chemical investigations of hot spring phenomena since 1945, 
primarily at Steamboat Springs, Nevada [White et al., 1964; 
White, I 968b], Imperial Valley, California [White, 1968a; Muf 

fier and White, 1969], and Yellowstone National Park, Wyom
ing [White et al., 1975]. [n addition, U.S.G.S. work in heat 
flow [Sass et al., 197[], volcano[ogy [Smith and Bailey, 1968], 
and experimental geochemistry [Fournier and Rowe, 1966] 
proved to have significance in geothermal exploration. It was 
not until November 1971, however, that a formal program of 
geothermal investigations was authorized by Congress, thus 
allowing a significant expansion of U.S.G.S. geothermal re
search [Muffler, 1972]. 

It was recognized clearly during this expansion of the geo
thermal research program that it was impossible to understand 
the distribution of geothermal resources in large regions or to 
make meaningful resource estimates without a detailed under
standing of representative geothermal systems. Accordingly, 
the U .S.G .S. selected two geothermal areas in the United 
States for detailed study by all feasible geological, geophysical, 
geochemical, and hydrological methods. The first area selected 
was the region southwest of Clear Lake in northern California, 
chosen because it contains The Geysers (Figure I), the world's 
largest known vapor-dominated (dry steam) geothermal sys
tem, currently producing electricity at 502 MW. The second 
area selected was Long Valley, California, known from shal
low drilling and chemical analysis of hot spring waters to be a 
hot water geothermal system. The U.S.G.S. goal is to gain an 
understanding of the nature and extent of the geothermal 
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resources in each of these two type areas, thus providing a 
basis for extrapolation and assessment of geothermal re
sources. 

Long Valley was chosen as the type area for hot water 
geothermal systems because of the following factors: (I) hot 
spring chemistry indicating that any geothermal reservoir pres
ent would contain hot water, not steam, and would be at least 
180°C; (2) a geologic setting characterized by young volcan ism 
«0.7 m.y.), reasonable potential of adequate reservoir rock 
(caldera fill), and small enough target size (the caldera is 15 km 
X 30 km) to be studied reasonably quickly; (3) our judgment 
that although Long Valley was clearly a favorable geothermal 
target, no systematic investigation was available to the public; 
(4) the prospect of extensive deep drilling by the geothermal 
industry in the near future (The U.S.G.s. hoped to develop 
cooperation with industry patterned after the situation in the 
Salton Sea geothermal field in the early 1960's); and (5) good 
accessibility and logistic feasibility. 

Long Valley was not chosen as a type area because it ap
peared to have a greater commercial potential than other hot 
water geothermal areas in the United States. Indeed, data 
available in 1971 indicated that reservoir temperatures were 
perhaps only marginal for power generation under the eco
nomic conditions then prevailing. 

PERTINENT INFORMATION AVAILABLE IN 1971 

Volcanology. It has been recognized since the work of Gil
bert [1938] that the Bishop Tuff, of Pleistocene age, was most 
likely erupted from vents in Long Valley. Gilbert [1938, p. 
1860] further suggested that young faults in Long Valley and 
perhaps even the depression itself were related to extrusion of 
magma from beneath the valley. The extent and depth of this 
volcanic depression were outlined by Pakiser [1961] and by 
Pakiser et al. [1964], who concluded from gravity data that an 
elliptical block 15 km X 30 km had subsided as much as 5.5 
km. Further data on this depression were provided by Dal
rymple et al. [1965], who used potassium-argon dating to show 
that the Bishop Tuff was erupted during a single igneous event 
about 0.7 m.y. ago. 

Using these data and the geologic maps of Rinehart and Ross 
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Map showing location of Long Valley and The Geysers, 
California. 

[1957, 1964] and Huber and Rinehart [1965], Smith and Bailey 
[1968, pp. 629-630] concluded that Long Valley was very 
likely a resurgent caldera and suggested that much of the 
volcanic rock exposed within the caldera is younger than the 
extrusion of the Bishop Tuff and formation of the caldera. It 
appeared that Long Valley had been an active volcano during 
the past few hundred thousand years and might still be under
lain by magma or intrusive rock at temperatures approaching 
magmatic. 

Hot springs and geothermal wells. The hot springs of Long 
Valley have been known since the last century [Whiting, 1888, 
p. 356]. The springs are described by Waring [1915, pp. 
146-148,384] and shown on Plate I and Figure 39 of Rinehart 
and Ross [1964]. Areas of hydrothermal alteration are also 
shown on Plate I of Rinehart and Ross [1964] and are discussed 
by Cleveland [1962]. 

Between 1959 and 1964, nine geothermal wells were drilled 
at Casa Diablo hot springs by Magma Power Company, and a 
tenth well was drilled about 4.8 km east [McNitt, 1963, p. 29; 
California Division of Oil and Gas, 1972]. The deepest well 
reached 324 m, and the maximum recorded temperature was 
about 180°C [McNitt, 1963, pp. 25-29; Cqlifornia Depart
ment of Water Resources, 1967]. 

Chemical analyses of waters from hot springs and geother
mal wells indicated that the geothermal system was of the hot 
water type [White et al., 1971, pp. 77-80]. Silica and Na/K 
geothermometry using the methods of Fournier and Rowe 
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Fig. 2. Map showing depth (in kilometers) of /ill in Long Valley 
caldera. The outer heavy dashed line marks the topographiC boundary 
or the valley Hoor. The inner dashed line is the approximate location or 
the caldera ring fracture. The two crossing solid lines show the approx
imate location or seismic rerraction protiles from Hill [1976]. 

[1966] and Ellis [1970] suggested minimum reservoir temper
atures of 180°C. White [1965, table I] calculated a convective 
heat flow of 7 X 107 cal s I from the hydrothermal system of 
Long Valley by using data on total boron and the relation of 
horon to heat content of waters discharged from the geother
mal wells at Casa Diablo hot springs. 

U.S.G.S. INVESTIGATIONS IN LONG VAI.I.EY, 1972-1973 

The papers following in this issue oflournal of Geophysical 
Research present the data and basic interpretations derived 
from U.S.G.S. geothermal investigations in Long Valley dur
ing 1972 and 1973. The data accompanied by preliminary 
interpretations were presented at the Fall Annual Meeting of 
the American Geophysical Union in 1973 (Eos Trans. AGU, 
vol. 54, pp. 1211-1213, 1973) and in part amplilied in U .S.G .S. 
open file reports [Anderson and Johnson, 1974; Bailey, 1974; 
Dalrymple and Lanphere, 1974; Hoover et al., 1974; Lewis, 
1974; Sass etal., 1974;Stanleyetal., 1973; Willey et al., 1974). 
(U.S.G.S. open file reports serve to make unpublished informa
tion available to the public quickly. When a report or map is 
open-tiled, a copy is placed in one or more depositories, and its 
availability is announced in the monthly periodical New Pub
lications of the Geological Survey (available free from the 
U.S.G.S., National Center, Stop 329, Reston, Vir
ginia 22092). This announcement lists all the depositories 
(U.S.G.S. offices, plus selected state agencies) and notes the 
location of reproducible copy if such exists. Open file reports 
released prior to May 1974 are listed in various U .S.G .S. 
circulars (1974, no. 706; 1973, no. 696; 1972, no. 668». 

A number of U.S.G.S. geothermal investigations in Long 
Valley are still in progress, including geologic mapping and 
petrology, heat flow, hydrology (supplemented by shallow 
drilling), magnetic, telluric, and magnetotelluric soundings, 
system modeling, water and gas chemistry, teleseismic analy
sis, and thermal infrared studies. Accordingly, the papers pre
sented in this issue of the Journal of Geophysical Research 
should be viewed collectively as a progress report. 

GEOTHERMAL ENERGY POTENTIAL 

Bailey et al. [1976] suggest that Long Valley has been an 
active geothermal area for the past several hundred thousand 
years. The papers by Lachenbruch et al. [1976], Sorey and 
Lewis [1976], Mariner and Willey [1976], Stanley et al. [1976], 
Kane et al. [1976], and Steeples and lyer [1976] reaffirm this 
and earlier interpretations that Long Valley is an active hot 
water geothermal area with high conductive and convective 
heat flows and is underlain at depth by a hot intrusive mass 
that may still contain some residual magma. 

By using the results of several of these investigations it is 
possible to make a preliminary estimate of the geothermal 
energy potential of Long Valley. To do so, we must make 
estimates of size, temperature, and porosity of the high-tem
perature reservoir or reservoirs and of the efficiency of con
verting this high-temperature water to useful energy. 

From the seismic refraction results of Hill [1976], the gravity 
interpretation of Kane et al. (1976), and the geologic structure 
of Bailey et at. [1976], we have constructed a model of the low
density rocks under Long Valley (Figure 2) and estimate their 
volume V to be 810 km 3

• We interpret these low-density rocks 
to be primarily caldera fill (ie., the Bishop Tuff and overlying 
sedimentary and volcanic rocks) plus that part of the rhyolites 
of Glass Mountain down dropped into the caldera [Bailey et 
al., 1976]. 

The bulk density Pb of the caldera fill can be calculated from 
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the formula fih = (.Po V - MIJ)/ V, where fio is the bulk densi ty 
of rocks surrounding the caldera (2.67 g/cm3 ) and MIJ is the 
mass calculated by Gauss' theorem from the integrated gravity 
anomaly (3.33 X 1017 g) [Kane et al., 1976]. The resulting bulk 
density of fill fih is 2.26 g/cm", yielding a density difference of 
OAI g/cm3

, similar to the OA5 g/cm3 assumed by Kane et al. 
(1976] . 

If we assume that all the voids and pores in the fill arc full of 
fluid, then the porosity of the fill ¢ is (Pg - Ph )/(Pg - fir), where 
fi, is the average water or fluid density and fig is the average 
grain density of the rocks making up the caldera fill. For Pg we 
have used the average density of 2.60 g/cm3 from two differ
ent, carefully investigated, densely welded, and devitrified 
rhyolite ash flow tuffs from the Creede caldera, Colorado 
[Raile and Stevel/, 1967]. This should be a reasonable estimate 
for the intracalcera Bishop Tuff (R. A. Bailey, personal com
munication, 1975), and since most of the rest of the fill is also 
derived from rhyolite volcanics, we used this value for the 
grain density of the entire caldera fill. The resulting bulk poros
ity of the Long Valley caldera fill is 0.19. If grain density of the 
fill were 2.50 g/cm3

, the porosity would be only 0.15. 
Mariner and Willey [1976] and Sorey and Lewis [1976], using 

various geochemical thermometers, estimate that the temper
ature of the geothermal reservoir is at least 200o-210°C. 
McKenzie and Truesdell [1975], using a sulfate isotope geother
mometer, calculate a reservoir temperature of 240o-250°C. 

The caldera fill above the Bishop Tuff consists of a variety of 
rhyolitic flows and tuffs, rhyodacite flows, basalt flows, and (in 
the eastern half) lake, marsh, and periglacial sediments [Bailey 
et al., 1976]. Although some of this near-surface rock is hydro
thermally altered, it appears to be relatively impermeable ex
cept along faults and does not appear to contain a high-tem
perature geothermal reservoir [Stanley et al., 1976]. Thus any 
significant geothermal resource in the Long Valley caldera 
would have to be in the Bishop Tuff and the rhyolites of Glass 
Mountain. 

Three pieces of evidence lead us to believe that such a reser
voir does exist. First, all of the hot springs appear to occur 
along active faults [Stanley et al., 1976; Bailey et al., 1976]. 
suggesting that they are acting as conduits for hot water from 
some deeper zone. Second, the springs all yield approximately 
the same geochemically derived temperature and have almost 
identical chloride-boron ratios implying that they are tapping 
a single, well-mixed reservoir [Sorey and Lewis, 1976]. Finally, 
the Bishop Tuff extends throughout the lower part of the 
caldera fill and, based on the gravity data of Kane et al. [1976], 
appears to have significant porosity (> 0.15). Inclusions of 
Bishop Tufl' found in postcaldera rhyolite tuffs exposed in the 
central part of the caldera are densely welded [Bailey et al., 
1976]. Accordingly, we infer that the porosity indicated by the 
gravity data is due to fractures or to local accumulations of 
high-porosity pumiceous material [Kane et al., 1976]. 

Seismic data of Hill [1976], deep electrical data of Stanley et 
al. (1976), and shallow drilling results of Lachenbruch el al. 
[1976] allow us to construct a model showing the depth to the 
top of the Bishop Tuff (Figure 3). The difference in volumes 
calculated from Figures 2 and 3 is interpreted as the volume of 
Bishop Tuff and downdropped rhyolites of Glass Mountain 
within the caldera. This figure of 450 km3 compares with 375 
km3 estimated for the intracaldera volume of Bishop Tuff 
alone [Bailey et al., 1976]. What proportion of these rocks 
constitutes a reservoir is unknown. The reservoir could be 
substantially larger, including rocks outside the caldera, or a 
significant high-temperature reservoir may not exist at all. 
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Fig. 3. Map showing depth (in kilometers) to top or Bishop Tulf in 
Long Valley caldera. The caldera boundary and seismic profiles are 
shown as in Figure 2. 

Assuming that the reservoir has a volume of 450 km3 and a 
porosity of 0.15, we have calculated the total heat above aoc 
contained in the rock and water of the reservoir (Table I). The 
geothermal resource, however, is commonly considered to be 
only the part of the heat that can be recovered and used under 
foreseeable economic conditions [Muffler, 1973, p. 255]. The 
extractable energy from Long Valley is shown in Table I under 
two assumptions [Muffler, 1973, p. 257]: (I) that the temper
ature of the reservoir will fall with time to 180°C, below which 
extraction will become uneconomic, and (2) that only 50% of 
the available energy between the reservoir temperature and 
180°C will ever be extracted, owing to impermeable rock, 
insufficient number of drill holes, and nonoptimum drill hole 
spacing, etc. 

Implicit in our discussion is the use of Long Valley geother
mal energy for the generation of electricity. Accordingly, in 
Table I we have calculated the amount of electricity that could 
be generated by using conventional flashed steam techniques. 
We consider only the flashed steam, assume that the separa
tion temperature is 145°C and that the thermodynamic effi
ciency is 14.3% (as at The Geysers [Bruce, 1971)), and use as 
a reservoir temperature the average of the initial and final con
ditions. 

Of the many factors that affect the geothermal resource 
estimates for Long Valley, four are of paramount significance: 
(I) reservoir volume, which could range from a very small size 
to perhaps 1000 km 3

, (2) recoverability, which could range 
from 0% for a completely impermeable 'reservoir' to perhaps 
greater than 100% for a reservoir with significant heat and 
fluid recharge, (3) temperature (a small change in estimated 
initial reservoir temperature can have a substantial effect on 
extractable energy estimates (e.g., Table I», (4) technology 
and economics of use (we have assumed conventional flash 
steam electrical generation; advanced technology or use for 
heating purposes obviously would increase the resource esti
mates of Table I, the limiting factors being technologic, eco
nOlT'ic, and social, not geologic). 

Much ,of the information required to refine these estimates 
can be obtained only in deep drill holes, but the expected deep 
exploration of the caldera by private industry has not yet taken 

TABLE 1, Geothermal Resources of Long Valley 

Reservoir Heat Above Electrical 
Temperature, O°C in Extractable Energy, 

°C Reservoir, .T Energy, J MW cent. 

220 24 X 1019 2.1 X 1019 350 
250 27 X 1019 3,6 X 1019 700 
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place for a variety of reasons including the delay in leasing of 
federal lands. Full understanding of the Long Valley geother
mal system and an accurate determination of its geothermal 
resource potential must await a series of deep wells coupled 
with a properly designed program to acquire pertinent drill 
hole data both during and after drilling. 
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Volcanism, Structure, and Geochronology of Long Valley Caldera, Mono 
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Long Valley caldera, a 17- hy 32-km elliptical depression on the cast front or the Sierra Nevada. rormed 
0.7 m.y. ago during eruption or the Bishop tulL Subsequent intracaldera vokanism included eruption of 
(I) aph)f1c rhyolite O.6X-0.64 m.y. ago during resurgenl doming of the caldera Iloor. (2) porphyritic 
hornblende-biotite rh)olite from centers peripheral to the resurgent dllme at 0.5. 0.3, and 0.1 m.)." ago, 
and (3) porphyritic hornblende-biotite rhyodacite rrom outer ring rractures ().~ nl.). ago to SO.O()() yr ago, 
a sequcnce that appan:ntly records progressive crystalli/ation llf a subjacent chemically mned magma 
chamblT. Holoccne rhyolitic and phreatic cruptions suggest that residual magma was present in the 
chamber as recently as 450 yr ago. Intracaldera hydrothermal activit) began at least 0.3 m.y. ago and was 
widesprt;ad in the caldera moat: It has since declincd due to self-scaling llf near-surlllCC caldera sedimcnts 
by leolitil.ation"lrgilli/ation, and silicification and has bccomc locali/ed on recently reactivated north
wcst-trending Sierra Nevada frontal faults that tap hot water at depth. 

I NTRODUCTlON 

In the western United States, only three calderas are known 
to be large enough and young enough to possibly still contain 
residual magma in their chambers: the Valles caldera (~I.I 
m.y. old) in north central New Mexico; the Long Valley cal
dera (~0.7 m.y. old) in central eastern California, and the 
Yellowstone caldera (~0.6 m.y. old) in northwestern Wyom
ing. Detailed mapping of the Valles caldera [Smith et al., /961, 
1970) and the Yellowstone caldera [Christiansen and Blank. 
1969; U.S. Geological Survey. 1972: Keeler. 1972) has contrib
uted much to the underst<lnding of caldera evolution and 
mechanisms. Long Valley caldera (Figures I and 2) heretofore 
has not been mapped in detail, although a number of excellent 
studies of the general geology of the region have been made, 
notably by Gilhert [1938, 1941], Gilhert et al. (1968], Kistler 
[1966a, b), Rinehart alld Ross [1957, 1964), and Huber and 
Rinehart [1967J. Inclusion of Long Valley as one of the target 
areas of the U.S. Geological Survey Geothermal Research 
Program has provided an opportunity to apply a wide range of 
geologic, geochemical, and geophysical techniques to the study 
of a large, active geothermal system; it also has provided the 
first opportunity to synthesize the volcanic history of this fasci
nating area. This paper is a preliminary report of the geologic 
and chronological studies based on mapping and sampling 
carried on during the summelS of 1972 and 1973. Geologic 
mapping and petrologic studies are continuing. The petrologic 
model presented in the summary is based primarily on field 
studies, supplemented by preliminary petrography and limited 
preexisting petrochemical data, and should be considered ten
tative. 

K-AR DATING TECHNIQUE 

Samples for age measurement were collected from outcrops 
at locations shown on Figure 3. When it was possible, biotite 
or sanidine in the size range of 149-420 J.lm was separated by 
using standard magnetic and heavy liquid techniques. Sanidine 

Copyright © 1976 by the American Geophysicaillnion. 

concentrates were treated with a dilute HF solution to remove 
small bits of attached glass and fragments of other mineral 
grains. Obsidian used for dating was totally unhydrated and 
not devitrified. Small blocks sawed from many of the hand 
specimens were used for dating. For samples that contained 
phenocrysts the obsidian was crushed to between 2 and 4 mm, 
and pure glass fragments were handpicked for analysis. Basalt 
and andesite were examined in thin sections to be sure that 
they met the usual criteria for whole-rock K-Ar dating 
[Mankinen and Dalrymple. 1972]. 

Argon was measured by isotope dilution mass spectrometry 
using an 3BAr tracer and extraction techniques, mass analysis, 
and data reduction procedures described by Dalrymple and 
Lanphere [1969). Potassium was determined by using the lith
ium l11etaborate fusion technique and name photometry [Suhr 
and Ingamel/s, 1966; Ingamells, 1970). Errors given in Table I 
and in the text are standard deviations of analytical precision, 
estimated by using the method of Cox and Dalrymple [1967). 

The analytical data and calculated K-Ar ages are given in 
Tahle I and discussed in the appropriate sections along with 
the stratigraphy, petrology, and structure. A summary of the 
age data, .showing stratigraphic relations and relevant statis
tical data, is presented in Figure 4. 

GEOLOGIC SI'TTI!'iG 

Long Valley caldera is at the east base of the Sierra Nevada, 
50 km northwest of the town of Bishop and 30 km south of 
Mono Lake (Figure I). The caldera is an elliptical depression 
about 32 km from east to west by 17 km from north to south; it 
has an area of about 450 km2 (Figure 2). The eastern half of 
the caldera, Long Valley proper, is a broad, crescentic grass
and sage-covered valley of low relief, at an elevation near 2070 
m (6800 ft). The western half of the caldera is a forested area cif 
higher relief at an average elevation of 2440 m (8000 ft); it 
forms the 'Mammoth embayment,' a prominent reentrant in 
the Sierra Nevada range front near the town of Mammoth 
Lakes. In the west central part of the caldera a group of faulted 
and dissected hills rises to 2590-m (8500 ft) elevation. Between 
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Fig, 2. Shaded relief map of Long Valley caldera. 

these central hills and the. caldera walls is an annular moat, 
which is drained on the north by Deadman Creek and the 
upper Owens River and on the south by Mammoth Creek and 
Hot Creek. The walls of the caldera are well defined and rise 
steeply on all sides except the southeast. On the south the wall 
rises precipitously 1000 m to remnants of a late Tertiary ero
sion surface [Rinehart and Ross, 1964, Plate I; Curry, 1971] at 
an elevation of 3050 m (10,000 ft) on the shoulders of McGee 
and Laurel mountains. In the west the wall rises 500 m to the 
eastern slopes of San Joaquin Mountain and Two Teats. On 
the north and northeast the wall is formed by the steep south 
face of Bald Mountain and of Glass Mountain, which rises 
1200 m to an elevation of about 3350 m (11,000 ft). The east 
wall, in contrast, is a low terraced escarpment with a max
imum relief of only 250 m, and the southeast wall is little more 
than an arch that merges with the surface of the Volcanic 
Tableland, which slopes gently southeast toward Bishop. 

The pre-Tertiary basement rocks in the immediate vicinity 
of Long Valley caldera are Jurassic and Cretaceous gran
odiorites and granites of the Sierra Nevada batholith and 
Paleozoic and Mesozoic metamorphic rocks of the Mount 
Morrison and Ritter range roof pendants [Bateman et ai., 
1963; Rinehart and Ross, 1964] (Figure 3). Overlying the base
ment rocks on an erosion surface of moderate relief are late 
Tertiary volcanic rocks, mainly basalt, andesite, and rhyoda
cite. 

Basalt and andesite flows with a cumulative thickness of 

200-250 m crop out in the west wall of the caldera, as well as 
along part of the north wall. Thinner, less extensive sequences 
of flows from small local centers occur also on the east rim 
south of Glass Mountain and on the south rim on McGee 
Mountain. Rhyodacites overlie the basaltic rocks on the west 
rim and form the main mass of San Joaquin Mountain and 
Two Teats, the dissected remnants of a large Pliocene volcano 
northwest of the caldera. Three additional masses of rhyoda
cite, the largest of which is Bald Mountain, occur on the north 
rim. 

Abundant basaltic inclusions found in postsubsidenc~ in
tracaldera rhyolites suggest that the thick sequences of basaltic 
rocks on the west and north walls ext~nd well into the caldera 
area. In ,contrast, rhyodacite inclusions are rare in the post
caldera rhyolites, suggesting that no comparable thickness of 
rhyodacite occurs within the caldera. The available evidence 
indicates that no great accumulation or edifice of precaldera 
volcanic rocks existed within the caldera area, as is true of 
many other resurgent cauldrons [Smith and Bailey, 1968; 
Smith et ai., 1970]. The wide and sporadic distribution of 
precaldera volcanic centers suggests that these Tertiary rocks 
are not directly related to the Long Valley magma chamber, 
although they may represent an early part of the volcanic cycle 
that culminated with the voluminous rhyolites of Long Valley. 

These Tertiary volcanic rocks range in age from 3.2 to 2.6 
m.y. old. Units in the vicinity of Long Valley that have been 
dated by the K-Ar method include (I) the basalt at Old Mam-
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TABLE I. K-Ar Age Data on Volcanic Rocks From Long Valley Caldera, California 

Argon 

100·oAr,s. 
Sample Map No. Material 40 Arndt Calculated Age,t 

No. (figure 3) Rock Type Dated K,O*, wt % Weight,g 1O- 12mol!g 4°Artotal 10' yr 

720001 Aphyric rhyolite Obsidian 5.10 (2) 3.470 5.189 43.5 0.675 ± 0.016 
3.461 4.948 29.1 

720002 2 Biotite rhyolite Obsidian 5.24 (2) 4.228 5.125 53.4 0.660 ± 0.027 
4.188 5.070 16.5 

720003 3 Pyroxene rhyolite Obsidian 5.25 ± 0.06 (4) 3.870 5.199 16.7 0.664 ± 0.029 
4.075 5.131 34.6 

720004 4 Pyroxene rhyolite Obsidian 5.22 (2) 4.426 5.312 34.7 0.670 ± 0.014 
4.442 5.057 57.0 

720005 5 Hornblende-biotite rhyolite Sanidine 10.96 (2) 5.828 5.263 48.2 0.324 ± 0.010 
720006 6 Pyroxene rhyolite Obsidian 5.02 (2) 4.089 5.583 46.4 0.73 ± 0.016 

4.197 5.280 45.3 
720007 7 Hornblende-biotite rhyolite Sanidine 10.88 (2) 12.182 1.724 64.4 0.106 ± 0.003 
720008 8 Hornblende-biotite rhyolite Sanidine 11.24 (2) 5.080 1.330 9.1 0.094 ± 0.006 

5.872 1.590 33.5 
720009 9 Hornblende-biotite rhyolite Sanidine 11.32 (2) 6.755 1.735 38.8 0.103 ± 0.002 . 

6.112 1.744 34.2 
720010 10 Aphyric rhyolite Obsidian 5.07 (2) 3.430 5.145 43.9 0.673 ± 0.1l14 

4.458 4.967 53.0 
720011 II Hornblende-biotite rhyolite Sanidine 10.64 (2) 6.544 7.293 40.4 0.468 ± 0.010 

7.160 7.440 40.7 
720012 12 Hornblende-biotite rhyolite Sanidine 10.45 (2) 5.799 8.023 62.3 0.509 ± 0.011 

5.158 7.730 76.0 
720013 13 Aphyric rhyolite Obsidian 5.14 (2) 4.932 4.992 54.5 0.658 ± 0.014 

5.384 5.036 41.6 
720014 14 Pyroxene rhyolite Obsidian 5.15 (2) 3.955 4.958 57.4 0.634 ± 0.013 

3.908 4.725 34.5 
720015 15 Basalt Whole-rock 1.654 (2) 10.578 0.367 3.1 0.149 ± 0.070 
720016 16 Basalt Whole-rock 1.663 (2) 11.078 0.372 8.8 0.151 ± 0.027 
720017 17 Hornblende-biotite rhyolite Sanidine 10.63 (2) 4.347 1.890 24.8 0.113 ± 0.004 

12.901 1.728 32.2 
73GOOI 18 Andesite Whole-rock 2.13 ± 0.01 (4) 9.102 0.700 2.8 0.222 ± 0.080 
730008 19 Basalt Whole-rock 2.00 ± 0.00 (4) 8.379 0.428 8.8 0.145 ± 0.015 
730009 20 Basalt Whole-rock 1.63 ± 0.05 (8) 12.256 0.271 13.3 0.104 ± 0.011 

14.187 0.201 4.3 
730010 21 Andesite Whole-rock 3.01 ± 0.01 (4) 14.401 12.787 70.2 2.87 ± 0.09 
73GOl2 22 Basalt Whole-rock 2.26 ± 0.06 (4) 5.837 0.482 5.5 0.126 ± 0.025 

7.784 0.372 4.7 
730014 23 Basalt Whole-rock 1.82 ± 0.01 (4) 12.806 0.148 4.3 0.062 ± 0.013 

11.736 0.194 3.5 
730016 24 Biotite rhyolite Sanidine 9.75 ± 0.26 (4) 1.053 27.749 61.6 1.92 ± 0.05 
730017 25 Hornblende-biotite rhyolite Sanidine 11.34 ± 0.03 (4) 4.084 6.029 55.5 0.349 ± 0.006 

3.433 5.812 58.2 
Biotite 8.93 ± 0.06 (4) 1.337 6.645 4.7 0.503 ± 0.105 

730018 26 Rhyodacite Biotite 8.60 (2) 1.688 2.212 4.1 0.145 ± 0.029 
1.995 1.422 2.8 

730019 27 Rhyodacite Biotite 7.12 (2) 1.897 1.460 2.6 0.138 ± 0.079 
730021 28 Basalt Whole-rock 1.57 ± 0.01 (4) 11.928 0.211 5.7 0.093 ± 0.012 

10.930 0.225 4.8 
730023 29 Rhyodacite Sanidine 7.76 (2) 2.251 0.582 9.2 0.050 ± 0.010 
730024 30 Rhyodacite Biotite 8.22 (2) 1.841 1.436 2.4 0.118 ± 0.048 
730025 31 Andesite Whole-rock 2.63 ± 0.01 (4) 7.543 0.366 7.1 0.083 ± 0.010 

9.418 0.320 14.8 

*Mean and, where more than two measurements were made, standard deviation. Number of measurements is in parentheses. 
tA, = 0.585 X 10- 10 yr- 1

, Ap = 4.72 X 10- 10 yr- 1
, 'OK/K = 1.19 X 10-' mol!mol. Where more than one measurement was made on a sample, 

the age given is the weighted mean; weighting was by the inverse of the variance. Errors given are estimates of the standard deviation of analyti-
cal precision [Cox and Dalrymple, 1967]. 

moth Mine and (2) andesite from San Joaquin ridge, both 3.1 ± 0.1 m.y. old [Dalrymple, 1964a) and 2.7 ± 0.1 m.y. old 
± 0.1 m.y. old [Dalrymple, 1964a); (3) basalts in the Benton [Curry, 1966). 
range that erupted from a cone on the northeast rim of the 

caldera 3.2 ± 0.1 m.y. ago [Dalrymple, I 964a); (4) basalt in the RHYOLITES OF GLASS MOUNTAIN 

Owens River gorge, 3.2 ± 0.1 m.y. old [Dalrymple, 1963); (5) The earliest volcanic rocks that can be related to the Long 
andesite in the northwest wall, 2.87 ± 0.09 m.y. old (location Valley magma chamber are the rhyolites of Glass Mountain 
21; location numbers refer to map locations in Figure 3 and (Figure 3). Glass Mountain is a thick accumulation (> 1000 m) 
Table I); (6) basalt on McGee Mountain, 2.6 ± 0.1 m.y. old of domes, flows, and shallow intrusions flanked by extensive 
[Dalrymple, 1963); and (7) quartz latites from Two Teats, 3.0 fans of pyroclastic deposits that consist of pumice and ash 
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falls, small ash flows, blocky Pelean avalanche deposits, and 
epiclastic conglomeratic sediments [Gilbert, 1941; Rinehart and 
Ross, 1957). Dissected remnants of the flanking fans extend 
northeast into Adobe Valley and south along the east side of 
the caldera. Similar fans probably extended southwest from 
Glass Mountain, but the southwest half of the mountain has 
been down faulted along the caldera boundary faults and is 
now buried beneath the sedimentary and volcanic fill of Long 
Valley. The vents and intrusive centers of Glass Mountain are 
well exposed in its south face. They are arranged in an arc 
approximately parallel to the northeast wall of Long Valley 
caldera, which suggests that their location was controlled by 
an incipient caldera ring fracture and that they represent early 
leakage from the Long Valley magma chamber. 

The rhyolites of Glass Mountain are aphyric to sparsely 
porphyritic, and, according to Noble et al. [1972), are highly 
differentiated, peraluminous, and high in silica (containing 
about 77%). Two K-Ar ages, one of 0.90 ± 0.10 m.y. obtained 
on sanidine from obsidian near the top of Glass Mountain 
[Gilbert et aI., 1968, p. 302) and another of 1.92 ± 0.05 m.y. on 
sanidine from a biotite rhyolite low on the southwest side 

(location 24), indicate that Glass Mountain was built by erup
tions that extended over a period of at least I m.y. 

BISHOP TUFF 

The Bishop tuff, a voluminous rhyolite ash flow sheet, 
erupted about 0.7 m.y. ago [Dalrymple et al., 1965) from vents 
now buried within Long Valley caldera [Gilbert, 1938, pp. 
1859-1860). From these vents, ash flows spread radially south
east through the low area now occupied by the Owens River, 
north over the west shoulder of Glass Mountain into Adobe 
Valley, northwest over Deadman Summit into Mono basin, 
and west over the low pass now occupied by Mammoth Moun
tain into the valley of the Middle Fork of the San Joaquin 
River (Figure J). The most extensive exposure of Bishop tuff is 
on the Volcanic Tableland southeast of the caldera [Gilbert, 
1938; Sheridan, 1965). Lesser exposures occur in the south
eastern part of the Adobe Valley and in the southern part of 
the Mono basin [Gilbert, 1938), where the sheet is extensively 
covered by pumice from the Mono craters. Small erosional 
remnants also cling to the walls of the Middle Fork of the San 
Joaquin near Reds Meadow [Huber and Rinehart, 1967). 

The Bishop tuffis a crystal-rich rhyolite tuff that contains up 
to 30% phenocrysts of quartz, sanidine, plagioclase, biotite, 
and Fe-Ti oxides [Gilbert, 1938; Sheridan, 1965). Available 
chemical data [Bateman, 1965, Table 21; Sheridan, 1965, Table 
5) indicate that the Bishop tuff differs only slightly in composi
tion from top to bottom and is not a strongly differentiated 
sheet. According to Sheridan [1968) the tuff exposed in the 
lower Owens River gorge is a double cooling unit, which in
dicates that it was emplaced during two eruptive pulses. 

Gilbert [1938, p. 1833) estimated that the Bishop tuff covers 
an area of 1040-1150 km 2 and has a volume of about 140 km 3

• 

His estimate, however, did not include the large volume of tuff 
buried. within the caldera. Although Bishop tuff is not exposed 
anywhere within the caldera, blocks of the tuff occur as acci
dental inclusions in early postcaldera rhyolite tuffs exposed in 
the central part of the caldera, clearly indicating that Bishop 
tuff underlies the tuffs at depth [Bailey, 1973). Most of the 
inclusions are of densely welded tuff, suggesting that the in
tracaldera Bishop tuff is probably quite thick. By analogy with 
intracaldera welded tuffs exposed in older, more deeply dis
sected resurgent cauldrons [Ratte and Steven, 1967; Byers et 
al., 1968; Lipman and Steven, 1970; Lipman et al., 1973; R. L. 
Smith and R. A. Bailey, unpublished data, 1970), the in
tracaldera Bishop tuff is probably of the order of 1000 m thick. 
Seismic refraction studies of the caldera [Hill, 1976) suggest a 
thickness of 1000-1500 m. By using a thickness of 1000 m and 
the area of the subsided cauldron block (350 km 2 as defined by 
the inferred position of the main boundary faults in the caldera 
moat), the volume of intracaldera Bishop tuff is estimated to 
be about 350 kma. Thus the total volume of Bishop ash flows is 
of the order of 500 km 3

, two-thirds of which accumulated 
within the subsiding caldera. 

The volume of Bishop ash that was carried away by winds 
and thinly dispersed over much of the western United States is 
difficult to estimate on the basis of presently available data. 
However, using (I) the distribution of Bishop ash indicated by 
!zettet al. [1970) and (2) one-half the maximum thickness (3 
m) of Bishop pumice fall in the vicinity of the caldera and (3) 
assuming logarithmic thinning of the ash downwind, we calcu
late a volume of 300 kma. Although this estimate seems surpris
ingly large, we believe our method of calculation yields a 
conservative figure. Furthermore, the relative proportion of 
ash fall to ash flows (3: 5) does not seem unreasonable when it 
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is compared with the ratio (I: I) of the Mazama ash to its 
associated Crater Lake ash flows [Williams and Goles, 1968), 
especially when one takes into account the likelihood that the 
Crater Lake eruption had a stronger vertical component. 

The foregoing volumes of ash and tuff, when they are re
duced by appropriate factors for their porosity, indicate that 
the total volume of magma ejected during eruption of the 
Bishop tuff was of the order of 600 km3

• 

Hildreth and Spera [1974) report on the basis of miner
alogical and geochemical studies that the initial ash falls of the 
Bishop tuff erupted at temperatures of 745°C under a pressure 
of less than 2 kbar and that the ash flows erupted at 800°C 
under pressures of greater than 3 kbar. These data suggest that 
the roof of the chamber was at a depth of about 6 km at the 
time of initial outburst al1d that the last ash flows came from a 
depth of about 10 km. These data are in fair agreement with 
evidence to be discussed below, i.e., that the maximum amount 
of caldera collapse associated with the eruption of the Bishop 
tuff was about 3 km. 

K-Ar ages on samples from three exposures of the Bishop 
tuff range from about 0.68 to 0.74 m.y. [Dalrymple ei al., 
1965), but none of the individual measurements are signifi
cantly different from the weighted mean age of 0.708 ± 0.015 
m.y. at the 95% level of confidence. Both the K-Ar ages and 
the paleomagnetic data, from welded parts of the Bishop tuff, 
are consistent with the interpretation that this ash flow sheet 
was emplaced within a time span of no more than a few 
centuries [Dalrymple et a/., 1965). 

CALDERA SUBSIDENCE 

As a result of eruption of the Bishop tuff the Long Valley 
magma chamber was partially emptied, and its roof con
sequently collapsed. Collapse probably took place along ar7 
cuate ring faults, although few of these are now exposed. One 
outer ring fault, with a maximum displacement of 250 m, can 
be traced for a distance of 12 km along the east wall of the 
caldera (Figure 3), but the gravity gradient on the eastern 
margin of the caldera [Pakiser, 1961; Pakiser et al., 1964; Kane 
et al., 1976) requires much greater displacement, and the main 
boundary fault must be buried in the caldera fill to the west. 
The main boundary fault probably lies well within the caldera 
moat, and the present diameter of the caldera undoubtedly has 
been enlarged by slumping of the initially unstable walls and 
by subsequent erosion. 

Although Gilbert [1938, 1941) recognized Long Valley as the 
source of the Bishop tuff and suggested that most of the recent 
faulting in the depression was a result of extrusion of a large 
volume of magma from beneath it, the caldera origin of Long 
Valley has been questioned by some investigators, probably 
because the boundary faults are largely covered and actual 
displacement on them cannot be measured. The gravity 
studies of Pakiser [1961) and Pakiser et al. [1964) lent support 
to the caldera origin by more clearly defining its oval shape 
and establishing that it contained a great thickness of low
density fill. Pakiser (in the work by Rinehart and Ross [1964)) 
elaborated on the mechanism of eruption and collapse, but 
because he overestimated the volume of fill [Kane et al., 1976), 
he concluded that volcanism alone could not account for the 
amount of subsidence, and consequently he considered Long 
Valley a volcano-tectonic depression. Recognition of a resur
gent dome within the depression [Smith and Bailey, 1968) 
provided indirect evidence for caldera origin, but perhaps the 
most convincing evidence is that provided by the inclusions of 
Bishop tuff in the early rhyolites in the depression and by the 

timing of subsidence established by K-Ar dating. Bishop tuff 
inclusions in the early postcaldera rhyolite tuffs, which are at 
least 500 m thick, indicate that Bishop tuff has definitely sub
sided to a considerable depth within the depression (a min
imum of 800 m below the general level of Bishop tuff on the 
north caldera rim). K-Ar dating (Figure 4) of the Bishop tuff 
(0.71 m.y.) and the earliest intracaldera rhyolites (0.73-0.68 
m.y.) indicates that this subsidence occurred within a very 
short time following eruption of the Bishop tuff. Thus sub
sidence can clearly be associated with eruption of the Bishop 
tuff and is not the result of tectonic movements, which have 
been continuously active in the general area over a much 
longer time at much slower rates. 

The minimum amount of subsidence of the cauldron block 
is about 1000 m, indicated by the topographic relief between 
the floor of Long Valley and the shoulders of Glass Mountain 
and remnants of the Tertiary erosion surface on the south rim 
of the caldera. The average thickness of low-density materials 
in the eastern half of the caldera beneath Long Valley, in-. 
dicated by the gravity model of Kane et al. [1976, Figure 5) and 
by the seismic refraction study of Hill [1976), is about 3000 m. 
Of this thickness, 500-1000 m is probably downfaulted pre
caldera rhyolite of Glass Mountain. The caldera fill, including 
the Bishop tuff, in Long Valley is therefore about 2000-2500 m 
thick, so the maximum subsidence in the eastern part of-the 
caldera is of the order of 3000 m. 

The topographic relief on the walls in the west half of the 
caldera, about 300-600 m, is considerably less than in the east. 
Part of this difference may be accounted for by the infill of 
young basaltic lavas in the western moat, but they probably do 
not greatly exceed 200 m in thickness. The average thickness of 
low-density rocks in the western part of the caldera, indicated 
by Kane et al. [1976, Figure 5) and Hill [1976), is about 1700 
m, of which about 200 m probably is precaldera volcanic 
rocks, judging from exposures in the west and north walls of 
the caldera. Thus the caldera fill, including Bishop tuff, in the 
west probably is about 1500 m, and the total subsidence is of 
the order of 2000 m. Subsidence in the west therefore is about 
1000 m less than in the east. 

This difference in subsidence in the east and west is espe
cially evident in the gravity maps of Kane et al. [1976, Figures 
2, 3), a conspicuous feature of which is a northwest-trending 
gradient transecting the middle of the caldera. This gradient 
coincides with the northward projection of the Hilton Creek 
fault, a major active Sierra Nevada frontal fault, and is 
thought to reflect either precaldera displacement of the base
ment (down to the east) on the intracaldera segment of the 
fault or, as suggested by Hill [1976), differential displacement 
on the fault during caldera collapse. It is also evident from the 
gravity and seismic refraction studies that the caldera fill thick
ens markedly to the north, suggesting that the floor tilted in 
that direction during subsidence. 

The total volume of caldera subsidence can be estimated 
from the gravity model and the present topography. The vol
ume of the present topographic depression, based on recon
struction of the precaldera topography, is about 200 km 3

• The 
volume of the subsurface depression calculated from the grav
ity model [Kane et al., 1976, Figure 3) is about 800 km 3 [Muf 
fier and Williams, 1976). Probably about one quarter of this 
volume is subsided precaldera volcanic rocks; hence the sub
surface volume occupied by the Bishop tuff and younger rhyo
lite tuffs and lavas is about 600 km 3

, and the total combined 
subsurface and topographic subsidence is of the order of 800 
km 3

• About 75% of this volume can be accounted for by the 
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estimated 600 km" or magma ejected during eruption or the 
Bishop tull', and possibly an additional 5-10% can be accounted 
ror by minor subsidence accompanying eruption or post
caldera tull's and lavas (40-80 km3 or magma). Thus with 
presently available data, 80% or more of the estimated volume 
of subsidence can be attributed to eruption of the Bishop tuff 
and associated intracaldera volcanic rocks. 

EARLY RHYOLITES 

K-Ar ages of 0.73-0.63 m.y. indicate that almost immedi
ately after subsidence, eruptions resumed within the caldera. 
During this time crystal-poor rhyolite tuffs, domes, and flows 
accumulated on the floor to a thickness of at least 500 m. 
These rocks, informally designated the 'early rhyolites,' are 
exposed in tilted and uplifted fault blocks in the central part of 
the caldera. 

The tuffs contain abundant inclusions of Bishop tuff and 
basalt and, less commonly, fragments of granitic and metamor
phic rocks, indicating that all of these rock types occur within 
the cauldron block. Many of the rhyolite tuffs show varying 
degrees of reworking by water: low-amplitude cross-bedding, 
sorting, and grading. Although ripple marks are absent, the 
tuffs were very likely deposited, at least partly, in an early 
formed caldera lake. 

The rhyolite domes and flows associated with the tuffs typi
cally contain abundant jet black obsidian and have less than 
3% phenocrysts of quartz, plagioclase, biotite, and hyper
sthene. The low crystal content of these lavas indicates that 
they erupted at near-liquidus temperatures. They also appear 
to have been unusually fluid for rhyolites, as some units less 
than SO m thick flowed as far as 6 km. Three mineralogical 
facies have been mapped [Bailey, 1974]; in order of increasing 
phenocryst content and, in general, decreasing age, they are: 
(I) aphyric rhyolite, (2) pyroxene rhyolite, containing 
phenocrysts of quartz, plagioclase, hypersthene, and Fe-Ti 
oxide, and (3) biotite rhyolite, containing phenocrysts of 
quartz, plagioclase, hypersthene, biotite, and Fe-Ti oxide. 
Scarce phenocrysts of fayalite and augite also have been identi
fied in some samples of biotite rhyolite. Available chemical 
data [Rinehart and Ross, 1964, Table 9; Jack and Carmichael, 
1968, Table I; R. A. Bailey, unpublished data, 1974] indicate 
that the early rhyolites typically contain about 75% silica and 
that the three facies are not appreciably different chemically, 
suggesting that the succession represents progressive crystalli
zation of the same magma. 

Twelve eruptive centers for the early rhyolites, many of 
them aligned on and offset by northwest-trending faults, are 
exposed in the central part of the caldera. Additional vents 
probably are buried in the caldera moat. Kane et al. [1976] 
interpret the arcuate chain of secondary lows in their gravity 
model as local accumulations of low-density materials. These 
lows quite possibly represent accumulations of coarse pumice 
around early rhyolite vents on outer caldera ring fractures. 
Evidence that early rhyolites are buried in the moat include (I) 
lithic aphyric rhyolite debris in the phreatic deposits of the 
Inyo craters; (2) aphyric rhyolite tuff uplifted on the side of a 
large rhyodacite dome in the southwest moat; and (3) pyrox
ene rhyolite beneath younger basalts in the northwest moat 
at 200 m depth in U.S. Geological Survey heat-flow hole (Fig
ure 3, DC). 

K-Ar measurements on 8 of the 12 early rhyolite domes and 
flows give ages of 0.73-0.63 m.y. (Table I and Figure 4). 
With only one exception the ages are consistent with the 
mapped stratigraphic succession: the exception is the apparent 

age of 0.73 m.y. on pyroxene rhyolite (location 6), which at the 
95% confidence level is significantly older than the ages or 
either of the three dated aphyric rhyolites (locations I, 10, and 
13). None of the K-Ar ages of the early rhyolites are signifi
cantly older than the age of the Bishop tuff. The data indicate 
that (I) the early rhyolites were erupted during a span of no 
more than 100,000 yr and perhaps as little as 40,000 yr after 
eruption of the Bishop tuff and collapse of the caldera and (2) 
the pyroxene rhyolites may have been contemporaneous in part 
with the aphYflc and biotite rhyolites. 

RESURGENT DOMING 

Contemporaneous with emplacement of the early rhyolites, 
the west central part of the caldera floor was uplifted and 
deformed int~ a subcircular structural dome. This resurgent 
dome [Smith and Bailey, 1962, 1968] is 10 km in diameter and 
consists of a mosaic of fault-bounded blocks that rise 500 m 
above the surrounding moat. The dome is transected by a 5-
km-wide complexly faulted keystone graben that trends north~ 
west. The early rhyolites exposed in the dome are tilted radi
ally outward as much as 30°, and detailed mapping of flow 
foliations and lineations [Chelikowsky, 1940; Bailey, 1974] 
shows that most of the extrusive units flowed radially away 
from the geometric center of the dome. Evidence that the 
dome is the result of positive central uplift rather than differen
tial collapse of the moat is as follows: (I) lake terraces tilted 
outward on the dome at elevations as much as 35 m higher 
than the highest terrace on the caldera walls; (2) scattered 
beach pebbles as much as 80 m higher on the dome than on the 
caldera walls; and (3) 1- to 2-m-diameter blocks of granitic and 
metamorphic rocks, interpreted as ice-rafted glacial erratics 
from the Sierra Nevada [Rinehart and Ross, 1964, p. 68], 200 m 
higher on the dome than the highest terrace on the caldera 
walls and 60 m higher than the lowest part of the caldera rim 
during early postcaldera time. These features also indicate that 
the resurgent dome was an island in a caldera lake during 
much of its history (see Figure 5). 

The orientation of the keystone graben in the resurgent 
dome is undoubtedly controlled by the dominant northwest 
trend of regional structures along the east front of the Sierra 
Nevada. The eccentric location of the resurgent dome is 
thought to be controlled by lines of structural weakness within 
the Mount Morrison roof pendant, which probably continues 
in the basement northwestward through the cauldron block to 
exposures of metamorphic rock on the north wall of the cal
dera near Big Springs. Several major precaldera faults within 
and bounding the roof pendant, the Hilton Creek, McGee 
Mountain, and Laurel-Convict faults [Rinehart and Ross, 
1964, Plate I] (Figure 3), undoubtedly contributed to the weak
ness of this zone. 

Decrease in the amount of radial tilting of progressively 
younger flow units on the dome suggests that uplift was wan
ing toward the close of eruption of the early rhyolites. How
ever, no units between 0.63 and 0.51 m.y. old have been dated, 
so the time of termination of doming is not precisely known. 
The top of a 0.51-m.y.-old hornblende-biotite rhyolite dome 
(location 12) on the north flank of the resurgent dome slopes 
gently to the north, but whether this is due to posteruption 
tilting or to slumping during extrusion onto a preexisting slope 
is uncertain. A 2280-m (7500 ft) lake terrace that laps against 
this dome does not appear to be tilted, nor do the many other 
lower terraces and strandlines down to 2140 m (7000 ft) on the 
north slope of the resurgent dome. Thus doming, which began 
shortly after collapse of the cauldron, continued until about 
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. Fig. 5. Maximum extent. of Pleistocene Long Valley Lake and distribution of hydrothermal activity. The heavy solid 
lme repr~sents remnants of highest (2320 m (7600 ft» lake terrace; heavy dashed line, inferred position of highest shoreline 
and maximum extent of lake; triangles, active fumaroles; solid circles, active hot springs; dotted area, distribution of fossil 
gas vents and hydrothermal alteration: and solid thin lines, recently active faults. Contour interval is -150 m (500 ft). 

0.63 m.y. ago but probably did not persist much beyond 0.5 I 
m.y. ago. 

MOAT RHYOLITES 

After resurgence, coarsely porphyritic hornblende-biotite 
rhyolite erupted from three groups of vents in the caldera 
moat. These rhyolites, informally designated the 'moat rhyo
lites,' are highly pumiceous and contain as much as 20% 
phenocrysts of hornblende, biotite, quartz, sanidine, and 
plagioclase. A single chemical analysis from a dome in the west 
moat indicates that they have silica contents of about 72% 
[Rinehart and Ross, 1964, Table 1]. They typically form steep
sided domes or thick flows of limited extent. Their crystal 
content and geomorphic form indicate that they were more 
viscous and probably erupted at lower temperatures than the 
early rhyolites. 

The oldest hornblende-biotite rhyolites erupted on the north 
flank of the resurgent dome where two of four centers have 
been dated at 0.509 ± 0.011 m.y. (location 12) and 0.468 ± 
0.010 m.y. (location 11). A second group of five erupted in the 
southeast moat, three of which have been dated at 0.349 ± 
0.006 m.y. (location 25), 0.324 ± 0.010 m.y. (location 5), and 
0.28 ± 0.03 m.y. (S 17 of Doell et al. [1966]). A third group of 
four, with K-Ar ages of 0.113 ± 0.004 m.y. (location 17),0.106 
± 0.003 m.y. (location 7), 0.103 ± 0.002 m.y. (location 9), and 
0.094 ± 0.006 m.y. (location 8), occurs in the west moat. Thus 

the three groups erupted about 0.5,0.3, and 0.1 m.y. ago in 
clockwise succession around the resurgent dome. These rocks 
are temporally, spatially, and petrographically analogous to 
the ring domes of the Valles caldera, New Mexico [Smith and 
Bailey, 1968; Doell et al., 1968], and their distribution is prob
ably controlled by ring fractures that bound the resurgent 
dome. The presence of hydrous minerals and the greater ve
sicularity of the moat rhyolites suggest that their extrusion and 
reopening of the ring fractures may have been caused by the 
concentration of volatiles accompanying crystallization of the 
magma and consequent increase in volatile pressure in the 
chamber. The apparent 0.2-m.y. periodicity of the groups may 
be a measure of the time required to build up sufficient pres
sure to reopen the ring fractures. 

The restriction of the centers to three distinct areas in the 
ring fracture zone may be due to the fact that in these areas the 
ring fractures intersect major northwest-trending precaldera 
faults within the cauldron block. This suggestion is further 
supported by the northwest alignment of some of the domes 
within the groups. In the northern group, four vents are spaced 
at 1.5-km intervals on a northwest trend that may be either an 
arc concentric to the margin of the resurgent dome or a north
west extension of the Hilton Creek fault. The five vents of the 
southeast group appear to be randomly distributed, but they 
also are in the general area of intersection of the Hilton Creek 
fault with the ring fracture zone. The three main domes of the 
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western group are aligned north-northwest parallel to minor 
intracaldera faults that are in line with the Hartley Springs 
fault northwest of the caldera. The fourth dome in this group, 
Deer Mountain, although isolated from the other three, is 
aligned with the younger Inyo domes, which also trend north
northwest parallel to the Hartley Springs fault. 

RIM RHYODACITES 

Hornblende-biotite rhyodacites, less silicic and richer in 
crystals than the hornblende-biotite rhyolites of the caldera 
moat, occur at three localities on the caldera rim or in the 
outer part of the caldera moat: (1) Mammoth Mountain on 
the southwest, (2) Deadman Creek on the northwest, and (3) 
the foot of Glass Mountain on the northeast. A fourth un
vented rhyodacite (?) intrusion probably occurs at the foot of 
Bald Mountain on the north, where cemented conglomeratic 
sediments capped with travertine have beer. punched upward 
into a steep-sided structural dome about I km in diameter. It is 
difficult to account for this structure other than by intrusion of 
a small igneous plug. Because of their peripheral location and 
semiarcuate distribution, these rhyodacites are informally des
ignated the 'rim rhyodacites: 

Mammoth Mountain, the largest and most imposing of 
these rhyodacite centers, is a complex cumulo-volcano, con
sisting of many superimposed domes and short thick flows. At 
least 10 major eruptive vents can be identified on the moun
tain, most of which occur within an arcuate zone parallel to 
the caldera wall. The northeast face of the mountain has been 
oversteepened by glaciation and also in part by faulting. Dis
placement of lavas across a conspicuous cleft high on the 
northeast side of the mountain. suggests that the northeast half 
of the mountain has subsided (see section on postcaldera tec
tonic activity). 

The lavas of Mammoth Mountain have silica contents rang
ing from 74 to 66% [Huber and Rinehart, 1967, pp. DI4-DI5, 
Figure 5]. Recent mapping by R. P. Koeppen (personal com
munication, 1973) shows an upward succession from biotite 
rhyolite through biotite-augite rhyodacite to hypersthene
hornblende rhyodacite, indicating a trend toward more mafic 
compositions with time and suggesting that the lavas may have 
erupted from a high-level differentiated cupola. 

The rhyodacites of Deadman Creek were mapped by Rine
hart and Ross [1964] and Huber and Rinehart [1967] as 'olivine
bearing quartz latite.' These rocks comprise three small lava 
domes and a flow. The three domes are hornblende-biotite 
rhyodacites mineralogically similar to those of Mammoth 
Mountain and have silica contents of 63-67%. The associated 
flow, the only unit that contains olivine, has a lower silica 
content, 59-61% (N. K. Huber and C. D. Rinehart, personal 
communication, 1974), and is mineralogically heterogeneous, 
with olivine, augite, hypersthene, biotite, hornblende, plagio
clase, sanidine, and quartz crystals, all in varying stages of 
reaction with the enclosing brown glass. Such relations suggest 
that the rock is the product of intermixing of rhyodacitic and 
basaltic liquids, a distinct likelihood since the K-Ar data in
dicate that basalts and rhyodacites were erupted contem
poraneously in the western moat. 

The small rhyodacite dome at the base of Glass Mountain 
has been described by Gilbert [1941, p. 799] as 'andesite,' but 
its mineralogy indicates that it is more silicic than typical 
andesites of the region. The rock contains abundant small 
crystals of hornblende and plagioclase in a light gray glassy 
matrix; its composition probably does not differ much from 
the rhyodacites of Deadman Creek and Mammoth Mountain. 

It is probably not accidental that' the two largest 
accumulations of rhyodacite, Mammoth Mountain and the 
Deadman Creek domes, occur where the caldera rim is inter
sected by a north-trending fracture system that also localized 
the more widely distributed, contemporaneous basalts de
scribed in the following section. The intersection of this frac
ture system with the outer caldera rim fractures undoubtedly 
was a zone of weakness that preferentially channeled magma 
to the surface. However, the fact that one and possibly two 
other rhyodacite centers occur along the north wall of the 
caldera, well to the east of this fracture zone, suggests that the 
rhyodacites are genetically related to the Long Valley magma 
chamber and not to the more deeply derived basalts. 

Four rhyodacites have been dated in this study, two of 
which are among the youngest in the Mammoth Mountain 
complex. One from the summit dome (location 29) has an 
apparent sanidine age of 0.050 ± 0.010 m.y., and one from a 
flow midway down the northern flank (location 30) gives a 
biotite age of 0.118 ± 0.048 m.y. Two additional rhyodacites 
near Mammoth Mountain, a dome (location 27) and a flow 
(location 26), give K-Ar ages on biotites of 0.138 ± 0.079 m.y. 
and 0.145 ± 0.029 m.y., respectively. Previously published K
Ar ages from Mammoth Mountain include one of 0.148 ± 
0.049 m.y. on biotite [Curry. 1971] and two on the same dome, 
0.18 ± 0.09 m.y. on biotite [Huber and Rinehart. 1967] and 
0.37 ± 0.04 on plagioclase [Dalrymple. 1964a]. Petrographic 
studies indicate that the plagioclase phenocrysts in the Mam
moth Mountain rocks have had complex histories and prob
ably have xenocrystic cores. Preliminary results of K-Ar dat
ing of coexisting biotite and plagioclase from other Mammoth 
Mountain rocks show that K-Ar ages of plagioclase are more 
variable and consistently older than those on coexisting bio
tite, suggesting that biotite ages more closely reflect eruptive 
ages. If so, the rocks on Mammoth Mountain probably are no 
older than 0.18 ± 0.09 m.y. 

These age data indicate that Mammoth Mountain was ac
tive for a minimum of about 100,000 yr and that rhyodactic 
volcanism was partly contemporaneous with the western 
group of moat rhyolit~s, as well as with the basalts described 
below. 

LATE BASALTIC VOLCANISM 

The west moat of Long Valley caldera contains many basal
tic flows and cinder cones that are part of a more extensive 
chain of mafic volcanic rocks extending from southwest of 
Mammoth Mountain 45 km northward into Mono basin. This 
chain includes the trachybasaltic rocks of the Devils Postpile 
[Huber and Rinehart. 1967], the trachyandesite cinder cones 
and flows of the June Lake area [Putnam. 1949], and the 
sublacustrine cinder cone of Black Point on the north shore of 
Mono Lake [Christensen and Gilbert. 1964; Lajoie. 1968]. 
These rocks appear to have erupted from a north-trending 
fracture system consisting of north-north west-trending en ech
elon segments' that parallel the east front of the Sierra Nevada. 
Chemically and mineralogically, the rocks are similar to Ceno
zoic mafic rocks that occur throughout the Basin and Range 
province [Leeman and Rogers. 1969], and presumably they 
have a similar origin. 

In general, the ages of the rocks decrease northward in the 
chain. The oldest rocks are from the Devils Postpile area, 
where K-Ar measurements on two different plagioclase sepa
rates from the same sample give ages of 0.63 ± 0.35 m.y. 
[Huber and Rinehart, 1967] and 0.94 ± 0.16 m.y. [Dalrymple. 
1964b]. K-Ar ages on nine intracaldera basalts and 
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trachyandesites range from about 0.2 to 0.06 m.y. (Table I, 
Figure 4). North of the caldera, the trachyandesite near June 
Lake overlies Tahoe till and is overridden by Tioga till [Put
nam. 1949]; hence it is probably between 75,000 and 20,000 yr 
old [Curry. 1971]. The Black Point cinder cone on the north 
shore of Mono Lake is dated at 13,300 ± 500 yr by HC on 
ostracods from interbedded sediments [Lajoie. 1968]. 

The K-Ar ages of the basaltic rocks within Long Valley 
caldera indicate that basaltic volcanism was contemporaneous 
with the younger hornblende-biotite rhyolites of the western 
moat as well as with the rim rhyodacites. Since it is unlikely 
that liquid basalt could have penetrated any part of the rhyo
litic magma chamber that had not already solidified, the distri
bution and age of the intracaldera basaltic centers are impor
tant indicators of the extent of crystallization of the Long 
Valley chamber. The innermost basaltic center in the western 
moat is 4 km from the caldera walls and is dated at 0.222 ± 
0.080 m.y. (location 18). Thus at that time the chamber pre
sumably had solidified inward at least 4 km from its margins 
and roof. The dimensions and geometry (thickness-diameter 
ratio) of the resurgent dome [Smith and Bailey. 1968, p. 646] 
suggest that at the close of resurgence about 0.6 m.y. ago the 
roof of the chamber probably was not deeper than 5 km and 
possibly was as shallow as 2 or 3 km. Thus about 0.2 m.y. ago 
the chamber had congealed to a depth of 6-9 km from the 
surface. 

Of special interest to the glacial geology of the area are K-Ar 
ages of three basaltic flows exposed in the south moat. A till, 
named the Casa Diablo till by Curry [1971], is found between 
the middle and lower of these flows. On the basis of single K
Ar ages of 0.192 ± 0.035 m.y. on the upper flow, 0.280 ± 0.067 
m.y. on the middle flow, and 0.441 ± 0.040 m.y. on the lower 
flow, Curry assigned the Casa Diablo till an age of about 0.4 
m.y. and a stratigraphic position between the Sherwin till 
[Sharp. 1968] and the Mono basin till of possible Illinoian age 
[Sharp and Birman. 1963], We have made dupli(;ate measure
ments on the upper and lower of these three flows and ob
tained considerably different results. On the basis of our data 
the age of Curry's Casa Diablo till is between 0.062 ± 0.013 
m.y. (location 23) and 0.126 ± 0.025 m.y. (location 22) and 
therefore may be equivalent in age to Mono basin till. 

HOLOCENE RHYOLITIC VOLCANISM 

The youngest volcanic features in Long Valley caldera are 
the Inyo craters and domes, [Mayo et al .• 1936], which are 
aligned on an apparent north-trending fracture extending from 
the west moat to the Mono craters along the east front of the 
Sierra Nevada. The Inyo domes are five rhyolitic to 
rhyodacitic lava domes, the three largest of which are the 
youngest (less than 720 ± 90 yr old on the basis of HC dating 
[Wood, 1975]). The Inyo craters are three phreatic explosion 
pits on the south flank of Deer Mountain (the moat rhyolite 
just south of the southernmost Inyo dome) and have been 
dated by HC at 650 ± 200 yr [Rinehart and Huber, 1965]. 
No primary ash or lava was expelled during formation .of 
the craters, and very probably they were caused by rhyodacitic 
magma rising to shallow depth and flashing groundwater to 
steam. Thus it is possible that residual rhyodacitic magma 
was present in the Long Valley chamber as recently as 450 
yr ago (see also Steeples and lyer [1976]). 

The Inyo domes are of particular interest because they are 
chemically and physically heterogeneous [Lajoie. 1968, p. 140; 
Jack and Carmichael, 1968, p. 22]. The three youngest domes 
are fluidal mixtures of two distinctly different rock types: (I) 

light, coarsely porphyritic hornblende-biotite rhyodacite that 
tends to be pumiceous, and (2) dark, sparsely porphyritic 
rhyolitic obsidian. The rhyodacite mineralogically and tex
turally resembles the rhyodacites of Long Valley caldera, 
whereas the rhyolitic obsidian resembles that of the Mono 
craters. Moreover, from north to south approaching Long 
Valley caldera, the proportion of pumiceous rhyodacite in 
successive domes increases noticeably at the expense of the 
obsidian, a relation that suggests that the Inyo domes repre
sent the mixing along a north-south fissure of magmas from 
the Long Valley chamber and a chamber beneath the ring 
fracture zone of the Mono craters (Figure I) [Kistler, I 966b, p. 
E48]. The age (about 12,000-1300 yr) and frequency of erup
tion of the Mono craters [Dalrymple. 1967; Friedman. 1968] 
suggest that the subjacent chamber may be actively rising and 
capable of feeding further eruptions. 

PLEISTOCENE LONG V ALLEY LAKE 

After caldera subsidence the Long Valley depression was 
filled with water to form Pleistocene Long Valley Lake [Mayo, 
1934]. Although normal runoff within the drainage basin was 
probably sufficient to fill the depression in a relatively short 
time, it is likely that glaciers were present in the Sierra Nevada 
at that time and that runoff was greatly accelerated by melting 
caused by the blanket of hot ash laid down during eruption of 
the Bishop tuff. This caldera lake rose to a level of at least 2320 
m (7600 ft), as indicated by remnants of terraces on the north
east and east walls of the caldera (Figure 5). Terraces and 
strandlines are exceptionally well developed along the east 
wall, where they can be traced continuously for 14 km and 
where they have been downwarped southward and locally 
faulted. The terraces are veneered with coarse sand and gravel, 
consisting predominantly of well-rounded cobbles and pebbles 
of obsidian and lithoidal rhyolite, locally cemented with 
carbonate. This detritus was derived from the reworking of the 
tuffs and epiclastic sediments of Glass Mountain, which are 
exposed in the east rim and wall of the caldera. The gravels 
also contain scattered, large, angular blocks of coarsely por
phyritic Cathedral Peak-type granite and metavolcanic rocks. 
The only source for these blocks is in the Sierra Nevada 
southwest of the caldera [Huber and Rinehart, 1965], so they 
must have been ice-rafted across Long Valley Lake. As noted 
in a preceding section, erratics of apparently similar origin are 
found on the west and south flanks of the resurgent dome 
within the caldera. These are the windward flanks against 
which icebergs from the Sierran glaciers would most likely 
have lodged. 

Calcareous cement is common in the gravels of the lower 
terraces, and on the lowest terraces, dense, finely crystalline, 
calcareous tufa deposits are extensively developed. The in
;rease in the amount of cementation and in the thickness of 
tufa on successively lower terraces suggests either more endur
ing lower lake stands, increased algal activity, or progressive 
increase in alkalinity and salinity of the lake water with time, 
the latter possibly due to late Pleistocene desiccation or to in
creased introduction of alkalies and salts from hot springs 
during the later part of the caldera history. Absolute dating of 
the terraces using the hydration rind method [Friedman and 
Smith, 1960] on obsidian pebbles is in progress and perhaps 
will provide further information on the history of the lake and 
its chemical evolution. 

Draining of the caldera lake was attributed by Mayo [1934] 
and Putnam [1960] to headward cutting by the Owens River, 
but it is more likely that drainage was initiated by overflow of 
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the lake, as was believed by F. E. Matthes [see Putnam, 1960, 
p. 248]. The lake probably rose rapidly, forming no terraces 
during its rise to the lowest point on the caldera rim, which at 
that time was at about 2380-m (7800 ft) elevation and near the 
present lake outlet. It then began overflowing across the sur
face of the Bishop tuff, cutting rapidly downward through the 
upper 60 m or so of non welded to partly welded tuff, until it 
reached the densely welded zone at 2320 m (7600 ft), where the 
lake level became temporarily stabilized. (An ancient stream 
valley preserved in the surface of the Volcanic Tableland 20 km 
to the southeast [Bateman, 1965, p. 167] was probably cut by 
this early outflow stream.) The 2320-m (7600 ft) level coincides 
with the highest terrace recognized on the northeast caldera 
wall. (A figure of 2410 m (7900 ft) has been repeatedly cited in 
the literature for the highest lake terrace, but the surface rising 
to this elevation is an alluvial fan, not a terrace; the highest 
well-rounded beach pebbles indicating a lake strand are at 
2320 m (7600 ft).) Since initial stabilization of the lake, over
flow has been controlled by down warping and intermittent 
movement on faults that bound the east front of the Sierra 
Nevada and intersect the caldera rim. (See section on post
caldera tectonic activity.) 

That the lake reached a high level early in its history is 
indicated by the fact that many of the early rhyolites exposed 
in the resurgent dome are pervasively hydrated, suggesting 
their eruption into the caldera lake. Critical in this respect are 
two flows on the north flank of the resurgent dome, one being 
a pervasively perlitized biotite rhyolite flow and the other an 
overlying obsidian-bearing pyroxene rhyolite flow (location 
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14) dated at 0.634 ± 0.013 m.y. The pyroxene rhyolite, the 
youngest dated flow on the resurgent dome, is not greatly tilted 
or uplifted and is exposed at elevations from 2320 m (7600 ft) 
to 2415 m (7920 ft). The perlitized biotite rhyolite apparently 
flowed into the lake, whereas the overlying pyroxene rhyolite 
did not. Thus the lake probably reached its highest level, 
presumably 2380 m (7800 ft), near the time of eruption of the 
biotite rhyolite and then receded to 2320 m (7600 ft) before 
eruption of the pyroxene rhyolite flow 0.63 m.y. ago. 

The approximate position of successively lower and younger 
lake levels may be inferred from other dated volcanic units 
within the caldera (Figure 6). On the north flank of the resur
gent dome, lake terrace deposits at an elevation of 2290 m 
(7500 ft) lap against the base of a hornblende-biotite rhyolite 
dome (location 12) dated at 0.509 ± 0.011 m.y. but do not 
occur on an adjacent agglutinate cone and lava flow (location 
II) dated at 0.468 ± 0.010 m.y.; the highest terrace deposits on 
the latter occur at 2230 m (7300 ft). Thus the lake level appar
ently was near 2290 m (7500 ft) between 0.51 and 0.47 m.y. ago 
and receded to 2230 m (7300 ft) after 0.47 m.y. ago. 

Lake sediments above·andbelow the Hot Creek rhyolite 
flow (S17 of Doell et al. [1966]) in the southeast moat indicate 
that the lake surface was at about 2200 m (7200 ft) about 0.28 
m.y. ago. Lack of evidence that the basalt in the north moat 
(location 20) flowed into water indicates that the lake was 
below 2135 m (7000 ft) 0.104 m.y. ago. Complete draining of 
the lake occurred sometime within the last 0.1 m.y. (Lake 
Crowley is not a remnant of Pleistocene Long Valley Lake but 
·is impounded behind Crowley Dam, which was built in 1941.) 
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Fig. 6. Elevations and ages of Pleistocene ~ong yalle~ Lake levels. Dash~d line shows general ris~ and fall of lake level 
with time, based on age of associated volcamc. umt (so.IId bar). Numbers In P?ren.theses are locality numbers of dated 
samples (Table I and Figure 3). Length of bar IS analytical error of age determination. 
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LACUSTRINE SEDIMENTS 

The sediments within Long Valley have been exposed to a 
depth of only 50 m by the dissection that followed draining of 
the caldera lake, and the deepest penetration of them by drill
ing is 305 m in U.S. Geological Survey drill hole LVCH-I 
(Figure 3). Consequently, little is known of the character of 
the deeper sedimentary fill, although a large portion of it is 
undoubtedly lacustrine. 

The upper 50 m of sediment exposed on the east flank of the 
resurgent dome are predominantly pebble conglomerate and 
coarse tuffaceous sandstone. They contain abundant clasts of 
early rhyolite indicating that they were derived mainly from 
erosion of the resurgent dome. The sediments commonly ex
hibit deltaic structure with well-developed topset and foreset 
beds, the latter having dips as much as 300 and amplitudes of 
as much as 10 m [Rinehart and Ross, 1964, pp. 76-77, Figure 
38). The topset beds commonly grade upward into marsh 
deposits containing or locally consisting almost entirely of 
silicified reedlike plant stalks and rootlets. Eastward the marsh 
and deltaic deposits grade or interfinger with fine-grained buff 
to white diatomaceous sediments exposed in the lower parts of 
Long Valley. Ostracods are abundant in both marsh and dia
tomaceous deposits. 

[n drill hole LVCH-I the sediments below 50 m tend to be 
somewhat coarser and more pumiceous, but the general lith
ology does not change conspicuously downward, and no partic
ularly distinctive units were penetrated. The Bishop tuff was 
not intersected, and it undoubtedly lies at much greater depth. 
Below [50 m the sediments in the drill hole are zeolitized. The 
principal zeolite is c1inoptilolite, which occurs as a replace
ment product of glass shards and pumice; below 250 m, 
heulandite is also present as fine crystals in cavities. The sedi
ments penetratea by the drill hole dip gently, usually not more 
than 100, but several zones, each about 5 m thick, show 
intensely contorted and thrusted bedding, suggesting that pen
econtemporaneous wet sediment slumping, possibly triggered 
by earthquakes, was an important sedimentation process. 

HYDROTHERMAL ACTIVITY 

On the east and southeast flanks of the resurgent dome the 
tuffaceous lacustrine sediments are locally intensely argillized 
as a result of acidic hydrothermal alteration by hot spring and 
fumarolic activity. This argillization is most intensely devel
oped in the vicinity of Little Antelope Valley and upper Little 
Hot Creek, although smaller areas also occur near Hot Creek, 
Casa Diablo, and northeast of Mammoth Lakes on the south
west edge of the resurgent dome. These argillized areas have 
not been studied in detail as yet, but they apparently consist 
mainly of kaolinite with traces of montmorillonite and alunite 
[Cleveland, 1962). The kaolin deposits near Little Antelope 
Valley are of commercial grade and have been actively mined 
since the early J 950's. In the deeper parts of the Little Ante
lope Valley clay quarry, tuffaceous and conglomeratic sedi
ments, initially consisting of clasts of lithoidal rhyolite, obsid
ian, and pumice, are completely argillized, yet bedding and 
clastic textures are almost perfectly preserved. In the upper 
part of the quarry the sediments are also opalized, and layers 
of opal become progressively thicker and more abundant up
ward. The origin of this type of zonation has been explained by 
Schoen et al. [1974) as the result of incongruent dissolution of 
primary minerals above the groundwater table by downward 
percolating sulfuric acid waters generated by near-surface oxi
dation of H 2S-bearing fumarolic gas. This process apparently 

ceased some time ago in the Little Antelope Valley area, as 
there are no active fumaroles nearby at present, although 
temperatures are rather high (IIO°C) at depths of 165-200 m 
in U.S. Geological Survey drill hole LVCH-6, I km south of 
the clay quarry [Lachenbruch et al., 1976b). 

Surrounding and locally overlying these areas of acid altera
tion, the lacustrine sediments are thoroughly cemented with 
opal but are otherwise unaltered. They form a hard, resistant 
cap rock as much as 15 m thick. The temporal and genetic 
relation between these silica-cemented sediments and those 
that are argillized and partly replaced by opal is unclear, but 
the silica-cemented sediments contain myriads of vertical pipe
like or honeycomblike structures (illustrated by Cleveland 
[1962, Figure 8]) that have been identified as fossil gas vents 
(L. 1. P. Muffler, personal communication, 1972). These inler
esting structures suggest that the sediments were deposited 
over an active fumarolic area, possibly during a temporary rise 
of the caldera lake. Also, locally interbedded with these silica
cemented sediments, mainly along faults, are now-inactive 
siliceous sinter deposits. 

The wide distribution of these fossil gas vents, ancient sinter 
deposits, and areas of acid alteration (Figure 5) indicates that 
surficial hydrothermal activity within the caldera was more 
extensive as well as more intensive in the past than at present, 
and we suspect that parts of Long Valley were formerly as 
active as some of the Yellowstone geyser basins are today. The 
apparent decline and areal restriction of surficial hydrothermal 
activity are probably due to the general reduction in per
meability of the intracaldera rocks and sediments by silicifica
tion, argillization, and zeolitization. These 'self-sealing' proc
esses [White et al., 1971) ha ve progressed to a depth of at least 
300 m, as indicated by the impermeability of sediments cored 
in drill hole L VCH-1. Although in detail the interrelations 
between these three types of alteration appear to be complex in 
the field, their general distribution and relative depths suggest 
a zonation downward from silicification at the surface through 
argillization to zeolitization at depth. This zonation is prob
ably a function mainly of increasing temperature with depth, 
and the complexities observed probably are due to fluctuations 
in groundwater levels related to rising and falling of the cal
dera lake and to recurrent fracturing of the cap rock by tec
tonic activity. 

Rinehart and Ross [1964, p. 80) have pointed out that most 
of the active hot springs and fumaroles are located on or near 
north- to northwest-trending faults. The only apparent excep
tion is the springs along Hot Creek, which are aligned north
east along the bottom of the gorge. These springs, however, 
are confined within a shallow, 2-km-wide, northwest-trending 
graben, and their northeast alignment is the result of their 
flowing from the permeable, brecciated base of the Hot Creek 
rhyolite flow, which is confined to the gorge bottom. Signifi
cantly, the hottest springs, some of which are boiling, occur 
only near the two main faults bounding the graben; the cooler 
springs in the center of the graben are probably the result of 
lateral migration of fluid through the basal breccia of the flow 
or along minor graben fractures, where mixing with cold sur
face waters occurs. 

Most of the hot springs and fumaroles in Long Valley are on 
active extensions of the Hilton Creek fault, which suggests that 
their location is related to disruption of the 'self-sealed' moat 
sediments by this relatively active Sierra Nevada frontal fault. 
An apparent temporal as well as spatial relation between fault
ing and hot spring activity was dramatically demonstrated 
recently when new boiling springs and ephemeral geysers 
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erupted along Hot Creek within hours of two earthquakes on 
August 25, and October 17, 1973. Although the epicenters 
were 20-40 km distant and not on the Hilton Creek fault, it 
seems likely that tremors disturbed the delicate plumbing of 
springs on the Hilton Creek system. The activity of the new 
springs and geysers has diminished markedly since their out
break, but many of the older springs along Hot Creek and on 
Little Hot Creek, 3.5 km to the north, have shown marked 
increases in flow, and some an increase in temperature also, 
suggesting that their channels have been selectively enlarged 
since the earthquakes. With the data of Haas (1971) the salin
ities (~O.I %) and the geochemically indicated reservoir tem
peratures (~200°C) of the new hot spring waters [Mariner 
and Willey. 1976) suggest that they originated from a depth of 
at least 150 m. The presence of detrital zeolite particles in the 
new spring waters suggests a similar minimum depth of origin. 
as zeolites occur only below 150 m in drill hole LVCH-I, 1.5 
km north of the new springs. 

Although more sparsely distributed than in the east and 
south, hydrothermal activity also occurs locally in the western 
part of the caldera. Active fumaroles and abundant acid alter
ation occur on Mammoth Mountain [Huber and Rinehart. 
1967, p. 019), a zone of hydrothermal alteration parallels 
the southwest caldera wall near the base of Mammoth 
Rock [Rinehart and Ross, 1964, p. 81), and pyritized rhyolite 
occurs at a depth of21O m in U.S. Geological Survey heat-flow 
drill hole DC in the northwest moat (Figure 3). The apparent 
paucity of hydrothermal activity at the surface in the western 
moat does not necessarily indicate a lack of activity at depth 
because the thick sequence of young basalts in the western 
moat and the abundant subsurface flow of cold water from the 
Sierra Nevada may mask it. 

Although individual hot springs and fumaroles are associ
ated locally with north- to northwest-trending faults and frac
tures, the general distribution of hydrothermal activity within 
the caldera is in an arcuate zone peripheral to the resurgent 
dome, suggesting that the dominant controlling structures at 
depth are the caldera ring fractures. It is noteworthy that 
fumaroles in Long Valley caldera are restricted to fractures 
within the keystone graben of the resurgent dome, whereas hot 
springs are at lower elevations marginal to thedome where the 
groundwater table is near or at the surface. 

Although fumaroles and hot springs probably have been 
active locally to a minor degree throughout the history of the 
caldera, the extensive development of hydrothermal activity in 
lacustrine sediments that are about 0.3 m.y. old, judging from 
the 0.28-m.y. age of the interbedded Hot Creek rhyolite flow, 
suggests that the geothermal system may have reached max
imum development at about that time. This notion seems to be 
supported by the paucity of evidence for hydrothermal activity 
directly associated with the 0.73- to 0.63-m.y. early rhyolites 
and the 0.5-, 0.3-, and O.l-m.y. moat rhyolites. This implies 
that the geothermal system is not related to the individual 
postcaldera eruptive groups but to the main magma chamber, 
which is a deeper and larger heat source. It also suggests that 
development of the geothermal circulatory system may have 
required considerable time and been completed only during 
the latter part of the caldera history. 

POSTCALDERA TECTONIC ACTIVITY 

Matthes [1933, 1939), Christensen [1966), Bateman and 
Wahrhaftig [1966), and others have concluded that the rise of 
the Sierra Nevada crest was essentially completed before the 
advent of Pleistocene glaciation and that development of the 

eastern escarpment is the result of down faulting of the region 
to the east during the past 3 m.y. Long Valley caldera lies 
across the faulted front of the Sierra and is intersected on the 
northwest and southeast by major frontal faults that have been 
active in both precaldera and postcaldera time. Because it is 
almost certain that the Long Valley magma chamber was 
substantially molten during this time, it is of interest to con
sider how the chamber responded to and how it may have 
influenced this tectonic activity locally. 

The northwest caldera wall is intersected by the Hartley 
Springs fault (Figure 5), which has displaced precaldera ande
sites of the Tertiary San Joaquin Mountain complex by 450 m 
and the Bishop tuff by about 300 m. The topographic relief on 
the escarpment is about 600 m. This fault scarp terminates at 
the northwest caldera rim; southward within the western cal
dera moat several minor en echelon faults project on strike 
with it and form an ill-defined, incipient graben that termi
nates in the 'earthquake fault' [Benioff and Gutenburg. 1939) 
near the northeast base of Mammoth Mountain. These en 
echelon faults displace 0.2-m.y.-old trachyandesites by about 
15 m, O.l-m.y.-old moat rhyolite ,by about 10 m, and 650-yr
old Inyo crater phreatic deposits by about 5 m. Topographic 
evidence also indicates that the floor of western moat east of 
these faults is about 60 m lower than to the west. However, 
there is no suggestion of displacement in the west moat of 600 
m as on the Hartley Springs fault outside the caldera. Thus the 
intracaldera segment or trace of the Hartley Springs fault 
appears not to have been active until fairly recent time. 

The southeast caldera rim is intersected by the Hilton Creek 
fault, which forms an 1100-m escarpment at the mouth of 
McGee Creek. What part of this escarpment can be attributed 
to postcaldera movement is not precisely determinable, but if 
the fault has been continuously or intermittently active, it 
probably amounts to several hundred meters, as displacement 
on Tioga lateral moraines and outwash at the mouth of 
McGee Creek is as much as 15 m [Putnam. 1962, p. 200). Like 
the Hartley Springs fault, the Hilton Creek fault terminates as 
a major escarpment at the caldera wall; within the caldera it 
splinters into several minor diverging faults that die out north
ward. The largest and most continuous of these splinters dis
places by about 15 m 0.3-m.y.-old moat rhyolites, as well as 
0.6- to O. 7-m.y .-old early rhyolites. Thus the maximum age of 
faulting is 0.3 m.y. However, since the intracaldera dis
placement about equals that on the Tioga deposits at McGee 
Creek, outside the caldera it probably is very much younger 
than 0.3 m.y. and may be in large part post-Tioga in age. 

Thus both northwest and southeast of the caldera, major 
Sierra Nevada frontal faults having several hundred meters of 
postcaldera displacement show large and abrupt decreases in 
displacement at the caldera margins, and their intracaldera 
continuations apparently have been active only in very recent 
time. Where and how this postcaldera displacement was ac
commodated within the caldera is an enigma. Possibly it was 
accommodated on cross-caldera faults that have since been 
buried by younger lavas and sediments, but in the central part 
of the caldera where 0.6- to 0.7-m.y.-old early rhyolites are 
exposed, east-dipping faults with significant displacement are 
conspicuously absent. There is, however, some evidence of 
postcaldera movement on the south and southwest sectors of 
the caldera boundary fault. Although Pleistocene glacial de
posits and steep alluvial fans have buried the actual boundary 
fractures on all sides of the caldera, on the south wall at Laurel 
and Sherwin creeks, older morainal ridges, thought to be of 
Mono basin age, are truncated by an apparent east-west fault 
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(Figure 5). Also, as noted in a preceding section, the northeast 
face of Mammoth Mountain, on the southwest caldera rim, is 
truncated by a fault that parallels the caldera wall. In contrast, 
the east and north walls of the caldera show no evidence of 
postcaldera movement on the boundary fractures. These rela
tions suggest that during early postcaldera time, when the 
Long Valley magma chamber was shallow and its roof rela
tively thin and weak, displacement on the Sierra Nevada front 
between the south end of the Hartley Springs fault and the 
north end of the Hilton Creek fault was accommodated along 
the south and west sectors of the caldera boundary fault. More 
recently, with increased crystallization of the chamber and 
consequent thickening and strengthening of the roof, tectonic 
stresses have begun to be transmitted through the cauldron 
block, as indicated by the recent development of faults cross
ing the caldera floor on s'trike with the frontal faults. 

This suggestion is reinforced by analysis of the deformation 
immediately east of the Sierra Nevada front. Russell [1899, p. 
302) noted that the youngest shorelines of Pleistocene Mono 
Lake are depressed toward the range front, and Gilbert et al. 
[1968, p. 313) have described the area between Mono Lake and 
Long Valley as a broad, warped, faulted, graben like depres
sion along the front. Southeast of Long Valley a similar de
pression occurs along the east base of the Wheeler Crest escarp
ment, where the Bishop tuff is down warped as much as 300 m 
into Round Valley [Bateman. 1965J. Downwarping is evident 
also along the east and southeast rim and wall of the caldera 
where Pleistocene Long Valley Lake terraces are downwarped 
from 2320-m (7600 ft) elevation south of Glass Mountain to 
2130 m (7000 ft) east of Lake Crowley (Figure 5) [Rinehart and 
Ross. 1957; Putnam. 1960; Christensen. 1966). 

This zone of downwarping along the east front of the Sierra 
Nevada between Mono Lake and Round Valley (Figure 7a) 
constitutes a zone of back tilting or 'reverse drag' [Hamblin. 
1965) that apparently developed simultaneously with the for
mation of the Sierra escarpment. A substantial amount of this 
downwarping postdates the caldera, but it does not appear to 
be continuous through the caldera (Figure 7 b). Its continuity 
may be obscured partly by the resurgent dome, but the dome 
formed during a very short time interval immediately follow
ing caldera collapse, and any subsequent imposition of 
200-300 m of downwarp should be discernible. The lack of 
evidence for major down-to-east faulting within and the dis
continuity of 'reverse drag' across the caldera suggests that the 
cauldron block adjusted independently of the faulting immedi
ately to the north and south. If postcaldera tectonic move
ments were restricted along the south and west sectors of the 
caldera boundary fault, possibly they were absorbed in the 
subjacent molten magma chamber, and any tendency for de
velopment of 'reverse drag' within the cauldron block was 
impeded by hydrostatic adjustments in the magma. 

SUMMARY AND DISCUSSION 

The structure, stratigraphy, and geochronology of Long Val
ley caldera are summarized in Figures 8 and 9. Volcanism in 
the vicinity of Long Valley began about 3.2 m.y. ago with the 
eruption of basalt and andesite from widely scattered centers. 
Subsequently, 3.0-2.7 m.y. ago, rhyodacite erupted from two 
main areas: the Two Teats-San Joaquin Mountain and the 
Bald Mountain areas, respectively west and north of Long 
Valley. This mafic to intermediate volcanism probably oc
curred during the last major rise of the Sierra Nevada and 
before development of the eastern Sierra Nevada escarpment. 
The subsequent episode of rhyolitic volcanism associated with 
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Fig. 7a. Tectonic map of Long Valley-Mono basin area. Heavily 
dotted area is zone of 'reverse drag' on Sierra Nevada front. Lined 
area is resurgent dome in Long Valley caldera. Solid lines represent 
faults (ball on downthrown side). 

Long Valley caldera apparently accompanied development of 
the escarpment, and this fundamental change in tectonic activ
ity may have provided the conditions necessary for the gener
ation and accumulation of large volumes of silicic magma. 

Rhyolitic volcanism began about 1.9 m.y. ago northeast of 
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Fig. 7b. Schematic cross sections across the Sierra Nevada escarp
ment (Figure 7a) showing the contrast in postcaldera tectonic deforma
tion within Long Valley caldera (BB') and to the north (AN) and 
south (CC). Note the absence of major tectonic faults and associated 
'reverse drag' within the caldera. The dotted line is an arbitrary refer
ence level common to all three sections. 

Long Valley. Sparsely porphyritic rhyolite, typically contain
ing 77% silica, erupted over a period of I m.y. and accumu
lated in the immense edifice of Glass Mountain with its flank
ing pyroclastic fans. The eruptive centers of Glass Mountain 
are on a 13-km arcuate zone that probably coincides with an 
early incipient ring fracture related to development of the 
Long Valley magma chamber. 

About 0.7 m.y. ago the Long Valley magma chamber was 
eviscerated by a series of explosive eruptions during which 
about 600 km3 of coarsely porphyritic biotite rhyolite magma 
containing 76% silica was ejected, mainly as ash flows, to form 
the Bishop tuff. Contemporaneous collapse of the roof of the 
chamber resulted in formation of the Long Valley caldera, an 
elliptical depression about 15 by 30 km and 2-3 km deep. 
Eruptions from at least 12 vents near the center of the caldera 
and possibly from others near its margins continued for 
40,000-100,000 yr after collapse. During this time, at least 500 
m of aphyric to sparsely porphyritic rhyolite, typically con
taining 75% silica, accumulated on the caldera floor. Contem
poraneously with eruption of these early rhyolites the west cen
tral part of the caldera floor was uplifted into a subcircular 
resurgent dome about 10 km in diameter, and along its crest a 
5-km-wide keystone graben formed parallel to the dominant 
northwest-trending precaldera structures of the region. 

After resurgent doming, coarsely porphyritic hornblende
biotite rhyolite, typically containing 72% silica, erupted from 
three groups of centers in the caldera moat peripheral to the 
central resurgent dome. These three groups of moat rhyolites 
erupted in clockwise succession in the north, southeast, and 
west at 0.2-m.y. intervals about 0.5, 0.3, and 0.1 m.y. ago. 
About 0.2 m.y. to 50,000 yr ago, coarsely porphyritic horn
blende-biotite rhyodacites containing 70-64% silica erupted on 
the southwest caldera rim and near the base of the northwest 
and north caldera walls. These rim rhyodacites constitute an 

outer arc of less silicic extrusions concentric with the moat 
rhyolites and the early rhyolites. 

This concentric zonation of the postcaldera eruptives may 
be explained as a consequence of progressive downward crys
tallization of a magma chamber that was vertically zoned from 
rhyolite in its upper part to rhyodacite in its lower part as 
shown in Figure 8. The continuous decrease in silica content 
with time from 75% in the early rhyolites to 64% in the rim 
rhyodacites may be inferred to reflect intermittent tapping of 
the chamber at progressively greater depths along ring frac
tures that formed successively outward and extended down
ward into the congealing melt, possibly as a result of minor 
subsidence associated with the volume decrease that accom
panied its consolidation. The upper, most silicic part of the 
chamber (77% silica) was erupted as the rhyolite of Glass 
Mountain, and during eruption of the Bishop tuff and collapse 
of the caldera, the chamber was drained of the zone of magma 
containing 76% silica. The abrupt decrease in crystal content 
of the magma from 20-30% in the Bishop tuff to less than 
3% in the immediately subsequent early rhyolites may be 
the result either of phenocryst resorption caused by de
compression of the chamber following eruption of the Bishop 
tuff or of resurgence of hotter, near-liquidus magma from 
deeper in the chamber. Successive tapping of deeper levels 
in the chamber at later times brought progressively more 
crystallized magma to the surface in the form of the moat 
rhyolites and rim rhyodacites. The simultaneous eruption of 
rhyolite in the west moat and rhyodacite on the rim is possibly 
a function of deeper consolidation on the outer edge of the 
magma chamber, which would require tapping of deeper, 
more mafic levels by outer ring fractures and of shallower, 
silicic levels by inner ring fractures. 

Complete consolidation of a magma chamber of this type 
would result in a pluton zoned from granite to granodiorite 
downward. Documented examples of such plutons are few, the 
more usual zonation being concentric from more mafic to 
more silicic inward, but two notable examples can be cited as 
possible analogues: (I) the Cruachan'granite' of the Etive and 
Glen Coe igneous ring complexes, Scotland, which is a binary 
granite on high peaks and adamellite in valley sides and floors 
[Bailey and Maule, 1960, pp. 170,220-221; Anderson, 1937], 
and (2) the outer 'granite' of Ben Nevis, Scotland, which in a 
vertical exposure of 1300 m grades from granite at high levels 
to granodiorite at low levels [Anderson, 1935, pp. 252, 264]. It 
is noteworthy that this latter intrusion shows the same tend
ency toward more coarsely porphyritic textures with apparent 
time as the postcaldera lavas of Long Valley. 

Thermal calculations [Lachenbruch et al., 1976a] indicate 
that the Long Valley magma chamber must have been re
plenished with heat to have sustained volcanism for more than 
I m.y.; thus the above model is probably an oversimplifica
tion. Because further refinement of it must await completion 
of petrochemical and mineralogical studies presently under 
way, discussion of the various possible mechanisms for heat 
replenishment seems unwarranted at this time. 

During the late stages of solidification of the Long Valley 
chamber, basaltic and trachyandesitic lavas and pyroclastic 
rocks erupted from a system of north-trending fissures extend
ing from south of the caldera through the western moat to the 
north shore of Mono Lake. These eruptions, possibly triggered 
by late faulting along the east front of the Sierra Nevada, 
probably tapped mafic magma from a much deeper source 
than the Long Valley chamber. A rare instance of the inter
action of these mafic lavas with the silicic magma of the Long 
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Fig. 8. Schematic east-west cross section through Long Valley caldera and its subjacent magma chamber showing 
hypothetical changes in chemical composition and depth of crystallization with time. The heavily dotted part of the 
chamber is rhyodacite magma; lightly dotted part is rhyolitic magma. Horizontal dotted lines show silica gradient in the 
vertically zoned chamber. Curved dashed lines show depth of crystal-liquid interface (depth to residual magma) at specified 
times (millions of years ago). Formation patterns are the same as in Figure 3, except that basement plutonic and 
metamorphic rocks (hachured) are undivided. The vertical scale is unspecified because of uncertainties in thickness of 
intracaldera units and depths in chamber. 

Valley chamber is recorded in the mineralogically hetero
geneous olivine-bearing rhyodacite of Deadman Creek. 

The most recent volcanic rocks within Long Valley caldera 
are the Inyo domes, the youngest of which are less than 720 yr 
old. These domes are fluidal mixtures of rhyolitic and rhyoda
citic lava that have erupted on a north-trending fissure be
tween Long Valley caldera and the Mono craters. We interpret 
them as representing the mixing of rhyodacitic magma from 
the Long Valley chamber with rhyolitic magma from a cham
ber thought to underlie the Mono craters ring fracture zone. 
The Inyo craters, three phreatic explosion craters at the south 
end of the chain of Inyo domes, were possibly caused by the 
rise of rhyodacitic magma to very shallow depth, causing sub
surface waters to flash explosively to steam. The craters may 
be as young as 450 yr, indicating that residual magma possibly 
was present in the Long Valley chamber that recently. The 
young age and frequency of eruptions along the Inyo-Mono 
volcanic chain indicate an active volcanic zone; eruptions of 
similar kind and magnitude could occur in the future. 

Throughout most of its history, the Long Valley caldera was 
occupied by a lake that probably reached its highest level prior 
to 0.63 m.y. ago, then overflowed at the southeast rim, and 
subsequently was progressively lowered by tectonic faulting 
and warping of the rim near the outlet. Calcareous tufa depos
its on the lower lake terraces indicate that in the latter part of 
its history the lake was alkaline and saline in composition. 

Hydrothermal activity within the caldera probably reached 
maximum intensity about 0.3 m.y. ago. The decline of surface 
activity since then is probably due to 'self-sealing' of the in
tracaldera rocks by silicification, argillization, and zeolitiza
tion. Present thermal activity is mainly on or near recently 

rejuvenated segments of Sierra Nevada frontal faults' that ex
tend across the caldera and have ruptured the self-sealed cap 
rock. Although individual springs and fumaroles are located 
on or near north- to northwest-trending faults, the general 
distribution of hydrothermal activity is peripheral to the resur
gent dome, suggesting that it is controlled at depth by the 
caldera ring fractures. These relations further suggest that ther
mal waters may be more extensive at depth than is suggested 
by the present surface activity. 

Downfaulting on the Sierra Nevada front has continued 
throughout postcaldera time, but the major Sierra Nevada 
frontal faults that intersect the caldera rim have not displaced 
the caldera floor until very recently. During early postcaldera 
time when the magma chamber was shallow, movement on the 
front apparently was accommodated along the southern and 
western sectors of the caldera boundary fault. As the magma 
cooled and solidified, the cauldron block thickened and eventu
ally became rigid enough to transmit tectonic stresses. The 
absence within the caldera of 'reverse drag,' present elsewhere 
along the Sierra Nevada front, suggests that until recently 
vertical tectonic stresses within the cauldron block have been 
absorbed by hydrostatic adjustments in the subjacent magma 
chamber. The manner in which the Sierra Nevada faults 
change from single, continuous fractures outside the caldera to 
branching, en echelon fractures inside suggests, however, that 
the cauldron block is still considerably less rigid than the 
surrounding crust and that it may still be partially underlain 
by magma. 

A tentative history of the rise and consolidation of the Long 
Valley magma chamber can be reconstructed from several 
different sources of information on depth. The following esti-
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Fig. 9. K-Ar ages and inferred geochronology of volcanic events associated with Long Valley caldera. The dark bars 
indicate the approximate time and duration of frequent activity; lined bars with queries indicate uncertainty. 

mates, although of uncertain and variable accuracy and sub
ject to revision, are internally consistent and hence seem worth 
summarizing at this time. Geochemical data [Hildreth and 
Spera. 1974] suggest that at the time of eruption of the Bishop 
tuff 0.7 m.y. ago, the top of the chamber was at a depth of 
about 6 km. Structural analysis of the resurgent dome suggests 
that at the close of resurgence about 0.6 m.y. ago, the top of 
the chamber had risen to at least 5-km depth and possibly to 2 
or 3 km. By about 0.2 m.y. ago the lateral encroachment of 
basaltic dikes on the chamber suggests that it had congealed 
inward and downward 4 km to a depth of 6 to possibly 9 km. 
Teleseismic and seismic refraction studies [Steeples and lyer. 
1976; Hill. 1976] suggest that an anomalously hot or partially 
molten mass still persists below 7 or 8 km. Geochemical data 
from the Inyo domes [Carmichael. 1967] indicate that lava 
from the Mono craters magma chamber erupted under pres
sures of 6.6-2.7 kbar, which suggests depths of 22-6 km. 

Thus in summary, the Long Valley magma chamber appears 
to have developed and risen through the crust over a period of 
at least 1.3 m.y. (from 1.9 to 0.6 m.y. ago), during which time 
the rhyolites of Glass Mountain, the Bishop tuff, and the early 
rhyolites erupted. It then apparently achieved isostatic equilib
rium in the upper crust, probably due to loss of mass. During 
the past 0.6 m.y. it has been cooling and congealing down
ward, periodically building up sufficient volatile pressure by 
crystallization to extrude the moat rhyolites and rim rhyoda
cites. Within the last 12,000 yr there has been an insurgence of 
new rhyolitic magma immediately to the northwest of the 
Long Valley chamber beneath the Mono craters, and there is 
some evidence in the Inyo domes that this magma has inter-

mingled to a minor extent with the rhyodacitic residua in the 
Long Valley chamber. 

In conclusion, volcanological, geochronological, and struc
tural evidence indicates that large sources of heat exist at 
sufficiently shallow depth in the Long Valley-Mono craters 
area to be of importance as potential geothermal resources. 
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Structure of Long Valley Caldera, California, From a Seismic 
Refraction Experiment 

DAVID P. HILL 

U.S. Geological Survey. Office of Earthquake Research, Menlo Park. Califomia 94025 

. Tw? seismic refraction profiles crossing the Long Valley caldera in approximately east and north 
directIOns indicate that the crystalline basement with P wave velocities of 6.0 ± 0.4 km/s has been 
downdropped by 2.5-3 km across normal faults along the north and northwest sides of the caldera and 
1-2 k m along the south and east sides. Basement depths beneath the caldera floor range from between 3 
and 4 km in the north and east sections to about 2 km in the central and south sections. Relief on the base
ment \~ithin the .caldera suggests that the caldron block was partially disrupted during collapse, although 
a stephke offset In the eastern part of the basement may be due in part to precollapse displacement along 
the Hilton Creek fault. The distribution of P wave velocities in the caldera till suggests that the Glass 
Mountain rhyolite and Bishop tufT have velocities of 4.0-4.4 km/s and the postcollapse rhyolite, 
rhyodacite, and basalt flows have velocities of 2.7-3.4 km/s. Domelike relief on the 4.0- to 4.4-km/s 
horizon indicates that postcollapse resurgence elevated the west central part of the caldera by about I km. 
Evidence for the roof of the magma chamber is contained in later arrivals tentatively identified as reflec
tions from a low-velocity horizon at a depth of 7-8 km. Evidence for anomalous scattering or absorption 
properties associated with the region of shallow hydrothermal alteration and hot spring activity is con
tained in relative attenuation of high frequencies in a guided wave propagating through this region. 

INTRODUCTION 

Two seismic refraction profiles were shot across the Long 
Valley caldera during the last part of May 1973 as part of the 
U.S. Geological Survey's mUltidisciplinary investigation of 
this geothermal resource area. The primary objective of the 
seismic refraction experiment was to define the structure of the 
upper 5-10 km of the crust as a basis for a more complete un
derstanding of the nature and development of what has been 
identified as the Long Valley resurgent caldron [Smith and 
Bailey. 1968; Bailey et al., 1976]. Most of this paper is devoted 
to a description of the experiment and an interpretation of its 
results in terms of the subsurface structure of the caldera. 

A secondary objective of the experiment involved an ex
amination of the recorded wave forms for any evidence that 
may reflect the presence of a geothermal reservoir within the 
caldera or a possible magma chamber (either crystallized or 
molten) at depth. Little has been published on the application 
of active seismic methods to the study of geothermal systems 
[Hayakawa. 1970; Hochstein and Hunt, 1970], although recent 
developments in the recording and interpretation of seismic 
data offer considerable promise in this regard. The physical 
conditions thought to prevail in geothermal reservoirs, which 
include high temperatures, high porosity, fracture zones, etc. 
[White, 1973], suggest that the associated elastic properties 
should include relatively low seismic wave velocities, high at
tenuation (low Q), and local velocity heterogeneities resulting 
in anomalous wave scattering. Hayakawa [1970] cites evidence 
for some of these properties in data from the detailed seismic 
reflection sllrvey in the Matsukawa geothermal field in Japan. 
This secondary objective met with at least partial success in 
that evidence in the seismograms was found for the roof of a 
magma chamber at a depth of 7-8 km as well as for near
surface effects of the hydrothermal area in the eastern section 
of Long Valley. 

A number of geophysical studies in the Long Valley region 
are described in the literature. Most of this work involves 
seismic and gravity surveys by L. C. Pakiser and his colleagues 
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as part of a continuing study of the tectonics and volcanism of 
the Owens Valley-Mono Lake region [Pakiser et al., 1960; 
Pakiser, 1961; Pakiseret al., 1964; Pakiser, 1968]. The regional 
crustal structure in the Long Valley-Mono Lake area is out
lined by long-range seismic refraction profiles between Mono 
Lake and Lake Mead, Nevada [Johnson, 1965J, and between 
China Lake and Mount Shasta [Eaton, 1966]. These studies in
dicate that the crust in the vicinity of Long Valley is 
characterized by (I) P wave velocities of 6.0-6.2I<m/s near sea 
level (about 2 km below the surface) increasing to 6.4 km/s at 
depths of 25-30 km, (2) P wave velocities of 6.8-7.2 km/s in 
the lower 10-20 km of the crust, (3) a total crustal thickness of 
40-50 km, and (4) upper mantle P .wave (Pn) velocities of 
7.8-7.9 km/s. 

DESCRIPTION OF THE EXPERIMENT 

The experiment consisted of two profiles crossing the 
caldera in roughly north and east directions. Locations of shot 
points and recording units along the two profiles, AN and 
BB', are shown in Figure 1. Also shown are the caldera floor 
outline [Bailey et al., 1976] and lO-mGal gravity contours 
adapted from Pakiser et al. [1964] and Kane et al. [1976]. 
Profile AN extends in an ESE direction from the Deadman 
shot point at the northwest edge of the caldera to the Hammil 
shot point near the foot of the White Mountains. Profile BB' 
extends northward from the Convict shot point near the 
southern edge of the caldera to the Mono shot point 3 km 
south of Mono Lake. The profiles intersect near the center of 
the caldera in Little Antelope Valley; shot point Antelope is 
common to both profiles. 

Data were obtained by 10 seismic refraction recording units 
held in fixed positions along a given profile as the individual 
shots along the profile were fired at half-hour intervals. 
Recording unit K at the Antelope shot point and units I and T 
at the east edge of the caldera were held in the same locations 
for all shots along both profiles, Recording units are the stan
dard eight-channel U.S. Geological Survey seismic refraction 
trucks described by Warrick et al. [1961). Each unit records 
the output of six vertical component seismometers in a linear 
array 2,5 km long together with WWV and WWVB time 
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signals. Two horizontal component seis~ome~ers provide a 
three-component station at one of the verttcals 111 the array. A 
Union Oil reflection crew operating in the area also recorded 
shots and provided analog copies of their records. . 

Shot times were determined to within ±O.OI s by recordll1g 
the cap break and the output of an up-h.ole. seismo~eter o~ 
two of the eight channels in an adjacent seismic refractIOn umt 
or on a special three-channel shot point recor~er. Because of 
an equipment malfunction, however, the shot time at Smoke~ 
could only be determined to within 1 s. The s~ot at Hammli 
was weak and did not produce usable first arnvals on any of 

the recording units. 
Travel times of first arrivals picked from analog records ar.e 

plotted in Figures 2 and 3 for profiles I>:-N and BB'. In addi
tion, record sections for each shot POll1t were generated by 
computer from digitized magnetic tapes. Examples of t~ese 
record sections are shown in Figures 4, 5, and 6 for shot POll1ts 
Deadman, Alkali, and Mono, respectively. Locatio.ns, ~ravel 
times, and a complete set of record sections are complied 111 the 
report by Hill and McHugh [1975]. 

INTERPRET A nON 

The geometry of the experiment is su.ch th~t int~rsecting 
profiles, which individually provide two-dlmenslOnalll1forma-

tion are used to obtain a first approximation to the three
dim~nsional structure of the caldera. A basic assumption in. 
the interpretation of the experiment is that the structure along 
each profile can be approximated by a series of homogeneous 
layers bounded by plane interfaces with dips par~llel. to the 
trend of the profile. The possibility of a change 111. dip of a 
given interface along the profile is includ~d. Ac~ordll1gl~, the 
travel time data in Figures 2 and 3 were fitted with a senes of 
straight line segments. 

Figure I suggests the limitati?ns inh~rent in. the two
dimensional design and interpretatIOn of this expenment. The 
distribution of shot points and recording units, which. ~as 
constrained by topography, existing roads, and permlttll1g 
considerations, deviates somewhat from forming linear profiles. 
This, coupled with the three-dimensiona~ c~aracter of the 
structure implied by the gravity data, II1dlcates tha~ the 
nominally reversed travel time branches canno~ necessanly be 
associated with reversed subsurface propagatIOn paths and, 
further that interfaces may have dips that deviate significantly 
from t'he vertical plane of the profile. The interpretation 
should be recognized for these limitations w,hile a~ the same 

t' it should be recognized that a more elaborate II1terpreta-
Ime . 'fi db h tion would require additional assumptions not JUStl e y t e 

available data. 
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By using the above assumption, models of the velocity struc
ture along each profile were constructed by (I) applying stan
dard equations for plane dipping layers [Mota, 1954] to the 
travel time branches between adjacent shot points to approx
imate the near-surface (upper 1-2 km) velocity structure, (2) 
establishing the P wave velocity for the basement refractor 
based on reversed travel time branches judged to have 
propagated along nearly reverst;:d subsurface paths, and (3) us
ing apparent velocities of travel time branches to establish dips 
on the basement surface together with graphical two
dimensional ray tracing to establish basement depths consis
tent with total travel times and the near-surface structure 
determined under (I). 

The resulting velocity models along profiles AN and BB' 
are shown in Figures 7 and 8, respectively. 

Interfaces that can reasonably be interpreted as having sub
surface reversal between adjacent shot points are indicated by 
heavy lines. Interfaces indicated by thin lines probably do not 
have subsurface reversal for reasons mentioned above. Ex
trapolated interfaces or interfaces based on secondary arrivals 
are indicated by dashed lines. The shot points are too widely 
separated to define continuous variations in the near-surface 
structure along the profiles, and details of how the near
surface structure between adjacent pairs of shot points should 
join remain unresolved. 

The basement P wave velocity is shown as a uniform 6.0 
km/s in the velocity models. This value is based on the 

reversed and overlapping travel time branches on profile 
BB' north of the caldera between the Sand and Alper shot 
points, where the propagation paths probably approach true 
subsurface reversal. Johnson [1965] reports a similar value 
(6.15 k m/s) at a depth of 1.6 km south of Mono Lake. Efforts 
to determine the basement P wave velocities within the 
caldera, assuming that the reversed and overlapping travel 
time curves on profile AN provide true subsurface reversal, 
lead to velocities of 5.6 km/s west of Antelope and 6.4 km/s 
east of Antelope. There is no a priori reason to reject lateral 
velocity variations of this size within the basement; indeed, 
L. C. Pakiser (personal communication, 1974) reports a P wave 
velocity of 5.35 km/s for the uppermost basement at depths of 
1-2 km beneath Mono Lake only 25 km to the north. Because 
of the limitations mentioned above, however, it seems most 
reasonable to interpret the apparent latenil velocity variation 
in Long Valley as a ±O.4-km/s uncertainty in the 6.0-km/s 
value for the basement P wave velocity under the caldera. The 
associated uncertainty in depth to the basement is approx
imately ±3%, the lower velocity giving a greater depth. 

Two solutions for the basement interface within the caldera 
are shown in Figures 7 and 8. They result from assuming a 
uniform basement velocity (6.0 km/s) and admitting that ar
rivals on the reversed travel time curves may have propagated 
along different paths within the basement. Solution A in 
Figure 7, for example, is based on the reversed travel time 
branches between Deadman and Antelope with apparent 
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Fig. 2. Travel time curves along profile AN. Circles and dots are first arrivals for waves propagating to the left and 
right, respectively. The crosses are later arrivals. The bars represent first arrivals recorded by the Union Oil reflection unit. 
N umbers are apparent velocities in kilometers per second. Parentheses indicate apparent velocities based on later arrivals 
or extrapolated travel time branches. 
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Deadman and Antelope. The greater depth for solutio~ B is 
generally consistent with the gravity gradient and the dip on 
the basement north of Antelope shown in profile BB' (Figure 8). 

Factors such as the possible lateral propagation of waves in 
the three-dimensional caldera structure and subjective judg
ments in drawing travel time branches through the plotted 
points make a strictly quantitative assess~ent of the acc~racy 
of the velocity models in Figures 7 and 8 difficult. My estimate 
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of the overall accuracy of the models on the basis of experience 
with a number of different assumptions and solutions is that 
the P wave velocities of the various horizons are probably 
good to within ± 10% and the depths of the interfaces are 
probably good to within ±20%. 

DISCUSSION 

The velocity models in Figures 7 and 8 indicate that the up
per surfa.ce of the basement within the caldera is at depths 
between 3 and 4 km beneath the north and east parts of the 
caldera and 1.5-2 km beneath the west central and southwest 
parts of the caldera. P wave velocities in the caldera fill overly
ing the basement increase from 1.5 km/s at the surface to 4.4 
km/s at depth. Material with velocities from 4.0 to 4.4 km/s 
forms a continuous layer 1-2 km thick at the base of the caldera 
fill. Relief on the surface of this layer resembles a broad dome 
centered over the west part of the caldera. A layer with 
velocities between 2.7 and 3.4 km/s overlies the 4.0- to 4.4-
km/s 'material and tends to be thickest over parts of the 
caldera where the basement is relatively deep. A surficial layer 
with velocities between 1.5 and 1.9 km/s and a thickness of 
50-200 m overlies most of the west part of the caldera and is at 
least 0.5 km thick in the east part of the caldera. 

P wave velocities and rock units. The subsurface distribu
tion of major rock units illustrated in the east trending cross 
section through the caldera drawn by Bailey et al. (1976) on 
the basis of geologic field relations is remarkably similar to the 
distribution of seismic velocity horizons in profile AA' (Figure 
7). This similarity suggests the following association between 
seismic P wave velocities and rock units: 6.0 ± 0.4 km/s. 
Jurassic-Cretaceous granItic and Paleozoic-Mesozoic 
metamorphic basement rocks; 4.0-4.4 km/s, Bishop tuff and 
Glass Mountain rhyolite; 2.6-3.4 km/s, postcollapse rhyolites. 
rhyodacites, and basalts; 1.5-1.9 km/s, highly jointed near
surface volcanic rocks (weathered layer) in the west part of the 
caldera and alluvium and glacial, lake, and marsh deposits 
in the east. 

Basement relief and gravity. Basement depths in the 
seismic velocity models along profiles AA' and BB' and the 
two-layer density model obtained by a three-dimensional in
terpretation of the gravity data by Kane et al. (1976) are also in 
reasonably close agreement. Evidently, the 0.45-g/cm3 density 
contrast used in the gravity interpretation is a good approx-

imation .of the average density contrast between the caldera fill 
and the basement. 

The velocity models indicate a rather abrupt change in base
ment depth in the vicinity of the bounding caldera faults and 
steep gravity gradients. This relief on the basement is most 
clearly defined in profile BB' just south of Alper where the 
depth to basement increases by 2.5-3 km in a distance of 5 km 
or less (see Figure 8). The solid line in this model represents 
the basement determined from Sand and Alper travel time 
curves, whereas the dashed line represents the basement deter
mined from the Mono travel time curve (see Figure 3). High 
apparent velocities recorded near Deadman also indicate a 
steep dip on the basement at the west end of profile AA', 
although the travel time data do not resolve the total relief on 
the basement. Granitic basement is exposed immediately west 
of the Deadman shot point, however, and if the 6.0-km/s 
horizon represents the top of the buried granitic basement, 
vertical relief across the caldera fault is 2.5-3 km here as well. 

The moderate dip (about 15°) on the basement at the 
eastern edge of the caldera in the model for profile AA' poses a 
problem in terms of the steep gravity gradient associated with 
the bounding faults. A profile across the gravity gradient, for 
example, can be fitled by a model with a 5 ± 2 km vertical step 
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in the basement and a density contrast or 004 g/cm3 between 
the basement and the calder a nil [Pakiser, 1961; Pakiser et al., 
19641. i\ more recent interpretation of the gravity fleld [Kane 
et al., 19761 using a density contrast of 0045 g/cm3 gives ver
tical relier in the basement across this zone or 3.3 km over a 
distance of about 2.5 km with an average dip or more than 50

0
• 

Resolution of this apparent discrepancy between the seismic 
and gravity interpretations Illay lie in the rollowing explana

tions. 
I. The locations or the recording units at the east end or 

the caldera depart rrom a simple proflle normal to the gravity 
gradient, which tends to result in lower apparent velocities 
across the recording spreads than ir the arrivals had 
propagated directly 'up dip.' The apparent continuity or travel 
time segments on the Deadman travel time curve recorded 
between Wilrred and Watterson, however, seems to preclude 
abrupt changes in basement depth in this interval. 

2. The bulk density of the thick accumulation or low
velodty near-surface material in the east part or the caldera 
(Figure 2, also profile 6 in the work by Pakiser et al., 1964) is 
not known but may be less than 2.0 g/cm3

. Thus a signillcant 
part of the gravity low at the east end or the caldera could be 
attributed to these deposits. i\ similar explanation has 
resolved, in part at least, discrepancies between interpretations 
or the basement depth beneath Mono Lake [Pakiser, 1968; 
Christel/sen et al., 1969; Pakiser, 1970). 

Along similar lines, the 2.8- to 3A-km/s layer may have a 
lower bulk density than might normally be associated with 
these P wave velocities. The rhyolites and rhyodacites 
presumed to form this horizon were erupted into a moat 
rormed between the resurgent dome and the bounding caldera 
walls while the moat was occupied by the Pleistocene Long 

~ 3 -
11. 4 
w 
a 5 

Valley Lake. Accordingly, there may be substantial thid.1es
ses of lake and marsh deposits interbedded with the lava flows 
together with relatively coarse scree deposits rrom the steep, 
fault-controlled walls of the caldera (R. A. Bailey, personal 
commulllcation, 1974). Such deposits would form low-velocity 
lenses within the 2.7- to 3A-km/s layer that could not be 
detected by scismic rerraction measurements on the scale or 
this experiment. I r this is the case, then the average density or 
the caldera fill around the north and east sides of the caldera 
may be significantly lower than that in the west central part. 
The effect of correcting ror such a lateral variation in the bulk 
density of the caldera nil would be to reduce the depths to the 
basement along the north and east margins of the caldera rrom 
those required in the single-density contrast gravity model. 

Strllctural implications. Relief on the basement within the 
caldera can be attributed to (I) precollapse topography, (2) 
parti~d disruption or differential tilting during collapse or the 
caldera, (3) post collapse resurgence, and (4) continuing tectonic 
displacement on throughgoing faults. 

Bailey el at. [1976) suggest that the NNW trend of the 
gravity contours in the central part of the caldera [see Kane et 
al., 1976) reflects precollapse displacement on the Hilton 
Creek rault that is preserved within the caldron block. The 
OSs delay in the Deadman travel time curve in the vicinity of 
Alkali (Figure 2) indicates a vertical offset in the basement or 
about 1.5 km just west or Alkali that is consistent with dis
placement on the Hilton Creek rault (Figure 7). This offset, 
however, is somewhat east of the inrerred location or the 
Hilton Creek rault zone and the maximum gravity gradient 
(Figure I). How much of the vertical offset in the basement 
can be attributed to precollapse relier on the Hilton Creek 
rault is not clear. Some offset may have occurred during col-

No vertical exog<;lerolion 
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Fig. 8. Cross section showing P wave velocity structure under profile BB'. Symools are the same as in Figure 7. 
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lapse .as differential subsidence or the caldron block along this 
preeXIstIng weak zone. Any offset due to postcaldera tectonic 
displacement on the fault should be reflected in the shallower 
horizons as well. U nrortunately, the solutions ror the near
~urfa~e structure between Alkali and Antelope are ambiguous 
In thIS regard (see Figure 7). 

The general conllguration of the basement in Figures 7 and 
g suggests that the caldron block partially broke up during col
lapse. In particular, it appears that a north section of the block 
tilted to the north and the eastern section tilted to the west, 
some differential subsidence occurring across the preexisting 
Hilton Creek rault. 

Relier on the top of the 4.0- to 4A-km/s layer (the Bishop 
tufi'?) describes a broad dome centered over the west part of 
the caldera. The geometry of this dome supports the pattern of 
resurgence associated with eruption of the central rhyolites in
rerred by Bailey et al. [1976) rrom dips on central rhyolite tuffs 
and elevations of rossil shore lines of Pleistocene Long Valley 
Lake. The velocity models (Figures 7 andS) suggest that max
imum uplift in the center of the resurgent dome is between! 
and I km. A smooth connection of the 4.3- and 4A-km/s 
layers on either side of Alkali (see Figure 7) would be consis
tent with this resurgence and in turn would eliminate the neces
sity ror significant postcollapse tectonic displacement on the 
Hilton Creek rault within the caldera. 

Possible evidence for a magma chamber. A set of later ar
rivals, rollowing the first arrivals by 1.2-0.7 s is clearly evident 
on the Deadman record section (Figure 4) over the distance in
terval 7-16 km. These arrivals have a somewhat higher ap
parent velocity than the Ilrst arrivals; they also appear to be 
1800 out of phase with respect to the first arrivals. The latter 
can be demonstrated by tracing the first arrivals in the distance 
range 15-16 km and matching the later arrivals with the trac
ing inverted. Evidence for a similar, but weaker, set of arrivals 
can be seen on the Alkali record section in the distance range 
-12 to -17 km. The least complicated interpretation of these 
arrivals is that they have been reflected from a horizon within 
the basement at a depth of 7-8 km (Figure 7) across which the 
velocity decreases with depth. 

Such a reflecting horizon is a likely candidate for association 
with the roof of the magma chamber that fed the eruption or 
the Bishop tuff and subsequent rhyolite eruptions. Bailey et al. 
[1976] infer from the geometry of the resurgent dome that the 
roof of the magma chamber at the time of resurgence was at a 
maximum depth of 5-7 km. Steeples and lyer [1976] find 
evidence in teleseismic P wave delays for a volume beneath the 
caldera extending from depths of approximately 5-25 km in 
which the average P wave velocity is 15% lower than the sur
rounding crust. The character of the later arrivals is consistent 
with either a reflection from a solid-melt interface or rrom a 
solid-solid interface, the deeper solid having a lower P wave 
velocity (i.e., a crystallized residual melt fraction?). 

The secondary arrivals identified as deep reflections may, or 
course, have other explanations. They could, for example, be 
lateral reflections or refractions from a steeply dipping bound
ary out of the plane of the prollie. The most likely alternative 
is that they are multiple refractions from the basement involv
ing one reflection from the earth's surrace. Such arrivals would 
also have a 1800 phase shift with respect to the first arrivals, 
but they should also have the same apparent velocity as the 
Ilrst arrivals. The higher apparent velocity of the later arrivals 
in the record section thus supports their identification as deep 
reflections. 

Evidence for the hydrothermal system. The shot at Alkali 

generated a strong set of secondary arrivals that were recorded 
to a distance or 7-9 km on either side or the shot point (G in 
Figure 5). These arrivals have an apparent velocity or 1.9 km/s 
and rorm essentially continuous travel time curves with the 
first arrivals, which have apparent velocities or 1.5 and 1.7 
km/s (Figure 2). The large amplitudes and extended coda of 
these arrivals suggest that they are generated by a series of 
supercritical reflected and refracted waves propagating 
between the base of the O.5-km-thick, 1.5- to 1.9-km/s layer 
and the frec surface. There is a close analogy between these ar
rivals and the P phase in crustal seismology. 

One or the more striking aspects or these secondary arrivals 
is the pronounced difference in frequency content between 
wave groups on either side or the shot point; the waves 
propagating to the west are notably dellcient in high-rrequency 
energy with respect to those propagating to the east. The 
amplitude spectra or the wave groups rrom seismograms 
recorded at approximately 5 km on either side of the shot 
point plotted in Figure 9 emphasize this difference. Note in 
particular the rapid falloff of spectral amplitudes above about 
8 Hz in the wave group that propagated to the west. The 
spectrum of the wave group that propagated to the east peaks 
at about 15 Hz. (The computed spectral amplitudes are not 
reliable for rrequencies below 1-2 Hz; thus the apparent 
difference in spectral amplitudes between the two wave groups 
below about 3 Hz is of questionable significanc'e'.) The waves 
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on the west side of the shot point have propagated across the 
main zone of shallow hydrothermal alteration and current hot 
spring activity in Long Valley (see Figure 5 in the work by 
Bailey et al. [1976]), The observed differences in the wave 
groups are very likely due to shallow scattering or attenuation 
properties of the hydrothermal area, the location of which is 
apparently controlled by north to northwest trending faults in 
the Hilton Creek fault zone [Rinehart and Ross, 1964], 
Heterogeneities such as the vertical honeycomb or pipelike 
structures that are widespread in the hydrothermal area 
[Bailey et al., 1976] would certainly provide a scattering 
mechanism, as would the fault zone itself. A Ithough these data 
do not provide obvious clues to the deeper, poorly understood 
parts of the Long Valley hydrothermal system, it is encourag
ing to find what appears .to be clear modification of the wave 
forms by shallow properties of the system. 

As an aside, it is of interest to note the surface wave pulse 
recorded on the first two seismometers on either side of the 
Alkali shot point (R in Figure 5). The group velocity of this 
pulse is approximately 0,16 km/s, and its dominant period is 
about 0,3 s, This is virtually the same as the dominant group 
velocity and period associated with the microseismic noise in 
the east part of Long Valley described by lyer and Hitchcock 
[1976] in their investigation of geothermal noise, Published 
dispersion curves from surface wave studies of shallow and 
sedimentary structures [Dobrin et ai" 1951] suggest that these 
waves may be an Airy phase of fundamental mode Rayleigh 
waves propagating in the lake and marsh deposits (the 0,5-km
thick layer with P wave velocities of 1.5-\.9 km/s), 

CONCLUSIONS 

The seismic refraction data obtained in this experiment 
provide a good first approximation to the P wave velocity 
structure of the upper 5-6 km of the crust beneath the Long 
Valley caldera, Tentative identification of horizons in the P 
wave velocity model with major rock units recognized in the 
caldera leads to the following conclusions, 

I, The Sierran basement rocks in the caldron block 
(Cretaceous granitic rocks and Paleozoic to Mesozoic 
metamorphic rocks with P wave velocities of 6,0 ± 0,4 km/s) 
have been downdropped 2,5-3 km along normal faults 
bounding the north and northwest sides of the caldera. 
Displacement of the basement along normal faults bounding 
the south and east sides of the caldera is not well defined by the 
seismic data but generally appears to be between I and 2 km. 
There is an apparent discrepancy between the steep gravity 
gradients and the relatively small displacements and shallow 
dips of the basement suggested by the seismic data at the east 
margin of the caldera that may be explained in part by 
relatively thick accumulations of low-density sediments in that 
area, 

2, Relief on the basement within the caldera suggests that 
the caldron block was partially disrupted during the collapse 
accompanying eruption of the Bishop tuff with the north part 
of the block tilting to the north and the east part of the block 
tilting to the west. A steplike displacement in the basement as
sociated with the northward extension of the Hilton Creek 
fault into the caldera may be partly due to precollapse dis
placement along the Hilton Creek fault and partly due to 
differential settling of the basement during collapse along the 
preexisting weak zone formed by the fault. 

3, The top of the 4.0- to 4,4-km/s layer, which overlies the 
basement and is tentatively identified with the Bishop tuff and 
Glass Mountain rhyolite, has a broad domelike structure 

centered over the western part of the caldera, This structure 
rellects postcollapse resurgence accompanying eruption of the 
central rhyolites, Maximum relief on the dome is from ~ to I 
km, Similar doming tends to be reflected in the basement as 

, well, although it is partly obscured by relief on the basement. 
4. The layer with P wave velocities of 2,7-3,4 km/s that 

overlies the 4,0- to 4,4-km/s layer is thickest in the moat 
between the resurgent dome and the caldera walls, This layer 
corresponds to the postcollapse rhyolites, rhyodacites, and 
basalt Ilow~ described by Bailey et ai, [1976], Substantial lake 
and marsh deposits from Pleistocene Long Valley Lake as well 
as clastic alluvial and glacial deposits are probably interbed
ded with these lava flows, Such interbedded deposits would 
result in a relatively low bulk density for this layer and may 
contribute significantly to the pronounced gravity lows 
observed along the north and northeast parts of the caldera, 
The permeability associated with substantial clastic deposits 
interbedded with the lava flows would also make the thicker 
sections of the 3,3- to 3,4-km/s layer filling the moat along the 
north and northwest margins of the caldera potentially 
favorable reservoirs for geothermal fluids. 

5, The generally favorable agreement for basement depth 
in the caldera between the seismic refraction and three
dimensional gravity interpretations suggests that 0,45 g/cm3 is 
a good approximation to the average density contrast between 
the caldera fill and the basement. The possibility that the 2.7-
to 3.4-km/s material filling the moat may have a lower than 
average bulk density, however, suggests that the gravity lows 
may not require the deep depressions in the basement along 
the northern and northeast parts of the caldera shown in the 
single-density contrast model [Kane et ai" 1976J, The effect of 
the relatively thick, low-velocity (and presumably low-density) 
lake and marsh deposits in the east part of the caldera will also 
tend to reduce the depth to the basement shown in the gravity 
model. 

6, Clear secondary arrivals on the Deadman record section 
are tentatively identified as a reflection from a low-velocity 
horizon at a depth of 7-8 km beneath the western section of 
the caldera, This horizon may be associated with the roof of 
the magma chamber beneath the caldera in the form of a 
trapped melt or a crystallized lens of low-velocity residual 
material. 

7. And finally, the relative deficiency of high-frequency 
energy observed in a group of shallow guided waves provides 
evidence for anomalous scattering or attenuation associated 
with the region of hydrothermal alteration and hot spring ac
tivity in the eastern part of the caldera, 
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A Gravity and Magnetic Investigation of the Long Valley Caldera, 
Mono County, California 

MARTIN F. KANE, DON R. MABEY, AND ROSA-LEE BRACE 

u.s. Geological Survey, Denver, Colorado 80225 

Gravity studies show that the subsurface part of the Long Valley caldera is a coincident steep-sided 
depression filled with porous epiciastic and volcanic materials to a depth of as much as 3 km. The 
depression contains two major basins, a larger and deeper one making up much of the eastern part and a 
somewhat smaller, more shallow one to the west; a positive feature underlying the central part of the 
depression separates the two basin areas. The east side of this feature is linear in plan and coincides with 
the extension of the Hilton Creek fault which is mapped within and beyond the south edge of the caldera. 
The indicated relief on the postulated subsurface Hilton Creek fault together with difference in depth of 
the eastern and western basinal areas indicates that the eastern basin is downdropped in relation to the 
western one. Gentle gravity gradients outside the caldera but sloping towards it are interpreted as 
evidence of a low-density mass located below the caldera fill. We conclude that it is probably related to the 
magma source. Aeromagnetic data indicate that a northwest-trending belt of metasedimentary rocks on 
the south flank of Long Valley may extend into the caldera proper and form much of the bedrock floor of 
the western part of the caldera. A magnetic low of shallow source in the hot spring region in the southwest 
is thought to be caused by hydrothermal alteration of the ferrimagnetic minerals in the underlying rocks. 
A broad positive magnetic anomaly near the center of the caldera may be caused by a thick section of 
magnetic volcanic flow lying east of the projected Hilton Cree!( fault and underlying much of the eastern 
basin. 

INTRODUCTION 

Gravity and aeromagnetic surveys were conducted in Long 
Valley, California, during 1954-1957 as part of a regional 
geophysical study of the Owens River drainage basin. The 
results of these surveys were reported in a comprehensive pa
per by Pakiser et al. [1964), Since that study was completed, 
more detailed and different kinds of geophysical and geologi
cal surveys have been made in Long Valley, and improved 
techniques for interpreting gravity and magnetic data have 
been developed. In addition, further insights into the nature of 
caldera fill have come to light as a result of extensive studies of 
ash flow-related calderas, for example, Smith et al. [1961, 
1970). We have therefore re-examined the gravity and mag
netic data in an attempt to refine and extend the earlier inter
pretations, placing particular emphasis on features that relate 
to the potential geothermal resources of the valley. 

As interest in geothermal resources has increased, a need has 
emerged for reconnaissance geophysical techniques suitable 
for identifying target areas for more intense exploration. In 
this regard, regional gravity and magnetic data are available 
for many areas and, where they are not available, can usually 
be obtained more economically than other geophysical data. 
I n the case presented here, distinctive gravity and magnetic 
anomalies are shown to be associated with the Long Valley 
caldera and appear to reflect to some extent the geothermal 
system which is thought to underlie the caldera. 

The geology of Long Valley is described elsewhere [Bailey et 
al., 1976) and is discussed herein only as it relates directly to 
the gravity and magnetic anomalies. On geological grounds 
alone, two major anomalous masses with associated gravity 
anomalies might be anticipated as being approximately coex
tensive with the valley: (I) the porous volcanic and epiclastic 
rocks filling the caldera and (2) a postulated intrusive body or 
magma chamber located at some depth below the caldera fill. 
Both of these features would be expected to represent rela
tively negative mass anomalies and would therefore produce 

Copyright © 1976 by the American Geophysical Union. 

gravity lows. In addition, density variations within the caldera 
fill and shallow intrusive bodies penetrating the fill might cause 
intracaldera gravity variations. The sum of the local gravity 
anomalies associated with the Long Valley caldera is super
imposed on a relatively complex regional anomaly consisting 
of two parts: (I) decreasing Bouguer anomaly values toward 
the west, reflecting isostatic compensation of the Sierra Ne
vada, and (2) somewhat more localized bedrock anomalies due 
to the density contrast between the granitic rocks of the Sierra 
Nevada batholith and the denser older metasedimentary and 
metavolcanic rocks [Oliver el al., 1961). 

Most of the magnetic highs or lows observed in the area can 
be related to the volcanic rocks of Cenozoic age in which 
remanent magnetization is probably the predominant factor. 
Magnetic anomalies are also associated with igneous units 
within the Sierra Nevada batholith and with some terrains 
underlain by metasedimentary and metavolcanic rocks. 

The gravity map of Long Valley (Figure I) is based primar
ily on the data from Pakiser et ai, [1964) as shown on the 
Mariposa sheet of the gravity map of California [Oliver and 
Robbins, 1973). The procedures for the gravity survey and data 
reduction are described in the work by Pakiser et al. [1964). A 
second more detailed map was prepared from the data of 
Pakiser el al. [1964) by addition of new data measured by 
D. L. Peterson of the U.S. Geological Survey in 1973. From 
the latter map we prepared a residual map (Figure 2) by 
passing an approximately plane surface through the field such 
that the residual was zero at a distance of about 6 km beyond 
the valley margin. 

Two separate aeromagnetic surveys were made by the U.S. 
Geological Survey [Pakiser el al., 1964; U.S. Geological Sur
vey, 1974). The first was a low-level reconnaissance of the 
valley area made along east-west flight lines 1-1.5 km apart and 
0.7 km above the land surface. The data were compiled as a 
total intensity map relative to an arbitrary datum (Figure 6). 
The second survey (Figure 7) was part of a high-level regional 
study with flight lines 1.7 km apart and 4 km above sea level. 
The data from this survey were compiled as a residual map by 
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removing the 1965 international geomagnetic reference field 
(IG RF) updated to 1973. 

GRAVITY 

A major gravity low with a relative amplitude of more than 
50 mGal coincides with the Long Valley caldera (Figure I). As 
reported by Pakiser el al. [1964), much of the low is undoubt
edly caused by the density contrast between the porous caldera 
fill and the compact enclosing crystalline rocks. Judging from 
the bedrock exposed around the valley the bulk of the rock 
enclosing the caldera probably approaches granite in composi
tion with a corresponding average density of about 2.7 g/cm3

• 

The average density of the caldera fill depends on many poorly 
known factors and can only be estimated with considerable 
uncertainty. Much of the porous sediment probably has a 
density of about 2.0 g/ cm3

, but some of the volcanic units have 
densities that equal or exceed the density of the enclosing 
crystalline rocks. Pumiceous sediments may be extremely 
anomalous in density with values considerably less than 2.0 g/ 
cm3• We estimate that the average density of the caldera fill is 

about 2.25 g/cm3
, yielding a density contrast of 0.45 g/cm3

• 

This estimate may be as much as 50% in error on the average 
and even more in local areas. But, as will become clear in the 
following discussion, many other uncertainties in the models 
derived from the gravity data make the assessment of a more 
accurate value unwarranted. 

Using the assumed average density of 0.45 g/cm3
, we in

verted the residual gravity anomaly (Figure 2) to a corre
sponding distribution of caldera fill (Figure 3) by using the 
method of Cordell and Henderson [1968). Two constraints were 
imposed in the technique that was used, namely, that the top 
of the fill was at the surface and that the sides were within the 
boundary formed by the zero isogal; i.e., the walls of the 
caldera dip vertically or inward from within the zero isogaL As 
might be predicted, the thickness contours of the fill are like 
those of the gravity map but with considerable detail added in 
the central (deeper) part of the fill. A cursory inspection sug
gests that the northern and eastern walls of the caldera are 
steeper than those to the south and west. An apparent max
imum thickness (depth) of 5.5 km is reached in the tight 
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Fig. 2. Residual Bouguer gravity map of Long Valley area. Contour interval is 5 mGal. 

gradient closure in the northwest part of ~he caldera, and a 
nearly equivalent thickness (depth) occurs 111 the broader clo
sure just to the east. A series of apparent deeps occur along the 
west, east, and north rim of the basin; two apparent deeps of 
lesser magnitude are present in the south central part of the 

caldera. A central area of relatively positive relief, or platform, 
in the caldera floor divides the model into what might be 
regarded as separate eastern and western basinal areas. A well
defined peak in the central part of the platform reaches to 
within 1 km of the surface and forms the shallowest part of the 

o 5 10 15 KILOMETRES 
I I I I 

Fig. 3. Model of caldera fill showing depth to bottom of structure, Long Valley area. Interval is 0.5 km. 

interior of the caldera. The eastern side of the platform is 
linear in plan and is approximately coincident with the 
mapped extension of the Hilton Creek fault in the caldera 
proper. An apparent shallow area is indicated in the vicinity of 
the Casa Diablo hot spring. 

The shallow lobe southeast of the caldera proper indicates a 
bedrock trough attaining depths as great as I km. A somewhat 
shallower extension (indicated by the secondary lobe on the 
gravity contour map of Figure 2) must extend farther south
east to enclose the small isolated closure but is not shown 
be<.:ause it is less deep than the contour interval of 0.5 k m. 

In the preceding discussion, two principal sources limit the 
validity of the quantitative conclusions. First, the selection of 
the regional surface is somewhat arbitrary. Pakiser et al. 
(1964) chose a surface sueh that the residual amplitude was 
higher, thereby leading to a greater average thickness for the 
fill. Second. in general, it is not possible to locate with any 
precision the bottom of models derived from gravity data 
alone, owing to problems of density contrast and to the separa
tion of the anomaly from fields arising from other sources. Our 
choices, we believe, are reasonable but are certainly subject to 
revision if further relevant data, particularly on density con
trast, become available. The model is most valid perhaps for 
the comparison of intracaldera features. Even the latter pic
ture, however, is affected by lateral density variations in the 
fill, and we discuss these in the following paragraphs. 

Variations in the density of caldera fill result mainly from 
three factors: (I) mode of deposition and degree of com
paction of sedimentary units, (2) emplacement of igneous units 
of contrasting density, and (3) induration and alteration pro
duced by hydrothermal alteration. The density of the epiclastic 
sediments will be determined largely by the degree of sorting, 
with coarse poorly sorted materials (less porous, more dense) 
near the source areas and finer ones (more porous, less dense) 
in the centers of depressions. The sediments will be compacted 
and therefore denser with depth. Both extrusive and intrusive 
rocks occur in the caldera and represent positive mass anoma
lies, except for pumiceous sediments. The density of the latter 
can be extremely low. Hot solutions bearing dissolved miner
als and moving horizontally and vertically through porous 
zones can deposit minerals in pore spaces, thereby increasing 
the density. 

When lateral sorting effects on clastic sediments are not 
accounted for in gravity-derived models of intermontane ba
sins, it can be shown [Kane and Pakiser, 1961) that the walls of 
the model must dip less and be displaced somewhat more 
basinward than the actual subsurface walls of the basins. Thus 
to the extent that sorting affects the sediments of Long Valley, 
the walls of the model of Figure 3 can be considered to have 
dips equal to or less than actual dips and to have locations at 
or inside the valley walls. 

Direct evidence of an intracaldera density variation-the 
second factor-is shown in the plot of the difference in values 
between the measured gravity field (Figure 2) and the field 
calculated for the model (Figure 4). The 2-mGal negative 
difference shown in the northeastern part of the caldera repre
sents a steep gradient local anomaly which cannot be ac
counted for by adding a mass deficiency at the base of the 
model. The anomaly reflects the presence of a shallow mass 
which has a density contrast (porosity) higher than the model 
density (0.45 g/cm3

). This clearly identified area of relatively 
low density raises the possibility that most, if not all, of the 
apparent deeps shown by the model have an equal probability 
of being caused by local increases in the porosity of the fill. 
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The model contours in these areas may therefore also be con
sidered as qualitative indications of possible variations in fill 
porosity. 

The third factor variation which needs to be considered is 
related to the effect of the percolation of hydrothermal waters 
through porous sediments. Detailed geophysical measure
ments in the Raft River area of Idaho [D. R. Mabey, personal 
communication, 1974) indicate that the passage of water of 
this type through porous sediments can result in the deposition 
of minerals in the pore spaces, leading to an effective increase 
in density. This type of density variation may be the cause of 
the apparent thin part of the model in the southwest region of 
the caldera where Casa Diablo hot spring is located. 

The model of caldera fill as modified conceptually in the 
preceding paragraphs has four salient features. (I) It confirms 
the earlier interpretation [Pakiser et aI., 1964) that the caldera 
is bounded by high-angle faults. The faults may have an equal 
or steeper dip and may lie somewhat outside those shown by 
the model. (2) If allowance is made for the suggested porosity 
variations in basin fill, the maximum thickness of the fill is 
more probably that shown by the contours exclusive of the 
local deeps, that is, about 3 km. This depth is appreciably less 
than that given by Pakiser et at. (1964), but the difference is 
due to the smaller residual that was chosen and the identi
fication of the probable local concentrations of high-porosity 
fill. The lesser thickness is also in better agreement with the 
interpretation by Hill (1976). (3) Two basinal areas are de
fined, the eastern one being estimated as about 3 km deep and 
the western one about 2 km deep. (4) The shallow region in the 
southwest part of the caldera may be deeper than shown if an 
allowance is made for an increase in fill density caused by pore 
deposition of minerals from percolating hydrothermal waters. 

Two geological inferences may be drawn from the modified 
model. The first is that the 10c~1 accumulations of high-poros
ity fill may be pumiceous sediments. Moreover, the locations 
of these accumulations about the margin of the caldera may 
mark volcanic centers; i.e., the deeps shown by the uniform 
density model (Figure 3 )-at least the major deeps-may be 
the manifestation of these centers. The second geological infer
ence is that even when allowance is made for local variations in 
fill porosity, two basinal areas divided by a relatively high 
central platform are present. The platform may represent a 
basement ridge between two areas where the basement has 
collapsed over separate magma chambers. It should be pointed 
out, however, that there is positive three-dimensional relief on 
the platform suggesting either the presence of a coincident 
igneous feature or residual relief left by erosion at some time 
prior to collapse of the caldera. The eastern side of the plat
form is linear and coincides with the location of the Hilton 
Creek fault. It seems reasonable to assume that the linear part 
of the model reflects subsurface throw on the fault. This fea
ture together with the difference in depth of the two basins 
indicates that the eastern basin may have been downdropped 
relative to the western one along the Hilton Creek fault and 
the faults which bound the eastern part of the caldera. 

The southeast lobe of the model is underlain primarily by 
Bishop tuff. The most direct interpretation is that the anomaly 
reflects pre-Bishop tuff topography and gives a measure of the 
thick ness of the tuff. An alternate source for the lobe is a 
deeper intrabedrock mass, perhaps a lobe of intrusive rock 
whose emplacement is related to the formation of the caldera. 

As will be shown below, the evidence of a gravity source that 
is significantly deeper than the caldera fill must be sought well 
outside the caldera boundary. The evidence should take the 
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Fig. 4. Difference between measured and calculated values for the model of caldera fill (Figure 3). Interval is 0.4 mGal. 
Dotted areas are negative. 

form of a gradient which persists beyond the region where it 
could reasonably be attributed to a shallow source, namely, 
the caldera fill. Because the dip of the regional trend is domi
nantly westward, the most likely areas to seek a manifestation 
of the deep-source gradient are north and south of the caldera. 
Figure I shows that a gentle gradient does exist to the nor~h 
and south of the caldera and that it has an average value m 
excess of I mGal/km. 

In order to examine the quantitative aspects of the gradients 
more closely we have plotted measured gravity profiles over 
the south edge of the caldera (Figures Sa and Sb) from the 
gravity map by Pakiser et al. [1964, Plate I). We chose the 
south edge for two reasons. First, north of the caldera the 
considerable thicknesses of alluvial and volcanic rock which 
overlies the granitic and sedimentary bedrock might sub
stantially perturb the regional gradient. Second, the juxta
posed belts of metasedimentary and igneous roc~s south of the 
caldera parallel the profile direction so that gravity effects due 
to bedrock density contrasts tend to be minimized. For com
parison we show calculated profiles for a sequence of disc
shaped bodies [Nettleton, 1942) in Figures Sc, Sd, and Se. The 
point of common reference is the edge of the calder~. 

Figure Sc is the gravity profile over two concentncally ar
ranged discs where the top of the upper disc coincides with the 
ground surface; the upper disc is 8 km in radius and. 1.2 km 
thick, and the lower is 6 km in radius and 1.2 km thick. The 
representation of the caldera fill by the discs is suffici:ntly 
accurate for a close quantitative examination of the gradients 
outside the caldera boundary. Figures Sd and Se are profiles of 
discs with radii of 8 km and maximum gravity amplitudes of 
about 10 mGal, tops being located at 6- and 10-km depth, 
respectively. . 

Comparing the profiles discloses that the mterval 6-12 km 

of the measured profiles (Figures Sa and Sb) matches the same 
interval of profile c much more closely than that of profiles d 
and e; in fact, the gradients of the measured profiles ~re some
what more steep than that of profile c. This companson dem
onstrates that a major part of the observed anomaly must be 
caused by a shallow source as simulated by the discs of Figure 
Sc, in other words, the caldera fill. The overwhelming effect of 
the shallow caldera fill precludes separating the effects of deep 
and shallow sources in the interval 0-10 km, that is, from the 
center of the caldera to about 2 km beyond its boundary. 

Apparently, the critical interval in which to seek evidence of 
a deep source for a feature of the size and geometry of the 
Long Valley caldera is 10-12 km, or 2-4 km be~ond the cal
dera boundary. As shown in Figure Sc (the diSC model of 
caldera fill), the calculated gradient for a shallow source in th.e 
interval 10-12 km is about 1 mGal/km; moreover, the ampli
tude at 12 km is I.S mGal, or roughly 4% of the maximum 
amplitude. The gravity gradients in the interval 10-12 km for 
the deep sources of the model profiles d and e are both about 
0.6 mGal/km, but the amplitudes at 12 km are about 30% and 
SO% of maximum for d and e respectively. 

In the uppermost measured profile (Figure Sa) the apparent 
gradient from 10 to 12 km is nearly 7 mGal, or about 3.S 
mGal/km. The dashed part of the profile, however, is esti
mated from nearby stations, and the well-established part of 
the profile centered around 10 km is .al~ng a moderate.ly wide 
valley where alluvial fill may be slgmficantly affectmg the 
gradient. We therefore view the gradients of this profile as 
possibly suspect. The second measured profile along Laurel 
Creek has a gravity change of 3 mGal between 10 and 12 km, 
yielding a gradient of about I.S mGal/km. This value is SO% 
larger than that calculated for a shallow source (profile c) and 
is considered to be significant. 
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Fig. 5. Measured and calculated gravity profiles over edge of caldera: (a) measured gravity profile over south edge of 
caldera along Convict Creek, (b) measured gravity profile over south edge of caldera along Laurel Creek, (c) calculated 
gravity anomaly over edge of two circular, concentrically arranged discs centered at zero (both discs have a density contrast 
of 0.45 g/cm3

), (d) calculated gravity anomaly over edge of circular disc centered at zero (disc has density contrast of 0.45 
g/cm3

), and (e) calculated gravity anomaly over edge of circular disc centered at zero (disc has density contrast of 0.45 
g/cm3

). 

From these observations we draw four conclusions. (1) A 
source about 8 km in radius constrained above 3-km depth 
and with an amplitude of about 40 mGal should not exhibit a 
gradient steeper than about 1 mGal/km in the interval 2-4 km 
beyond the boundary of the source. (2) When the shallow
source steep gradients are integrated over the length of the 
profile inside and near the caldera boundary, they account for 
most of the amplitude, and so only a small fraction of that part 
of the anomaly can be attributed to a deep source, say, less 
than 10 mGal. (3) Because of the limit on amplitude for a deep 
source the corresponding deep-source gradient should not ex
ceed 0.6-0.9 mGal/km in the interval 2-4 km beyond the 
caldera boundary. (4) Therefore a well-established gradien t of 
I.S-2.0 mGal/km in the interval 2-4 km beyond the caldera is 
evidence of a deep source. As shown by profiles d and e, a 
more direct measure of a deep source would be the observation 
of a persistent gradient of about O.S mGal/km in the interval 
12-16 km, or a one-half to full radius beyond the caldera edge. 
Data in this region were not available for measured profiles a 
and b (Figure S). 

Profiles a and b, if taken at face value, indicate a deep 
source, although the dashed gradient for measured profile a is 
obviously much too large. The gradient of profile b is what 
would be predicted for a combined shallow source of about 3S
mGal amplitude and a deep source of 10-mGal amplitude. 
Both profiles, however, should be viewed with some caution 
because they were measured along valleys underlain by an 
undetermined amount of alluvial fill. Terrain corrections were 
made for both profiles, but the stations are in relatively high 

terrain where accuracy of the terrain correction tends to fall 
off. Despite these reservations we feel that it is reasonable to 
conclude that the data indicate a deep source perhaps centered 
at a depth of 8-\.6 km causing an anomaly of about 10 mGal. 
Because of the depth, the thickness and density contrast pa
rameters of the body cannot be separated with any precision. 

In reviewing Figure 1 in light of the comments about pro
files d and e (Figure S) it can be seen that a definite gradient 
appears to persist beyond 4 km from the caldera boundary, 
particularly on the north. If bedrock density variation is not a 
factor, this gradient may also be taken as evidence of a deep 
low-density mass which might be a magma chamber or a 
pluton. 

In general, the gravity evidence of a deep source is sketchy 
but affirmative. Additional field measurements in key areas 
outside the caldera and a fuller evaluation of the effect of 
variable density in the bedrock are needed to substantiate fully 
the tentative conclusions drawn here. 

If it is assumed that all of the caldera fill originates from the 
immediate vicinity of the caldera (including volcanic material 
derived from the subsurface), then the porosity volume caus
ing the negative gravity anomaly is an approximate measure of 
absent subsurface mass. Using Gauss' theorem, we calculate 
that the mass corresponding to the integrated negative anom
aly (Figure 2) is 3.33 X 1017 g. For a rock density of 2.67 
g/ cm3 we calculate 12S km3 for empty pores and 200 km 3 for 
pores filled with water. Our estimate of absent subsurface ma
terial is much less than Pakiser's [1961) because we have re
stricted our integration to the anomaly in the immediate 
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vicinity of the caldera. Much of the difference between the two 
figures would be attributed by us to the deep source. 

MACiNETICS 

The low-level magnetic survey (Figure 6) defines two major 
magnetic anomalies in Long Valley, a broad magnetic high 
present over much of the northeastern part of the valley and a 
rather complex magnetic low in the southwest in the vicinity of 
Casa Diablo hot spring. Pakiser el al. [1964, p. 411 estimated 
that a broad magnetic mass approximately outlined by the 
1750 gamma contour underlies the area at a depth of about I 
km. I n commenting on the two positive closures superposed 
on the broader high, they postulate two possible causes: The 
first is 'rock of intermedi~te magnetic susceptibility into which 
have been intruded, or from which have been segregated, the 
two smaller bodies composed of more highly magnetic rock.' 
The second, 'an alternative interpretation, which is preferred 
by the writers and is more consistent with the gravity data, 
would regard the smaller more highly magnetic masses as 
volcanic necks that were sources of a sequence of flows that 

express the broader feature.' In general we would agree with 
Pakiser el al. [19641 in their preference of the latter alternative 
and would further add that the magnetic mass appears to be 
bound on the west by the projected Hilton Creek fault. 

Pakiser el al. [19641 did not interpret the low at Casa Diablo 
hot spring. The tightened contours in several places show 
gradients that indicate a near-surface source. The source could 
be reversely magnetized volcanic rock or possibly rock in 
which the magnetite has been altered by hYQfothermal solu
tions. Because of the proximity of the anomaly to known hot 
springs and an approximately coextensive resistivity low [Stan
ley el al., 19761 the interpretation as a zone of alteration is 

thought to be the more likely one. 
The higher level of the regional survey (Figure 7) provides a 

somewhat different perspective of the magnetic anomalies. The 
outlines of the caldera are indicated by a change in magnetic 
gradients across the caldera boundary, lower gradients being 
present over the caldera where the magnetic rocks are farther 
below the flight level of the survey. The magnetic high in the 
northeast part of the valley has a similar form on both surveys 
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Fig. 6. Combined generalized geology and low-Ie','(~1 total magnetic intensity map of Long Valley caldera. Magnetic 
contOllf5 :;m Pakiser el al. [1964]. 
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b~cause t~e dimensions of the source are large in comparison 
with the alrcr.aft height above source. The near-surface anom
aly at C~sa Diablo h?t spri.ng, in contrast to the magnetic high, 
merges IOto a m.ore IOtenslve regional low on the higher-level 
survey. The. regIOnal feature, in contrast with the local low 
show? on Figure 6, extends to the north and south beyond the 
margins of the valley. To the south the regl'onallo "d 'th h b I w comci es 
WI . t. e e t of metasedimentary rocks enclosed within the 
granitic rocks of the Sierra Nevada batholl'th t' h th ' sugges mg t at 

e western floor ?f the caldera may be underlain primarily by 
a belt of metasedimentary rocks. 

SUMMARY 

. The regional gravity and magnetic surveys of Long V II 
Illustrate. a type of reconnaissance exploration for geothe~m?; 
systems 10 the western United States. They show that I 
:eatures, .Iike calderas, are clearly identified and that m~~~ 
informatIOn about. the structure of the features can be derived 
from the geophYSical data. The calculated anomalies reveal 

:hat .evidence for deep sources, perhaps more directly linked to 
a primary geothermal source such as a magma chamb 
be sou ht . . er, must 

'd g In a regIOn well outside any surface feature The 
eVI enc~ for a deep source at Long Valley is mar in;1 but 
affirmative a.nd indicates that a deep source may b~ d~tectable 
b~ the gravity method under the right conditions that is 
: ere near-surface ~ravity variations do not mask the some~ 
T~at subtle ~ut persistent gradients caused by the deep source 

e calculatIOns also show that the depth of th .. 
rel' t d the source IS 

a e 0 t e ~xtent of the gradient; i.e., a deeper source will 
cause the gradient to persist over a larger area. For sources 
deeper than se~eral kilometers it is probably not possible to 
sbePdarat~ hthe thickness and density contrast parameters of a 

o y Wit any deg f .. bo . ree 0 preCISIOn. The mass contrast of the 
dy, however, IS calculable from Gauss' the 'fth . I . orem I e anom-

a y. IS reasonably well ?etined. If the density contrast can be 
estimated from theoretical or experimental data, then the vol
ume ?f the postul~ted magma can be derived. Perha s the 
mos~ I~por~ant pOint to be made from the calculations fs that 
care u gravity surveys must be conducted over a broad region 
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around a postulated deep source before substantive con-· 
elusions are made about its presence. 
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Temperatures at the 5- to 10-m depth from 29 sid!:!w holes in Long Valley caldera can be contoured 
systematically; they correlate well with the character of the thermal gradient to 30 m. Where the 
temperature at a depth of 10m IS less than I 1°C (group I). the gradients to 30 m are practically zero' 
where the 10-m temp.erature IS between 11°C and 16°C (group II). the gradients are 2000-400°C/k m and 
uniform. correspondlllg to coonductive heat flows .of 4-8 HFU (I HFU = I X 10- 6 cal/cm' s). Where the 
10-m temperatures exceed 16 C (group III), gradients are larger and irregular. with local heat flows to 50 
H F~. Ther~al consideratIOns suggest that the first gro.uP. is characteristic of regions of hydrologic 
~echa.rge:. that the. second group IS probably characte~lstlc of regions with conductive regimes to 
~ubstantlal. de~th. and that the. third group IS characterIStIC of regions of hydrologic discharge. This 
Int~rpretatIon IS supported by limited drilling to depths up to 300 Ill. Regimes in group I occur in the 
~enpheral PO:tl,O~ of the caldera, suggesting ~hat t~is is an area of recharge. The hot springs discharge in a 
fault zone charactenzed by near-surface regimes III groups II and III; chemical evidence indicates that 
their source re~ervo.lr IS at about 200°e. Evidently. the springs are fed by local fractures' if the 
background regime IS conductive~ their. res~rvoirs are probably less than I km deep. Hydrolo~ic and 
IsotOPIC data In.dlcate that gross cl:culatlon III the hydrothermal system is from west to east. suggesting 
that the hot spnng~ galll their heat III the western caldera. The large estimates of heat being removed from 
the caldera by flo'':'lIlg water and the geologic inference that hydrothermal activity was more intense in the 
pas~ su~port the vie,,:, that the Long Valley system was resupplied with heat from deep magmatic sources 
dunng Its eruptive history. 

INTRODUCTION 

As part of an invest.lgation of the thermal state of the Long 
Valley geothermal area, we have measured temperatures in 29 
holes drilled to depths up to 30 m and in 7 deeper holes (up to 
300 m) within the caldera (Figure I). A limited number of 
therm,,j conductivity measurements were made to permit 
rough v.;timates of conductive heat flow. but the detailed mea
surements of thermal and hydrologic parameters needed to 
calcul:ote local heat and mass flux were not undertaken. Our 
aim was to see if inexpensive near-surface measurements could 
be used to obtain useful information about the hydrothermal 
system at greater depth. 

Geothermal areas are generally characterized by large and 
locally variable surficial thermal gradients and by various 
forms of hot spring activity indicating that heat is crossing the 
earth's surface at an anomalous rate. At some points beneath 
these areas, we can expect anomalously high temperatures 
which might represent exploitable concentrations of geother
mal energy. Such concentrations are generally at depths of !-3 
km; deeper sources would be costly to exploit, and shallower 
one.s have insufficient pressure to permit the high enthalpy 
deSired. The process by which heat is transferred to the surface 
from these depths can be complex. The farther beneath the 
surface we extend our observations, the more we can expect to 
learn about the hydrothermal system associated with the po
tential resource, but the more costly and time consuming each 
observation becomes. Hence, it is of interest to examine the 
near-surface hydrothermal regime in a geothermal area in 
which more comprehensive studies are anticipated; inferences 
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about conditions at greater depth eventually can be tested. and 
the role of shallow observations in geothermal exploration can 
be evaluflted. 

MEASUREMENTS OF TEMPERATURE 

Temperature measurements. particularly in geothermal 
areas, can be sensitive to details of the construction of observa
tion wells. Our measurements were made in two types of wells: 
(I) 'shallow holes' to a maximum depth of 30 m and (2) 'core 
holes' to a maximum depth of 300 m. Their locations are 
shown by the small and large dots, respectively, in Figure I. 

The shallow holes were drilled with a hollow stem auger rig 
and completed with 5-cm PVC pipe. In those wells where the 
depth to the water table was greater than about 3 m, a second 
1.9-cm pipe was placed inside the 5-cm pipe and sealed at the 
bottom. It was filled with water and allowed to equilibrate to 
facilitate temperature measurement above the water table. The 
core holes were drilled to 14.3-cm diameter with hydraulic 
rotary equipment and completed with 3.2-cm black iron pipe 
that was sealed at the bottom. The annulus outside the 3.2-cm 
pipe was filled with cement to the surface to prevent vertical 
water circulation. Cores were obtained at selected intervals 
where feasible; their thermal conductivities were measured in 
the laboratory [Sass et aI., 1974]. 

Temperatures were measured rep<:atedly to millidegree pre
cision with equipment described by Sass et al. [1971]. Repre
sentative values are shown in Figures 2, 3, 4. and 5 (for a 
preliminary compilation of the data. see Sass et al. [1974]). Five 
of the core holes were drilled at the sites of shallow holes. 
thereby permitting a comparison of effects of the two different 
types of hole construction on measured temperature. System-
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Fig. I. Map of Long Valley caldera. Contours and patterns represent temperature at depth of 10 m in June 1974 at 
shallow hole locations indicated by small black circles. Large black Circles IIldlcate core hole locatIons. 

atic differences were observed at all sites, but at only one of 
them, CH-3, were the differences large enough to affect the 
gross interpretation. At CH-3, temperatures above 45°C per
sist to within 3 m of the surface (Figure 4), whereas those In 

the adjacent shallow hole (LV -6) diverge from the core hole 
temperatures and fall rapidly in the upper 15 m. The difference 
is probably caused by relatively cool water leaking downward 
outside the pipe at LV -6 and then moving laterally into a 
permeable zone known to occur there. This disturbance would 
result in an underestimation of conductive flux to the surface 
by an order of magnitude. The vertical flow is blocked in CH-3 
by cement in the annulus. In CH-I, slow up~ard water ~ove
ment produced a systematic temperature disturbance In the 
upper 200 m until the annulus was cemented a year after 
completion. Subsequently, the disturbance decayed con
ductively; the equilibrium condition is represented by the data 

for CH-l shown in Figure 5. 

TEMPERATURE PATTERNS 

We shall consider the shallower temperature observations 
first and then proceed to the deeper ones, investigating what 
types of information might be obtained from each. Figure I 
shows that temperatures in the shallow holes at a depth of 10 
m can be contoured in a fairly simple way. We should like to 
know what this systematic pattern might mean in terms of the 
thermal regime at greater depths and whether the same infor
mation might have been obtained from temperature observa
tions at smaller depths. Partia I answers and a useful 

perspective are provided by the complete temperature profiles 
shown for two dates (June and October) in Figure 2a. (The 
individual curves can be identified with their respective hole 
locations from the compilation of Lewis (1974).) Figure 2b 
indicates the gradients that would be associated with steady 
conductive heat flows from I to 40 HFU (I HFU = 10-

6 

cal/cm2 s = 41.8 mW m- 2) for an assumed conductivity of 2 

mcal/cm s °C (0.84 W /m OK). 
With some notable exceptions (probably due to local water 

movements), the observed seasonal variation extends only to a 
depth of about 10m (Figure 2a), roughly consistent with what 
we might anticipate from a simple model of conductive damp
ing. At greater depth the profiles can be subdivided somewhat 
arbitrarily into three groups, denoted by the roman numerals 
in Figure 2a and illustrated by examples in Figure 3. In group I 
the steady gradients in the upper 30 m are small, gene:ally 
representing heat flows less than I HFU. In group II, g:adlents 
lie typically in the range of 200o-400°C/km, representing con
ductive heat flows of about 4-8 HFU. In group III the 
gradients are generally larger, ranging to over 1000°C/km and 
representing conductive heat flows up to 50 H FU locally. The 
gradients in group III tend to be quite variable with depth, and 
although it is not obvious from the selected data in Figure 2a, 
they are also subject to more variation with time than 
gradients in the other groups. Figure 2a shows that these 
groups are distinguishable at the 10-m depth; in fact, the 11°C 
contour in Figure I separates groups I and II, and the 16°C 
contour separates groups II and III. As long as synoptic obser-
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Fig. 2. (a) Temperatures to 30 m in Long Valley caldera in June 1974 (solid curves) and October 1974 (dashed curves). 
Roman numerals denote the three groups discussed in the text. Symbols (e.g., LV-34) are hole designations [see Lewis, 
1974]. (b) Theoretical temperature profiles for steady conductive heat flows from I to 40 HFU (I HFU = IO 6 cal/cm' s = 
41.8 mW /m'). Assumed thermal conductivity is 2 mcal/cm s °C = 0.84 W /m OK. 

vations are used at these sites, essentially the same pattern 
emerges for contours at the 6-m depth, and much of it persists 
at 3 m. Hence at this locality, temperature observations at 
depths of a few meters contain some information on condi
tions to depths of a few tens of meters. 

What is the nature of this information? The general seasonal 
uniformity of temperatures below 10m in group I suggests 
that the local heat transfer in the upper 30 m is predominantly 
by conduction. The vanishingly small gradients suggest that 
heat from greater depth is being absorbed by moving 
groundwater, a characteristic condition in or near zones of 
hydrologic recharge. Hence the peripheral part of the caldera, 
where 10-m temperatures are less than 11°C (Figure I), may 
be an area of general recharge. The actual downward flow 
from the surface is probably localized; at least it does not 
generally occur near the holes in group I, or we should have 
seen seasonal temperature variation throughout their depth 
(Figure 2a). Similarly, we infer from the large and variable 
gradients that near-surface thermal conditions in group III are 
characteristic of areas of regional discharge in the sense that 
the groundwater beneath them is giving up heat as it moves 
generally to regions of lower ambient rock temperature. The 
magnitude and uniformity of gradients at group II sites sug
gest that they overlie regions less disturbed by water flow. The 
heat flows at group II sites are comparable to the 
hydrologically undisturbed value of about 4 H FU measured in 
granitic rock at site DP just beyond the western caldera rim 
(Figure I; Lachenbruch el al. [1976]), although this agreement 
is probably fortuitous. Figures I and 6 show that the region in 
which the hot springs discharge is characterized by near-sur
face thermal regimes in groups II and III. Group II sites occur 
within I km of Casa Diablo Hot Springs and Hot Creek Gorge 
Springs, suggesting that the upflow is confined to local frac
ture systems. 

The core hole observations expand our depth range another 
order of magnitude (Figure 5) and provide additional informa
tion on the meaning of the near-surface measurements. Two of 

the core holes, DC and CH-4, were drilled at opposite ends of 
the caldera (Figure I) in the region in which the shallow hole 
profiles are in group I. They indicate that the low temperatures 
and small conductive heat flows persist at depth (Figure 5). A 
temperature minimum near the 100-m depth in DC implies 
that heat is being absorbed by lateral water flow there, but the 
small conduc~ive heat flow (1.5 HFU) in the bottom of DC 
suggests that hydrologic heat sinks occur also at greater depth. 
Hence the fragmentary data from all holes taken collectively 
suggest that beneath the region around the periphery of the 
caldera delineated by to-m temperatures less than 11°C (Fig-
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Fig. 3. Typical examples of the three groups indicated in Figure 2. 
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Fig. 4. Comparison of temperatures in LV -6 with uncemented an
nulus and CH-3 with cel]lented annulus. Holes are 20 m apart. 

ure I), heat is being absorbed by recharging groundwater to 

depths of at least 200 m or so. 
Three of the core holes, CH-3, CH-5, and CH-7 (Figure 5), 

were drilled in the region in which shallow profiles were in 
group III. They show the influence of lateral and vertical 
circulation of hot water in permeable layers or fractures. As it 
liberates heat to the surrounding rock, the moving water 
causes high conductive heat flow above and sometimes 
gradient reversals below. Data from CH-5 suggest that water 
discharged at or near the surface in the hot springs is moving 
laterally in a shallow aquifer overriding colder recharge water, 
this suggestion being consistent with one by Mariner and 
Willey [1976). One core hole, CH-6, was drilled in Little Ante
lope Valley, where no local shallow temperature information 
was previously available. The near-surface regime is in group 
III; the nearly isothermal part of the temperature profile below 
165 m indicates that circulation of hot groundwater is in
fluencing the thermal regime in the upper 200 m. It is clear 
from this group of results that deepening any of these holes by 
50 or 100 m could lead to surprises and that downward extrap
olation of near-surface temperatures is hazardous. 

One of the core holes, CH-I, was drilled in a region in which 
the nearby shallow temperature was in group II, and it shows 
little or no effect of hydrothermal circulation. The change in 
gradient from about 250°C/km in the upper half to about 
175°C/km in the lower half could be caused by a systematic 
variation in thermal conductivity or by very slight vertical 
water movements; the thermal conductivity sampling was in
sufficient to permit a distinction. (Limited conductivity data 
from CH-I [Sass el al., 1974) indicate a conductive heat flow 
of 3-5 HFU.) In any case, temperatures in CH-I seem con
sistent with the speculation that regions in Figure I in which 
the 10-m temperature lies between 11°C and 16°C might be 
underlain by predominantly conductive regimes to depths of 

hundreds of meters. 

DISCUSSION 

Some tentative generalizations regarding the Long Valley 
geothermal system are suggested by combining the foregoing 
results with findings of related studies reported in this volume. 

It has been pointed out that the present area of major hot 
spring discharge lies within the region in which the 10-m 
temperatures were above 11°C (Figure 6). This region includes 
areas (in group III) where thermal profiles in the upper 200 m 
are strongly influenced by lateral and vertical circulation of 
water at temperatures up to at least I IO°e. It also includes 
areas (in group II) where the thermal regime is largely con
ductive with intermediate gradients to 30 m, and in at least one 
location (CH-I), to 300 m. The hot springs are probably fed by 
fractures, as they are located on or near the intracaldera exten
sions of the Hilton Creek fault (Figure 6) [Bailey el al., 1976). 
From chemical evidence it has been estimated that the reser
voirs feeding these springs have a temperature of about 200°C 
[Mariner and Willey, 1976; Sorey and Lewis, 1976). Even if 
we allow for an increase in conductivity with depth, this tem
perature would occur at a depth of about a kilometer or less 
according to extrapolation of group II gradients. Some justifi
cation for the extrapolation is provided by the fact that Casa 
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Fig. 6. Map of Long Valley caldera showing relations among groundwater flow, hot spring discharge. lOom temperatures. 
and the resurgent dome (crosshatched). 

Diablo Hot Springs and the Hot Creek Gorge Springs lie very 
close to shallow holes with regimes in group II (Figure I), 
implying that flow in the conduits of the springs may produce 
only local perturbations to a predominantly conductive re
gime. However, the limited information in Figure 5 clearly 
indicates that many measurements to greater depths will be 
needed before the circulation beneath the hot springs can be 
delineated with confidence. 

The topography indicates that surface drainage in the cal
dera is primarily from the Sierra Nevada Mountains in the 
west towards Lake Crowley in the east, interrupted locally by 
higher elevations on the resurgent dome. Limited data on 
water taple elevations [Lewis, 1974) indicate that flow in the 
shallow groundwater system follows the topographic slope. 
Moreover, the supply of water available for recharge to the 
groundwater system is considerably larger in the mountains 
around the western and southern rims than around the eastern 
rim of the caldera. Thus it is reasonable to expect that the 
gross circulation of groundwater in the caldera is from west to 
east, towards the areas of hot spring discharge and Lake 
Crowley. 

The limited information on ground temperatures indicates 
that cool recharge water occurs around the rim of the caldera 
to depths of at least 200 m. Isotopic data on concentrations of 
180 and D, as presented by Mariner and Willey [1976), suggest 
that water which emerges in the hot springs originated in the 
Sierra Nevada Mountains to the west; shallow groundwater 
from the peripheral regions evidently flows laterally towards 

the hot springs, mixing in varying proportions with the up
flowing hot water. For this reason and the ones given in the 
previous paragraph we have indicated in Figure 6 that the 
direction of flow in the hydrothermal system is generally from 
west to east with discharge in the hot spring area in the 
southeastern part of the caldera. If this is so, the input of heat 
required to raise the temperature of the circulating meteoric 
water from approximately IOOC to temperatures above 200°C 
occurs at depth in the western half of the caldera. 

The above inference is consistent with studies of heat flow 
and magmatic history, which suggest that the greatest heat at 
depth is likely to occur in the western part of Long Valley 
caldera [Lachenbruch el al., 1976); the magnitude of the mean 
conductive flux there is still unknown. From geochemical mix
ing models and measured spring discharges, Sorey and Lewis 
[1976) have estimated that water is presently removing heat at 
a rate greater than IO HFU integrated throughout the entire 
caldera. A similar calculation by While (1965, p. 8) based on 
an estimate of the total boron discharged by the Long Valley 
thermal waters leads to an even larger value of about 16 HFU. 
The significance of such heat loss to the thermal budget of the 
heat source beneath Long Valley depends, of course, upon 
how long it has been going on at the measured rate. 

I f we assume that the heat removed by water flow comes 
ultimately from a magmatic source, it must be supplied to the 
surface by conduction and circulatory hydrothermal con
vection through the overlying roof rocks and possibly in addi
tion by some direct contribution of magmatic fluids. A mean 
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flux of 10 H FU could be supplied by steady state conduction 
from a molten magma chamber through about 5 km of crystal
line roof rocks (conductivity ~6 mcal/cm SOC). Circulatory 
hydrothermal convection would increase the required roof 
thickness by some fraction of the depth to which it was effec
tive. If 15% of the hypothetical 200°C water contributing 
convective heat to the springs were supplied directly by mag
matic fluids, less conductive flux would be required, and the 
estimate of roof thickness might be doubled [see, e.g., While. 
1957]. However, if the magma underlies only half of the cal
dera [Lachenbruch el al .. 1976], the above estimate of roof 

thickness would be halved. 
The time constant for propagation of a temperature disturb

ance by conduction through 5 km or so of roof rocks above a 
magma chamber is ~ 105 y,r [see Lachenbruch el al., 1976, Table 
2]. Hydrothermal flow events of shorter duration could be 
removing heat stored at shallower depths. As an extreme ex
ample an additional 10 HFU could be supplied for 10,000 yr 
by convectively flushing the top I km of an otherwise con
ductive rock column; time would be insufficient for the 
gradient disturbance to propagate to the roof of a magma 
chamber a few kilometers below [see Lachenbruch el al., 1976, 
curve I, Figure lOa]. Thus the present-day estimates of 10 
H FU or greater need not constrain the depth to magma if they 
represented a flushing of the caldera by such short-term effects 
on flow as might be caused by post-Pleistocene deglaciation or 
new fracture openings from recent faulting. However, accord
ing to Bailey el al. [1976]. hydrothermal activity in the caldera 
began at least 0.3 m.y. ago, and it was formerly much more 
extensive than it is today. As White [1968] has pointed out, 
heat loss associated with such prolonged activity would place 
large demands on a magmatic source; evidence for this activity 
supports the conclusion [Lachenbruch el al., 1976] that the 
Long Valley system was resupplied with heat from deep mag
matic sources throughout its eruptive history. This resupply 
could be achieved by any combination of (I) hydrothermal 

circulation in progressively deepening fractures, (2) convection 
in a magma chamber extending downward through the lower 
crust, or (3) repeated upper crustal intrusions. 
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Geothermal Setting and Simple Heat Conduction Models 
for the Long Valley Caldera 

ARTHUR H. LACHENBRUCH J H SASS R .. J M . , . . .. , OBI:R1. UNROE, AND T. H. MOSES, JR. 

U.S. Geological Survey. Menlo Park, California 94025 

k H~at flow and heat production measurements have been made in the vicinity of Long Valley from 0-30 
m rom ~he nm ~f the caldera and up to 30 km on either side of the boundary of the Basin and Ran e 

pr.ovm.ce at the :astern scarp of th~ SIerra Nevada. The search for a thermal anomaly associated wifh 
magma IS com,phcated by the locatIOn of the caldera at the boundary between these two provinces with 
s~onglY contrastmg regIOnal heat flows and by unknown effects of hydrothermal circulation. The data 
s. ow no consplclioUS effect of the provmce transItion. possibly a small local heat flow anomaly near the 
east rim of the caldera, and a very substantial anomaly near the west rim. Simple heat conduction models 
su,gges.t th~t Long Valley caldera IS t.he surface expression of a deep magmatic system; an upper crusta'l 
magma chamb~r could not have sustamed molten material throughout the 2-m.y. eruptive histor unless 
~ were r~supphed WIth heat from deep crustal or subcrustal magmatic sources. I f the heat were :uppli~d 
y crustalmtruslOn of mantle basalt, the crust would thicken rapidlv unless magmatic activit wer 

~ccompal1led by accelerated local crustal spreading. To generate a viable silicic magma chambe/b sil~ 
~I1Jecllon m the upper 5-8 km of crust, mll1lmUm mtrusion rates of the order of I m per century are ;ob
abIY"requlre~. Thermal models for the near-normal heat flow at the east rim suggest that magma beneath 
the e~ster~ part ~f Lon~ Valley caldera ml~ht have been exhausted during eruption of the Bishop TutfO.7 
~.y. ago and that the lesurgent dome: which subsequently formed in the west central caldera marks the 
ocatlOn of a reSidual chamber more CIrcular in plan. High heat flow indicated by the single m~asurement 

near the west rim can be attributed to a simple shallow magma chamber beneath the western caldera or to 
recent local magmatism along the Sierra frontal fault system. Additional heat Ilow and hyd I " 
measurements are necessary for a confident interpretation of the thermal history and the present :t~t~g~~ 
the caldera regIOn. 

INTRODUCTION 

As part of an investigation of the Long Valley region we 
have measured heat flow in II holes drilled to depths of 
150-300 m in terrain surrounding the caldera (Figures I and 
2). Our aim was to investigate any detectable effects that 
magmatic events associated with the caldera might have had 
on the conductive thermal regime of the surroundings. Be
cause of the long time required for a thermal disturbance to 
equilibrate by conduction in earth materials, measurements of 
heat flow, unlike other geophysical measurements, can contain 
direct information on past geologic events. However, with the 
introduction of the time variable, the inverse problem of re
constructing the cause from an observation of its effects takes 
on an added dimension of ambiguity. Near ,hot spring areas a 
further complication in the interpretation of heat flow mea
surements is the uncertainty of the role played by hydro
thermal convection. Indeed, the large estimates of sustained 
heal discharge from hot springs in Long Valley caldera and 
similar volcanic regions [While, 1965; Sorey and Lewis, 
1976] indicate either that the magmatic source must be very 
close to the surface or, more reasonably, that convective trans
port must dominate conduction to considerable depth beneath 
these regions [Lachenbruch el al., 1976]. Nevertheless, if heat is 
transferred primarily by conduction in the crystall'ine rocks 
surrounding Long Valley caldera, it should be possible to 
confirm this with internally consistent heat flow measurements 
beyond the caldera rim. Analysis of these measurements could, 
in principle, provide limiting information on the distribution, 
history, and present state of magmatic sources that might 
extend to the edge of the caldera or beyond. In any case, if we 
neglect heat transfer by hydrothermal convection, useful limits 
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can be calculated for the time required for any hypothetical 
magma source to cool. Simple conduction models are used in 
this paper to make approximate calculations of these kinds 
(i.e., of present state and maximum cooling time). Analytical 
results are presented in a general graphical form somewhat 
more complete than is warranted for interpretation of our 
preliminary measurements near Long Valley; the problems are 
general, and it is expected that the results might be useful for 
similar calculations applicable elsewhere. 
T~e new thermal data are summarized in Table I; they were 

obtatned by procedures described by Sass el al. [197Ia, b]. The 
heat production (Ao) was measured by our colleague Carl 
Bunker, using the methods of Bunker and Bush [1966, 1967]. 
The heat flows (q) are based on linear least squares 
temperature gradients (1') over the specified depth intervals, 
corrected (to I'c) where appropriate for the effects of topogra
phy, uplift, erosion, and glaciation, and multiplied by harmonic 
mean thermal conductivities «(K». Inasmuch as a significant 
fraction of the data is based on temperature profiles acquired 
shortly after the access pipe was grouted in, we have omitted 
the customary formal statistical estimates of scatter fr0111 
the least squares mean gradients and consequently from esti
mates of mean thermal conductivity, heat flow, and radio
genic heat production (Ao). Adjustments to these preliminary 
values based on equilibrium temperature gradients and an 
increased number of conductivity and heat production mea
surements are anticipated. The units of heat flow (HFU). 
units of heat production (HGU), and units of thermal con
ductivity (CU) are defined in Table I. 

The latest temperature measurements from each of the new 
holes is shown in Figure 3a. In Figure 3b, profiles from the LO 
holes in granitic rock are plotted in such a way that the 
portions used to determine heat flow extrapolate to a common 
origin at the surface. 
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Fig. I. Geologic sketch map [after Bateman alld Eaton. 1967] showing outline of the Long Valley caldera and locations 
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and Range province. (Results from ST, SJ, JB, HC, and DS have been published previously.) 

THERMAL SETTING OF LONG V ALLEY 

As explained by Bailey et al. [1976], the Long Valley caldera 
lit;s nearly astride a major fault system that separates the 

·tectonically active Basin and Range province to the east from 
the relatively stable Sierra Nevada tectonic province to the 
west. The Basin and Range province is characterized by exten
sive Cenozoic normal faulting and volcanism, high seismicity, 
a thin crust, and a low upper mantle seismic velocity; none of 
these characteristics obtain in the Sierra Nevada [Thompson 
and Burke. 1974; Bateman and Eaton. 1967; Pakiser and Robin
son. 1966]. Consistent with these tectonic indicators, the con
trast in regional heat flow across this boundary is one of the 
most abrupt known on the North American continent [Roy et 
al., 1968, 1972; Sass et al., 197Ia]. While this location makes 
Long Valley an interesting subject for study, the transition 
zone compounds the problem of establishing the regional heat 
flow upon which any local anomaly might be superimposed. 

The problem of establishing the background heat flow is 
simplified somewhat by the observation that heat flow q from 
granitic rocks in each province generally depends to a first 
approximation on the radiogenic heat production Ao of the 
rock locally exposed at the surface according to the following 
relation [Birch et al., 1968; see also Roy et al., 1968; 
Lachenbruch. 1968a]. 

q = q* + DAo (I) 

The parameters (q*, D) have the respective dimensions of heat 
flow and depth, and they may be viewed as uniform 
throughout each province (although the relation is much less 
certain for the Basin and Range [Roy et al., 1968, 1972; Black
well, 1971]). For the Sierra Nevada the values are 0.4 HFU 
and 10 km, and for the Basin and Range they are 1.4 HFU, 
10 km. The second term in (I) is equivalent to the steady heat 
flux that would be produced by a uniform 10-km slab of the 
rock currently exposed locally at the surface [Roy el al., 1968]. 
It is determined by multiplying by 10 km the heat production 
(per cubic kilometer) determined by a laboratory measurement 
on core or surface samples. The expected heat flow is then 
determined by adding 0.4 H FU (q*, equation (I)) if the station 
is in the Sierra Nevada or 1.4 H FU if it is in the Basin and 
Range province. Hence this unexpected relation implies that 
the rock exposed locally at the surface contains information 
on the heat flow and thermal regime of the entire crust. 

It seems unlikely that granites of greatly varying age in a 
given province would all have the same thickness D (in these 
cases, 10 km). It has been shown, however, that (I) will not be 
affected by differential erosion in any province if (and only if) 
the neat production, instead of being uniform to depth D, 
varies with depth z according to AorZ/D [Lachenbruch, 1968a, 
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k H~at flow and heat production measurements have been made in the vicinity of' Long Valley from 0-10 
m rom the nm of the caldera and up to 30 km on either side of the boundary of the Basin and Ran',c 

province at the eastern scarp of the Sierra Nevada. The search for a thermal a nomaly associated wi~h 
magma IS complicated by the location of the caldera at the boundary between these two ~~ovinces with 
strongly contrastll1g regIOnal heat flows and by unknown effects of hydrothermal circulation. Th~ data 
show no conspicuous effect of the provll1ce transition. possibly a small local heat flow anomaly near the 
east nm of the caldera. and a very substantial anomaly near the west rim. Simple heat conduction d I 
su~ges.t t,h:t Long Valley caldera is t,he surface expression of a deep magmatic system; an upper ~r~s~a~ 
magma chamb~r co~ld not have sus tamed molten material throughout the 2-m.y. eruptive history unless 
~ were r~supplied with heat from deep crustal or subcrustal magmatic sources. If the heat were supplied 
. y crus~alilltrusion of mantie basalt, the crust. would thicken rapidly unless magmatic activity were 
~ccompal1led by accelerated local crustal s.preadll1g. To generate a viable silicic magma chamber by sill 
IIlJectlon In the upper 5-8 km of crust, Illll11mUm II1trusion rates of the order of I m per century are rob
ably .. requlre~. Thermal models for the near-normal heat flow at the east rim suggest that magma be~eath 
thee~ster~ pdrt ,of Long Valley caldera ml~ht have been exhausted during eruption of the Bishop Tutf 0.7 
~.y. dgO and that the resurgent dome, which subsequently formed in the west central caldera marks the 
ocatlon of a reSidual chamber more circular in plan. High heat flow indicated by the single m~asurement 

near the \V~st n.m c~n be attributed to a simple shallow magma chamber beneath the western caldera or to 
recent local magmatism along the Sierra frontal fault system. Addilional heat flow and hydrol " 
measurem~nts are necessary for a confident interpretation of the thermal history and the present stat~g~~ 
the caldera regIOn. . 

INTRODUCTION 

As part of an investigation of the Long Valley region we 
have measured heat flow in II holes drilled to depths of 
150-300 m in terrain surrounding the caldera (Figures I and 
2). Our aim was to investigate any detectable effects that 
magmatic events associated with the caldera might have had 
on the conductive thermal regime of the surroundings. Be
cause of the long time required for a thermal disturbance to 
equilibrate by conduction in earth materials, measurements of 
heat flow, unlike other geophysical measurements, can contain 
direct information on past geologic events. However, with the 
introduction of the time variable, the inverse problem of re
constructing the cause from an observation of its effects takes 
on an added dimension of ambiguity. Near ,hot spring areas a 
further complication in the interpretation of heat flow mea
surements is the uncertainty of the role played by hydro
thermal convection. Indeed, the large estimates of sustained 
heat discharge from hot springs in Long Valley caldera and 
similar volcanic regions [While, 1965; Sorey and Lewis, 
1976] indicate either that the magmatic source must be very 
close to the surface or, more reasonably, that convective trans
port must dominate conduction to considerable depth beneath 
these regions [Lachenbruch el al., 1976]. Nevertheless, if heat is 
transferred primarily by conduction in the crystalline rocks 
surrounding Long Valley caldera, it should be possible to 
confirm this with internally consistent heat flow measurements 
beyond the caldera rim. Analysis of these measurements could, 
in principle, provide limiting information on the distribution 
history, and present state of magmatic sources that migh~ 
extend to the edge of the caldera or beyond. In any case, if we 
neglect heat transfer by hydrothermal convection, useful limits 
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can be calculated for the time required for any hypothetical 
magma source to cool. Simple conduction models are used in 
this paper to make approximate calculations of these kinds 
(i.e., of present state and maximum cooling time). Analytical 
results are presented in a general graphical form somewhat 
more complete than is warranted for interpretation of our 
preliminary measurements near Long Valley; the problems are 
g.en~ral, and it is expected that the results might be useful for 
slfflliar calculations applicable elsewhere. 
T~e new thermal data are summarized in Table I; they were 

obtall1ed by procedures described by Sass el al. [1971a. b]. The 
heat production (Ao) was measured by our colleague Carl 
Bunker, using the methods of Bunker and Bush [1966, 1967]. 
The heat flows (q) are based on linear least squares 
temperature gradients (l') over the specified depth intervals, 
corrected (to I'c) where appropriate for the effects of topogra
phy, uplift, erosion, and glaciation, and multiplied by harmonic 
mean thermal conductivities «(KI). Inasmuch as a significant 
fraction of the data is based on temperature profiles acquired 
shortly after the access pipe was grouted in, we have omitted 
the customary formal statistical estimates of scatter from 
the least squares mean gradients and consequently from esti
mates of mean thermal conductivity, heat now, and radio
genic heat production (Ao). Adjustments to these preliminary 
values based on equilibrium temperature gradients and an 
increased number of conductivity and heat production mea
surements are anticipated. The units of heat flow (H FU). 
units of heat production (HG U), and units of thermal con
ductivity (CU) are defined in Table 1. 

The latest temperature measurements from each of the new 
holes is shown in Figure 3a. In Figure 3b, profiles from the 10 
holes in granitic rock are plotted in such a way that the 
portions used to determine heat flow extrapolate to a common 
origin at the surface. 
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Fig. I. Geologic sketch map [after Bateman alld Eaton, 1967] showing outline of the Long Valley caldera and locations 
of heat flow stations. Square symbols are identified with the Sierra Nevada physiographic province; circles, with the Basin 
and Range province. (Results from ST, Sl, lB, HC. and DS have been published previously.) 

THERMAL SETTING OF LONG V ALLEY 

As explained by Bailey et al. [1976], the Long Valley caldera 
lies nearly astride a major fault system that separates the 

·tectonically active Basin and Range province to the east from 
the relatively stable Sierra Nevada tectonic province to the 
west. The Basin and Range province is characterized by exten
sive Cenozoic normal faulting and volcanism, high seismicity, 
a thin crust, and a low upper mantle seismic velocity; none of 
these characteristics obtain in the Sierra Nevada [Thompson 
and Burke, 1974; Batemall alld Eatoll, 1967; Pakiser alld Robill
SOil, 1966]. Consistent with these tectonic indicators, the con
trast in regional heat flow across this boundary is one of the 
most abrupt known on the North American continent [Roy et 
al., 1968, 1972; Sass et al., 197Ia]. While this location makes 
Long Valley an interesting subject for study, the transition 
zone compounds the problem of establishing the regional heat 
flow upon which any local anomaly might be superimposed. 

The problem of establishing the background heat flow is 
simplified somewhat by the observation that heat flow q from 
granitic rocks in each province generally depends to a first 
approximation on the radiogenic heat production Ao of the 
rock locally exposed at the surface according to the following 
relation [Birch el al., 1968; see also Roy et al., 1968; 
Lachenbruch, 1968a]. 

q = q* + DAo (I) 

The parameters (q*, D) have the respective dimensions of heat 
flow and depth, and they may be viewed as uniform 
throughout each province (although the relation is much less 
certain for the Basin and Range [Roy et al., 1968, 1972; Black
well, 1971]). For the Sierra Nevada the values are 0.4 HFU 
and 10 km, and for the Basin and Range they are 1.4 HFU, 
10 km. The second term in (I) is equivalent to the steady heat 
flux that would be produced by a uniform 10-km slab of the 
rock currently exposed locally at the surface [Roy et al., 1968]. 
It is determined by multiplying by 10 km the heat production 
(per cubic kilometer) determined by a laboratory measurement 
on core or surface samples. The expected heat flow is then 
determined by adding 0.4 HFU (q*, equation (I)) if the station 
is in the Sierra Nevada or 1.4 H FU if it is in the Basin and 
Range province. Hence this unexpected relation implies that 
the rock exposed locally at the surface contains information 
on the heat flow and thermal regime of the entire crust. 

It seems unlikely that granites of greatly varying age in a 
given province would all have the same thickness D (in these 
cases, 10 km). It has been shown, however, that (I) will not be 
affected by differential erosion in any province if (and only if) 
the neat production, instead of being uniform to depth D, 
varies with depth z according to Aoe-Z/D [Lachenbruch, 1968a, 
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1970]. With this interpretation. q* is most naturally identified 
as the contribution from the mantle. A knowledge of the 
province parameters (q*, D) and an assumption of 
conductivity then lead to a complete crustal temperature pro-

flIe from a knowledge of surface heat flow or heat production. 
Such profiles are shown in Figure 4 for the Sierra Nevada and 
the Basin and Range for the extremes of heat production 
normally found in plutonic rocks (0-10 HGU) and for 

TABLE 1. Summary of Preliminary Geothermal Data Near Long Valley, California 

Depth 
Elevation, Range, r, r e , (K), q, An, Qs, * QUR,t Distance Beyond 

Site m m °C/km °C/km CU HFU HGU HFU HFU Rim,km 

Jackass Creek (JA) 2100 60-190 17.7 18.7 7.26 1. 36 9.6 0 ( -1.0) 28 (SW) 
Devils Postpile (DP) 2316 150-250 56.8 51.4 7.30 3.75 6.0 2.75 (1.75) 3 (WSW) 
Tungsten Hills (THE) 1737 160-189 15.1 14.7 6.35 0.93 3.1 0.2 (-0.8) 30 (S) 
Tungsten Hills (THW) 1760 100-138 15.1 14.4 8.8 1. 27 6.8 0.2 (-0.8) 30 (S) 
Aeolian Buttes (AB) 2240 25-124 31. 2 31. 2 6.98 2.18 8.7 (0.9) -0.1 13 (NNW) 
Watterson Canyon (WC) 2133 110-140 30.0 30 7.44 2.23 4.2 (1.4) 0.4 o (SE rim) 
Watterson Trough (WTWH 2316 50-113 78.1 78.1 2.7 2.1 1 (E) 
Watterson Trough (WTE) 2393 90-128 23.0 25.0 6.70 1. 68 4.4 (0.8) -0.2 3 (E) 

Round Mountain (RM) 2225 125-209 24.3 24.0 7.91 1.90 7.7 (0.7) -0.3 6 (E) 
Johnny Meadow (JM) 2637 100-168 6.08 6.1 6.75 0.41 6.4 (-0.6) -1.6 6 (N) 
Sagehen Meadow (SM) 2560 150-271 9.20 9.3 7.79 0.72 9.3 (-0.6) - 1.6 11 (N) 

1 conductivity unit (CU) 1 mcal cm- 1 S-I °C-I = 00418 W m- I OK-I; 1 heat flow unit (HFU) = 1 Ilcal cm-2 S-1 41.8 mW 111-2 ; 

1 heat generation unit (HGU) = 10-13 cal cm-a S-I = 00418 IlW m-a• 
* Qs is heat flow anomaly relative to the Sierra Nevada norm. Values in parentheses are for sites in the Basin and Range physiographic 

province. 
t QJlll is heat flow anomaly relative to the Basin and Range norm. Values in parentheses are for sites in the Sierra Nevada physiographic 

province. 
t Drilled in rhyolitic tuff; all other holes were drilled in granitic rocks. 



772 LACIII,NIlIHJCII 1,.'1 A 1..: LONe; V III.I.H SYMP()SIL~1 

<f) 
~ 

'" V 
E 

(0) .<: 

0.. 
Q) 

o 

100 

o 200 

300 

SM 

.. L 

\ 

\ 

DP 

\ 

J 

I 

1 

-4 

I 
J 

Temperature 0 C 

o 5 10 15 

Fig. 3. Temperature profiles from holes near Long Valley: (a) all. profiles and (b) profiles from holes in granite with their 
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assumed conductivities believed reasonable for each province. 
For the same surface heat production, heat flow will generally 
be greater by I H FU at sites in the Basin and Range. For the 
same surface heat flow (e.g., 1.4 HFU, Figure 4) crustal tem
peratures are much higher in the Basin and Range because 
a larger proportion of the heat originates at great depth there. 

In Figure 5, measured values of (q, Ao) are plotted for each 
of the stations in granitic rock shown in Figure I. The straight 
lines represent relation (I) with the appropriate slope and 
intercept parameters (D and q*) for each province. These 
parameters were determined previously from published obser
vations of q and Ao at many locations in each province [Roy et 
al., 1968; Lachenbruch, 1968a; Sass el al., 1971a], only five of 
which (Sherman Thomas (ST), San Joaquin (SJ), Jose Basin 
(JB), Helms Creek (HC), and Deep Springs (OS)) occur in the 
map area of Figure I. The stations represented by squares in 

Figures I and 5 lie southwest of the physiographic boundary 
between the Sierra Nevada and the Basin and Range; those 
represented by circles lie northeast of it. This assignment to 
province is unambiguous at all stations except perhaps at the 
two sites at Tungsten Hills (THE and THW). Table I lists the 
II new sites, roughly in order of increasing distance from the 
physiographic boundary, distance within the Sierra Nevada 
province being considered negative. 

The departure of the circles and squares in Figure 5 from 
their respective province norms (the straight lines) can be 
viewed as the measure of a local heat flow anomaly. The 
anomaly may reflect several contributing causes, some perhaps 
of opposite sign. First, the data from the Basin and Range 
generally show considerable local scatter about their curve; the 
five upper circles in Figure 5 are not atypical. Second, many of 
the points lie close to the boundary of the two provinces, 
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Fig. 4. Theoretical steady state crustal temperature profiles based 
on the exponential source model and the heat flow-heat production 
relationship inferred for the Sierra Nevada and Basin and Range heat 
flow provinces [Lachenbrllch, 1970]. Horizontal screen represents an 
assumed thermal conductivity or 6 CU, vertical screen represents 5 
CU. Ao and q represent surface heat production in heat generation 
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where the deep crustal heat flow (q*) must change by a factor 
of 3 or more. As this change must be transitional in some 
degree, we should expect such points normally to lie between 
the two province curves. Third, very slight systematic move
ments of groundwater can cause substantial anomalies (posi
tive or negative) in the conductive heat flow. Where the upper 
crust contains local anomalous sources of heat, such circula
tion is more likely to be important. Finally, most of the points 
in Figure 5 are based on preliminary data, and their plotted 
positions may be revised when additional measurements are 
made. With these qualifications it is still rather surprising that 
with the exception of Johnny Meadow (JM), Sagehen 
Meadow (SM), ancj Devils Postpile (DP), Figure 5 does not 
show conspicuous anomalies. In Table I the anomalies relative 
to the Sierra and Basin and Range norms are tabulated, re
spectively, under Qs and QBR. 

It is not surprising that ST, SJ, JB, and HC lie on the Sierra 
curve because they were among the previously published 
points used to define it [Roy el al., 1968; Lachenbrllch, 1968a]. 
It is surprising that THE and THW, which lie almost on the 
physiographic boundary, do not show a stronger effect of the 
transition. However, they are based upon incomplete con
ductivity and heat production data. The new site at Jackass 
Creek (JA) in the central Sierra Nevada lies precisely on the 
previously established Sierra curve. This observation not only 
provides important confirmation for (I), but it also establishes 
that at this site, 28 km southwest of Long Valley caldera, there 
are no detectable thermal effects of the Long Valley igneous 
activity, the basaltic volcanism that preceded it by 2 or 3 m.y., 
or any transition to the Basin and Range thermal regime. The 
Sierra point, DP, at Devils Postpile (Figures I and 2) 25 km 
northwest of JA and 3 km from the caldera rim, shows a very 
conspicuous anomaly, as it lies 2.75 HFU above the Sierra 
curve (Figures 3 and 5; Table I). The conductive heat flow at 
DP is well determined in homogeneous competent rock by a 
smooth and uniform gradient (Figure 6). The slight curvature 

in the upper half of the profile in quartz monzonite at this 
important site can be accounted for by local topography. 

We have mentioned that the departure of the five upper 
circles (Figure 5) from the Basin and Range line is not atypical 
for the province. This group includes sites whose distance from 
the caldera varies from ~,O at Watterson Canyon (WC) to 70 
km at OS and whose distance from the physiographic bound
ary varies from less than 10 km at Aeolian Buttes (AB) to 35 or 
40 km at OS. Thus there is no compelling evidence to suggest 
that the circles a bit below the Basin and Range line are 
transitional because of their proximity to the province bound
ary. The fact that the highest heat flow (2.2 HFU) in the Basin 
and Range group occurs at the site (WC) on the eastern cal
dera rim seems to suggest that a small local conductive anomaly 
might occur there. The value of 2.1 HFU in nearby tuff at 
Watterson Trough (WTW) (Table I), though uncertain, lends a 
little support to that view. However, at these locations near the 
rim, effects of thermal refraction could easily account for local 
variations of a few tenths of a H FU [see, e.g., Lachenbruch, 
1968b, p. 399]; corrections for them are not warran~ed because 
of the other sources of uncertainty. The two very low heat 
flows at SM and JM are puzzling and evidently reflect hydro
logic effects. Our inability to account for them at this time 
serves as a reminder of the uncertainty in these results. 
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Fig. 5. Heat flow versus heat production for granitic rocks in the 
region surrounding Long Valley. Square symbols are identified with 
the Sierra Nevada physiographic province: circles, with the Basin and 
Range province. The straight lines represent previously determined 
relationships (equation (I)) for the two provinces [Roy el al" 1968; 
Lachenbruch, 1968a]. 
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In summary, the preliminary thermal data show no con
spicuous effect of the province transition, possibly a very small 
local conductive anomaly at the east rim of Long Valley cal
dera, and a very substantial one a few kilometers beyond .the 
west rim. Recognizing that these generalizations are tentative, 
in the next section we shall attempt to analyze some of their 
implications with the aid of geologic information relating to 

the history of the caldera. 

IMPLICATIONS FOR THE MAGMATIC HISTORY 

OF LONG VALLEY CALDERA 

Some relevant geologic in/ormation. According to Bailey et 
al. [1976], Long Valley caldera resulted from the collapse of 
the roof of a magma chamber during the explosive eruption of 
a layer of partially crystallized magma (the Bishop Tuff) per
haps 2 km thick about 0.7 m.y. ago. The Long V~lley mag~a 
chamber is thought to be more or less congruent In plan with 
the caldera structure, an ellipse with axes of about 20 and 30 
km. The oldest evidence for the existence of the Long Valley 
magma chamber is Glass Mountain on the northeast rim of. 
the present caldera; silicic volcanism began there almost 2 m.y. 
ago and continued intermittently up to the time of collapse. 
Shortly after the collapse a resurgent dome formed in the west 
c\:ntral part of the caldera, and silicic and intermediate vol
canic material has been discharging in and around it virtually 
up to the present time. The most recent activity has been 
concentrated near the western rim along the Sierra Nevada 
frontal fault system, and little or no material has been dis
charged in the eastern half of the caldera during the past 0.3 
m.y. Basaltic volcanism in the vicinity of Long Valley predated 
caldera formation by as much as 3 m.y. or so, and recent 
basaltic volcanism along the Sierra frontal faults is evidently 
almost contemporaneous with the most recent silicic extrusion 
from the Long Valley system. Largely on the basis of mechani
cal arguments relating to collapse and resurgence [Bailey et al., 
1976; Smith and Bailey, 1968], the roof above the magma 
chamber is estimated to have been about 5 km thick. On the 
basis of geochemical arguments the magmatic temperature 

was probably about 800°C [Hildreth and Spera, 1974; R. L. 
Christiansen, personal communication, 1974]. 

Given this information and the preliminary heat flow results 
outlined above, we should like to know whether it is possible 
to place any useful constraints on the history of the 
hypothetical chamber and its present state from theoretical 
considerations. The problem of thermal effects of igneous 
intrusion is extremely complex, involving conductive and con
vective transport of heat in inhomogeneous geometrically 
complicated systems little known in detail. It is the subject of 
several extensive discussions [e.g., Lovering, 1935; Shaw, 1965; 
Jaeger, 1964; Simmons, 1967b] which we make no attempt to 
review in this preliminary study. The related problem of hy
drothermal convection beneath hot springs, largely neglected 
in this discussion, is also the subject of an extensive literature. 
We consider only some simple limiting heat conduction mod
els, most of which are well known, in an attempt to investigate 
the consistency of the geologic and geothermal observations 
and inferences to date. 

Some simple conduction models. The time progression of 
temperature for three simple one-dimensional models of a 
magmatic heat source is shown schematically in Figure 7. In 
these models the magma chamber is a slab extending infinitely 
in the horizontal directions, and a represents the depth of its 
roof beneath the surface. In model I the magma raises the 
temperature of its roof 0 0 degrees above its surroundings at 
time 1 = 0, and it maintains this condition thereafter (t > 0), as 
might be expected in an idealized convecting chamber. Model 
II is the instantaneous source model wherein magma of thick
ness D. is assumed to move instantaneously into place at time t 
= 0 at a temperature 0 0 above its surroundings; thereafter the 
magma stagnates and loses its heat by conduction from its 
upper and lower boundaries. In model Ill, heat is liberated at a 
constant rate Qo cal/cm2 s starting at time t = 0 on the plane z 
= a, which represents the chamber roof. The physical signifi
cance 0 f model III will be discussed below. 

We define Qo as follows: 

Qo = K(0 0 /a) (2) 
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where K is thermal conductivity, assumed to be uniform. 
Hence after equilibrium is established, the rate of upward heat 
loss from models I and III will be the same. 

It is convenient to discuss these heat conduction models in 
terms of a characteristic 'conduction length' 1(1) defined by 

I(t) '" (40:t)112 (3 ) 

where 0:, the thermal diffusivity, is the ratio of the thermal 
conductivity to the volume specific heat of the principal mate
rials through which heat is being conducted. Generally, l(t) 
represents a characteristic distance from the source of a tem
perature disturbance to which a perturbation is likely to be 
appreciable after the passage of time I. Representative values 
of / are presented for selected values of 1 and 0: in Table 2. The 
first column, denoted by 1', might be appropriate for calcu
lations principally involving conduction within the liquid 
magma, and possibly through the roof materials above it as 
well, if porous volcanic rocks and sediments predominate. The 
second column, 1", represents an average for conduction paths 
including heated and cool crystalline rocks and the more 
poorly conducting materials just mentioned. It may be appro
priate for conduction paths related to close-in thermal edge 
effects around the caldera rim and also for conduction through 
the roof if it contains an appreciable amount of crystalline 
rock. The last column, I"', represents crystalline rock at aver
age temperatures not exceeding a few hundred degrees. The 
fact that the thermal properties probably contrast significantly 
among materials in, above, and surrounding the magmatic 
system poses problems for simple homogeneous models. Ac
tually, the properties of all of the materials in the system affect 
the temperature in anyone of them, sometimes in subtle ways, 
and the effects of inhomogeneities might have to be considered 
in more refined treatments. However, a more serious problem 
is likely to be the neglected effect of hydrothermal convection 
in permeable materials surrounding the magma. 

For convenience and in order to specify notation we give 
some mathematical results for the three one-dimensional mod
els of Figure 7 and for some related two- and thn;e
dimensional cases. The graphical representation of the solu-

tions will be somewhat more complete than is required by the 
immediate needs of the present discussion. We have found 
them to be a useful guide to intuition in problems relating to 
Long Valley and similar thermal areas. The relations are ex
pressed in terms of conduction length l(t) (Table 2) rather than 
the time t, so that all of the independent variables have the 
same dimensions. 

For model I the anomalous heat flow Q(I) on the ground 
surface z = 0 above the magma chamber is given at any time 
by [see, e.g., Uyeda and Horai, 1964; Cars/aw alld Jaeger, 1959, 
p.313] 

Q(l)/Qo [ 
'" ( 2 2/2)J 

1 + 2 f: (-1)" exp -=~a~-

n = 0, 1,2, 

It is represented by the dashed curve in Figure lOa. 

(4) 

For model II the anomalous temperature 0(1, z) at any time 
and depth is given by [Carslaw alld Jaeger, 1959, p. 62] 

J.. e(l z) ! [erf~j- a ~ _ erf~ + a.±2. eo' 2 1 1 

a - z a + z] - erf-
I
- + erf--

I
- (5) 

The temperature 0 c at the center of the cooling magma, ob
tained by setting z = a + D./2 in (5), is represented in terms of 
roof thickness a in Figure 8b and in terms of magma thickness 
~ in Figure 8a. This is a convenient measure of the temperature 
in the deep interior of a cooling magma, although the actual 
depth of maximum temperature will be displaced downward 
somewhat depending upon the roof thickness a and the verti
cal gradient in the undisturbed country rock. The vertical 
dashed line in Figure 7b is a more realistic representation of 
the initial magma temperature for instantaneous intrusion; the 
excess temperature 0 0 will have to be adjusted accordingly in 
applications of model I I to the cooling of thick bodies. The 
anomalous heat flow at the ground surface above the chamber 
is 
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TABLE 2. Conduction Length / == (4",1)1/2 km 

Time t, m.y. 

0.01 
0.1 
0.3 
0.7 
1 
2 
4 

10 
20 
30 

I' 

0.7 
2.2 
3.9 
6.0 
7.1 

10 
14 
22 
31 
39 

/" 

1.0 
3.2 
5.5 
8.4 

10 
14 
20 
32 
45 
55 

/'" 

1.4 
4.5 
7.8 

12 
14 
20 
28 
45 
64 
78 

For I', '" = 0.004; for /", '" = 0.008; and for /"', '" = 0.012, 
where", is thermal diffusivity (in square centimeters per second or 
10-4 m2 S-I). 

~o O(l) 
2 tl { 2/ 2 (?r)l/~ 7 exp (-a [) 

It is represented graphically in Figure 8c. The maximum sur
face heat flow cannot exceed !Qo (see Figure lOa); for c. ;S a 
the maximum is substantially less, and it probably occurs after 
the magma has completely solidified (see Figures 8b and c). 

These one-dimensional results for model II are easily gener
alized to the case of initial temperature 0 0 in a rectangular 
parallelepiped of thickness c. beneath a roof of thickness a. 
The result has been used widely in discussions of cooling 
igneous bodies [e.g., Lovering, 1935; Van Drstrand, 1944; Jae
ger, 1964; Simmons, 1967b; Blackwell and Baag, 1973). It is 
more convenient than the corresponding result for the sphere 
[Rikitake, 1959; Carslaw and Jaeger, 1959, p. 257) because the 
aspect ratios of the chamber can be adjusted, and it is a bit 
simpler analytically. The three-dimensional results are ob
tained by mUltiplying the results for the slab (e.g., (5) and (6» 
by an edge effect factor E that depends only on x, y, I, and the 
horizontal dimensions of the chamber. We consider only the 
case of a square prism of horizontal width 2m, which will be 
referred to as modeilia (Figure 9, inset). The edge effect factor 
along the vertical plane of symmetry (y = 0) is 

E(x, I,m) .! erf m [erf m (I _ ~) 
2 I I m 

+ erf 7 (1 + :) ] (7) 

This result is shown graphically in Figure 9. 
Results for model III, a uniform distribution of continuous 

heat sources on the infinitely extended plane z = a, are given in 
the appendix (equation (A6». A generalization, model lI!a 
(Figure lOa, inset), where the sources occur only on the half 
plane x' < 0, z = a, is useful for considering edge effects 
(equations (A4». The heat flow at the ground surface is repre
sented by the family of curves in Figure lOa; the curve x' / a = 

-0) represents model Ill. By subtracting the result for a sec
ond value of x' the effect of a continuous strip source of finite 
width can be obtained from the figure. Subtracting the result 
for a second value of time (i.e., I) gives the effect of a 
continuous source of finite duration. 

A generalization of model III in cylindrical coordinates is 
called model IIIb. As illustrated by the curves in Figure lOb, it 
represents the heat flow anomaly above the center of a uniform 
continuous circular source of radius R at depth a. Heat flow 

above the apex of a pie slice of central angle 'A is obtained by 
multiplying the result for the circle by A/h. Results for vari
ous finite and infinite regions including the useful sector of a 
circular annulus (Figure lOb, inset and equation (AS» can be 
obtained by combining results from Figure lOb for various 
values of Rand t... Discussions of models lila and IIIb are 
given in the appendix. 

Depth of the Long Valley magma chamber. The geologic 
inference that Long Valley was a soutce of silicic volcanism for 
a period of about 2 m.y. extending virtually to the present has 
implications for the depth of the associated magmatic system. 

If we assume that the magma temperature was 800°C, the 
roof thickness a was initially 5 km, and the ambient 
geothermal gradient was 25°C/km, then at the top of the 
chamber the ambient temperature was initially 125°C, and the 
excess temperature of the magma was 0 0 ~ 675°. If the ther
mal conductivity K of the overlying heated rock and sediments 
averaged 4.5 mcal/cm s 0c, then the equilibrium upward
conducted anomalous flux would be (equation (2» 

00"""" 6 HFU 

Qo ,....... 200 eal/ em2 yr 

(8a) 

(8b) 

This value could reasonably be adjusted upward to about 10 
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Fig. 8. Model II. The instantaneous slab source with initial 
temperature excess eo, where / represents 'conduction length' (Table 
n (a) central temperature e c in terms of magma thickness LI, 
\b) central temperature e, in terms of roof thickness a, and (e) anoma
lous surface heat flow Q. 
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Fig. 9. Modeilla. Edge effect factor E (equation (7» for heat flow and temperature on the planey = 0 for a square prism. 
The effect is independent of depth (z). 
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Fig. 10. Surface heat flow from continuous sources ot constant strength Qo in a region of the horizontal plane z = a. 
(a) Solid curves (model IlIa) represent surface heat flow at x' for sources in the negative half plane (inset). The special case 
x'ia = -00 represents model III. Results for model I (dashed curve) and model II. LI = 00 (dotted curve), are shown for 
comparison. (b) Surface heat flow (model IlIb) at origin from sources in the circle p < R. Inset shows a more general case 
obtainable by superposition. The special case Ria = 00 represents model III. 
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H FU or downward to perhaps 4 H FU depending on the 
assumed ambient temperature, conductivity, and roof thick
ness. The total heat flow is obtained by adding the regional 
value, probably I !-2 H FU. If the latent heat of crystallization 
of the silicic magma were 65 cal/g [Harris el al., 1970] and the 
density were 2.5 g/cm3, crystallization of a layer about 1.2 Col 

thick each year could supply heat at this rate. Thus heat loss 
from the upper surface at the rate Qo since the start of Long 
Valley volcanism (~2 m.y. ago) would remove enough heat to 
crystallize 24 km of silicic magma. If hydrothermal circulation 
in the roof rocks were appreciable, the heat loss and 
crystallization rate would have to be increased accordingly 
[see, e.g., Lachenbruch el al., 1976). Consider the extreme case 
in which the Long Valley chamber was a convecting slab of 
thickness Ll isolated from sources of resupply from below and 
assume that as crystals formed, they settled, and the roof z = a 
was continually maintained at 'cl00°c. Neglecting any super
heat of the magma, the chamber would have to extend vir
tually to the base of the crust in order to have been a source of 
extrusive materials up to the present time. This represents a 
model like model I (Figure 7) except that the extra heat loss 
during warming of the roof is neglected; the problem of heat 
loss during emplacement is, of course, circumvented by the 
assumed initial condition. I f the chamber extended to the base 
of the crust where the ambient temperature in the Basin and 
Range province (Figure 4) is not far from the melting curve, 
the assumption that the chamber was isolated from sources of 
resupply would not seem reasonable. Thus if the chamber 
behaved according to this simple extreme, which maximizes 
heat loss, the duration of extrusive activity at Long Valley 
would be inconsistent with the view that the chamber was an 
isolated blister in the upper crust. 

We now consider a model that represents slow cooling; it is 
extreme but not necessarily bracketing. A magma slab of 
thickness Ll is emplaced at I = 0 beneath z = a at a 
temperature exceeding its surroundings by 0 0 ; thereafter it is 
isolated from its source and cools by homogeneous 
conduction, inside and outside of the chamber (Figure 7b, 
model II ). As gradual accumulation (at excess temperature 0 0 ) 

prior to I = 0 would give some of the material a head start in 
cooling, the initial condition assumed would tend to over
estimate the value of I for complete crystallization. The effect 
of neglecting convection by magma in the isolated cooling 
chamber and convection by water in fractured roof rocks is 
also to overestimate the crystallization time. The chief prob
lem is how to cope with the effects of latent heat of 
crystallization, the theory of which has been discussed in con
siderable detail by J. C. Jaeger [e.g., Jaeger, 1964, 1959, 1961; 
Carslaw and Jaeger, 1959, chap. II). He has presented rela
tions that account for contrasting thermal properties of 
magma, newly crystallized material, and country rock; for 
latent heat release over a finite melting interval; for intrusion 
at temperatures above the liquidus; and, to some extent, for 
geometric irregularities. Each of these effects can significantly 
influence the crystallization time and the thermal regime 
within and immediately around the chamber. However, appli
cation of these relations is not warranted, as it involves many 
parameters, most of which have not yet been carefully consid
ered for Long Valley. In any event, results would be uncertain 
because of neglected effects of hydrothermal circulation. We 
shall use a scheme contrived to yield very approximate results 
from inspection of Figures 8 and 9. We suppose that crystalli
zation is complete when the central part of the chamber has 
cooled by such an amount (00, calculated by neglecting latent 

heat) that the heat withdrawn locally is equivalent to the latent 
heat. Thus 

00 = (Lic) ~ 215°C (9) 

where L is the latent heat, assumed to be 65 cal/g, and c is the 
specific heat or the magma, assumed to be 0.3 callg 0c. Hence 
we shall consider crystallization to be complete when the cen
tral temperature 0" calculated from model Il falls to 

e rv e [1 - J:-_] 
C 0 cOo (lOa) 

(lOb) 

The model is most likely to be reasonable if 0 0 is close to the 
liquidus temperature and the temperature interval for crystalli
zation is small, as in the case of freezing along the cotectic 
curve [e.g., Winkler and Lindemann, 1972). In this case the true 
central temperature at the time of complete crystallization will 
still be at or near 0 0 , and the central temperature 0 c used for 
estimating crystallization time will be 215°C less. If the crystal
lization interval is large, say 200°C, the model could under
estimate the crystallization time. The total heat loss from the 
magma computed by the approximation will generally be 
somewhat less than the true heat loss during complete crystal
lization, but the crystallization time will be overestimated by it 
for many cases of practical interest. This is possible because 
latent heat has two opposing effects on the cooling of a cham
ber: it increases the amount of heat that must be removed, but 
it also increases the rate at which heat is lost. 

Figure 'cla shows that as long as the magma thickness is 
greater than the conduction length (// Ll :S I) and is not greater 
than twice the roof thickness (a > 0.5Ll), proximity to the 
earth's surface does not affect the decay of the central temper
ature. In this case (by symmetry) we can identify 0 0 with the 
excess temperature at the level of the midpoint of the intrusive 
(z = a + !.1). For an 'clOO°C magma with its midpoint at the 10-
km depth in a region with an undisturbed gradient of 
25°C/km, we obtain 0 0 = 550°C. Equation (lOb) then gives 
0 c/00 ~ 0.6, and according to Figure Sa, crystallization is 
essentially complete when II Ll ~ 0.8. Choosing the lowest 
value of a in Table 2 as a conservative estimate of properties in 
the magma, we find for a 0.7-m.y.-old chamber that I' ~ 6 km 
and consequently ..1 ~ n km. Thus a n-km-thick magma that 
intruded beneath a 6-km roof at the time of eruption of the 
Bishop Tuff could not be a volcanic source today. If the 
intrusion had accumulated over some finite period prior to 0.7 
m.y. ago, it would, of course, have solidified at some time 
before present. Crystallization would occur earlier also if, as 
seems likely, the chamber included portions of solid country 
rock or was partially crystallized at the time of intrusion; in 
that case, Land 00 (equation (9» would be overestimated. 
A less conservative estimate of properties (using a" instead of 
0"; Table 2) would have led to crystallization of an intrusion 10 
km thick beneath a 5-km roof for the same conditions. 

More massive intrusions for which the present 
approximation is less satisfactory would, of course, be re
quired to survive the 2-m.y. volcanic history at Long Valley 
without resupply from a deeper source. For such large values 
of time an appreciable amount of cooling takes place from the 
edges of the chamber. Taking m = 10 km in Figure 9 to 
approximate conditions at Long Valley, the appropriate hori
zontal temperature profiles through 1- and 2-m.y.-old prisms 
are given by the curves I'lm = 0.7 and 1.0, respectively (Figure 
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9 and Table 2). Hence the central temperature in the prism (at 
z = a + !..1, x = Y = 0) is 90% of that in the slab after I m.y. 
and 70% after 2 m.y. These differences would substantially 
reduce one-dimensional estimates of crystallization time and 
further increase the initial thickness required for survival of 
melt in an intrusive chamber isolated from sources of resupply. 

These results taken collectively suggest that an independent 
intrusive chamber with lateral dimensions of Long Valley cal
dera and a thickness up to perhaps 10 km would be crystallized 
by conductive heat loss no more than I m.y. or so after its 
magma supply was cut off. If the magma convected or if 
hydrothermal loss were appreciable, the time would be sub
stantially less. The result is relatively insensitive to the thick
ness of the roof (for a given temperature contrast). For times 
longer than I m.y. the edge losses become substantial, and an 
uppercrustal silicic magma chamber probably could not sus
tain molten material as required by the geologic observations, 
unless it were repeatedly resupplied with heat from deep
crustal or subcrustal magmatic sources. 

Presenl state of the Long Valley magma chamber. Judging 
from estimates of structural collapse and volumes of material 
removed during eruption of the Bishop Tuff [Bailey el al., 
1976), the entire area of the caldera was probably underlain by 
a magma layer at least I or 2 km deep for some unknown 
period prior to the eruption 0.7 m.y. ago. The resurgent struc
ture forming shortly thereafter (0.6 m.y. ago) indicates a roof 
thickness of perhaps 5-7 km at that time. Recent volcanism 
[Bailey et al., 1976) implies that a source of silicic magma 
probably still exists in the chamber today, at least in the 
western part. The question arises whether shallow molten ma
terial could still underlie the entire region occupied by the 
caldera. If heat transfer were primarily by conduction, surface 
heat flow measurements should provide a definitive answer. 
However, hydrothermal circulation precludes the application 
of heat conduction theory to measurements within the caldera 
[Lachenbruch et al., 1976), and conductive heat flow measured 
in the surrounding rocks could be affected even if circulation 
were confined to the caldera proper. Effects of hydrothermal 
convection within the caldera on conductive flux beyond its rim 
could be of either sign depending upon details of the circula
tion. As these details are unknown, we shall neglect them and 
consider the present thermal state in terms of simple con
duction models. Although this assumption renders the con
clusions uncertain, the analysis provides a useful frame of 
reference. 

We know from model III (Figure 7c) that if heat is released 
at some depth a in a nonconvecting solid at an average rate Qo 
(equation (2», after an infinite amount of time the excess 
temperature there will reach 0 0 , the value required for a stable 
magma chamber. Thus if the average rate of heat release is 
greater than Qo, a chamber will ultimately develop, and if it is 
less, a chamber will not develop. The quantity Qo is smaller at 
greater depth, both because a is larger and because 0 0 is 
smaller (equation (2». Hence it is generally easier to develop a 
stable magma chamber at greater depth. We might view the 
heat release Qo as the result of successive intrusion and crystal
lization at depth a of thin sills with a thickness Ll «a. How 
the sensible and latent heat is conducted and convected away 
from a real sill depends upon the mechanics of intrusion and 
upon hydrologic conditions in the surrounding rock. In any 
case, solidification of a I-meter sill every century would release 
latent heat at the average rate of about 7 HFU; in the early 
stages when the country rock was cool, sensible heat would be 
released at a comparable rate. Hence average intrusion rates of 

at least I m every century or so would probably be required to 
develop a stable chamber at the 5-km depth; at the 10-km 
depth the required rates would be roughly half as great. Where 
circulating water removes appreciable heat, estimates of Qo 
and intrusion rates must be increased accordingly. Sills that 
were fed at rales much greater than these minima might be 
expected to develop quickly into viable magma chambers; if 
their upper surfaces were kept in contact with magma by 
convection, temperatures above them would be represented by 
model I (Figure 7a). Comparison of the gradient at z = a for 
the curves labeled 11 in models I and III (Figure 7) shows that 
the upward heat loss is much greater from the early developing 
chamber; this, of course, is why the surface heat flow grows to 
the equilibrium value Qo much faster in model I than in model 
III (Figure lOa, curves I and lll). 

From the foregoing we expect model III to provide a lower 
limit to the surface heat flow above a developing or established 
magma chamber at depth a for the case of one-dimensional 
conductive transfer. The model has the advantage of being 
easily modified to consider heat flow across the edge of sources 
of limited lateral extent (models lIla and lllb). We assume 
that the limited source models apply at and beyond the rim of 
Long Valley caldera; whether the assumption is justified de
pends upon unknown effects of hydrothermal circulation. For 
a I-m.y.-old chamber at the depth a = 5 km we have I" /a = 2 
(Table 2). Coincidence of the curves R/a = 3 and R/a = ill for 
1/ a :S 2 (Figure lOb) indicates that sources whose lateral 
distances from the heat flow station exceed 15 km will not 
contribute appreciably. Therefore for this example the magma 
sheet beneath the caldera can be represented by the semi
infinite region of model lIla (Figure lOa). The position x' = 0 
might be identified with the heat flow site WC on the eastern 
rim of the caldera, and Watterson Trough (WTE) and Round 
Mountain (RM) would correspond, respectively, to x' = 3 km 
and x' = 6 km (Table I). For a = 5 km this model leads to heat 
flow anomalies at these sites of lA, 0.7, and 0.3 HFU, respec
tively. If the chamber had been developing under this region 
for the past 2 m.y., these values would be larger by 30-50%, 
and if it existed only for the past 0.7 m.y., they would be 
smaller by only 10-20%. Figure 5 and Table 1 show that no 
such anomalies are indicated at these sites if the Basin and 
Range norm applies for them. If the magma surface were 
represented (less conservatively) as a region of constant tem
perature at depth a, the edge effects would develop much more 
rapidly, and the predicted heat flow anomalies would be even 
larger. (Steady state results for the constant temperature case 
can be estimated from model lllb; see appendix.) Although 
the model is uncertain chiefly because of neglected 
hydrothermal effects, it suggests that the measured heat flow is 
inconsistent with the continuous existence of magma only 5 
km beneath the eastern portion of the Long Valley caldera 
throughout its recent eruptive history. A similar conclusion is 
probably justified for magma at a depth of 7 km. However, 
magma at the 10-km depth leads to substantially smaller 
anomalies and probably cannot be ruled out on present evi
dence by this model. 

We now consider what magmatic history for the eastern 
caldera is consistent with the conditions that shallow magma 
occurred there 0.7 m.y. ago and that heat flow near the eastern 
rim is normal or nearly so today. The conduction time con
stant for a 5- to 7-km roof (i.e., the value of t for I" ~ 5-7 km; 
Table 2) is less than 0.7 m.y.; hence substantial cooling could 
have occurred by conduction alone in the eastern caldera if the 
heat sources beneath it were removed with eruption of the 
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Bishop Tuff. Extension of the foregoing constant source model 
indicates that if a chamber developed 5-7 km beneath the 
eastern half of the caldera about I m.y. ago and was evacuated 
0.3 m.y. later, a heat flow anomaly probably would not be 
detectable near the eastern rim today. A constant temperature 
conduction model of the magma would imply that the molten 
condition beneath the eastern rim was of shorter duration or 
possibly that the residual magma there was quenched by hy
drothermal convection. In any case, it seems consistent to 
speculate that eruption of the Bishop Tuff may have largely 
exhausted the magma in the eastern part of the caldera, leaving 
a residual magma chamber more circular in plan under the 
western part of the caldera. By this view the asymmetric posi
tion of the resurgent dome would mark the location of this 
hypothetical residual chamber. These suggestions are specula
tive because of the unknown role of hydrothermal convection 
and the preliminary status of the heat flow data. Curve I 
(Figure lOa) shows that the absence of a heat flow anomaly 
does not preclude a more recent intrusion beneath the eastern 
part of the caldera, say, in the last 0.1 and 0.2 m.y. (I"/a ;S 
1/2), although there is no present evidence that this has oc
curred. 

The foregoing discussion depends upon the nearly normal 
heat flow to the east to tell us where the magma could not have 
been and upon geologic observations to tell us where it must 
have been. Inside the Long Valley caldera the thermal regime 
is strongly influenced by water movements [Lachenbruch et al., 
1976], and outside of it we have only one observation of an 
anomalously large heat flow, the site DP about 3 km beyond 
the western rim. This anomaly of 2.75 HFU could be the effect 
of a still molten, geometrically simple Long Valley magma 
chamber. If it is, a model of the type just discussed would 
suggest that the roof of the chamber is not deep (perhaps 
about 5 km) and that the chamber might even extend a few 
kilometers beyond the western caldera rim. It is interesting 
that at Valles caldera, New Mexico, whose size and recent 
eruptive history are rather similar to Long Valley's, a site 
similar to DP (3 km west of the rim in granitic rock) also yields 
a heat flow of 3.5-4.0 H FU [Potter, 1973]. This observation 
might lend some support to the foregoing simple explanation. 
Alternatively, the high value at DP might be a local effect of 
the extensive recent magmatic activity along the Sierra Nevada 
frontal fault system in the vicinity of Devils Postpile. If the 
second alternative is true, the observation at DP contains no 
information on the present state of the Long Valley magma 
chamber, and the best evidence for existence of a chamber is 
the very recent silicic extrusion attributed to it [Bailey et al., 
1976] and perhaps the hydrochemical estimates of large heat 
flux from the caldera [White, 1965; Sorey et al., 1976; Lachen
bruch et al., 1976]. Additional heat flow measurements near 
the western rim of the caldera could provide a basis for selec
tion between these alternatives. 

Background heat flow near the province boundary and the 
measurement at A B. The foregoing examples illustrate how 
simple heat conduction models can be used with heat flow 
measurements near a volcanic area to guide speculation on the 
magmatic history and the present thermal state. Ignorance of 
the geometric distribution of thermal properties and of con
vective movements (both magmatic and hydrologic) through
out this history will often preclude the useful application of 
elaborate analytical or numerical thermal models, even if the 
distribution of heat flow in the vicinity is very well known. If 
the distribution of heat flow is not well known, as in the Long 
Valley study at its present stage, the implications of even the 

simple extreme models (e.g., figures H, 9, and 10) can be 
uncertain. This uncertainty has been illustrated by the fore
going discussion and particularly by the 'example of the single 
measurement DP near the west rim of the caldera. It is illus
trated in another way by the measurement at Aeolian Butte 
and its bearing on the interpretation of the province transition 
and heat flow at the east rim sites. 

The inference that heat flow is normal or nearly so near the 
east rim of the caldera is based on the supposition that the 
Basin and Range norm applies approximately to the back
ground heat flow there. Under that condition the measured 
anomaly at the rim and at distances of 3 and 6 km beyond it 
would be +0.4, -0.2, and -0.3 H FU, respectively (QHR for 
WC, WTE, and RM, Table I). We have pointed out that such 
variations from the norm are typical of sites interior to the 
Basin and Range province where there is no obvious associ
ation with very recent volcanism. The sites in question, how
ever, lie an average of perhaps 15 or 20 km from the boundary 
of the Sierra Nevada physiographic province. It might be 
argued that the typical Basin and Range values measured near 
the east rim are a coincidence resulting from canceling effects 
of a regional transition to the lower heat flow characteristic of 
the Sierra and the anomalous heat from the Long Valley 
magma chamber. If we took the extreme position that the 
Sierra norm applied at the east rim, the anomalies there (Table 
I, Qs) would be larger by I H FU, and the effects of magmatic 
heat would be judged significant. However, there is no obser
vational evidence to support this position. Apart from the 
measurement at J M and SM, which are probably controlled by 
hydrologic effects, we have two other measurements (DS and 
A B, Figures 1,2, and 5) in granitic rocks of the Basin and Range 
province in the area. Both are too far from the caldera to be 
affected by it, and both yield data consistent with the Basin 
and Range norm. One site (DS) is about 10 km farther from 
the physiographic province boundary than the east rim, and 
the other (AB) is about 10 km closer to it. Although the 
normal Basin and Range value at AB (less than 10 km from 
the province boundary) deepens the puzzle of the province 
transition, it tends to confirm the validity of the Basin and 
Range norm at the east rim of the caldera. 

Aeolian Butte is probably closer to the physiographic 
boundary than any other site yielding normal Basin and Range 
heat flow. The measured heat flow and heat production there 
are well-established values at a location in the center of a 
Mesozoic pluton. However, the site also lies in the center of 
Kistler's (1966) ring fracture zone (Figure 2), which contains 
areas of very recent volcanism, including the Mono craters on 
its eastern rim. Bailey et al. (1976) have suggested that the ring 
fracture zone is probably underlain by a modern magma 
chamber. Thus we could speculate that the normal heat flow at 
AB is transitional and that AB falls on the Basin and Range 
curve by coincidence because of an anomaly from the hypo
thetical crustal magma source, a problem similar to that on the 
east rim of Long Valley. 

We should like to know whether such a chamber exists, both 
as a matter of geologic interest and because of its bearing on 
the interpretation of background heat flow in the Long Valley 
area. With only one measurement near the ring fracture zone it 
is difficult to resolve this question, but if we assume it to be 
representative, some information can be obtained. 

According to Kistler [1966, p. E4HJ, faulting on the ring 
fracture occurred after the Sherwin glaciation (minimum age 
~ I m.y. [Dalrymple, 1964)) and before the eruption of the 
Bishop Tuff 0.7 m.y. ago [Bailey et aI., 1976]. (More recent 
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displacements have also occurred on some parts of the fracture 
zone (R. A. Bailey, personal communication, 1975).) If the 
activity on the ring fracture is a mechanical effect of the 
hypothetical magma chamber beneath it, the chamber must be 
at least 0.7 m.y. old, and according to Table 2, I" ;:0: H.4 km and 
I'" ~ 12 km; the most reasonable value in this case is probably 
closer to /,". The radius of the ring fracture zone is about 6 km. 
If it were underlain by magma at a depth of 6 km, then by 
model Illb the heat flow anomaly at AB would be ~0.25 Qo 
(Figure lOb, R/a = 1,lIa ~2), i.e., probably greater than I~ 

H FU in these crystalline rocks (K ~ 6 CU). But even if A B 
were interpreted in terms of the Sierra norm, the measured 
anomaly at A B would not exceed 0.9 H FU (Table I, Qs), 

and a more reasonable interpretation of the province transition 
would limit the anomaly. further. Extension of the argument 
suggests that if a stationary chamber exists beneath the ring 
fracture, its roof is probably at least 8-10 km deep; it could 
be shallower if it had changed its position rapidly in recent 
times. If such a chamber supplied the very recent volcanism in 
the area, it probably did so along deep local conduits. Addi
tional measurements of heat flow in this region might provide 
useful information on the nature of the local magmatic system 
and the province transition. 

THERMAL IMPI.ICATIONS FOR MASS TRANSFER AND 

CRUSTAL SPREADING 

It is unlikely that silicic melt can be maintained in the upper 
5-8 km of the crust for periods of the order of a few million 
years without anomalous upward heat loss at the average rate 
of at least 5-10 H FU; this estimate allows little for 
hydrothermal circulation in the roof rocks. We suppose that 
this minimum condition obtained in those places with lateral 
dimensions of a few tens of kilometers where silicic volcanism 
was associated with caldera formation [Smith and Bailey, 
1968). If conductive transfer predominates, this thermal anom
aly might not appear at the surface for several hundred thou
sand years; if hydrothermal convection occurs, the anomaly 
could be much larger, and it might never appear in the con
ductive flux at the earth's surface above the melt, as the heat 
could be discharged by hot springs. The Basin and Range crust 
is 30 km or so thick [Thompson and Burke, 1974), and hence 
5-10 H FU cannot be transferred through it by conduction 
without prohibitively large subcrustal temperatures [Black
well, 1969, 1971]. Therefore the large heat flux implies vertical 
transfer of mass through the crust; to maintain the molten 
condition the mass must deliver heat to the melt at tempera
tures at or above 800°C or so. 

Christiansen and Lipman (1972) document the universal as
sociation of basalts with rhyolitic volcanism in the Basin and 
Range province and propose that the 'basalts represent the 
fundamental expression of deep-seated processes and that the 
rhyolites are directly related to the rise of basaltic magmas in 
the earth's crust.' This seems plausible as the high melting 
temperature, large latent heat, and low viscosity of basalt 
[Shaw, 1965; Shaw et al., 1968) make it a most effective heat 
transfer fluid for crustal magmatic processes. Furthermore, 
temperatures represented by the Basin and Range norm (Fig
ure 4) are consistent with the existence of basaltic melt at or 
slightly below the base of the crust [see also Roy and Blackwell, 
1966; Roy et al., 1972; Blackwell, 1971; Archambeau et al., 
1969; Pakiser and Zietz, 1965]. 

Basaltic sills (with latent heat of 100 cal/g, density of 3 
g/cm3, and specific heat of 0.3 cal/g 0c) intruding the crust at 
I 100°C and then crystallizing and cooling to 800°C at average 

rates of I cm/yr would supply heat at the rate of about I H 
HFU. (The intrusions could, of course, be of any geometric 
form; we mention sills to emphasize that the calculation is one
dimensionaL) Presumably their heat could mobilize or melt in 
place indigenous silicic material to produce the laterally exten
sive upper crustal melts implied by caldera collapse. Whetht:r 
the basalt transferred its heat to the upper crustal melt by 
inducing convection in a deep silicic magma chamber, by 
melting silicic rock which ascended to replenish upper crustal 
sills, or by direct intrusion of the upper crust to rejuvenate 
crystallizing melt, only the heat available in the basalt above 
HOO°C or so could contribute to the upward heat loss as 
required to preserve the upper crustal melt. To supply the 
estimated minimum heat loss from the top of the silicic melt 
for 2 m.y. by these processes would require the local addition 
to the crust (beneath the top of the melt) ofa layer of basalt on 
the order of 10 km thick. (The requirement would be even 
greater if we allowed for heat lost to lower crustal rocks at 
temperatures below HOOOe) This would result in substantial 
crustal thickening unless the original crustal material were 
displaced downward into the mantle or sideways by local 
crustal spreading. 

Simple calculations are possible if we assume somewhat 
arbitrarily that basaltic additions necessary to supply the ex
cess heat are accommodated by local crustal spreading with 
little change in crustal thickness and that convective input 
from below and surface heat loss have achieved a steady state. 
In this case the anomalous heat flux and the local spreading 
strain rate are proportional to one another (as both are pro
portional to the upward flux of basalt). Such a process could 
be consistent with the model of Thompson and Burke [1974] in 
which passive basaltic dikes fill extension fractures at the base 
of the laterally spreading Basin and Range crust. In an area of 
active silicic volcanism, basaltic intrusion would be intense, 
and the locally weakened Fust might relieve regional tectonic 
strain at an accelerated rate. This model would suggest that 
subcrustal intrusion and volcanism might cease after the ac
cumulated regional strain is relieved locally. For a 30 km crust 
and the condit.ions assumed above, crustal area would increase 
at the rate of about 2% per million years per anomalous HFU. 
Thus anomalous heat loss of 5-10 HFU from the top of the 
Long Valley magma chamber for 2 m.y. would be associated 
with an area increase on the order of 20-40%, e.g., extension of 
a 25-km square by 5-10 km in one direction. 

A similar calculation can be applied to the Basin and Range 
provi nce as a whole if we assume that the excess regional flux is 
provided by distributed basaltic intrusions in the lower crust, 
cooling to the reasonable ambient temperature of 800°C (Fig
ure 4). Although it is still uncertain, the anomaly in the flux 
(equation (I), q*) from the lower crust of the Basin and Range 
province is estimated to be about 0.6 HFU relative to stable 
continental regions [Roy et aI., 1968]. If this anomalous ther
mal condition has persisted throughout the 15-m.y. history of 
the structural province, the foregoing model leads to an in
crease in its average area of about 20%. This would represent a 
total E- W extension throughout the life of the Basin and 
Range province of 150-200 km and a mean spreading rate of 
the order of I cm/yr. These tenuous results are within the 
range of values estimated by other means [Thompson and 
Burke, 1974). 

Because of the likelihood of basaltic melt at or slightly 
below the base of typical Basin and Range crust, the Basin and 
Range heat flow 'norm' is, in a sense, a magmatic thermal 
anomaly. Near the edge of the province (e.g., in the Long 
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Valley area) the problem of distinguishing between the effects 
of the province transition and those of upper crustal magma
tism is that of distinguishing between a deep magmatic anom
aly and a shallow one. General availability of basaltic melt in 
the subcrust of the Basin and Range would make both types of 
anomalies likely, and this probably contributes to much of the 
variability of heat flow in the province. Curve I, Figure lOa, 
and Table 2 show that 'normal' Basin and Range heat flow 
would probably obtain no more than 5 or 10 m.y. after basaltic 
melt becomes established in the subcrustal region; if the for
mation of Basin and Range crust were initiated by silicic 
volcanism, the thermal 'norm' could be established faster. 
Development of the thermal edge effect by conduction in the 
deep-rooted crust of the adjacent Sierra Nevada province is a 
longer process. Thus the.abrupt thermal transition across the 
province boundary might imply a westward encroachment of 
the Basin and Range province on the Sierra Nevada province 
in the last several million years [see also Roy el al., 1972). 
Unfortunately, the heat flow data near the province boundary 
are not yet adequate for an analytical discussion of this prob

lem. 

SUMMARY 

Heat flow was measured at II sites in the vicinity of Long 
Valley caldera in a search for information on the local mag
matic history and present thermal state. The problem is com
plicated by hydrothermal convection and by the location of 
Long Valley astride the boundary between the Sierra Nevada 
and Basin and Range physiographic provinces, the locus of 
one of the sharpest transitions in regional heat flow in North 
America. The locations of the new sites range 30 km or so on 
either side of the province boundary and 0-30 km (outward) 
from the caldera rim. Four previously published values from 
the Sierra Nevada and one from the Basin and Range extend 
the regional coverage. With three notable exceptions (two of 
which are attributed to moving groundwater) the values of 
heat flow and heat production are within the range expected at 
points interior to each province. Hence individual effects of 
either the province transition or of recent magmatic heat are 
not generally conspicuous. As these effects are of opposite sign 
in the Basin and Range, there is, of course, the possibility that 
they both occur and are self-canceling. Four measurements 
near the eastern rim of the caldera indicate that if an anomaly 
(relative to the Basin and Range norm) exists there, it is very 
local and probably not greater than a few tenths of a heat flow 
unit. An important exception to the normal pattern is the 
single value measured near the western rim where the anomaly 
is 2.75 HFU in relation to the Sierra norm. Although the new 
data are preliminary and their geographic distribution is 
sparse, it is useful to use them with simple heat conduction 
models and geologic information to explore possible con
straints on the magmatic regime and to identify areas where 
additional observations might be most helpful. 

According to Bailey el al. [1976] the region beneath Long 
Valley has been the source of silicic volcanic material over a 
period beginning about 2 m.y. ago and extending virtually up 
to the present. Simple heat conduction models suggest that 
such a source probably could not have survived crystallization 
unless it was resupplied with heat from deep crustal or sub
crustal magmatic sources. In this ser.se, Long Valley caldera 
represents the surface expression of a deep magmatic system. 

It seems likely that the heat supply at some stage involves 
the movement of basalt [Chrisliansen and Lipman, 1972), the 
most effective heat transfer fluid for crustal magmatic proc-

esses [Shaw, 1965; Shaw el al., 1968). This suggests an idealized 
model (following Thompson [1966) in which mantle basalts 
replenish the spreading crust by intruding tensile openings in 
its base. They supply the anomalous heat loss which would 
therefore be proportional to local spreading strain rate if a 
steady state is approached. For the special conditions assumed 
in the text this leads to crustal extension of the order of 2% per 
million years per anomalous H FU; for a province-wide anom
aly of 0.6 H FU this yields an average spreading rate across the 
Basin and Range province of the order of I cm/yr. I n regions 
of active silicic volcanism the anomalous heat loss is an order 
of magnitude greater than the anomalous regional flux and by 
this simple model, so is the local rate of basaltic intrusion 
and crustal extension. 

Judging from the collapse and resurgence following erup
tion of the Bishop Tuff, the Long Valley caldera was probably 
underlain by silicic magma at a depth of perhaps 5-7 km about 
0.7 m.y. ago [Bailey el al., 1976). If magma had persisted at 
such depths throughout the recent eruptive history of Long 
Valley, we should expect a more conspicuous heat flow anom
aly near the eastern rim than we infer from the observations. 
The time constant for decay of such an anomaly is a few 
hundred thousand years. Hence we speculate that eruption of 
the Bishop Tuff exhausted the magma source beneath the 
eastern caldera and that the subsequent resurgence in the 
western part identifies the position of a residual chamber, 
more circular in plan. This interpretation is consistent with the 
absence of silicic extrusion in the last 0.3 m.y. on the eastern 
side of the resurgent structure. A source of uncertainty in the 
interpretation is the unknown effect of hydrothermal circula
tion beneath the caldera. The high heat flow near the western 
rim can be interpreted in terms of a simple shallow magma 
chamber, possibly extending a bit beyond the caldera rim, or 
perhaps it is a local effect of recent magmatic activity along the 
Sierra frontal fault system. Additional heat flow measurements 
could help resolve this ambiguity. 

Bailey el al. [1976) have suggested that a modern magma 
chamber underlies the ring fracture zone associated with 
Mono craters, about 15 km northwest of the Long Valley 
caldera. A geologic constraint on the age of the ring fracture 
and a heat flow measurement at its center imply that if a 
stationary chamber exists there, its roof is probably deeper 

than 8-10 km. 
The general significance of an individual heat flow measure

ment is always uncertain, and the sparse distribution of obser
vations in the Long Valley area together with incompletely 
understood hydrothermal effects leaves fundamental thermal 
questions subject to more than one plausible answer. How
ever, this preliminary study suggests that investigation of heat 
flow can yield information not obtainable in other ways about 
the magmatic system at Long Valley and similar thermal areas. 

ApPENDIX: THE HEAT FLOW ANOMALY CAUSED BY 

CONTINUOUS SOURCES IN A FINITE REGION 

OF A BURIED HORIZONTAL PI.ANE 

We wish to find expressions for the heat flow Q(x, y, 0, t) at 
the surface, z = 0, when the region z > 0 is initially at zero 
temperature under the following condition: heat is generated 
at the constant rate Qo cal/cm2 s in the region (S: x', y', a) of 
the plane z = a > 0 for I > 0 while the surface z = 0 is 
maintained at zero temperature. 

The contribution to the gradient at time t at a point (x, y, 0) 
on the surface z = 0 due to a unit instantaneous heat source at 
(x', y', a) liberated at time T is given by [Carslaw and Jaeger, 
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1959, p. 370) 

a ( )-5/2 [-I J 8K(~~)372 t - r exp -----
,,~ 4a(t - T) 

(AI) 

where r2 = (x - X')2 + (y y' f + a2. We can therefore express 
the solution to the problem as follows: 

~o Q(x, y, 0, t) = 8(~ii72 [ Ii (t - rr-·V2 

. exp [- -r~-J dr dx' dy' 
4a(t - r) 

(A2) 

. We now consider a second problem. Find the temperature 
7(x, y, a, I) at depth z = a in the region z > 0 initially at zero 
temperature under the following condition: the region (S: x', 
y', 0) of the surface z = 0 is maintained at constant 
temperature To for t > 0 while the rest of the surface z = 0 is 
maintained at zero temperature. It will be seen from the 
Green's function formulation of this problem [e.g., Carslaw 
and Jaeger, 1959, p. 371; Birch, 1950, equation (3); 
Lachenbruch, 1957b, equation (23») that the solution is identi
cal to (A2) if we replace Q by T and Qo by To. Thus for these 
two seemingly unrelated problems, we have the following: The 
temperature disturbance at (x, y, a, t) due to a uniform anoma
lous temperature in the region (S: x', y', 0) on z = 0 for I > 0 is 
the same as the heat flow disturbance at (x, y, 0, I) due to a 
uniform continuous heat source distribution in the region (S: 
x', y', a) on z = a for I > O. The region is initially at zero tem
perature, and the surface temperature is zero except where 
otherwise specified. 

Therefore results for the corresponding temperature anom
aly problem can be applied to this problem of anomalous 
continuous sources. 

Integration with respect to time in (A2) yields the general 
result 

~o Q = 2~ Ii [(;fI72~ exp (_1/12
) - erfc~J dQ (A3a) 

1 1 
Qo Q -7 21T Q(x, y; S) (A3b) 

where dIJ is the element of solid angle subtended by the surface 
element dx' dy' in S at the field point (x, y, 0) and IJ is the solid 
angle subtended by S there. Equation (A3b) is the well-known 
result from potential theory, widely used in the interpretation 
of gravity anomalies [see, e.g., Nettlelon, 1942; Simmons, 
1967a). Equation (A3a) generalizes the result for transient heat 
~onduction. The integrand is a simple time-dependent weight
II1g factor, and the integral is easily evaluated numerically. 
(Related results have been obtained by Birch [1950).) The 
continuous source case for which S is the half plane z = a, x' < 
0, has been solved for the corresponding anomalous bound
ary-temperature problem [Lachenbruch, 1957a, equation (5)] 

1 1 a 
Qo Q(x, a, 1) = "2 erfc I 

- - exp _E. (1 + (32) df3 1 l xlo 

[ ] 
1T 0 I 1+{i2 

1 1 1 -1 X 
- Q -7 - - - tan -
Qo 2 1T a 

(A4a) 

(A4b) 

Equations (A4a) and (A4b) represent model IlIa illustrated in 
Figure lOa. (There we have replaced x by x' to avoid confusion 

with the notation for model lIa.) The integral in (A4a) has 
been tabulated [Lachenbruch, 1957a; Smilh, 1953). 

The corresponding problem in cylindrical coordinates (p, </>, 
z) has also been considered for the anomalous boundary
temperature case [Lachenbruch, 1957b). The surface heat flow 
at z = 0, p = 0, due to a continuous uniform source 
dis~ribution of strength Qo for t > 0 at depth z = a in the 
regIOn Ro < p < R, 0 < ¢ < A, is [Lachenbruch 1957b 
equation (33») , , 

A {l- (Ro)2J -1/2 a [ (R )2J 1/2 

2 
1+ - M~- 1+ ~ 

1T a I a 

[ (R)2J-I/2 a [ 
- 1 + ~ erfc I 1 (A5) 

!he ~eo~etric conditions for this result are illustrated by the 
II1set 111. Figure lOb. The result for the circular region (Ro = 0, A 
= 21T) IS shown graphically in Figure lOb as model IIIb. The 
circle of infinite radius (R -> co), of course, represents the one
dimensional case, model III. 

Q/Qo = erfc T (A6) 

The steady state result (I -> co) is obtained by setting the 
complementary error functions to unity in (A5) and (A6). It 
can be used as an approximation (and lower limit) to the 
steady state heat flow above a horizontal plane region at 
constant temperature 0 0 (equation (2». The steady state is 
approached much faster above a constant temperature region 
than above a constant source region (e.g., compare curves I 
and III, Figure lOa). 

Transient effects of continuous or intermittent sources in 
certain regions bounded by lines of the polar and Cartesian 
coordinate systems can be obtained by combining (A4) and 
(A5). 
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Convective Heat Flow From Hot Springs in the Long Valley Caldera, Mono 
County, California 
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R. E. LEWIS 
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The heat discharged by the hot spring system in Long Valley, California, has been estimated from 
measured spring discharges by using geochemical mixing models. Of the total flow of 1300 lis from II 
thermal springs in the caldera, approximately 20% or 250 lis is contributed by the hydrothermal system at 
depth with temperatures near 210°C. The effects of heat loss by conductive cooling, mixing, and boiling 
are quantified for the springs in Hot Creek Gorge, which are the major source of hot water discharge in 
the caldera. The estimated total convective heat discharge is 4.3 X 10' calls, which is in agreement with an 
estimate obtained from the rate of boron discharge from the caldera into Lake Crowley. To supply heat 
conductively to circulating water of meteoric origin at a rate of 4.3 X 10' cal/s requires a heat flux at depth 
in excess of 10 fLcal/cm'/s. 

INTRODUCTION 

The natural heat flow in potential geothermal areas is a 
useful parameter in assessing the potential for energy devel
opment. As discussed by White [1965, p. 4], the natural heat 
flow is a first approximation of the minimum rate at which 
heat can be withdrawn from the system in water or steam and 
is a reference base for evaluating effects of accelerated with
drawal from a developed geothermal field. The magnitude ane' 
distribution of heat flow in a 'hot' area are also useful in 
attempting to define the characteristics of the underlying heat 
source. 

In the Long Valley area, preliminary temperature measure
ments indicated that the conductive heat flow in the upper 300 
m was about 4 HFU (I HFU = I /-tcal/s/cm2

) near the western 
rim of the caldera, 4 H FU in the center of the caldera, and 2 
HFU near the eastern rim, as discussed by Lachenbruch et al. 
[1976]. The convective heat flow in hot spring water was esti
mated by White [1965, p. 7] to be 7 X 107 cal/s, based on the 
boron contributed to Lake Crowley from the thermal system. 
A convective heat flow of this magnitude implies that the total 
heat flux at depth averaged over the caldera is considerably 
greater than 4 H FU. This suggests that a more detailed study 
of the convective heat flow is desirable. 

In this paper the rate of heat discharge in each of the major 
thermal springs in Long Valley is estimated. For the purposes 
of this paper, springs are classified as thermal if their discharge 
temperatures are above lO°e. Geochemical techniques are 
used to separate the surface flow of thermal water into hot 
water and cold water components. The hot water component 
is assumed to be contributed by the geothermal reservoir at 
depth and to have chemical characteristics and temperatures 
distinctly different from the colder, fresher water which mixes 
with it. In particular, the hot water has significantly greater 
concentrations of chloride, boron, and silica than the shallow 
ground water. The total of dissolved solids of the thermal 
springs is near 1400 mg/l, and that of the nonthermal springs 
is near 150 mg/l. 

Copyright © 1976 by the American Geophysical Union .. 

DISTRIBUTION OF HOT SPRINGS 

Casa Diablo Hot Springs 

In the literature, one of Long Valley's most widely cited 
areas of geothermal activity is the Casa Diablo area (Figure I, 
T3S/R28E-32). Historically, hot spring discharge from the 
area has been substantial, as is noted by Russell [1889], Lee 
(1906], <\nd Blake and Matthes [1938], and the springs were 
once used for bathing by Indians and travelers along the 
old highway between Bishop and Mono Lake. Presently, 
very little hot water is discharging from the area, although 
numerous steam vents and several mud pots are in evidence. In 
June 1972 an estimated discharge of 0.61/s of 82°C water was 
observed coming from the spring area at Casa Diablo west of 
the old highway. By June of the following year, however, no 
discharge was apparent, and the temperature of the water in 
the marshy spring area was ambient. Chemical characteristics 
of the spring water suggest that its source may be steam-heated 
groundwater and the ambient temperature condition noted in 
1973 may be the result of the diluting effect of a local perched 
groundwater body which formed as a result of the above nor
mal recharge. 

Casa Diablo Hot Pool 

Variously referred to as Casa Diablo Hot Pool by Stearns et 
al. [1937] and Waring [1915] and as Hot Bubbling Pool by the 
California State Department of Water Resources [1967] and 
Rinehart and Ross [1964], this shallow pool, about 650 m2 in 
surface area, is located very near the eastern fault of the central 
graben mapped by Bailey [1974] in T3S/R28E-35 Temper
ature measured near one of the vents along the northern mar
gin pf the pool was 68°e. Waring [1915] recorded temper
atures of 49°C and 82°C at vents near the margin of the pool. 
There is no apparent discharge from the pool; however, a 
small well-defined channel leading in the direction of Hot 
Creek indicates flow in the past. Calculations based on the 
work of Bensemen [1959] indicate that an inflow of about 6.51/ 
s is necessary to maintain a surface temperature near 55°C in a 
pool of this size. Such a volume of water cannot be accounted 
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dashed where the boundary is approximately located. 

for by evaporation alone, Thus some combination of sub
surface outflow and convective circulation is suggested, Over 
the bottom of the pool, numerous openings emit bubbles of 
what is apparently CO2 gas and possibly some steam, Some 
carbonate material has precipitated from the water and is 
deposited along the edge of the pool. 

Hot Creek Springs 

Along a 1,6-km reach of Hot Creek, in the gorge in T3S/ 
R28E-25, about 18 springs discharge nearly 250 I/s of thermal 
water into the creek, This discharge represents about 20% of 
the discharge of thermal water (above lO°C) in the caldera and 
is a mixture of shallow groundwater and hot water from the 
geothermal system, Springs along this reach of Hot Creek are 
among the hottest found in the Long Valley caldera and are 
the source of the greatest discharge of hot water from the 
geothermal system, accounting for 80% of the total (see Table 
3). Most of the low-discharge springs along this reach are 
located on the banks above the creek and can be readily mea
sured and sampled. Their combined discharge, however, is mi
nor in relation to the total spring discharge into Hot Creek. 
Most of the thermal water contributory to Hot Creek dis-

charges beneath the water surface. Techniques for estimating 
this flow are described in the next section. 

Little Hot Creek 

The springs of Little Hot Creek (Figure I, T3S/R28E-13) 
are located in a small narrow canyon near the head of the 
creek; above the springs there is no perennial flow in the 
channel. F our main spring orifices discharge a total of about 
12 I/s of thermal water at 68°C to 82°C into Little Hot Creek. 
Most of the flow disappears beneath the ground surface within 
about 0.8 km downstream from the hot springs and continues 
as underflow along a broad channel until it mixes with water 
from Hot Creek flowing toward the Owens River. Some varia
tion in the flow of these springs has been observed during the 
period of this investigation, possibly in response to continuing 
tectonic activity or seasonal hydrologic events, 

Fish Hatchery Springs 

About eight main spring orifices make up the spring group 
at the California State Fish Hatchery (Figure I, nS/R28E-
35). These springs are classified as thermal with temperatures 
between 12.5°C and 17°C throughout the year and are ideally 
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suited for the raising of rainbow trout at the hatchery. The fish 
hatchery springs discharge about 570 lis and comprise about 
74% of the total thermal spring discharge in Long Valley. The 
actual amount of hot geothermal water contributed by these 
springs is small, however, and amounts to only about 7% of 
the total (see Table 3). 

Alkali Lakes Springs 

Springs in the vicinity of Big Alkali Lake and Little Alkali 
Lake (Figure I) generally show low discharge between 0.07 
and 2.5 I/s and moderate temperatures between 39°C and 
63°C. Many of the very low discharge springs do not discharge 
at the surface but form seeps, and the entire area is one of 
broad flat grass-covered sometimes marshy terrain. Even in 
some of the moderately discharging springs, surface flows are 
not apparent for any great distance as the water quickly per
colates into the unconsolidated sediments and joins the shal
low groundwater in its movement toward Lake Crowley. 

The existence of the Alkali lakes is evidently due in part to 
the near-surface water table in that area. The total measured 
and estimated warm spring discharge of about 12,7 lis is in
sufficient to sustain the lake levels, particularly during the 
summer months. The high groundwater table remains fairly 
constant, being replenished by the subsurface discharge from 
the hot springs and subsurface inflow from Hot Creek, 

Whitmore Hot Springs 

Whitmore Hot Springs is located about 1.6 km from U.S. 
Highway 395 along the road to Owens River (Figure I, T4S/ 
R29E-6). Referred to in the early description of Waring [1915] 
as Whitmore Tub, the springs were later developed into a spa 
with the construction of several concrete pools, a bath house, 
and several other structures. With the development of bathing 
facilities at Hot Creek the Whitmore spa was shut down and 
has remained closed since. In the Whitmore group there are 
two large main spring openings and two small ones, The tem
perature and discharge of these springs have remained con
stant over the years, In the two large pools, Waring [1915] 
measured a maximum temperature of 38°C and a discharge of 
28 lis at the same time that the two smaller spring openings 
had equal discharge ofO.5l/s and temperatures of 23.5°C and 
37.8°C. Recent data by Lewis [1974] indicate a combined 
discharge of 25 I/s and temperatures of 32.5°C and 34.5°C in 
the two large springs and a discharge of 0.8 I/s and temper
atures of 27°C and 35°C in the two small springs. 

Other Spring Discharge 

Several other springs or spring groups exist in the Long 
Valley caldera which have significant flow but contribute little 
water from the geothermal system because of the dilute nature 
of their waters. The Chance Springs (Figure I, T3S/R28E-33) 
issue along the bank of Mammoth Creek several hundred 
meters downstream from U.S. Highway 395. About 23 I/s of 
water at 22,5°C discharge from three orifices formed by cool
ing joints in the basalt. 

Between the Alkali lakes and Lake Crowley, about 17 
springs discharge along a nearly east-west line (Figure I, T3S/ 
R29E-27, 28). The discharge of these springs is low, between 
0.1 and 3.2 I/s, and the temperatures range between 18°C and 
49°C. In addition to the springs, numerous seeps exist along 
the same line between the road and the lake. This broad grassy 
area is similar in appearance to the area around the Alkali 
lakes. 

Big Springs (Figure I, T2S/R27E-25) discharges water at 

about 11°C which flows into the upper Owens River near the 
northwest rim of the caldera. A Ithough not measured in recent 
investigations, the discharge was estimated at about 6 lis. 
Samples from this spring and other cold water springs pro
vided data on the chemical characteristics of the shallow 
groundwater which mixes with the hot spring water. 

MIXING MODELS 

Variations in the chemical composition and temperature of 
thermal spring waters in Long Valley suggest that the hot 
water rising from depth is mixed with and diluted by cooler 
water from shallow aquifers before being discharged at the 
land surface. In addition, surface discharge conditions are 
affected by boiling in the upftowing column and heat con
duction in the surrounding rocks, Thus to evaluate the amount 
and heat content of the hot water moving through the system, 
the effects of mixing, boiling, and conduction must be ac
counted for. 

Methods 

Several chemical techniques have been described by Four
nier and Truesdell [1973, 1974] and Fournier et al. [1974] for 
estimating the temperature of water in geothermal reservoirs 
and the fraction of hot water mixed with cold water in hot 
spring systems. Mariner and Willey [1976] discuss the geochem
istry of thermal water in Long Valley and the application of 
geothermometers on the basis of concentrations of silica and 
the cations sodium, potassium, and calcium. Their results 
show that calculations of reservoir temperatures based on the 
cation ratios were consistently higher and hence less affected 
by mixing than were the silica temperatures, 

Mixing calculations based on the model of Fournier and 
Truesdell [1974] require data on the silica concentration and 
temperature of the mixed spring water and the cold fresh 
water. Results for samples from springs in Hot Creek Gorge 
and along Little Hot Creek give temperature estimates ranging 
from I70°C to 225°C [Mariner and Willey, 1976]. The range in 
temperature is due in large part to uncertainty as to the charac
teristics of the fresh water component. 

An alternative mixing model, proposed by Truesdell and 
Fournier [1975], utilizes the ratio of the chloride concentration 
in the mixed water to the chloride concentration in the un
mixed hot water to correct the silica geothermometer temper
ature and compute the mixing ratio. From a chloride balance 
the mixing ratio or the fraction of the total discharge which is 
from the hot water source is computed as 

(I) 

where X is the mixing ratio, Cl m is the chloride concentration 
of mixed spring water, Cle is the chloride concentration of the 
cold water component, and Clh is the chloride concentration 
of the hot water component. If the spring is boiling, the chlo
ride concentration at the surface must be corrected for the 
concentrating effect of boiling to obtain Clm • Otherwise, Cl m is 
equal to the chloride concentration at the surface. In the Long 
Valley area the concentration of chloride in the nonthermal 
springs ranges from 1 to 6 mg/l compared with 280 mg/l in the 
hot water, as is discussed in the next section. 

The enthalpy of the hot water source is computed as 

(2) 

where hh is the enthalpy of the hot water source, hOI is the 
enthalpy of the mixed spring water, and he is the enthalpy of 
the cold water component. The enthalpy of the mixed spring 
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TABLE I. Geochemical Data Frum Samples of Long Valley Hut Springs 

Spring Surface 
or Discharge. Temperature 

Spring Area I/s 

Hot Creek Gorge* 6.7 
Lillie Hot Creek 12.0 
Casa Diablo Hot Pool 6.5t 
Whitmore Hot Springs 26.0 
Big Alkali Lake:j: 8.8 
Lillie Alkali Lake 3.8 
Chance Spring 23.0 
nS/R29E-27, 2g 3.8 
T3S/R29E-34K 1.8 
nS/R29E-31 A 1.5 

*New spring discharging from bank. 
tCalculated from evaporation rate. 

T.oC 

90 
80 
60 
34 
56 
66 
20 
49 
41 
58 

Boron. Chloride. 
mg/I mg/I T"" °C TNa - K -Ca. DC 

10.3 225 153 192 

10.6 200 143 172 
13.0 250 209 Ig9 

3.5 74 75 
7.7 150 196 200 

8.8 200 150 

1.8 40 100 
8.6 150 193 200 

6.2 130 182 184 

8.1 176 161 176 

:j:Sampl~ 3S/29E-21 PSI [Mariner and Willey. 1976]. 

water is based on the temperature obtained from the silica 
geothermometer calculation, when no mixing is assumed. 
Where the mixing ratio is greater than about 0.7. the enthalpy 
of the cold water component in (2) can be neglected to yield 

(3 ) 

In the case of the springs along Hot Creek Gorge, most of 
the discharge occurs below the stream surface, a situation 
making discharge measurements and sampling impractical by 
standard techniques. Consequently, a seepage gain technique 
was used in this area and for the springs at the fish hatchery. 
Measurements of water discharge, temperature, and concentra
tions of boron and chloride were made above and below the 
hot springs to compute the net gain of boron and chloride by 

using 

(B2Q2 - B1QI)/(Q2 - Ql) 

(C12Q2 - CI1Ql)/(Q2 - Ql) 

(4) 

(5) 

where BI and Cll are the boron and chloride concentrations of 
the stream above the springs, respectively, B2 and CI2 are the 
boron and chloride concentrations of the stream below the 
springs, respectively, QI is the volumetric flow rate of the 
stream above the springs, and Q2 is the volumetric flow rate of 
the stream below the springs. Boron and chloride were chosen 
as the constituents to be used because they are characteristic of 
water of volcanic association [White, 1957a, b] and are least 
likely to be affected by chemical precipitation, base exchange, 
and other factors [White, 1968, p. 83]. As is seen in subsequent 
tables, calculations of boron and chloride concentrations from 
the seepage gain technique agree well with data from a spring 
sample taken along the bank in Hot Creek Gorge. 

In the results that follow, the component of the spring dis
charge which is of geothermal origin is computed from (I) by 
using boron and chloride concentrations for each of II spring 
systems with significant discharges. With the exception of the 
Hot Creek Gorge springs the discharge temperatures of these 
springs are well below 90°C, and hence the effects of boiling 
have been neglected. The magnitUde of the boiling effect is 
considered later for the Hot Creek springs. Hot water temper
atures were first computed from the silica and cation geother
mometers and then corrected by using the mixing models as 

indicated in Table 3. 

Thermal Water 

Hot waters discharging in the Long Valley springs may 
originate from one regionally continuous reservoir or from 
several zones at various depths. In the course of this in-

vestigation a core hole to 305 m was drilled inside the caldera 
about 1.6 km northeast of Hot Creek Gorge. No evidence of a 
permeable reservoir with hot water was found. However, ex
trapolation of the measured temperature gradient of about 
200 0 C/km indicated that water with temperatures in excess of 
200°C might be found at depths near I km. 

Ten geothermal wells were drilled at Casa Diablo hot 
springs by the Magma Power Company between 1959 and 
1964 to a maximum depth of 324 m. Maximum temperatures 
of 177°C were found at a depth of 120 m [McNitt, 1963, p. 28]. 
Temperatures decrease below 120 m, a fact suggesting that the 
wells penetrate a fault underlying the Casa Diablo area and 
that hot water moving up the fault is intercepted by the wells at 
the 120-m depth. Thus water sampled from these wells may be 
relatively unmixed, although the measured temperatures may 
be below temperatures in the reservoir because of conductive 
cooling as the water moves up the fault. 

Water sampled from one of the wells during the course of 
this investigation contained 280 mg/l of chloride and 15 mg/l 
of boron [Willey et al., 1974]. The temperature of this water at 
depth, based on its silica content, is 220°C. Earlier analyses 
reported 276 mg/I [McNitt, 1';63] and 285 mg/I of chloride 
and 13 mg/I of boron [California State Department of Water 
Resources, 1967] as average values for II samples. For the 
purposes of this paper it will be assumed that the geothermal 
waters underlying the hot spring areas in the caldera average 
14 mg/I of boron and 280 mg/l of chloride. Constant CIIB 
ratios [Mariner and Willey, 1976] and hot water temperatures 
from mixing model calculations consistently near 200°C in
dicate that the same hot water aquifer supplies each of the 

TABLE 2. Results of Seepage Gain Measurements for Springs at 
Hot Creek Gorge and the Fish Hatchery 

Calculated Concentration, mg/I 

Discharge, I/s Boron Ch loride 

Hot Creek Gorge 
October 17, 1972 303 9.23 199 

January 17, 1973 218 12.28 221 

March 25, 1973 227 9.33 220 

April 17, 1973 275 9.06 225 

September 25. 1973 212 15.29* 248 

Average 247 11.04 223 

Fish Hatchery 
October 17,1973 843 0.25 4.8 

September 25, 1973 1085 0.23 4.6 

Average 964 0.24 4.7 

*Calculated concentration exceeds upper limit established for 
boron in Long Valley thermal water. 

major thermal springs in the caldera. However, the extent of 
regional continuity to this reservoir is as yet unknown. The 
area of present hot spring activity covers only about 15% of the 
total caldera area. 

Geochemical Data 

Table I presents pertinent geochemical data from samples of 
the major hot springs in Long Valley. Geothermometer calcu
lations for springs with discharge temperatures greater than 
90°C assume adiabatic cooling by boiling, whereas for springs 
with temperatures less than 90°C, conductive cooling is as
sumed. 

Results of the seepage gain measurements for the springs at 
Hot Creek Gorge and the fish hatchery are shown in Table 2. 
The averages of calculated concentrations of boron and chlo
ride for the Hot Creek springs are in close agreement with 
measured concentrations in Table I for the sample from the 
new spring along the bank. 

Table 3 lists the results of mixing calculations for thermal 
water discharges and temperatures. The estimate of total dis
charge of hot water is 248 lis from both boron and chloride 
calculations. Of this, approximately 80% is contributed by the 
springs in Hot Creek Gorge. Calculated temperatures of the 
hot water range from 184°C to 225°C and average 204°C. 

CONVECTIVE HEAT DISCHARGE 

H eat Content of Thermal Water 

Hot water discharging in the Long Valley thermal springs is 
primarily of meteoric origin [White, 1968]. The water must be 
heated from approximately mean annual air temperature to 
temperatures in excess of 200°C by conduction from the sur
rounding rocks as it moves through the system. When a mean 
annual air temperature of 10°C and a reservoir temperature of 
210°C are assumed, on the basis of the data in Table 3, the 
gain in heat content of the water can be calculated as 

C = P2wo(h210 o - hlOo) 

= 0.86 g/cm3 (214 - 10) cal/g = !75 cal/cm3 

where C is the gain in heat content per unit volume, P is fluid 
density, and h is fluid enthalpy. 

As this water moves upward toward the discharge areas, 
heat is removed from the thermal reservoir at a rate given by 

TABLE 3. Summary of Hot Water Discharge From Long Valley 
Hot Springs 

Discharge of Hot Water, I/s 

With With Temperature of 
Spring 14.0 mg/I B 280 mg/I CI Hot Water, °C 

Hot Creek Gorge 195.0 197.0 210*t 
Fish hatchery 16.5 16.2 
Little Hot Creek 9.0 8.5 214* 
Whitmore Hot Springs 6.8 6.7 
Casa Diablo Hot Pool 6.0 5.8 189:j: 
Big Alkali Lake 4.8 4.7 200:j: 
Chance Springs 3.2 3.2 
Little Alkali Lake 2.7 2.5 210* 
T3S/R29E-27, 28 2.0 2.0 200:j: 
T3S/R29E-34K 0.8 0.8 184:j: 
T3S/R29E-31 A 0.8 0.8 225t 
Total 248 248 

'Based on Si-CI mixing model (A. H. Truesdell, personal com
munication, 1974). 

tBased on Si mixing model [Foul'Ilier and Truesdell, 1974]. 
tBased on Na-K-Ca geothermometer [Fournier and Truesdell, 1973]. 
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Fig. 2. Diagram of Hot Creek Gorge spring system. 
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CQ, where Q is the volumetric now rate of hot water. From 
Table 3, Q = 248 I/s. Thus our estimate of the convective heat 
discharge from the system is 4.3 X 107 cal/s. White [1965, p. 7] 
used an estimate of the annual discharge of boron into Lake 
Crowley of 181 metric tons per year and assumed a boron 
concentration of II mg/l to compute a discharge of thermal 
water equal to 520 I/s. He then assumed a conservative reser
voir temperature of 150°C to compute a total convective heat 
flow from the Long Valley springs of 7 X 107 cal/s. The 
difference between the two estimates of heat flow is due in part 
to subsurface discharge of hot water which was not measured 
in the present study. However, data obtained from the Los 
Angeles Department of Water and Power for the period 
1960-1973 show an average discharge of boron from sources 
within the caldera of 136 metric tons per year. If we use this 
figure and a concentration of 14 mg/I, the hot water discharge 
would be 306 lis. If we assume a reservoir temperature of 
210°C, the convective heat flow estimate would be 5.4 X 107 

calls or about 25% greater than the estimate based on measure
ments at individual hot springs. 

Heat Balance fo/' Hot Creek Gorge Springs 

Because approximately 80% of the convective heat discharge 
from the caldera is from the springs along Hot Creek Gorge, it 
is of interest to consider this particular system in more detail. 
We wish to quantify the effects of conductive cooling, mixing, 
and boiling on the heat content of the upflowing water. A 
simplified diagram of the system is shown in Figure 2. From 
the seepage gain measurements at points I and 2 we have 
calculated an average spring now of2471/s at a boiling temper
ature of 90°C at point 3 (Table 2). We also have an estimate of 
196 I/s of hot water with a temperature of 210°C at point 5 
(Table 3). The corresponding heat fluxes are 3.4 X 107 cal/s at 
point 5 and 1.9 X 107 calls at point 3. Thus a net loss of 1.5 X 
107 cal/s occurs as the water nows to the land surface. 

Considering first the conductive heat loss to the surrounding 
rocks, we note that the amount of heat lost and the resultant 
temperature drop in the fluid depend strongly on the geometry 
of the upflow channel. At one extreme would be a conduit 
whose lateral dimensions have been limited, say, by mineral 
deposition to an area similar to that of the spring discharge 
area. At the other extreme would be the slab configuration in 
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Fig. 3. Slab model for spring flow in Hot Creek. 

Figure 3 which is suggested by the surface expression of the 
faults intersecting the gorge area and the evidence of hydro
thermally altered rock along the faults at some distance from 
the gorge [Bailey, 1974]. With a lateral extent to the fault plane 
of I km and a depth of I km the heat loss from the plane would 
be considerably greater than that from the conduit. 

From hydraulic considerations the faultpline model seems 
more likely. For example, Table 4 lists pressures in excess of 
hydrostatic pressure necessary to yield an upflow of 200 I/s for 
various combinations of area and permeability. The total head 
difference from artesian (elevation) and thermal artesian (den
sity) effects is of the order of 300 m, although it is likely that 
only a fraction of this is .available at point 5. From Table 4, 
unless the permeability of the fractured zone is considerably 
larger than 10 darcys, the available head would be insufficient 
for the cylindrical model but adequate for the slab model. 

Numerical simulations of conductive cooling in upflowing 
hot spring systems, as described by Sorey [1975], can be used 
to estimate the temperature drop as a function of mass flow 
rate for the cylindrical conduit and fault plane models. For a 
flow rate of 200 lis and the same dimensions as those used in 
Table 4 the temperature drop in the cylinder would be negli
gible, whereas the temperature drop in the fault plane would 
be about 10°C, with a corresponding conductive heat loss of 
106 cal/s. Under steady state conditions this heat flows out at 
the land surface within a distance equal to about one conduit 

depth away from the spring. 
On the assumption, then, that the hot water cools from 

210°C to 200°C as it flows up to the shallow groundwater 
system, boiling would begin at a depth of about 160 m. There 
is evidence from cores and geophysical logs in the test well, 
located 1.6 km northeast of Hot Creek Gorge, of a permeable 
zone at 140 m which could provide water for mixing at point 4 
in Figure 2 [Lachenbruch et al., 1976). The temperature at this 
depth in the test well is about 50°e. If this zone is the source of 
fresh water which dilutes the spring water and its boron and 
chloride concentrations are close to those in the non thermal 
springs, we can calculate a mixing ratio of 0.80, using (I) and 
the boron and chloride concentrations in Table 2. The temper-

ature of the mixture at point 4 would then be 160°C. Above 
this point, boiling would reduce the liquid tlow rate by about 
13%, and the formation of steam would' account for about I.g 
X 107 cal/s of heat loss from the water as its temperature drops 
from 160°C to 90°C at the surface (point 3). This leaves a 
convective heat tlow with the liquid discharge at point 3 or 1.9 
X 107 cal/s, as was indicated previously. The fate of the steam 
which forms is uncertain. If it recondenses in the stream, then 
the heat added at this point would be closer to 3.9 X 10

7 
cal/s. 

However, temperature and discharge measurements down
stream at point 2 average 25°C and 1270 I/s in the fall and 
winter and 16°C and 36g0 I/s during the spring runoff period. 
This represents a heat tlow of between 1.9 X 107 cal/s and 2.2 
X 107 cal/s and suggests that the steam either discharges as 
vapor at the land surface or recondenses in the shallow 

groundwater below the creek. 

Conductive Heat Flow Requirements 

Before considering the significance of our estimate for the 
convective heat discharge from the Long Valley thermal 
springs we first note some inherent assumptions in the chem
ical methods used in its derivation. Essentially, we have as
signed a quantity of heat to various ions in the thermal spring 
waters and assumed a degree of regional continuity to a reser
voir at depth in terms of uniform concentrations of Band CI in 
the hot water underlying the area of hot spring discharge. 
Further, we refer to this estimate as the gain in heat content, 
assuming that the source of water was meteoric. In this regard 
it is possible that the thermal water includes a component of 
magmatic origin to account for the high concentrations of 
elements such as boron, chloride, and arsenic, as discussed by 
White [1968) for the Steamboat Springs, Nevada, area and by 
the Califorllia State Department of Waler Resources [1967) for 
the Long Valley area. Thus an unknown portion of the heat 
gained by the circulating meteoric water could be supplied by 

this fluid of magmatic origin. 
With these assumptions in mind, we note that our estimate 

for the convective heat discharge of 4.3 X 107 cal/s is some
what less than the estimates based on boron discharge in Lake 
Crowley, a result suggesting that 4.3 X 107 cal/s is a minimum 
value which does not account for some subsurface discharge of 
hydrothermal water. The significance of this estimate can be 
seen by calculating from a simple hot plate model that if the 
heat gained by the circulating fluid at a rate of 4.3 X 10

7 
cal/s 

were supplied conductively to a reservoir covering the entire 
caldera area of 450 km2, an average heat flux of about 10 
H FU would be required. For a reservoir of smaller lateral 
extent the required heat flux would be correspondingly greater. 
If similar rates of heat removal have persisted for a significant 
portion of the eruptive history of the caldera, the above calcu
lations place constraints on the nature and intensity of the 
conductive heat source underlying the caldera, as is discussed 
by Lachenbruch et al. [1976]. Further test drilling to obtain 

TABLE 4. Pressures Required to Cause Flow of 200 I/s Through Hot Creek Gorge Spring System 

Area 
Cross Section, Permeability, 

MQdel m2 darcys 

Cylinder 176 1 

( diameter, 15 m) 176 10 

Plane 16,000 I 

(1.6 km X 10 m) 16,000 10 

The depth or the spring system is I km, and its temperature is 210°C 
*Head is defined as pressure/pg. 

Pressure Above 
Hydrostatic, 

bars 

1,600 
160 

17 
1.7 

Head,* 
m 

19,000 
1,900 

210 
21 
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additional thermal, hydrologic, and geochemical information 
is needed before a satisfactory model of the hydrothermal 
system and its related heat source is possible. 
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Geochemistry of Thermal Waters in Long Valley, Mono County, California 

ROBERT H. MARINER AND LAWRENCE M. WILLEyl 

u.s. Geological Survey. Menlo Park. California 94025 

Ther~al springs and wells in Long Valley, California, issue ~odium bicarbonate-chloride waters 
contammg 1000-1420 mg/I of dissolved solids. Thermal waters of sodium bicarbonate-chloride composi
tion are usually assocIated wIth hot-water reservoirs. Chloride concentrations and stable isotope data 
IndIcate that the thermal waters have had varied histories. All of the thermal springs issue a mixture of 
flUId fr~m the ther:nal reservoir and less saline, cooler water from one or more shallow aquifers. The 
composItIon of spnngs m Hot Creek Gorge may have been further altered by minor subsurface boiling. 
Thermalspnngs between Hot Creek and Lake Crowley issue mixtures of fresh and thermal waters which 
have. lost heat .by conductive ~ooling and changed composition by reaction with rock in the shallow 
aqutter. The SIlica content 01 water from Magma Richie 5 and mixing calculations based on the 
concentrattons of SIlica In thermal waters collected from springs in Hot Creek Gorge and along Little Hot 
Creek mdlcate a t~mperature of at least 200°C in the thermal reservoir. The sodium-potassium-calcium 
geothermometer Yields a reservoir temperature estimate near 200°C for most of the thermal springs. If 
geothermal energy IS developed m Lon~ Valley, the high concentrations of arsenic (up to 2.2 mg/I), boron 
(up to 15 n:g/ I), and total dIssolved solids m the thermal fluids will make it necessary to isolate the etlluent 
of productIon wells from the freshwater system. 

INTRODUCTION 

The chemical composition of water from thermal springs 
and wells provides an indication of the temperature of the fluid 
in the reservoir and of the type of thermal system. The dis
tinctive physical and chemical characteristics of hot-water and 
vapor-dominated systems have been discussed by White et al. 
[1971). Hot-water systems occur in permeable rock, whereas 
vapor-dominated systems occur in impermeable rock. Springs 
associated with hot-water systems discharge chloride-rich wa
ter at an aggregate rate of several hundred to several thousand 
liters per minute. Individual springs associated with the hot
water system, however, may discharge as little as a few liters 
per minute, and low chloride, acid sulfate springs formed by 
steam separation may occur with the chloride-rich springs. 
Springs associated with vapor-dominated systems usually dis
charge acid sulfate waters at rates of less than 100 IImin. Some 
near-neutral sodium bicarbonate springs with less than 20 
mg/I of chloride may also be associated with vapor-dominated 
systems. Although qualitative indicators of temperature in the 
thermal reservoir have been suggested by Ellis [1970), Mahon 
(1970), Tonani [1970), and Fournier and Truesdell [1970), only 
two quantitative geothermometers have been demonstrated 
to have widespread application. These quantitative geo
thermometers are based on silica concentration [Fournier 
and Rowe, 1966; Mahon, 1966) and the proportions of sodium, 
potassium, and calcium in the thermal fluid [Fournier and 
Truesdell, 1973). Another quantitative geothermometer, based 
on the ratio of sodium to potassium [Ellis, 1970; White, 1965), 
has been largely superseded by the Na-K-Ca geothermometer. 
Qualitative chemical indices such as CI/(HCOa + COal are, 
however, useful in delineating subsurface flow direction in 
thermal systems [Fournier and Truesdell, 1970; Truesdell, 

1975). 
Dilution of thermal water by fresh water (mixing) has been 

demonstrated in several ways. A proportional relationship 
between chloride concentration and spring temperature may 

'Now at Pent-A-Vate, Inc., Lindsay, California 93247. 
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be an indication of mixing [Fournier and Truesdell, (974). 
Fournier et al. [(974) ha ve stated that springs of large flow rate, 
more than 100 I/min, should be considered to be issuing mixed 
water if the Na-K-Ca geothermometer indicates a reservoir 
temperature more than 25°C above the measured spring tem
perature. Giggenbach [l971) has demonstrated linear relation
ships between chloride concentrations and the isotope ratios of 
hydrogen and oxygen in the mixed waters of the Broadlands 
geothermal field. 

The first detailed chemical sampling for water quality in 
Long Valley was carried out by the California Department of 
Water Resources [(967) to determine the effect of geothermal 
development on water quality in Long Valley and indirectly 
the impact of such development on the water supply for Los 
Angeles. The state report noted that (I) the fresh waters out
side the caldera are calcium bicarbonate in character and have 
very low total dissolved solids; (2) the hot springs issue sodium 
bicarbonate to sodium bicarbonate-chloride waters, high in 
total dissolved solids, bicarbonate, chloride, and the trace 
elements boron, arsenic, and fluoride; (3) the alkali lakes con
tain sodium bicarbonate to sodium carbonate waters; and (4) 
the warm springs and shallow groundwater are intermediate 
between fresh and hot spring water in chemical characteristics. 
In the state report it was concluded that discharge of geother
mal waste waters rich in arsenic, fluoride, and boron to Lake 
Crowley and its tributaries could cause serious degradation of 
the water quality and constitute a threat of pollution to the 
water supply of the Los Angeles-Owen River Aqueduct as well 
as the local water resources. Magma Power Company and its 
affiliates drilled some 20 exploratory wells to as much as 300-m 
depth in the vicinity of Casa Diablo Hot Springs during the 
period extending from 1959 to 1962. Temperatures up to 
177°C were encountered in some of the wells. 

The general water quality of Long Valley is described in the 
state report. However, no special care was taken in preparing 
water samples for silica, calcium, or bicarbonate. Recent sam
pling by Willey et al. [(974), which forms the basis for this 
report, was concentrated on the geothermally important con
stituents of silica, principal cations, gas composition, and iso
tope ratios of oxygen and hydrogen iJ,1 the major hot springs. 
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Le":is [(974) has compiled the available chemical and hydro
logiC data for Long Valley. 

METHODS AND PROCEDURES 

Water s~mples were collected at points as close as possible 
to the Orifice of the thermal springs or wells. I f several 
springs issued in .t.he same area, the spring with the highest 
temperature, speCific. conductance, and flow rate was sampled. 
~ater ~as collected III a 12-1 stainless steel pressure vessel and 
Immediately pressure-filtered through a membrane filter of 
0.45-/-!m effective pore diameter using nitrogen as a pressure 
source. The filtered water samples were collected and stored in 
plastic .b?~tles which had been washed with acid prior to use. 
T~n. mllhht.ers of filtered sample were diluted to 100 ml with 
distilled deIOnized water to prevent the polymerization of sil
Ica. Samples for isotopic analyses were collected in glass bot
tles with polyseal caps. 

Field determinations were made of barometric pressure 
water temperature, conductivity, pH, and alkalinity. Wate; 
temperature~ ~ere determined with a thermistor probe while 
the ~~nduct~vlty was measured in the spring using a con
ductIVIty bridge with a temperature compensator. The pH 
w~s m~asured. directly in the spring, and alkalinity was deter
ml~ed ImmedIately after the sample was withdrawn from the 
sptlllg [Barnes, .1964). The water sample from Magma Richie 5 
was not flash@tI td atmospheric pressure as are most water 
samples collected trom 'wet' steain wells. The well was fully 
opened and allowed to flow for 4 hours previous to sampling. 
The well was then closed and 8 m of 0.64-cm-ID aluminum 

°25/27 E - 25A51 

tubing was attached to the sampling valve on the well head. 
ThIS tubll1g.was coiled and placed in a 30-gal. (133-1) oil drum 
~vhlch was filled With crushed ice. The well was then reopened, 
and the steam and hot water issuing from it were cooled to 
2°C. The resulting fluid was collected in a 12-1 pressure vessel 
and treated as described above. 

SAMPLE LOCATIONS 

Surface expressions of thermal activity in Long Valley ex
tend from Casa Diablo Hot Springs along Hot Creek through 
Hot Creek Gorge. Other hot springs issue along Little Hot 
Creek 3.2 km north of Hot Creek Gorge, and between Hot 
Creek and Lake Crowley (Figure I). 

Two freshwater samples were collected from Big Spring near 
Lookout Mountalll, northwest quadrant, section 25, T. 2S, R. 
27E, and an artesian well in the northwest quadrant section 
13,T.3S,R.29E. ' 

WATER COMPOSITION 

. Hot springs in Long Valley discharge slightly saline sodium 
blc~rbonate-chloride water. The chemical composition of hot 
springs sampled for detailed chemical analysis is given in 
Table I. Cool fresh waters, springs 25AS I and the artesian well 
13C I, Issue nonsaline sodium bicarbonate waters ( 150 h) 
The fresh waters contain proportionally more calciu:.mm~r~ 
m~gneslUm, and less chloride than the thermal spring waters 
(Figure 2). The California Department of Water Resource~ 
[! 967) repor.ted t.hat in Long Valley the proportions of chlo'
ride and sodium Illcrease as the total dissolved solids increase. 

35/29E-13CI • 

~
Bt~~~OH 

Litlle 35/29E-
Alkali Lake. 21PSI 

35/28 E -2 5A54 , 
,<:-0 

35/28E - 32 E9 35/28E-
.35 E5 I 3S/29E -3IA51. 

N .5 0 3 4 

1 

Miles 
I 5 0 2 4 

L oke 

Kilometers % "-1- \""" , -0... III 
" .... 9 

'" 
Map Location 

Fig. I. I ndex map showing the locations of s' . d II I d . 
California. The spring issuing in Hot Creek Gorge,P~~~f:n~~ed ~~/~8s~~r;S4for. deta::ed c:~mical analysis, Long Valley, 
samples were collected during May 1972. ,was co ccte unng August 1973. All other 
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TABLE I. Major Constituents of Selected Thermal and Meteoric Waters from Long Valley, California 

U.S. Public Health 
3S/2SE- 3S/28E- 3S/28E- 3S/2SE- 3S/29E- 3S/29E- 3S/29E- 3S/28E- 2S/28E- 3S/2?E-Water Standard Limits 

(Drinking Water) l3ES3 32E9 35ESI 21PSI 28HSI 31ASI 34KSI 25AS4 25ASI 13CI 

410 390 380 310 400 310 320 400 23 38 
Sodium (Na) 

30 45 25 37 43 22 28 24 4.0 1.3 
Potassium (K) 

50 0.9 3.3 25 22 15 23 1.6 5.1 5.3 
Calcium (Ca) 

0.6 0.1 0.1 0.6 0.6 0.4 1.2 0.1 5.9 0.2 
Magnesium (Mg) 125 

0.3 16.6 0.7 0.3 0.3 1.9 0.3 24.0 0 2.8 
Carbonate (CO,)* 

735 416 466 828 1\45 516 695 549 90 III 
Bicarbonate (HCO,)-

96 130 120 6S 69 SI 59 100 8.1 3.7 
Sulfate (SO,) 250 

200 280 250 150 170 170 150 225 5.7 3.0 
Chloride (CI) 250 

2.8 2.8 2.5 1.5 1.7 2.0 1.6 2.3 0.04 0.14 
Lithium (Li) 

10.6 15 13 7.7 8.S 7.9 8.1 10.5 0.37 0.18 
Boron (B) 

1.7 8.4 12 1\ 4.6 4.8 7.5 4.6 9.6 0.5 0.6 
Fluoride (F) 

110 340 300 250 240 150 205 150 58 64 
Silica (Si02 ) 

0.74 2.2 0.34 0.46 0.34 0.84 0.36 0.02 0.02 
Arsenic (As) 0.01 

0.13 0.35 0.40 0.40 0.15 0.20 0.10 0.09 0.15 Ammonia (as N) 
0.26 0.48 0.28 0.11 0.14 0.19 0.08 0.01 <0.01 

Rubidium (Rb) 
2.3 10 1.4 0.8 0.7 O.S 0.9 <0.1 3.8 

Sulfide, total (H 2S) 
6.5 9.2 7.2 7.9 6.5 6.6 7.5 6.6 6.8 8.8 

pH 
79 94 60 56 49 58 41 90 II 10 

Temperature, °C 
1950 1920 ISOO 1770 1790 1900 1500 1630 182 191 

Specific conductance, 
JLmho at 25°C 

Analysts were L. M. Willey, J. B. Ra~p, and T. S. Presser. 
Concentrations are in milligrams per hter. 
*Total alkalinity distributed as carbonate (CO.) and bicarbonate (HCO,). 

3S / 28E-13ES3. 
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Fig. 2. Modified trilinear plot of waters collected for detailed analysis, Long Valley, California. 
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Progressing from the fresh waters to thermal waters, a marked 
decrease occurs In the proportion of the diva len t cations, 
especially calcium, relative to the monovalent cations sodium 
and potassium. 

Ratios of elements which may be useful in determining flow 
direction and extents of solution-rock interaction have varying 
patterns of distribution (Table 2). The high ratios of CI/Ca 
and CI/Mg in thermal waters from along Hot Creek are prob
ably due to the loss of carbon dioxide and the precipitation of 
calcium carbonate at depth. The (Ca 1!2)/Na ratios for these 
springs are less than I for the same reason. Springs with higher 
ratios of CI/Ca and CI/Mg generally have lower Ca/Mg ra
tios, perhaps indicating precipitation of magnesian calcite. 
CI/(HCO. + CO.) ratios decrease as spring temperature de
creases. Truesdell [1975] attributed a similar change in Sho
shone Geyser Basin, Yellowstone Park, Wyoming, to the reac
tion 

CO2 + H20 + Na silicate = HCO.- + Na+ + H silicate 

That is, as hot water cools in contact with alkali alumino
silicate (or silicate) minerals at constant activity of the 
alkali ions, the pH increases [Hemley, 1959] and more dis
solved carbon dioxide is converted to bicarbonate with simul
taneous introduction of alkali ions. If this reaction is con
trolling the C1(HCO. + CO.) ratio, then the C1/Na ratio shuuld 
change in a similar manner, and the ratio of Na/(CI + 
HCO. + CO.) should remain approximately constant. The 
CI/Na ratios generally follow the CI/(HCOa + CO.) ratios, 
although the Na/(CI + CO. + HCO.) ratios range from 0.81 
to 1.05. Thermal springs along Hot Creek and Little Hot 
Creek have constant ratios of Na/(CI + CO. + HCO.), 
0.98-/.0 I, indicating that solution of sodium feldspar and 
precipitation of clay may be controlling the ratio in this area. 
However, lower ratios of Na/(CI + CO. + HCO.) and higher 
CI/K ratios in the area between Hot Creek and Lake Crowley 
may indicate solution of something other than sodium feldspar 
or the precipitation of some sodium-potassium phases. 

Low ratios of Na/K for thermal springs along Hot Creek 
may indicate that they are associated with a higher-tem
perature part of the thermal reservoir. Orville [1963] and 
White [1965] have shown that low Na/K ratios indicate high 
temperatures of equilibrium. The (Ca1!2)/Na ratios range from 
0.28 for the steam well at Casa Diablo to 2.0 for the hot spring 
on Little Hot Creek. Ratios of CI/Rb, Na/Rb, and Na/Li 
generally increase in hydrothermal areas as the fluids react 
with the country rock, producing hydrothermal minerals 
[Ellis, 1970]. In Long Valley, CI/Rb, Na/Rb, and Na/Li 
ratios are smallest for hot springs along Hot Creek, increasing 
as spring temperatures decrease toward Lake Crowley. Per
haps thermal spring waters issuing in the area between Hot 
Creek and Lake Crowley have relatively less rubidium and 
lithium because of more extensive reaction with the country 
rock. The slight increase in CI/Li and CI/F as the spring 
temperatures decrease may indicate loss of these minor ele
ments into alteration minerals. Low N H./N a ratios are found 
in the springs which are releasing gas. Ratios of CI/SO. are 
nearly constant, increasing slightly from northwest to south
east with the highest ratios in thermal springs south of the 
alkali lakes . 

Thermal springs In Long Valley have CI/B ~atios in the 
range 6.6-5.6. CI/B ratios for springs in and near Hot Creek 
Gorge may be highest (6.4-6.6) because of phase separation 
with loss of boron into the vapor phase. Such phase separation 
is not uncommon in hot-water systems; this vapor phase con-
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denses to produce acid sulfate springs. An analyzedaci~ sul
fate spring from the Casa Diahlo area has a CIIB rallo 01 0.12 

[da ta from Lewis, 1974]. 
Ellis [1970] has shown that ratios of chloride, boron, and 

hicarbonate may he used to distinguish aquifers within the 
Ohaki-Broadlands geothermal field. Waters from the same 
aquifer have chemical compositions with almost constant CIIB 
ratios regardless of the bicarhonate concentrations. Ratios 
of CII Bare 5.7 ± 0.1 for most of the hot springs in the Long 
Valley area. The springs in al\d ncar Hot Creek Gorge which 
have higher CIIB ratios may result from boron loss due to 
minor suhsurface boiling. If the thermal waters come from the 
same aquifer, then differences in chloride concentration may 
be a function of the extent of mixing. In simple mixing, ther
mal fluids rising from depth mix with fresh water near the 
surface. If simple mixing without boiling or conductive cooling 
is controlling the chloride concentration and spring temper
ature, a plot of the chloride concentration versus the water 
temperature should be a straight line. However, a linear rela
tionship between chloride concentration and wat~r temp~r
ature does not exist in Long Valley (Figure 3). Springs which 
plot above the ideal mixing composit~on m~y result from 
vapor loss or conductive cooling. Sprtngs With the ~argest 
chloride concentration and highest temperatures occur 111 Hot 

Creek Gorge. 
Isotopic data for deuterium and oxygen 18 (Table 3 and 

Figure 4) are given in the standard b values, parts per mil (%0.), 
Hot springs in Long Valley range from -12.44 to -16.09 111 

b180 and from -II 1.0 to -124.9 in bD. The two fresh waters 
range from -15.89 to - 17.07 in 0180 and - I 15.4 to - I 29.5 in 
bD. Recharge water for the hot-spring system in Long Valley 
may have approximately the composition of the cold spring at 
Big Spring Campground (b'BO = '-15.9, bD = -115.~). The 
recharge water reacts with rock in the thermal reservOir untt! 
at least 0180 = - 14.2 is attained: then dilution by a fresh water 
of approximate composition a'Ba = -18.4 and liD = -135 

300 

':::-250 
..... 
'" E 

c 
o 

o 

o 

-110 

-120 

., 
~ 
0 

'" 
-130 

,," 

'5/28£ 3SE 51 

• 

35/28[- 37 E9 • 
.3S/28E+25AS4 

• 3S/29E~31ASI 
• 3S/28F. -13£5'3 

/ • • i~~~~~~ ~~~~~l 

0<"-''' .3S/29E-13C! f,
q.':' • 35/29£ - 34KSI 

,/ 
-12 

I I 

-14 ·13 -16 -15 -19 '18 
6 0"(%0) 

Fig. 4. Detailed plot of bD versus bIB? for thermal springs and 
fresh waters in Long Valley, California. hesh waters mclude 2SASI 

and 13CI. 

would produce the various thermal waters. Th~ plots of .liD
chloride and o'BO-chloride (Figure 5) emphaSIze the mIxed 
character of most of the hot-spring waters. Thermal-spring 
waters from the Hot Creek Gorge area (3IASI and 25AS4) 
show slight concentration of heavy isotopes. This could result 
from subsurface boiling, which was inferred from the el/B 
ratios. The hot pool (35ES I) located between Hot Creek 
Gorge and Casa Diablo Hot Springs has been strongly frac
tionated, probably by evaporation. The isotopic shift for ther
mal springs in Long Valley is less than for ~ost other maJ?r 
thermal areas as shown in Figure 6 [modIfied from Craig, 
1963]. The small alBa shift, similar to that observed at Wai
rakei, may indicate that the hot-spring system in Long Va.lley 
is moderately old and has isotopically well flushed condUIts. 

Gas escaping from thermal springs along Hot Creek and 
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Fig. 3. 
Chloride concentration versus temperature of thermal springs and wells in ~ong Valley, California [data from 

Willey el al., 1974, and Lewis. 1974]. Open circles represent wells, filled cIrcles represent springs. 
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TABLE 3. Isotopic Composition of Thermal and Meteoric Waters 
in Long Valley, California 

Sample 0180 liD 

2S!27E-25ASI -IS.89 -IIS.4 
3S/2XE-13ES3 -15.34 -121.8 
3S/28E-32E9 -14.16 -115.8 
3S/28E-35ES I -12.44 -111.0 
3S/28E-2SAS4 -14.83 -120.3 
3S/29E-13CI -17.07 -129.S 
3S/29E-21 PSI -16.17 -123.9 
3S/29E-28HS I -IS.8S -123.4 
3S/29E-3IASI -IS.23 -121.2 
3S/29E-34KSI -16.08 -124.9 

Analysts were L. A. Adami and S. 1. Grigg. 

Little Hot Creek is 89-93% carbon dioxide (Table 4). Browne 
and Ellis [1970] reported that the non condensable fraction of 
five steam wells in the Ohaki-Broadlands field contained 
92-95% carbon dioxide. N oncondensable gases from Steam
boat Springs, Nevada, co~tain an even larger percentage of 
carbon dioxide, 98% [White et al., 1963]. The increase in the 
nitrogen content of gas escaping from the cooler springs in 
Long Valley may result from water-rock reactions. Truesdell 
[1975] has shown that in Shoshone Geyser Basin, Yellowstone 
Park, Wyoming, the active gases such as carbon dioxide arc 
removed by water-rock reactions as the water temperature 
decreases, producing an increase in the percent of nonreac
tive· gases. The high carbon dioxide and low methane 
concentrations of gases escaping from the springs in Long 
Valley suggest that the thermal reservoir is in igneous rocks. 
Springs associated with thermal reservoirs in sedimentary or 
low grade metamorphic rock are rich in carbon dioxide and 
methane [Ellis, 1967]. 

Data in Lewis [1974] indicate that the surface of the zone of 
saturation generally parallels the topography, sloping toward 
Lake Crowley. Between Hot Creek and Lake Crowley the 
shallow aquifer has been contaminated by thermal fluid. Con
tamination is evident in the chemical composition and temper
atures of springs and wells between Hot Creek and Lake 
Crowley. Chloride concentrations (Figure 7) indicate that 
chloride-rich water is being introduced into the zone of satura
tion in the Hot Creek Gorge and perhaps into the alkali lake 
area. This chloride-rich water is altering the chloride concen
tration of the zone of saturation for 7 or 8 km east and east
southeast of Hot Creek Gorge. The concentration of chloride 
in the zone of saturation decreases from 200 mgll in the Hot 
Creek Gorge area to 50 mgll within 7-8 km. Temperatures in 
springs and wells show a. similar trend (Figure 8) with temper
atures decreasing from 93° to 30°C within the same distance. 
Therefore the best area for mixing calculations should be 
along Hot Creek or Little Hot Creek, areas where water in the 
zone of saturation has not been contaminated. 

GEOTHERMOMETERS 

The qualitative and quantitative chemical geothermometers 
are valid only for hot-water systems. The high chloride content 
(200 mg/l) of the thermal springs in Long Valley indicates that 
they are associated with a hot-water system. Qualitative in
dicators suggested by Ellis [1970], Fournier and Truesdell 
[1970], Mahon [1970], and White [1970] are listed in Table 5. 
Qualitatively, these chemical indicators as well as the water 
temperatures indicate that the hot springs and steam well ncar 
Hot Creek (32E9, 25AS4, and 35ES I) should be associated 
with the hottest part of the geothermal system. 
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Fig. 5. Plots of nO-chloride and blBO-chloride for springs and wells. 
Long Valley, California. 

The chemical compositions of thermal spring or well waters 
can be used to estimate the last temperature at which the 
thermal fluid was in equilibrium with the reservoir rock. How
ever, several of the thermal waters violate basic assumptions, 
discussed by Fournier et at. [1974], which must be fulfilled 
before the quantitative geothermometers can be meaningful. 
Mixing of thermal and fresh water has been demonstrated by 
stable isotope and chloride-temperature relationships. Reac
tion of thermal fluid with country rock has been implied from 
the reaction parameters CI/(HCOa + COal and Na/(CI + 
HCOa + COal. Thus two of the basic assumptions of quan
titative geothermometry, negligible mixing of thermal fluids 
with other waters and negligible water-rock interaction at lower 
temperatures, are violated. Temperatures estimated from the 
concentrations of silica and the cations (sodium, potassium, 
and calcium) are listed in Table 6. The conductive quartz curve 
was utilized for all samples except the new spring in Hot Creek 
Gorge, 25AS4, where the adiabatic curve was used because the 
spring was boiling. The steam-water mixture from the 'steam' 
well (32E9) was condensed without any steam loss, and the 
other springs were not boiling. Springs issuing at temperatures 
below boiling may be mixed waters andlor may have cooled 
by conduction. If the thermal fluids mix with dilute surface 
waters, the silica concentrations will be sharply decreased 
along with the temperature estimate based on the silica con-

TABLE 4. Compositions of Gases Escaping From Thermal Springs 
in Long Valley, California 

Spring 0, + Ar N, CH, CO2 Total 

3S/28 E-13 ES3 1.8 6.3 0.1 92.7 100.9 
3S/28 E-35 ES 1 1.6 10.7 0.0 88.S 101.1 
3S/28E-2SAS4 3.S 8.4 0.3 88.8 101.0 
3S/29E-21 PSI 6.0 6S.1 0.3 37.2 108.6 

Analyst was 1. B. Rapp. Analysis is in volume percent. 
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Fig. 6. I sotopic composition of some of the major thermal areas of the world as compared with that of long Valley, 
California [after Craig, 1963]. Thermal springs are represented by filled symbols, fresh waters by open symbols. Waters 
from long Valley are represented by hexagons, while other thermal areas are represented by circles. 

centrations. However, mixing should affect the cation ratios 
less, and the cation geothermometer should produce an esti
mate nearer the true reservoir temperature. The Na-K geother
mometer should not be used where the (Ca 1f2 )/Na ratio is 
more than I [Fournier and Truesdell, 1973]. The (Ca

1i2
)/Na 

ratio is greater than I for all the samples except the 'steam' well 
(32E9), the new spring (25AS4), and the hot pool (35ES I). The 
geothermometers are meaningless for the hot pool (35ES I) 
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Fig. 7. Areal distribution of chloride in thermal springs and wells, 
long Valley, California. Data from Willey et al. [1974] and Lewis 
[1974]. Chloride concentrations are in milligrams per liter. 

because of evaporation and precipitation of calcite. Loss of 
carbon dioxide from the well and the new spring may have 
resulted in the loss of calcium as calcium carbonate pre
cipitated from the thermal fluid. For these samples, neither 
the Na-K-Ca nor Na-K geothermometer may give an accurate 
estimate of the temperature in the therm:,tl reservoir. 

The Na-K-Ca geothermometer for all the thermal springs 
(Table 6) indicates reservoir temperatures more than 25°C 
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Fig. 8. Areal distribution of temperatures in thermal springs and 
wells, long Valley, California. Data from Willey et al. [1974] and 
Lewis [1974]. Temperatures are 0c. 
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TABLE 5. Qualitative Chemical Indicators of Thermal Reservoir Temperatures 

Sample CI 
§ 

Designation Ca· HCOa* Mg/Cat Na/Cat (HCOa + COal CI/F" 

3S/28E-13ES3 50 735 0.020 14.3 0.47 12.8 
3S/28E-32E9 0.9 450 0.183 754 1.55 12.5 
3S/28E-35 ES I 3.3 466 0.050 200 0.92 12.3 
3S/28E-21 PSI 25 828 0.040 21.6 0.31 17.5 
3S/29E-28HSI 22 845 0.045 31.7 0.35 19.0 
3S/29E-31 ASI 15 516 0.044 36.0 0.56 12.2 
3S/29E-34KS I 23 695 0.086 18.8 0.37 17.5 
3S/28E-25AS4 1.6 580 0.113 432 0.62 12.3 
2S/27E-25AS I 5.1 90 1.910 7.8 0.11 5.9 
3S/29E-13C I 5.3 III 16.0 12.5 0.05 2.8 

* low concentrations of calcium (Ca) and bicarbonate (HCO,) in near-neutral pH waters may indicate 
high temperatures [Ellis, 1970]. 

tlow rati?s of mag!lesium to calcium (Mg/Ca) may indicate high temperatures [White, 1970]. 
~H.lgh ratIOs. of sodIUm to calcium (Na/Ca) may indicate high temperatures [Mahon, 1970]. 
§Hlghest ratIOs of chlOride to total carbonate (CI/(HCO, + CO,)) in waters from the same thermal 

system indicate the highest temperature in the thermal aquifer [Fournier and Truesdell, 1970]. Ratios 
were calculated with the aid of the computer program SOlMNEQ [Kharaka and Barnes, 1973] after 
noncarbonate alkalinity was removed. 

"Highest ratios of chloride to fluoride (CI/F) may indicate high temperatures [Mahon, 1970]. 

above the measured spring temperatures, typical of thermal 
springs which issue mixed water. Calculations based on the 
mixing model of Fournier and Truesdell [1974] and assuming 
temperatures of fresh water from 10° to 17°C with possible 
silica concentrations from 32 to 64 mg/I indicate reservoir 
temperatures between 170° and 200°C for the thermal spring 
on Little Hot Creek. This range of possible reservoir temper
atures is due to the uncertainty of the silica concentration and 
temperature of the cool-water component. Similar calculations 
for the new spring in Hot Creek Gorge, 25AS4, indicate tem
peratures of 200° to 225°C. Mixing calculations on 3lASI 
located south of Hot Creek Gorge indicate a minimum tem
perature of 275°C. However, the chloride-temperature plot 
(Figure 3) may indicate conductive cooling from 76° to 58°C. 
Assuming that the spring temperature would be 76°C if it had 
not lost heat by conductive cooling reduces the estimated 
temperature to 225°C. The estimated reservoir temperature 
would be further reduced for springs in the Hot Creek Gorge 
area if some steam separation had occurred, as is indicated by 
isotope and CIIB data. 

The springs sampled for detailed analysis in the alkali lake 
area discharge waters with a complex history. Isotopic compo-

sitions indicate mixing with a fresh water. Chloride-temper
ature relationships indicate that the waters are mixed and may 
have lost heat by conduction. Mixing calculations using a fresh 
water of lOoC containing 60 mg/I siiica produce an 
unacceptable calculated temperature (500°C). A possible ex
planation is that the thermal spring waters are in metastable 
equilibrium with amorphous silica in the shallow aquifer. All 
three springs have silica concentrations which would be in 
equilibrium with amorphous silica at temperatures 10°-15°C 
above the temperature of the respective spring waters. Cation 
geothermometers for these three springs estimate temperatures 
near 200°C. 

The best estimate of reservoir temperature may be 220°C, 
based on the silica concentration in the condensate from the 
steam well (32E9). Isotopic data and reaction indices indicate 
that the condensate has not been appreciably altered by dilu
tion, vapor loss, or reaction with the country rock. 

Temperatures of 200°-220°C are reasonable minimum tem
peratures for the thermal reservoir based on the chemical 
composition of the hot springs. Higher temperatures are 
possible. On the basis of the silica and Na-K-Ca geothermom
eters, thermal springs in the Broadlands area of New Zealand 

TABLE 6. Estimated Reservoir Temperatures 

Chemical Geothermometers* 
Sample Surface Discharge, 

Designation Temperature, °c I/min Quartz Na-K Na-K-Ca 

3S/28E-13ES3 79 280 143 150 172 
3S/28E-32E9 94 219 201 238 
3S/28E-35 ES I 60 0 209 140 189 
3 S/28E-21 PS I 56 100 196 205 200 
3S/29E-28HS I 49 200 193 192 200 
3S/29E-31 AS I 58 190 161 147 176 
3S/29E-34KSI 41 150 182 169 184 
3S/28E-25AS4 90 400± 153 132 192 
28/27E-25ASI 10 380 109 259 83 
3S/29E-13CI 10 25 114 86 53 

*Basic assumptions of quantitative geothermometry [after Fournier et al., 1974]: (I) temperature 
dependent reactions in the thermal reservoir must control the water composition, (2) equilibrium must 
exist between the fluid in the thermal reservoir and the reservoir rock, (3) minerals which supply the 
constituents used as a basis for the geothermometers must occur in the reservoir rock, (4) negligible 
re-equilibrium must exist at lower temperatures, and (5) negligible mixing with other waters must occur 
as the thermal fluid rises to the surface. 
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should have been associated with a reservoir at a temperature 
of at least 220°C. Wells drilled near the springs intersect 
aquifers containing nuid up to 285°C [Mahon and Finlayson, 

1972]. 

SUMMARY 

The chloride concentrations, spring temperatures, and iso
topic compositions indicate mixing of thermal and fresh wa
ters in the Long Valley geothermal area. Some spring temper
atures may be modified by conductive cooling. The thermal 
spring waters have chemical compositions which indicate a 
hot-water system si milar to the New Zealand geothermal 
fields. The minimum estimated temperature of the thermal 
reservoir is 200°C, based on the silica and cation 

concentrations. 
Thermal springs between Hot Creek and Lake Crowley have 

a different history than the springs along Hot Creek or Little 
Hot Creek. Possibly part of the thermal nuid rising along Hot 
Creek enters a shallow aquifer which feeds the springs and 
wells between Hot Creek and Lake Crowley. Some additional 
thermal fluid from the deep reservoir may enter the shallow 
aquifer near Big Alkali Lake. Conductive cooling of mixed 
thermal and fresh water in this shallow aquifer may control the 
spring temperature more than simple mixing. Therefore the 
main thermal reservoir is more directly associated with the 
thermal springs along Hot Creek and Little Hot Creek. Mixing 
may also have altered the chemical composition of these 
springs. Springs in the Hot Creek Gorge area may have been 
slightly concentrated by some vapor loss during near-surface 

boiling. 
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Audiomagnetotelluric Sounding as a Reconnaissance Exploration Technique 
in Long Valley, California 

D. B. HOOVER, F. C. FRISCIlKNECIlT, AND C. L. TII'I'FNS 

U.S. Geological Survey, Deliver, Colorado 80225 

An aU,dio.magnetotelluric (AMT) sounding system developed by the U.S. Geological Survey appears to 
be an efleclive technique for reconnaissance exploratIOn to detect shallow resistivity anomalies associated 
with geothermal reservoirs. The equipment operates within the frequency range of 8-18,600 Hz by using 
nine loganthmlcally spaced narrow band filters. The technique has been evaluated in ,Long Valley, 
Cahforl1la, where the results from dc resistivity and time domain electromagnetic surveys J.,ere available 
for contro!. The AMT method outlines two linear zones of low resistivity that correlate well with known 
hot springs in the area. Generally, good agreement was obtained with the results of other electrical 
methods. 

INTRODUCTION 

The audiomagnetotelluric method (AMT) has recently been 
used by the U.S. Geological Survey as a reconnaissance tech
nique for the evaluation of potential geothermal areas. Initial 
testing of the technique, using newly developed equipment, 
was done in the Long Valley caldera, where extensive geother
mal studies by the Geological Survey were in progress. The 
results of those studies are reported in the other 12 companion 
papers in this special issue and provide a unique opportunity 
for evaluation of this relatively new electromagnetic technique. 
Of particular importance in evaluating the AMT method was 
the work of Bailey et al. [1976]and that of Stanley et ai, [1976]. 

Because the AMT method is an inductive electromagnetic 
technique, it emphasizes conductive bodies such as are com
monly associated with the hot waters and alteration zones of 
geothermal reservoirs. Although large errors in depth estima· 
tion can occur due to very poor resolution of intermediate 
high-resistivity beds, in reconnaissance work it is usually suf
ficient to verify the existence of conductive anomalies, measure 
their approximate values, and gain some idea of their lateral 
extent. These tasks can be carried out rather easily by using 
AMT techniques for conductors relatively near the surface. 
The depth of exploration is quite variable depending on .the 
geoelectric section but typically ranges from 200 to as much as 
2000 m. 

Because commercial equipment was unavailable for pur
chase, the results reported here were obtained from equipment 
and field techniques developed by the authors. We consider 
these methods and techniques only preliminary, and modifica
tions to both equipment and field methods are continuing as 
more experience is gained. 

THEORETICAL BASIS FOR AMT METHOD 

The magnetotelluric method is one of three exploration 
techniques which use naturally occurring electromagnetic 
fields. The more familiar telluric and Afmag (audiofrequency 
magnetics) methods are the others, and all three suffer from 
being dependent upon the vagaries in the natural fields, as all 
who have worked with these methods know. In our work, 
selected narrow frequency bands were employed in the range 
from 8 to 18,600 Hz, and the technique is accordingly called 
audiomagnetotelluric (AMT) exploration. An excellent dis
cussion of the method as applied to mineral exploration IS 
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given by Strangway et al. [1973]. The interested reader will find 
a more thorough discussion of the theory and nature of the 
source fields in their paper and in its listed references. 

Electromagnetic fields penetrate into the earth to depths 
which vary depending on the earth cond uctivity and the fre
q uency of the signals. The skin depth a is a measure of this 
penetration-.and an approximate measure of the depth of ex
ploration by the AMT method. It is given by (I) for a homo
geneous earth: 

(I) 

where p is resistivity, f.l. is permeability, and w is the angular 
frequency 211' f. 

Using our system, then, over a 100-llm earth, we measured 
the resistivity from the surface to a depth of about 37 m at 
18,600 Hz and to about 1800 m at 8 Hz. One should also 
remember that as the depth of exploration increases at the 
lower frequencies, so too does the lateral extent of exploration 
increase. 

In employing the AMT method a usual assumption is that 
the electromagnetic energy propagates as a plane wave nearly 
vertically downward into the earth. For practical purposes this 
condition is met when the energy source is removed several 
wavelengths from the point of measurement and when dis
placement curren'ts in the earth can be neglected. 

Associated with this downward propagating plane wave are 
mutually orthogonal horizontal magnetic and electric fields. In 
the case of a homogeneous or horizontally stratified earth the 
electric field in the earth is radial, and the magnetic field is 
tangential to the source. Under these conditions the apparent 
resistivity of the earth is a function of these horizontal fields 
and the frequency and is given by the following equation 
[Cagniard, 1953]: 

(2) 

where f is frequency in hertz, E is electric field in microvolts 
per meter, H is magnetic field in gammas, and Pa is apparent 
resistivity in ohm meters. 

Because the skin depth and apparent resistivity are both 
functions of frequency, one can determine the variation of 
resistivity with depth by surface measurements of the electric 
and magnetic fields as a function of frequency. Thus in mea
suring apparent resistivity as a function of frequency, a sound
ing is made in much the same way as a dc geometric sounding 
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[Keller and Frischknecht, 1966] but without the bother of ex
panding an electrode array. 

The principal source of natural electrical energy in the AMT 
range of frequencies is worldwide lightning storms, partic
ularly in tropical regions, which account for the pre
ponderance of the energy. Bleil [1964], Ward [1967], and 
Strangway et al. [1973] discuss in detail the temporal and 
spatial variations of these storm-stimulated signals. Briefly, 
these variations principally affect the method by restricting 
operations to good signal periods and by introducing scatter in 
the data. I n regard to the temporal variations the energy is 
weakest during winter months, when storm activity is reduced. 
We have operated as late as October but noticed a decided 
decrease in energy toward the end of the month, particularly in 
the higher frequencies. Also the energy, particularly in the 
higher frequencies, tends'to increase in the afternoon as thun
derstorm activity comes closer to the recording site [Strangway 

et al., 1973]. 
The presence of two or more major storm centers supplying 

energy during a given recording period will cause some data 
scatter and non repeatability of data, particularly where lateral 
inhomogeneities exist. The response of two- and three-dimen
sional structures varies with the orientation of the source fields 
and the sensor array orientation [Strangway et al., 1973]. Thus 
data scatter is due to the varying source locations during a 
given recording period, and nonrepeatability is due to dis
tinctly differing source locations at different recording times. 
While these problems preclude very precise analysis of the data 
in terms of a layered structure, they clearly emphasize that the 
earth usually does not fit the simple horizontally stratified 
model that we often assume. 

Propagation in the earth-ionosphere wave guide produces 
spectral characteristics which impose other restrictions on the 
method. In the low-fr.equency range, wave guide resonances 
produce energy peaks at discrete frequencies. These are the 
Schumann resonances, the lowest frequency being at about 8 
Hz. Above this frequency the energy wave guide has a strong 
absorption band which severely limits data acquisition in the 
2000-Hz range. 

Within the AMT frequency band, manmade signals are also 
present. Most troublesome are the fields from power lines at 
both the fundamental and many of the harmonics. The 
large amount of energy at these discrete frequencies constitutes 
a difficult noise problem in most cases, as the source generally 
cannot be assumed to be distant enough to produce a plane 
wave. 

In the higher A MT frequency range, VLF radio signals are 
present and may be employed. In our system we used stations 
at 10,200 Hz and 18,600 Hz as a matter of convenience. 
During the rare periods when these stations were not trans
mitting, there was sufficient natural energy for operations. 

INTERPRETATION OF DATA 

Where horizontal layering can safely be assumed, inter
pretation of data is similar to that of conventional resistivity 
interpretation techniques such as curve matching. For any 
postulated layered structure one can compute the cor
responding sounding curve; thus matches to sounding 
curves may be made. The problem of intermediate high-resis
tivity layers being masked, however, seriously limits accurate 
depth interpretation and is discussed in detail by Strangway et 
al. [1973] and Strangway and Vozojf[I970]. As they point out, 
an intermediate high-resistivity layer must be 2-3 times as 
thick as the upper layer in order to be seen. In the present 

system the limited definition of the sounding curves also is a 
hindrance to interpretation. This limited definition is due, in 
part, to weak signal conditions near 2000 Hz, this situation 
being particularly bad during the winter months. In addition, 
with eight points typically defining the sounding over more 
than 3 decades, much detail is lost. 

In mining and geothermal exploration, two- and three-di
mensional structures are much more prevalent than are simple 
layered ones. Interpretation methods for this situation are 
severely limitcd, and most often simple anomaly maps are 
used as a basis for qualitative interpretation. We have chosen 
the anomaly map method to present our data. Some theo
retical solutions for simple two-dimensional structures have 
been presented [Strang way et al., 1973; Strangway and Vozoff, 
1970; Vozoff, 1972; Madden and Swift, 1969], and limited 
three-dimensional data are available from model studies of 
Frischknecht [1973]. These studies permit some generalizations 
that are useful when AMT anomaly maps or sounding curves 
are examined. 

For two-dimensional structures the most definitive measure
ments are made with the electric field oriented parallel and 
perpendicular to the strike of the structure. In general, 'E 
perpendicular' measurements will define the boundaries very 
sharply, but the measured values near the boundaries will 
exhibit overshoot and undershoot. These edge effects can. re
sult in measured apparent resistivities both higher and lower 
than the actual resistivities present in the section. Near-surface 
conductive layers, however, tend to suppress the overshoot. In 
the case of 'E parallel' measurements across a structure, the 
resistivity values will vary smoothly without edge effects but 
will only poorly define the boundaries. A common situation 
would involve an area in which approximately vertical con
ductive fault zones are present. In this case, if one were not 
within a fault zone, the E parallel measurements would be 
lower, and the E perpendicular measurements higher than the 
background resistivities of the area; if one were within a fault 
zone, just the opposite would tend to result with respect to the 
actual resistivities in the fault zone. 

In a broad sense these same generalizations apply to three
dimensional structures. Thus measurements with the telluric 
line oriented perpendicular to the boundary are more defini
tive of that boundary than E parallel measurements. From 
these results one can conclude that spherical bodies will not 
give circular anomaly maps, as is evident from Frischknecht's 
[1973] data. 

EQUIPMENT 

Commercial AMT equipment is not yet available for pur
chase, so the equipment used was designed and fabricated by 
the U.S. Geological Survey. It is similar to that recently de
scribed by Strangway et al. (1973] except that we have pro
vided a means of preserving phase information as well. Figure 
I is a block diagram of our instrumentation. To measure the 
horizontal electric field, two steel stakes, generally separated 
by 100 m, are used as electrodes. The voltage difference be
tween the electrodes is amplified and prefiltered by using RC 
(resistance-capacitance) band-pass filters so as to prevent 
strong local noise sources from overdriving the first stages 
generating spurious signals. Narrow band active notch filters 
are used to remove 60- and 180-Hz power line signals, which 
are very strong when work is being done in the vicinity of 
power lines. The signals then enter a universal active filter 
connected in a high-Q band-pass configuration. Approxi
mately constant, Q is maintained at all filter settings, the 
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Fig. I. Block diagram of the U.S. Geological Survey audiomagnetotelluric system. 

6-dB bandwidth at 8 Hz being 0.3 Hz. To define a sounding 
curve, nine selected frequencies are used, these being spaced 
roughly logarithmically throughout the band but selected so as 
to avoid the midband harmonics of 60 Hz. At present, our 
operating frequencies are 8, 26, 86, 270, 700, 2000, 7000, 
10,200 and 18,600 Hz. The output of the narrow band filter is 
rectified, integrated, and displayed on a strip chart recorder to 
show the envelope of the received energy. 

An induction pickup is used for the horizontal magnetic 
field sensor and consists of a ferrite core upon which are 
wound many thousands of turns of wire. In order to span the 
broad range of frequencies we found it necessary to use two 
separate coils. One covers the frequency range from 8 to 700 
Hz and the other covers from 2,000 to 18,600 Hz. The coils 
weigh 5.3 and 6.1 kg, respectively'. The sensitivity of the large 
coil is 0.1 f.l V 1m), at 8 Hz. An integral part of each sensor is a 
low-noise preamplifier which feeds the magnetic field signal to 
a second channel nearly identical to that described for record
ing the electric field. 

Phase information is preserved by means of a phase-locked 
loop and synchronous detectors as shown in Figure I. The 
usefulness of the phase information is still being evaluated, so 
it will not be discussed further here. 

FIELD OPERATIONS 

The strip chart recorder and high-gain selective filters were 
operated from the back of a carryall van. The power was 
supplied by an inverter connected to the truck battery. The coil 
and common electrode of the electric line were located 30 m 
from the truck to avoid electrical noise in the vicinity of the 
truck. Signals are brought to the truck over coaxial cable. 

The electric line is laid out in either an east-west or north
south direction, and the coil placed at the right angle to the 
line. System gains are adjusted so as to give 20 to 40-mm chart 

deflection of peak energy bursts on each channel. The ampli
tudes of corresponding electric and magnetic signals are mea
sured, and their ratios are computed for a sufficient number of 
signals to obtain a reliable average ratio. The Cagniard resis
tivity [Cagniard, 1953] is then computed by using system gain 
values and (2). 

Data are computed and plotted in the field while recording 
is under way. A sounding is obtained by switching through the 
various frequencies. The electric dipole and coil are then ro
tated 90°, and a second sounding is made and plotted. This 
permits the operators to correct any obvious errors and to 
check any data points that appear aberrant. The second 
sounding also provides information on lateral variations in 
conductivity or anisotropy of the earth. 

Soundings were carried out by two persons, one acting as 
observer and the other acting as computer. Typical production 
was eight soundings (four stations) per day. Most of the time is 
spent waiting for a sufficient number of strong signals so as to 
provide a good statistical sample for the EI H ratio. Our expe
rience has shown that the 8-Hz signals are often insufficient to 
provide strong samples; 700-Hz signals tend to be variable in 
strength, 2000-Hz signals are virtually nonexistent, and at 7000 
Hz and greater the signals provide very good samples. 

Figure 2 shows the locations of the 25 sounding stations 
used in this survey as well as the major faults and hot springs 
in the area, as adapted from Bailey et al. [1976]. Inasmuch as 
the AMT technique is being used for reconnaissance explor
ation, the object was to define the major conductive anomalies 
and not to detail them precisely. No attempt will be made here 
to review the geological setting or other pertinent geophysical 
data, as these are given in accompanying papers. The results 
reported here were obtained by two persons during I week of 
field work in June 1973. 

Typical sounding curves are shown in Figures 3 and 4, 
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Fig. 2. AMT station location map, Long Valley, California. 
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which give data from stations I, 14, and 16. Soundings for 
station I (Figure 3) show the typical reproducibility of the two 
soundings in which lateral effects are not pronounced. The 
soundings are plotted on a logarithmic base with frequencies 
increasing to the left. Although this is contrary to conventional 

presentation, it produces a sounding similar in appearance to 
Schlumberger sounding curves, thus providing easier reference 
to the work of Stanley et al. [1976]. 

Stations 14 and 16 are beside two hot springs associated 
with approximately north-trending faults, as shown in Figure 
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Fig. 4. Long Valley AMT soundings at station 16. Crosses represent telluric line going east-west, and circles represent 
telluric line going north-south. 

2. These soundings (Figure 4) show very clearly the effect of 
lateral resistivity variations, the north-south (E parallel) orien
tation' of the telluric line giving significantly lower apparent 
resistivities. At station 14, which was about 100 m west of the 
fault, the data begin to diverge significantly, showing the in
fluence of the fault when the skin depth is greater than the 
offset. This type of behavior is to be expected outside of the 
conductive zone. The variation in apparent resistivity with 
orientation is not as great at station 16. Although this could be 
due to the relative orientation of the fault, these less 
pronounced variations at 16 are probably associated with less 
intensive alteration of the rocks, as the activity of the hot 
springs is considerably less there than at station 14. 

Strangway and VozoJ! [1970] note that in practice many 
more lateral variations are noted in this type of data than one 
might expect. This is quite evident in the Long Valley data, 
and, in fact, the north-south orientation of the telluric sensor 
usually, but not always, gives the lower resistivity values. This 
would be expected in Long Valley, where the predominant 
faulting is north to northwest trending and is of minor width; 
thus measurements would generally be made near but outside 
of the narrow conductive zones. 

Because it is an inductive technique, the AMT method is 
excellent for locating conductors because it tends to 'look 
through' high-resistivity materials, and this is one of the prin
cipal reasons we are employing it in our geothermal program. 
However, its depth resolution is often poor, as was pointed 
out earlier. Because of both this problem and the evidence 
for lateral variations in the soundings themselves, interpreta
tion in terms of horizontally layered structures was not at
tempted. Instead, the data presentation was limited to a set of 
anomaly maps at each frequency and some pseudosections. 

Figure 5 is a map of apparent resistivity at 8 Hz. Where 
differences in apparent resistivity were obtained for the two 
sensor orientations, an average of the two values was used. 
Contouring of the data is logarithmic with four intervals per 
decade. This map represents information obtained at greatest 
depth in our survey, but the reader is cautioned not to think of 
the measurements as representing resistivity at a fixed depth 
across the map. 

Despite the low station density, Figure 5 shows an anomaly 
pattern remarkably similar to the total-field resistivity anom
aly of Stanley et al. [1976, Figure 6]. A small low, under 10 
nm, is seen just south of the Cashbaugh Ranch, enclosed 
within a broader, V-shaped low under 100 nm. This V-shaped 
low encloses most of the hot springs in the caldera from Casa 
Diablo on the west and Whitmore Hot Springs on the east, to 
the head of Little Hot Creek in the northwest. In terms of 
reconnaissance, surveying the high-conductivity region has 
been adequately defined. 

On the southern border of the caldera the 8-Hz map shows 
steep resistivity gradients as the Sierra front is approached. 
Resistivities of several thousand ohm meters are associated 
with the Sierra batholith and Paleozoic metasediments present 
in a nearby roof pendent. Intermediate resistivity values within 
the caldera are associated with volcanic fill, where there has 
evidently been little hydrothermal activity. 

The total-field map of Stanley et al. [1976, Figure 6] shows a 
broader resistivity low in the vicinity of the Cashbaugh Ranch 
than is indicated by Figure 5. This discrepancy is due in part to 
the contour interval chosen and also to the differences in depth 
of exploration obtained with the two techniques. A 50-nm 
contour at 8 Hz would have included all of the anomalous area 
outlined by Stanley et al. near the Cashbaugh Ranch. Evidence 
to be discussed later indicates that the northern part of this 
conductive zone is slightly deeper than the rest of the zone and 
thus does not appear as prominently in Figure 5. Deepening of 
this zone is more clearly seen in the pseudosections across the 
anomaly (Figures 9 and 10). 

At 26 Hz the signals are sufficiently strong, and so quite 
reliable data are obtained for both east-west and north-south 
orientations of the telluric line. To show the differences pro
duced by lateral inhomogeneities, two maps have been pre
pared (Figures 6 and 7), one for each orientation. The two 
maps are generally similar to the 8-Hz map, showing the same 
V -shaped low centered on the hot springs and the steep resis
tivity gradient on the south. Either of the two maps adequately 
defines the anomalous area. 

One major difference between the two maps lies in the 
significantly lower resistivity values associated with the north-
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The 8-Hz apparent resistivity map, Long Valley, California. Values are in ohm meters; contours are dashed where 
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south telluric line orientation in the region of the anomaly. 
These lower values are believed to reflect the predominant 
north to northwest fault trend within the caldera, as was 
explained in the discussion of soundings at stations 14 and 16. 
Other differences between these two maps also are the result of 
lateral resistivity variations, but the low station density makes 
specific explanation or description of these variations impos
sible. 

Mapped data at the higher frequencies continue to show the 
same general trends as the maps previously presented but with 
a smaller change in apparent resistivity across the map. Figure 
8, the apparent resistivity at 7000 Hz, shows the near-surface 
resistivity variations in a general way. Although at the high 
frequency the volume of rock sampled at each station is quite 
small in comparison to the station spacing, the correlation of 
resistivity data with surface geology is quite good. The resis
tivity low now appears as a broad trough from Casa Diablo 
Hot Springs to the head of Lake Crowley. This is interpreted 
as the zone of most pervasive near-surface alteration and the 
region in which the saline hot spring waters discharge at the 
surface. The resistivities associated with the Sierra front are 
lower than those noted in the deeper data, showing the effect 
of weathering. On the 7000-Hz map the resurgent dome to the 
north of Casa Diablo has the highest resistivities in the 
mapped area; these resistivities do not differ much from values 
obtained at the lower frequencies. Rocks near the surface of 
the dome are young volcanics which have undergone little 
weathering. 

In magnetotelluric work, electrical cross sections are often 
used as interpretational aids. These are called pseudosections 

Approximate 
boundary 
of caldera 

and are usually plotted with frequency decreasing downward 
on a logarithmic scale. An obvious disadvantage of this type of 
pseudosection is the distorted idea of depth of exploration that 
is gives in areas where large changes in resistivity exist. We 
prefer a pseudosection plotted in terms of skin depth, which 
gives a better idea of the variation in exploration depth in 
complex areas. Figures 9 and 10 show skin depth pseudosec
tions on a line oriented approximately north-south through 
Whitmore Hot Springs. Figure 9 was plotted for an east-west 
orientation of the telluric line. The major conductor is evi
dent near Whitmore Hot Springs between stations 14 and 
6 but continues somewhat deeper to the north under the Cash
baugh Ranch area. It is interesting to compare this figure with 
the total-field map which shows that the major low along the 
AMT line extends from station 31 to midpoint between sta
tions 2 and 15. Figure 9 also shows clearly the large variation 
in exploration depth. 

SUMMARY 

The described AMT technique was developed for use as a 
reconnaissance geothermal exploration tool to search for con
ductive anomalies associated with hot saline waters and re
lated altered rock. The exploration philosophy is that a survey 
using a relatively inexpensive technique such as AMT would 
be followed by a more definitive electrical surveying program 
in promising areas. Long Valley was used as a test area for the 
technique because of the extensive supporting studies. 

The correlation of AMT results with other detailed electrical 
work in Long Valley is considered very good and provides 
evidence for the effectiveness of the technique. In fact, if the 
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Fig. 7. The 26-Hz apparent resistivity map, Long Valley, California (electric line north-south). Values are in ohm meters; 
contours are dashed where they are approximate. 
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in Figure 2. Values are in ohm meters. 

AMT survey had been used to pinpoint an area for an in
tensive exploration program, the area selected would not have 
differed significantly from that identified by the more detailed 
surveys. The 2 man weeks of work involved in the field survey 
and the good correlation obtained with conventional tech
niques clearly demonstrate the effectiveness of AMT for recon
naissance exploration. 

In terms of the geothermal potential of Long Valley the hot 
waters and associated alteration zones in near-surface mate
rials appear from the geological and electrical data to be 
restricted to a V-shaped area extending from Casa Diablo, east 
to Whitmore Hot Springs, and then northwest to the head of 
Little Hot Creek. Within this region the thermal waters are 
concentrated along the fault zones, which act as channels 
along which hot water leaks from a poorly defined reservoir 
at depth. The AMT data thus imply that shallow exploration 
should be confined to faults within the V -shaped region en
compassing the known hot springs. 
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Deep Electrical Investigations in the Long Valley Geothermal Area', California 
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Direct current resistivity and time domain electromagnetic techniques were used to study the electrical 
structure of the Long Valley geothermal area. A resistivity map was compiled from 375 total field resis
tivity measurements. Two significant zones of low resistivity were detected, one near Cas a Diablo Hot 
Springs and one surrounding the Cashbaugh Ranch-Whitmore Hot Springs area. These anomalies and 
other parts of the caldera were investigated in detail with 49 Schlumberger dc soundings and 13 transient 
electromagnetic soundings. An extensive conductive zone of 1- to IO-flm resistivity was found to be the 
cause of the total field resistivity lows. Drill hole information indicates that the shallow parts of the 
conducti've zone in the eastern part of the caldera contain water of only 73°C and consist of highly zeoli
tized tuffs and ashes in the places that were tested. A deeper zone near Whitmore Hot Springs is somewhat 
more promising in potential for hot water, but owing to the extensive alteration prevalent in the caldera 
the presence of hot water cannot be definitely assumed. The resistivity results indicate that most of the 
past hydrothermal activity, and probably most of the present activity, is controlled by fracture systems 
related to regional Sierran faulting. 

INTRODUCTION 

Geological, hydrological, geochemical, and geophysical 
studies have been completed in the Long Valley geothermal 
area and are reported in this special issue. This paper describes 
the results of electrical geophysical studies using dc resistivity 
and time domain electromagnetic methods. The goals for this 
electrical geophysical study were (1) to provide additional 
information on the geology and the structure of the Long 
Valley caldera, (2) to outline conductivity anomalies possibly 
caused by thermal effects, (3) to aid in test hole siting, and (4) 
to evaluate the overall hydrothermal potential of the caldera 

hot-water system. 
Both dc llnd electromagnetic methods have been used exten

sively in geothermal areas [Duprat, 1970; Meidav, 1970; Cheng, 
1970; Zohdy et al., 1973; Stanley et al., 1973; Jackson, 1973; 
Risk et al., 1970]. Depending upon the geologic environment, 
rock resistivities in a hydrothermal system may be decreased 
by several orders of magnitude because of a combination of 

factors: 
I. Increased temperature causes lowered resistivities be-

cause of increased ionic mobility. 
2. Increased temperature generally causes more dissolved 

solids to occur in the rock fluids, lower resistivities resulting 
because of increased ionic concentrations. 

3. Hydrothermal alteration, mainly the formation of clays 
and zeolites, provides higher ionic exchange capabilities. 

4. Solution activity generally increases porosity and per
meability in consolidated rocks, the rock resistivities thus 
being decreased. However, at the upper boundaries of a con
vecting system, precipitation of silicates and other dissolved 
solids may result in large thicknesses of an impermeable pre

cipitate of high resistivity. 
Steam phase zones or mixed phase zones may depart from 

the general rule of lowered resistivities in a hydrothermal 

system. 

SURVEY METHODS 

Total field resistivity measurements. In order to compile a 
resistivity map of the caldera representing rock resistivity 
down to 1-2 km, bipole-dipole mapping techniques [Zohdy, 
1973] were used. I n this application a long (3-5 km) grounded 

Copyright © 1976 by the American Geophysical Union. 

wire was used to transmit a square wave with frequencies from 
0.035 to 0.14 Hz and amplitudes of up to 50 A at 600-800 V. 
The electric field was measured by using two quasi-orthogonal 
measurement dipoles at dipole stations surrounding the bi
pole, bipole center to dipole center separations of up to 16 km 
being used. The electric field E along one dipole is the potential 
difference divided by the dipole length. The bipole-dipole ar
ray used for these studies is illustrated in Figure I. The current 
bipole is shown as AB, and the measurement dipoles as MN 
and MN'. In addition, measurement may be made along NN'. 
The total electric field E is resolved from the measured com
ponents as shown in the polar plot in the upper right portion 
of the figure. A measure of the accuracy of the total electric 
field determination is provided by the size of the triangle which 
is formed by the projection of the three components. The 
measurement of three components instead of two is partic
ularly useful when one of the two normally measured com
ponents is very small or the sign and angle between the two 
components means that neither component is nearly as large 
as the total field, a situation conducive to large errors in 

computation. 
The simple total field resistivity [Zohdy, 1973] is determined 

from the equation 

where I E\ is the magnitude of the total electric field, I is the 
input current, and K"" is the geometric factor defined by 

K" 

where Eo is the electric field magnitude which would be mea
sured over a homogeneous half space of resistivity Po with an 
input current of I and x, y, L, A 0, and BO are as indicated in 

Figure I. 
Direct current soundings. Direct current vertical electrical 

soundings (VES) were made by using the Schlumberger array 
[Keller and Frischknecht, 1966]. Apparent resistivities for the 
Schlumberger array Ps are computed from 
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where AB is the distance between current electrodes, MN is the 
distance between the potential electrodes, VMN is the potential 
difference between the potential measuring electrodes, and I is 
the input current. 

Time domain electromagnetic soundings. Time domain 
electromagnetic soundings [Vanyan, 1966; Jacobson, 1969] 
were made by measuring the derivative of the transient vertical 
magnetic field Hz caused by the current transition at the square 
wave input to the long grounded wire used for bipole-dipole 
mapping. This technique essentially measures the response of 
the earth to a step input. If a layered earth is assumed, infor
mation about layer thicknesses and resistivities can be ob
tained from the transient response. The vertical component of 
the transient magnetic field and the parallel component of the 
electric field are the most diagnostic measures of the layering 
parameters; however, because of induced polarization effects 
the electrical field measurement is less suitable than the mag
netic field measurement for this type of sounding. Information 
about deep layers is contained mainly in the late time portion 
of the transient magnetic field, whereas information about the 
shallow layers is exhibited at early times. We denote the tran-

o 5 MILES 

I ',,' 'I I 
o 5 KILOMETRES 

Fig. 2. Total field resistivit~ maps for bipole 2,3, and 4 data. The contours for bipole 3 data have been displaced to the 
s?uthwest for ease of presentatIOn. The bo~d lines at the eastern margin of the bipole 4 map and at the western edge of the 
blpole 2 map (that define the area of the blpole 3 survey) have been reproduced on the displaced bipole 3 map to show its 
relationship to the other maps. Receiver stations for bipoles 2, 3, and 4 are denoted by open circles solid circles and solid 
triangles, respectively. ' , 
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sient measurements described in this paper as transient mag
netic soundings (TM S). 

Instrumentation. The transmitter used for the bipole-di
pole and TMS measurements is a square wave generator ca
pable of an output of 80 A at 0.001-400 Hz. The square wave 
rise time for 3-5 km of #8 single conductor cable with a ground 
point resistance of 100 n is less than I ms, making it ideal for 
time domain electromagnetic soundings. A crystal oscillator 
controlling the transmitter can be synchronized with an identi
cal oscillator in a receiver unit to provide a phase reference at 
the point of measurement. This phase reference was not used 
in synchronous detection as originally intended because a suit
able detector had not been completed at the time of the survey. 
The phase reference was used, however, to determine the sign 
of the received wave form for electric field measurements and 
to determine time of switching for the TMS measurements. 

All recording of electric fields for the bipole-dipole mapping 
and Schlumberger measurements was done by using strip chart 
recorders. Receiver dipoles were usually either 30 m or 150 m 
in length. The sensor for the TMS consisted of a 39-turn air 
core loop with an effective area of 256,000-m2 turns; this loop 
was used to measure the derivative of the vertical component 
of the transient magnetic field. The voltages from the loop 
were amplified and recorded on a strip chart recorder after 
being passed through a notch filter for 6O-Hz rejection. 

o 
I " 
o 

Fig. 3. Total field resistivity map for bipole 

DATA PROCESSING 

Sounding data. The Schlumberger resistivity sounding data 
obtained in the field were adjusted to compensate for offsets 
caused by potential electrode spacing changes [Kunetz, 1966) 
and were smoothed to remove small cusps caused by near
surface lateral inhomogeneities [Zohdy, 1975). The adjusted 
and smoothed curves were then digitized at six points per log 
cycle and processed by an automatic inversion program 
[Zohdy, 1974c, 1975). The automatic program typically pro
vides an interpretative solution of the field data consisting of 
seven to ten layers. Dar Zarrouk curves [Zohdy, 19740) were 
then used to produce geoelectriC~lly equivalent solutions that 
contained fewer layers and were correlated with nearby sound
ings. The final layering interpretations were checked by gener
ating theoretical sounding curves [Zohdy, 1974b) for com
parison with the field data. 

Strip chart recordings of the TMS data were digitized, in 
terms of a time sequence of voltages, and an inverse filter was 
applied [Brigham et 01., 1968) to correct for recording system 
response. The resulting curves, plotted on log-log paper, were 
then compared with theoretical curves for a layered earth 
computed by using dipolar source programs developed by 
Anderson [1973] and also with curves for a finite source devel
oped recently by W. L. Anderson (personal communication, 
1974). 

\ 

" 

5 MILES , 
5 KILOMETRES 

data. Receiver stations are denoted by open circles. 
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Fig. 4. Composite total field resistivity map for Long Valley caldera compiled by using data from bipoles 2, 3, and 4. 

Bipole-dipole data. The total field resistivity data were 
processed in the field by using a program able calculator, fur
ther processing upon return from the field other than recheck
ing of values thus being unnecessary. The data obtained for 
each bipole installation were contoured for presentation in 
map form. Four separate apparent resistivity maps were com
piled by using data from the four bipole installations. The 
maps for bipoles 2, 3, and 4 are shown in Figure 2, and the 
map for bipole I is shown in Figure 3. In order to compare the 
resistivity results with geology and other geophysical maps it 
was necessary to combine the four apparent resistivity maps 
into a single map. In considering the best method of doing this 
we were faced with the fact that the measured apparent resis
tivities about a given bipole source are a function not only of 
the resistivities of the geologic units in the area of the measure
ment but also of (1) the separation of dipole receiver and 
bipole transmitter, (2) the azimuth from bipole source to di
pole receiver, and (3) the orientation of structures with respect 
to the source. Fortunately, in most geothermal areas, contrasts 
and physical dimensions are such that anomalies of interest are 
generally evident for a wide range of polarization directions 
and bipole-dipole separations (see, for instance, Risk et 01. 
[1970] and Stanley et 01. [1973]). This seemed to be true in Long 
Valley; for example, comparison of the maps for bipole 2 and 

bipole 3 reveals that the resistivity low near bipole 3 on that 
map shows up clearly on the bipole 2 map also. Comparison of 
the maps for bipole I (Figure 3) and bipole 2 (Figure 2), 
however (the bipole I stations are a subset of bipole 2 sta
tions), indicates that the resistivity low near the bipole 2 site 
appears quite different on the two maps. This difference is 
caused by the fact that bipole 2 was inside the resistivity low, 
but bipo:e I was outside. Our electrical sounding 
interpretations show that the apparent resistivities from the 
bipole 2 source represent the true resistivities in the anomalous 
region more accurately. For this reason and because we cov
ered most of t.he caldera using bipole 2, we elected to use only 
bipole 2, 3, and 4 data in compiling a composite map. 

A synthesis of the three maps was achieved by using bipole 3 
data in areas where data were not available from bipole 2 or 
bipole 4 and values from the latter bipoles in all other areas. 
The composite map (Figure 4) is the result of contouring the 
data values selected according to this scheme. 

INTERPRETATION OF GEOPHYSICAL DATA 

Total field resistivity map. The composite resistivity map 
shown in Figure 4 includes the locations of faults (modified 
from Bailey et 01. [1976]) and thermal features in Long Valley, 
while Figure 5 provides an outcrop geology base [from Bailey 
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Fig. 5. Generalized geology of Long Valley caldera [after Bailey et al., 1976]. Resistivity contours from this article are 
superimposed on the geology. 

et al., 1976] for the resistivity map. The character of the total 
field map reveals the basic complexity of the volcanic units and 
hydrothermal alteration patterns within the caldera. The edge 
of the caldera appears to be well defined on the west, north, 
and east sides of the resistivity map, but on the south side the 
caldera boundary is not as well defined. This is probably 
caused by the fact that the south side of the caldera is bounded 
by a roof pendant of metasedimentary rocks, which are less 
resistive than the granodiorites that bound the structure on the 
other three sides. 

The large volcanic centers in the resurgent dome [Bailey el 

al., 1976] are outlined on the resistivity map by the complex of 
high resistivities north of Casa Diablo Hot Springs. The east
ern half of the caldera is covered with unconsolidated sedi
ments and is somewhat lower in resistivity than the western 
half. There are two major regions of low resistivities. The first 
of these is centered about the Cashbaugh Ranch area, and the 
second is in the region south of Casa Diablo Hot Springs. 

The Cashbaugh Ranch anomaly is defined by the region 
with resistivities of less than 40 12m; however, apparent resis
tivities as low as 2 gm were measured. The anomalous region 
is bounded on the west by the indicated apparent structural 
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Fig. 6. Aeromagnetic map modified from Pakiser et al. [1964]. The map was compiled from data obtained at a flight 
elevation of 2.7 km. 

trend, which is also evident on the aeromagnetic maps (Figures 
6 and 7) and gravity map [Kane el al., 1976]. On the north the 
resistivity anomaly appears to be truncated 2-3 km from the 
Cashbaugh Ranch. On the east the anomaly is truncated rela
tively sharply along a north-south line, and the extension of 
the anomaly southward into the Hilton Creek fault zone is 
evident. In addition to the main anomaly, there is a spur 
branching northeast from near the intersection of the Hilton 
Creek fault and the south caldera margin toward the north end 
of Lake Crowley. The lowest apparent resistivities were meas
ured in a small graben southwest of Cashbaugh Ranch (small 
region of less than 10 gm aligned northwest-southeast). Sev
eral hot springs existed at the time of the survey in Hot Creek 
at the northwest end of this graben. Several new hot springs 
broke out at the northeast corner of the graben in August and 
October of 1973 after earthquakes occurred south and south
east of the caldera [Bailey el al., 1976]. Thus the extremely low 
resistivities seem to indicate hot water in the highly fractured 
rocks of the small graben. Apparent resistivities of 2-4 gm 
were measured; therefore true resistivities are probably lower 
than this. 

The second resistivity low is centered slightly south of Casa 
Diablo Hot Springs and is defined by the region with resis
tivities of less than 40 gm. The main part of the low trends in a 

roughly east-west direction but has a northwest-southeast 
pendant on the east end and an extension on the west follow
ing the keystone graben western boundary fault northward for 
several kilometers. These features of the anomaly shape may 
be representative of a ring fracture encircling the resurgent 
dome. The resistivity low is coincident with an aeromagnetic 
low of almost identical shape (Figure 6). The aeromagnetic 
low is superimposed upon a broader low which passes through 
the western part of the caldera from south to north (Figure 7). 
This throughgoing low is probably caused by nonmagnetic 
precaldera roof pendant rocks [Kane et al., 1976]. The second 
aeromagnetic low corresponds to a total field resistivity low 
upon which the Casa Diablo resistivity low is superimposed. It 
has been estimated by using the aeromagnetic data that the 
roof pendant rocks are only I km beneath the surface in the 
western margin of the caldera (D. R. Mabey, personal commu
nication, 1974), which agrees with indications from the total 
field maps and from sounding interpretations. The roof pen
dant rocks are probably more conductive than the Sierran gran
odiorites. However, it is possible that hot geothermal fluids in 
this zone could be contributing to the low resistivities. The 
central part of the Casa Diablo resistivity low is probably 
caused by extensive alteration in a tuff unit, hot geothermal 
fluids, or both. The central part of the Casa Diablo 
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Fig 7. Aeromagnetic map from Kane el al. [1976] with resistivity contours from this article. The map was compiled from 
data obtained at a flight elevation of 4.5 km. 

aeromagnetic low is probably due to hydrothermal destruction 
of magnetite, a phenomenon observed in hand samples from 
altered rhyolites around Cas a Diablo Hot Springs. 

Resistivity cross sections. The two main resistivity lows 
near Cashbaugh Ranch and Casa Diablo Hot Springs were 
investigated by electrical soundings to determine the probable 
causes of the map anomalies. Forty-nine Schlumberger YES 
were completed in the caldera by using maximum electrode 
spacings, AB/2, ranging from 1.22 to 3.66 km. Thirteen TMS 
were made by using bipoles I and 2. 

Several resistivity cross sections were constructed from the 
YES and T MS interpretations, and the various electrical cross 
sections were used to construct a fence diagram through most 
of the area covered by the soundings. The locations of the 
fence segments, designated A-I in a clockwise direction, are 
shown in Figure 8 with all of the individual YES and TMS 
locations. In Figure 9 the fault patterns (modified from Bailey 
et al. [1976]), both regional and intracaldera, are superim
posed on the fence diagram. The electrical layers may be classi
fied as generally representing the following geologic units: (I) 

1-10 Om, hydrothermally altered rhyolitic tuffs with both nor
mal and high-temperature water, (2) 10- to 45-0m, clay-rich 
sediments or slightly altered rhyolitic volcanics, (3) 45- to 
100-Om, unaltered water-saturated rhyolitic volcanics and 
coarse alluvium, and (4) 100- to 450-0m, unaltered basalt, 
dry volcanics, alluvial fan materials, and precaldera basement 
granodiorites. 

A thick resistive layer at depths of 1-2 km (such as that at 
YES 26 on section CE) was detected on several of the sound
ings which are not shown on the fence diagram. This resistive 
layer (resistivities greater than 80-100 Om) is probably not 
precaldera basement rock but may represent the Bishop tuff, a 
unit which parametric YES data from outside the caldera 
indicate has a resistivity of about 80 Om. Seismic [Hill et al., 
1976] and gravity [Kane et aI., 1976] data indicate that batho
lith rocks are at a depth of about 3-4 km in the eastern part of 
the caldera. 

We consider that the 1- to 1O-0m layer generally represents 
rhyolitic rocks which have been extensively altered, contain 
large amounts of dissolved solids, and in some cases contain 
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Fig. 8. Map showing location of YES and TMS and resistivity cross-section segments used in constructing the fence 
diagram of Figure 9. Fence segments are designated as A-I. 

high-temperature water. Note that the Hilton Creek fault sys
tem has apparently been the major focus of activity along 
segments AC, AH, HG, CG, and GF of the fence diagram. The 
general at~itudes and thicknesses of the conductive layer (1-10 
Om) tend to suggest to us that the layer bears a close 
relationship to the occurrence of rhyolitic tuffs from sources 
around the resurgent qome (Figure 5). The thickening of the 
conductor layer along segment CG F is probably caused by a 
major active spur of the Hilton Creek fault passing about 
through points C and G. The total field resistivity low that 
extends from south of Whitmore Hot Springs to the north end 
of Lake Crowley is apparently caused by the deep conductor 
along segment GF. 

How much of the 1- to 1O-0m zone contains exploitable 
amounts of hot water is not known. It is known that wells at 
Casa Diablo Hot Springs have produced large amounts of hot 
water and steam and that considerable amounts of boiling 
water are issuing from the ground near the apex HGC. The 
only deep well data available in the eastern part of the caldera 
come from the U.S. Geological Survey test hole LY 1, which 
was drilled to a depth of 300 m [Lewis, 1974). The location of 
this test hole is shown in Figure 9, approximately midway 
between YES 7 and 8. The induction electrical log from L Y 1 
was compared with pseudo-electric logs constructed from the 

interpretations of YES 7 and 8 (Figure 10). The YES inter
pretations and the interpretation of TMS 7-2, which was co
incident with YES 7, were completed before the well was 
drilled; in fact, the well was sited to test the nature of the 
conductive layer. The temperature log from L Y 1 (Figure 10) 
shows a maximum temperature (at the bottom of the hole) of 
73 ec, certainly not indicative of a significant reservoir of hot 
water in this locality. Study of well cores by R. Lewis and 
R. Bailey (personal communication, 1974) of the U.S. Geolog
ical Survey reveals that the upper part of the hole, down to 
about 145 m, is in lake sediments and the remainder of the hole 
is in mainly rhyolitic tuffs and ashes that have been highly 
zeolitized by hydrothermal activity. Thus the extremely low 
resistivities for the conductive zone in the area of L Y I appear 
to have been caused by past alteration and not by the presence 
of hot water. 

Interpretation of the true resistivity of the conductive layer 
was aided by the fact that TMS 7-2 was coincident with YES 7. 
The TMS data (Figure II) indicated that the resistivity of the 
conductive layer was 1.5-3 Om, as the two TMS models illus
trate. The model used to interpret the YES 7 data (Figure 12) 
agrees well with the TMS model C2 with regard to the con
ductive layer. The electromagnetic sounding is more sensitive 
to conductive layers and less sensitive to resistive layers than 
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the VES. Therefore the models depart considerably in the 
shallow layers. We feel that when de and electromagnetic 
sounding interpretations are combined in this way, a more 
accurate interpretation is obtained. This is supported by the 
fact that the induction log resistivities from LVI had an 
average value of 2.5 11m for the conductive zone. 

If the conductive zone (1-10 11m) shown in Figure 9 at Casa 
Diablo is due partly to highly zeolitized tuffs and partly to the 
presence of water up to I700-180°C, as is indicated from the 
commercial wells at Casa Diablo, the effects cannot besepa
rated. For a porous rock without clay minerals we would 
expect about a 250% decrease in resistivity for an increase in 
temperature from 73° to 180°C [Meidav. 1970]. However, 
with the high degree of alteration in the volcanics, such large 
resistivity differences might not be observed. The rocks in the 
Casa Diablo resistivity low may not be as highly altered as 
those near LVI, i.e., an effect from high-temperature fluids 
could be present but is undeterminable. Thus for all of the 
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Fig. II. Field data and interpretations for TMS 7-2. Models used 
for computing the theoretical curves CI and C2 are plotted with 
depths along the horizontal logarithmic axis. The numbers in the 
model layers represent interpreted resistivity in ohm meters. 

conductive zone (the 1- to IO-11m layer on the fence diagram) 
we cannot tell whether the resistivities are low owing to the 
presence of high-temperature fluids, alteration like that near 
LVI, or both. 

A major question to be answered concerns the existence of 
deep conductors, such as the one shown on segment GF of 
Figure 9 at other locations in the caldera. We found no evi
dence in the total field data of any deep conductors except 
those shown on the fence diagram of the resistivity cross 
sections (Figure 9). Interpretation of the total field resistivity 
measurements as pseudo-soundings (by plotting the resis
tivities versus bipole-dipole center separation) were of no help 
in this respect because of the extreme lateral resistivity varia
tions across the span of large bipole-dipole separations. 
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calculate the theoretical curve is plotted with depth along the horizon
tal logarithmic axis, and the numbers in the model layers are inter
preted resistivity in ohm meters. 
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Some constraints are placed upon the possibility of the 
existence of deep conductors, however, by the TMS data. To 
illustrate the effect that a conductor in the zone of 1-2 km 
would have upon the type of TM S data obtained in Long 
Valley, two model curves are presented in Figure 13. Curves A 
and B for models A and B show that the deep conductor has 
significant effect upon the TMS curve shape and the position 
of the asymptotic right branch. Model B in Figure 13 is modi
fied from the model used for TMS 7-2 (Figure II) by the 
addition of the deeper conductor. 

From consideration of models such as those or Figure 13 we 
tend to rule out the possibility of extensive deep conductors in 
the eastern hair of Long Valley (TMS data were not obtained 
in the western half). We do not see any evidence of major deep 
conductors in the TMS data other than the one on segment 
GF of Figure 9. From our TMS model studies we define a 
major conductor in Long Valley as one of at least 0.5-km 
thickness and less than 10-11m resistivity (greater than 50-mho 
conductance ). 

I f major reservoirs with 150°-200°C or greater water exist in 
permeable rhyolitic volcanic rocks at depths less than 2 km, 
then we would expect them to approach our definition of 
major conductors (greater than 50-mho conductance) unless 
significant amounts of the reservoir fluids occur in a mixed 
phase system (steam and water). Under these assumptions a 
laterally extensive reservoir such as this was not detected in the 
electrical data in the upper 2 km. 

Speculations and conclusions. The bipole-dipole resistivity, 
VES, and TMS data have provided a detailed picture of the 
electrical structure of the upper 2 km in Long Valley. These 
data reveal that hydrothermal activity observed at the surface 
and at depth by the electrical interpretations is largely con
trolled by fracture systems, especially those related to regional 
Sierran faulting. Most of the hydrothermal alteration patterns 
in the upper kilometer seem to be related to an ash and tuff 
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Fig. 13. Theoretical models and computed curves for TMS sound
ings. Model A is the model used for interpreting TMS 7-2. Model B 
has an additional deep conductor with a resistivity of 3 Qm and a 
thickness of 500 m. Bipole length and bipole-re~eiver separation are 
shown in the lower left of the figure. 

unit flanking the resurgent dome. This conductive zone is 
known to contain water of only 73°C in one place (LV I) but 
water of up to 150°-180°C in another (Casa Diablo Hot 
Springs). 

The only deep conductor detected which may represent a 
significant reservoir in the range 1-2 km is the conductive zone 
illustrated on segment GF of Figure 9. This zone may be 
representative of a reservoir in permeable volcanic rocks which 
is feeding the hot springs and shallow hot-water zones in this 
part or the caldera. The occurrence of hot water in this deep 
zone, if hot water is present, may be limited to the vicinity of 
the fractures related to the Hilton Creek fault system, as is 
suggested by the shape of the resistivity anomaly outlining this 
zone in Figure 4. This fracture system may be carrying hot 
water upward from depths even greater than 2 km, where the 
actual primary reservoir of 200°C water (suggested by geo
thermometric data) may occur in Long Valley. But then again 
the electrical anomaly may also be caused largely by extensive 
past hydrothermal alteration and not by the presence of high
temperature geothermal fluids. Zones in the upper 2 km of 
Long Valley which contain a mixed phase fluid may not have 
been delineated by the electrical data, although these zones 
may exist. 
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Seismic Noise Survey in Long Valley, California 

H. M. IYER AND TIM HITCHCOCK 

U.S. Geological Survey. Menlo Park. California 94025 

In June 1973, seismic noise measurements were made in Long Valley, California. as part of the U.S. 
Geological Survey's geothermal investigations. Spatial variation of the average noise power shows high 
levels of noise extending over most of the eastern half of the Long Valley caldera. Since the noise high is 
almost similar in extent to the soft sedimentary Owens River basin, it is possible that ground amplification 
of seismic waves is at least partially responsible for the noise anomaly. Two lines of evidence indicate that 
geothermal noise may be present in Long Valley. (I) Relative amplification of teleseismic waves over soft 
ground. with respect to a reference station on hard rock, is about 12 dB. The noise anomaly, however. is at 
least 12 dB higher than this value. It is therefore difficult to explain the anomaly by postulating ground 
amplification of regional noise. thus indicating that a noise source may be present in the area of the 
anomaly. At wave frequencies below 2 Hz. river and cattle noise do not contribute much to the anomaly. 
(2) Group velocities of seismic noise. measured by using arrays, are in general quite low except at a few 
stations along the southern edge of the noise anomaly. The wave azimuths in the low-velocity areas show 
random propagation, whereas azimuths associated with the high-velocity waves point to the area where 
surface geothermal phenomena are found. The high-velocity waves also have frequencies below 2 Hz. If a 
noise source is present under the southern edge of the sedimentary basin, it could excite the basin much 
more than it does the hard ground directly above it and thus produce the observed noise anomaly. 

INTRODUCTION 

Even though there is considerable interest in using seismic 
noise in the frequency band of 1-10 Hz as a prospecting tool 
for geothermal energy, clear correlation between high noise 
levels and active hydrothermal reservoirs has been demon
strated only in very few regions [Whiteford. 1970; lyer and 
Hitchcock. 1974]. The main problem is that cultural noise and 
noise generated by rivers and wind are in the same frequency 
band as geothermally generated seismic noise and often cause 
confusion in identifying the latter [Douze and Sorrells, 1972; 
lyer, 1974]. As we shall show, ground conditions can cause 
amplification of background seismic noise; when this occurs in 
a geothermal area, it is difficult to interpret a seismic noise 
anomaly. Many case histories, such as the one on Long Valley 
to be discussed here, may eventually provide the material to 
evaluate the usefulness of seismic noise as a geothermal 
prospecting tool. 

FIELD EXPERIMENT 

The seismic noise survey in Long Valley during June 1973 
follows the general procedure developed by the U.S. Geologi
cal Survey for noise studies in Imperial Valley, California, and 
Yellowstone National Park, Wyoming flyer, 1974; lyer and 
Hitchcock. 1974]. EV-17 seismometers with slow-speed tape
recording systems (described by Eaton et al. [1970]) were used 
in the experiment. Profiles of 8 stations, with average spacing 
of about 2 km, were operated for 48 hours and then moved to 
a new location. One of two stations in a quiet area over hard 
ground was operated continuously during the entire period of 
the experiment. Nine stations had one vertical and two hori
zontal seismometers, 16 stations had three instruments ar
ranged as an L array with 106-m instrument spacing, and the 
rest were single-component stations with vertical seismometers 
(Figure 1). Eight of the stations were reoccupied for 3 nights 
during November 1974. Noise measurements were also made 
for 1 night in Owens Valley near the town of Bishop, about 50 
km south of Long Valley. The locations of stations and dura
tions of their operations are given in Table 1. 

Copyright © 1976 by the American Geophysical Union. 

DATA ANALYSIS 

Analog tapes for the whole recording period were played 
back, and the records were carefully examined for in
strumental malfunctions, cultural noise, transients, and earth
quakes. In general, it is found that noise levels are much higher 
and more transients are present during the day than at night. 
Hence an hour-long data sample was selected from the quietest 
section of the night record for each profile and digitized at a 
rate of 50 samples per second. Samples at a permanent station 
were taken at approximately the same time as at the profile 
stations. 

Two types of computations were performed on the digitized 
data .. Spectral analysis of a typical noise sample of 40.96-s 
duration was done by using techniques developed for our 
Imperial Valley noise survey flyer, 1974]. Examination of sev
eral spectra shows that the predominant seismic noise energy 
in Long Valley is in the frequency band of 0.5-4 Hz. To study 
the spatial variation of noise energy in different frequency 
bands, the hour-long data sample is digitally filtered in fre
quency bands of 0-1, 1-2,2-4, and 4-8 Hz, and average rms 
values are computed for successive 81.92-s data blocks. (The 
summation over the 0- to I-Hz band representing low-fre
quency energy is uncorrected for seismometer response. Since 
the seismometer response drops off sharply below 1 Hz, there 
is very little contribution from seismic frequencies below about 
0.25 Hz in this band.) The total unfiltered seismic energy is 
also calculated for each block. Out of the 43 values thus com
puted for each hour-long sample the quietest 30 were averaged 
to give a representative noise level in millimicrons per second 
of ground velocity. 

Our noise survey at Long Valley lasted for 4 weeks. As 
mentioned earlier, the variation of noise level during this pe
riod was monitored by one of two reference stations, P2 and 
P3 (Figure I), where noise levels are similar. The noise level in 
different frequency bands at these stations (Figure 2) varied 
somewhat during the period of the experiment. Because the 
profiles of stations in different areas were operated on different 
days, the observed noise levels have to be corrected for this 
regional variation. This correction is accomplished by com
puting relative noise levels (ratio of noise level at each station 
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Fig. I. Location of seismic stations in Long Valley. Numbers are station identifications; caldera boundary from geological 
evidence is shown by solid line where it is definite and by dashed line where it is indefinite. 

to noise level at the reference station) and using them instead 
of actual noise levels in the plots, Samples at the reference 
stations were taken at the same time as the samples at the other 
stations in order to evaluate relative noise levels. The noise 
levels at the reference stations for the II nights shown in 
Figure 2 were sufficient to calculate relative noise levels at all 
the stations. I n doing this correction it is assumed that the 
temporal variation of noise at the reference stations is represen
tative of variation in the whole region and is not a local 
phenomenon associated with those stations. In any case, since 
the maximum spatial variation of noise levels is much higher 
than the maximum variation at the reference station during the 
experiment, the correction for temporal variation does not 
drastically change the shape of the noise anomalies discussed 

below. 

THE NOISE ANOMALY IN LONG VALLEY 

Figures 3a-3e show the spatial variation of noise levels for 

four frequency bands and for unfiltered data. The units are in 
decibels with respect to P2 or P3. The most obvious feature of 
the noise level distribution is the energy high extending over 
most of the eastern half of the caldera. The anomaly has an 
amplitude of 12-18 dB in the'O- to I-Hz band and 12-30 dB in 
the other frequency bands and unfiltered data. The peak of the 
anomaly is about 10 km long and 5 km wide. The gradients are 
very sharp east and west of this peak. However, there are two 
disturbing aspects to this anomaly. First, it is outside the area 

where the majority of hot springs in Long Valley are present 
(Figure I), and second, it roughly coincides in extent to a soft 
sedimentary basin traversed by the Owens River and many 
small streams. The existence of about 500 m of sedimentary 
material of lower density than the underlying rock in this area 
is inferred from interpretation of a seismic refraction survey in 
Long Valley [Hill. 1976). Sedimentary basins amplify ground 
motion associated with seismic waves. The amplification is 
usually caused by soft surficial layers of thickness comparable 
to the seismic wavelength. We shall show below that the group 
velocity of seismic noise waves in Long Valley is only of the 
order of 150 mls at 2-Hz frequency. It was not possible to 
estimate phase velocity and hence wavelength. We believe, 
however, that the soft water-saturated river valley deposits in 
the region of the Owens River, which are probably only a few 
tens of meters thick and overlie the thicker sediments found by 
the refraction survey, are responsible for the noise anomaly. 
The alluvium can be excited by one or more of the following 
noise sources: (1) the regional background noise, which is 
about 40 m,uls at P2, one of the quietest stations over hard 

ground; (2) river noise; (3) cattle (several hundred cattle were 
present on the pasture lands along the river during the experi

ment); and (4) the geothermal system. 

GROUND AMPLlFICA TlON 

Whatever may be the source of noise in Long Valley, the 
amplification of seismic waves by the Owens River basin is an 

TABLE I. Location of Noise Survey Stations and Their Time of Operation 

Latitude Longitude Day On Time, UT Day Off Time, UT 
---------------------~-----~--~.--.:...------~----.-.--.--.-

19h 23m 
19h 50m 
13h 45m 
19h 30m 
OOh 37m 
15h 50m 
20h 15m 
17h 45m 
23h 07m 
22h 26m 
23h 18m 
1911 20m 
14h 52m 
20h 15m 
19h 32m 
16h 58m 
18h 55m 
17h 26m 
18h 45m 
18h 05m 
ISh 10m 
ISh 45m 
17h 40m 
19h 31m 
19h 50m 
20h 05m 
22h 46m 
23h 02m 
23h 52m 
16h 47m 
19h 20m 
18h 45m 
15h 22m 
ISh 15m 
19h 14m 
16h 20m 
19h 54m 
17h 47m 
17h 15m 
20h12m 
18h 32m 
20h 34m 
19h 38m 
20h 2Sm 
21h 10m 
18h 40m 
19h 22m 
17h ISm 
20h 25m 
23h 07m 
ISh 30m 
17h S7m 
20h 22m 
19h 55m 
22h 40m 
22h 04m 
19h 16m 
]7h 45m 
20h 50m 
19h 55m 
1,8h 40m 
18h 44m 
17h 42m 
19h DOm 
]9h OOm 
19h OOm 
19h OOm 
19h OOm 
19h OOm 
19h OOm 
19h OOm 
19h OOm 
19h OOm 
03h 05m 
14h 52m 
15h 50m 
OOh OOm 

Station 
June 23, 1973 
Nov. 9. 1974 
July 2, 1973 
June 12, 1973 
June 10, 1973 
June 10, 1973 
June 9, 1973 
June 15, 1973 
June 9, 1973 
June 9, 1973 
June 12, 1973 
June 16, 1973 
Nov. 9, 1974 
June 15, 1973 
June 15, 1973 
Nov. 9, 1974 
June 15, 1973 
June 16,1973 
July 5, 1973 
June 16, 1973 
July 5, 1973 
June 16, 1973 
July 5, 1973 
June 18, 1973 
June IS, 1973 
June 18,1973 
June 19, 1973 
June 19, 1973 
June 19, 1973 
June 21, 1973 
June 22, 1973 
June 21, 1973 
Nov. 9, 1974 
June 21,1973 
June 21, 1973 
Nov. 9, 1974 
June 21, 1973 
June 21, 1973 
June 21, 1973 
June 23, 1973 
June 24, 1973 
June 23, 1973 
June 24, 1973 
June 24, 1973 
June 23,1973 
June 26, 1973 
June 26, 1973 
June 26, ]973 
June 26, 1973 
July I, 1973 
June 29, 1973 
June 29, 1973 
June 29, 1973 
June 29, 1973 
July I, 1973 
July 1, 1973 
July I, 1973 
Nov. 9, 1974 
July 1, 1973 
July I, 1973 
Nov. 9,1974 
July 1, 1973 
July I, 1973 
July 3, 1973 
July 3, 1973 
July 3, 1973 
July 3, 1973 
July 3, 1973 
July 3, 1973 
July 3, ]973 
July 3, 1973 
July 3, 1973 
July 3, 1973 
July 4, 1973 
July 6, 1973 
Nov. 9, 1974 
July 2, 1973 

P2 
P2 
P3 

1 
3 
4 
5 
6 
7 
8 

10 
11 
II 
12 
J3 
13 
14 
15 
15 
16 
16 
17 
17 
19 
20 
21 
22 
23 
24 
25 
26 
27 
27 
28 
29 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
45 
46 
47 
48 
49 
51 
53 
54 
55 
57 
58 
59 
59 
60 
61 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7J 
72 
73 
MA 
MD 
MD 
CF 

37"40'25" 
37"40'25" 
37°41'75" 
37"38'12" 
37°39'27" 
37"40'15/1 
37°40'93/1 
37"41'50" 
37"38'38" 
37"38'27" 
37"39'41/1 
37°40'01/1 
37°40'01/1 
37"40'46" 
37"41'08/1 
37°41'08" 
37"41'32/1 
37"37'9S/I 
37°37'98" 
37"39'12" 
37°39'12/1 
37°39'63/1 
37"39'63/1 
37"40'40" 
37"40'61" 
37"40'30" 
37°41'05" 
37"40'75/1 
37"40'62/1 
37"40'97/1 
37°41'66" 
37"42'06/1 
37"42'06" 
37°42'75/1 
37°43'35/1 
37°43'35" 
37"44'01/1 
37"44'27" 
37"45'25/1 
37"44'20" 
37°44'46/1 
37°44'62/1 
37°44'66/1 
37"44'72/1 
37°44'87/1 
37"42'71/1 
37°42'38" 
37°41'36" 
37°43'48" 
37"42'00" 
37"41'38/1 
37°40'87" 
37°40'21/1 
37"39'65/1 
37"42'38/1 
37"43'00" 
37"43'65/1 
37°43'65" 
37°44'20/1 
37"44'80/1 
37"44'80" 
37°44'20" 
37°44'63" 
37"19'33/1 
37"19'46" 
37°19'48" 
37"19'56" 
37"19'55" 
37"19'58" 
37°19'56" 
37"19'53" 
37° 18'89" 
37°18'39" 
37°43'89" 
37°42'S5" 
37"42'85" 
37"37'43" 

1/8°51'25/1 June 7, 1973 09h 39m 
118°51'25/1 Nov. 5, 1974 18h 55m 
118°53'36/1 June 19, 1973 21h 52m 
118°48'32/1 June 7. 1973 07h 52m 
118°47'25/1 June 7, 1973 OOh 49m 
118°46'75/1 June 7, 1973 02h 40m 
118°46'28/1 June 7, 1973 04h 20m 
118°45'89/1 June 7,1973 05h 52m 
118°46'90/1 June 7, 1973 08h 20m 
118°45'05/1 June 7, 1973 08h 44m 
118°48'35/1 June 11,1973 Olh 30m 
118°48'78/1 June 1 I, 1973 03h 08m 
118°48'78/1 Nov. 7, 1974 OOh 05m 
118°48'25/1 June 11, 1973 04h 08m 
118°47'87/1 June II, 1973 04h 45m 
118°47'87/1 Nov. 7, 1974 OOh 30m 
1l 8 °47'02/1 June 11, 1973 05h 10m 
1l8°50'26/1 June 13, 1973 21h 42m 
118°50'26/1 July 5, 1973 02h 35m 
118°50'14/1 June 13, 1973 22h 39m 
118°50'14/1 July 5, 1973 Olh 34m 
118°49'18/1 June 13,1973 23h 34m 
118°49'18/1 July 5, 1973 OOh 34m 
118°53'17/1 June 16, 1973 OOh 20m 
118°52'20/1 June 16, 1973 23h 06m 
118°51'57/1 June 16, 1973 03h 05m 
118°50'39/1 June 16, 1973 02h Olm 
118°49'88/1 June 16, 1973 21h 55m 
118°49'12/1 June 16, 1973 OOh 41m 
118°48'67/1 June 15, 1973 22h 35m 
118°48'88/1 June 19, 1973 03h 56m 
118°48'60/1 June 20, 1973 05h 30m 
118°48'60/1 Nov. 6, 1974 20h SSm 
118°48'63/1 June 19, 1973 02h 35m 
118°48'85/1 June 20, 1973 04h 45m 
118°48'85/1 Nov. 6, 1974 23h 30m 
118°49'03/1 June 20, 1973 04h 05m 
118°49'57/1 June 18, 1973 23h 43m 
118°49'67/1 June 19, 1973 Olh 37m 
118°50'34/1 June 21, 1973 22h 35m 
118°51'26/1 June 22, 1973 23h 21m 
118°52'09/1 June 22,1973 01h 52m 
118°52'97/1 June 23, 1973 01h 11m 
118°53'75/1 June 23,1973 01h 58m 
118°54'46/1 June 22, 1973 OOh 20m 
118°54'30/1 June 25, 1973 OOh 42m 
118°51'80" June 25, 1973 02h 10m 
118°54'73" June 25, 1973 04h 53m 
118°52'66" June 25, 1973 03h 36m 
118°45'67/1 June 26, 1973 OOh 28m 
118°44'80" June 27, 1973 OOh 44m 
118°44'29" June 27, 1973 02h 20m 
118°43'66/1 June 27, 1973 03h Olm 
118°43'26" June 27, 1973 03h 57m 
118°46'01" June 29, 1973 OOh 10m 
118°46'41" June 28, 1973 21h 17m 
118°47'04/1 June 30, 1973 01h 52m 
118°47'04/1 Nov. 7, 1974 01h 45m 
118°46'23" June 30, 1973 03h 14m 
118°45'33" June 28, 1973 22h 40m 
118°45'33" Nov. 7, 1974 02h 28m 
118°47'77" June 30, 1973 OOh 35m 
IIS048'41" June 29, 1973 23h 25m 
118°17'64" July 3, 1973 03h 19m 
118°18'20" July 3, 1973 02h 4Sm 
l1S019'OO" July 3, 1973 02h 05m 
118°19'57" July 3, 1973 06h 25m 
118°20'05" July 3, 1973 05h 52m 
118°20'58" July 3, 1973 05h 20m 
118°21'10" July 3, 1973 04h 52m 
118°21'67" July 3, 1973 03h 55m 
118°20'62/1 July 3, 1973 Olh 23m 
118°20'46" July 3, 1973 OOh 44m 
118°50'25" July I, 1973 02h 10m 
118°47'71" July 6, 1973 04h 10m 
118°47'71" Nov. 6, 1974 22h 30m 
118°46'73" June 29, 1973 Olh 40m 
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Fig. 2. Variation of noise levels in four frequency bands at reference stations P2 and P3 during the period of the 
experiment. 

important parameter in understanding the noise anomaly. It is 
well known that seismic noise amplitudes are usually higher 
over alluvium and soft sedimentary basins. It is very difficult to 
make theoretical computations of noise amplification in such 
structures, even if the compressional and shear wave velocities 
are known, because of the complexity of wave types in seismic 
noise. Considerable work, however, has been done on theo
retical and experimental computations of ground amplifica
tion of seismic waves from earthquakes with a view to under
standing and overcoming earthquake damage. Borcherdt 

[1970] studied ground am plification in the San Francisco Bay 
area by comparing spectra of seismic waves from nuclear shots 
in Nevada, recorded by bedrock reference stations and at 
various locations over younger and older bay muds. He found 
(see Table 5 of his paper) that the ground amplification (ratio 
of seismic spectra at bay mud stations to the spectrum at the 
reference station on hard rock) of the horizontal and vertical 
components of ground motion was characterized by sharp 
peaks whose frequencies could be correlated with thickness of 
the bay muds. The ground motion was also much higher over 
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Fig. 3a. Spatial variation of noise level in the 0- to I-Hz band. Dots are stations, station identification is shown by 

numbers above dots, relative noise levels, in decibels with respect to P2 or P3, are shown below dots, and the contour 
interval is 6 dB. 
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TABLE 2. Seismic Events Used in Ground Motion Study and Stations Recording Each Event 

Origin Depth, 
Date Origin Time, UT Latitude Longitude Magnitude km Recording Stations 

June 9, 1973 Solomon Islands OSh 21m 27.35 10.3°S 
June 12, 1973 Southern Nevada OSh 15m 49.9s 37.2°N 
June 16. 1973 Off Coast of Oregon 14h 43m 47.55 45.00N 
June 17. 1973 Hokkaido. Japan 03h 55m 02.95 43.2°N 
June 21,1973 Unidentified 

June 28, 1973 Southern Nevada (NTS) 19h 15m 12.45 37.loN 
July I, 1973 Off Coast of S. Alaska 13h 33m 34.6s 57.SoN 

July 3, 1973 Southeastern Alaska 16h 59m 35.ls 5S.00N 

bay muds than over hard rock. The average vertical ground 
velocity was about 4 times higher over younger bay muds from 
7 to 23 m in thickness and about 2 times higher over older bay 
muds from 30 to 600 m in thickness. The maximum ground 
amplification occurred in the 1- to 2-Hz frequency band. 

Ground amplification calculations in Long Valley using earth
quake waves. Several teleseisms and blasts from Nevada Test 
Site (NTS) were recorded during our noise survey in Long 
Valley. Some of the events were sufficiently well recorded at 
the reference stations and the mobile stations so as to enable 
ground amplification calculations. Details of the seismic events 
used in the study and a list of stations recording them are given in 
Table 2. Spectra of the first 40 s of the seismic signal at each of 
the mobile stations are compared with the spectrum at the 
appropriate reference station, The ratio of the spectrum at the 
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MA 

59 

60 

61 

P3 

161AoE 6.3 70 P2, I, 3, 4, 5. 6. 7, 8 
116YW 4.S 5 P2, 10, II, 12, 13, 14 
125.SoW 5.6 33 P2, 15, 16, 17, 21. 22, 24 
145.soE 6.5 4S P2, 19, 20. 13 

1'2. 25, 26, 27, 2S, 29, 30, 
31, 32 

116.l oW 4.9 0 P3, 51, 53, 54, 55 
137.3°W 6.1 33 P3, 49. 57, 5S, 59, 60, 62, 

63, MA, CF 
13S.00W 6.0 33 64, 65. 66, 67, 6S, 70, 71, 

72,73 

mobile station to the speptrum at the reference station gives 
the ground amplification ·spectrum. Both noise and event sig
nals are amplified, but when the seismic wave amplitude from 
the event is much larger than the noise amplitude, the ground 
amplification measurement can be taken to be that associated 
with the seismic waves from the event. Noise spectra are com
puted for a sample just prior to the event, and only ground 
amplification values at frequencies where the event spectrum is 
at least 6 dB or more than noise spectrum are used. With this 
criterion the ground amplification values above 2 Hz are not 
meaningful except for one profile. In addition to a noise 
sample just prior to the event, the spectral ratio of a quiet noise 
sample at the mobile station to the reference stations is com
puted for comparison with the ground amplification spectrum. 

Figure 4 shows typical analog seismograms along a profile 

0 
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b 

Fig. 4. Analog seismograms to show ground amplification at (left) stations P3 (reference), 59, MA, 60, and 61 for Alaskan 
event, and (right) P2 (reference), 13, and 14 for NTS event. 
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Fig. 5. Comparison of event spectra and noise spectra at (left) stations 59, 60, and P3 and (right) stations 13,14 and P2. 

from the northeast rim of the caldera toward the center of the 
sedimentary basin to illustrate the ground amplification prob
lem in Long Valley. Note that the seismograms at P3 on hard 
ground and 61, also on hard ground at the caldera rim, have 
more or less the same amplitude. The signals increase in ampli
tude by a factor of 4 between 61 and MA as the thickness of 
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the sediment increases (Figure 4a). Similarly, a comparison of 
seismic signals from a regional event from Nevada (NTS shot) 
shows large ground amplification at stations 13 'and 14 oVer 
sediments near the center of the eastern half of the caldera 
(Figure 4b). The spectra shown in Figure 5 illustrate these 
results quantitatively. The earthquake signals are amplified by 
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Fig. 6. Ground amplification contours of earthquake waves. Dots are station locations, station identification is shown 
by numbers above dots, ground amplification, in decibels with respect to P2 or P3, is shown below dots, and the contour 
interval is 6 dB. Relative noise levels are above 18 dB in the hatched area. 

about 12 dB at stations 59 and 60 relative to the reference 
station P3 in the frequency band of 0-2 Hz. The values at 
frequencies greater than 2 Hz are not relevant because at these 
frequencies the seismic noise is the dominating influence. The 
seismic noise spectra at these stations, using quiet night sam
ples, are shown for comparison with event spectra. (These 
samples were not taken immediately prior to the event.) It is 
quite clear from the noise spectra at 59 and 60, in the 0- to 2-
Hz band, that the seismic noise is at least 20 dB higher than 
that at P3 (Figure 5a). Spectra at stations P2, 13, and 14 using 
the NTS event and giving good signal to noise ratios across the 
whole spectral band show ground amplification at 13 and 14 to 
be about 10 dB. The ratio of noise at stations 13 and 14 to the 
ratio at P2, however, is over 30 dB. 

Spectral peaks are found both in the event ratios (ratio of 
spectrum at any station to spectrum at reference station for 
seismic waves from a particular event; also called ground am
plification) and in the noise ratios (ratio of spectrum at any 
station to spectrum at reference station using noise samples 
taken during the same time interval), but their frequencies and 
amplitudes are found to be different. The frequencies at which 
the peaks occur also vary somewhat from profile to profile 
owing to difference in location or because different seismic 
events are used. The average ground amplification in the 0- to 
1- and 1- to 2-Hz bands seems to have a reasonably smooth 

spatial variation (Figures 6a and 6b); this indicates that we 
have not seriously erred in using several seismic events re
corded at different locations to arrive at a composite picture of 
seismic ground amplification in Long Valley. 

Comparison of the spatial distribution of ground amplifica
tion in the 0- to 1- and 1- to 2-Hz bands (Figures 6a and 6b) 
with the spatial distribution of noise ratios (Figures 3a and 3b) 
shows clearly that for each frequency band the two distribu
tions are quite similar. However, in the anomalous region, the 
noise ratios are higher by 6-9 dB in the 0- to I-Hz band and by 
12-15 dB in the 1- to 2-Hz band. 

EVIDENCE FOR A NOISE SOURCE 

Difference between ground amplification and noise ra
tio. Our main clue for proving that the noise anomaly is not 
caused by amplification of regional background noise, but by a 
local noise source in the vicinity of the anomaly, is derived 
from the observed difference between the ground amplification 
and noise ratio values. More examples of this phenomenon 
will now be presented. For the profile of stations 10-14, near 
the center of the eastern half of the caldera, there is a rapid 
increase in noise level, by about 12 dB in the 0- to 1- and 1- to 
2-Hz bands. The gradient of noise level is very sharp within 2 
km between stations 12 and 13 (Figure 3). The ground amplifi
cation and noise ratio spectra at stations 10-14 (Figure 7) 
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Fig, 7, Comparison of ground amplification spectra (solid line) 
and noise ratio spectra (dashed line) at stations 10, II, 12,13, and 14. 
P2 is the reference station. 

show clearly that the two phenomena are not related in a 
predictable fashion, For example, at station 10 the two curves 
are similar except between 2 and 3 Hz where the noise is higher 
by about 10 dB, The peaks near I Hz are similar for noise and 
event ratio. At station II the two curves are distinctly differ
ent, the noise ratio being higher than the event ratio, Peaks can 
be seen in both the curves, but they occur at different frequen
cies and have different values, At station 12 the noise curve is 
significantly higher than the event curve above I Hz, The most 
spectacular difference between the ground amplification and 
the noise ratio, however, occurs at stations 13 and 14, It ap
pears that either the mechanism by which the noise waves are 
amplified is entirely different from the amplification of seismic 
waves or a noise source that enhances the noise levels is pres
ent in the vicinity of station 13, 

Another profile of stations across the noise anomaly from 
station 61 near the northeast edge of the caldera to station 
MA, near the center of the northern half of the caldera, shows 
that the noise ratios are definitely higher than the ground 
amplification (Figure 8), For this profile, unlike the previous 
profile where ground amplification values could be calculated 
throughout the spectra because of good signal to noise ratio, 
computations are valid only up to 2 Hz, 

To compare theoretically the amplification of seismic noise 
in sedimentary basins with the amplification of earthquake 
waves, knowledge of the wave types involved in seismic noise 
is essential. More work is needed in this area and possibly also 
empirical studies in basins free from noise sources, In the 
present instance we could not find another water-saturated 
alluvial basin of the type found in Long Valley, However, 
some data are available from Owens Valley, about 50 km 

south of Long Valley, where we opera!ed 10 stations for I 
night (Figure 9), The experiment was mainly intended to un
derstand the generation and propagation of river-generated 
noise. One good teleseism was recorded during this period, 
and we were able to make some ground amplification calcu
lations, The river noise is at frequencies above 6 Hz and can
not be detected beyond I km from the river. There was a clear 
spectral peak in the 2- to 4-Hz band, indicating what we infer 
to be an extraneous noise source associated with the town of 
Bishop, about .3 km northwest of the area where our stations 
were operated, All ground amplification values are with re
spect to station 64, on hard ground (Figure 10), The ground 
amplification and noise ratio spectra are in general within 6 dB 
of each other. The average values (indicated in Figure 10) in 
the 0- to 1- and 1- to 2-Hz bands are more or less alike for 
event and noise ratios, It is to be noted here that although our 
experimental area in Owens Valley has about 0.25 km of 
younger Cenozoic deposits and 0,75 km of older deposits over
lying pre-Tertiary rocks (based on earlier seismic and gravity 
surveys [Pakiser el aI" 1964]), it is not like the water-saturated 
alluvium in Long Valley, The relative ground amplification 
and noise ratios in Owens Valley are similar to those at some 
of the stations in Long Valley (like station to, Figure 7), which 
are outside the main peak of the noise anomaly, Bul ground 
amplification in Long Valley at stations within the noise anom
aly (Figures 6a and 6b) is less than the noise ratios at these 
stations (Figures 3a and 3b) by at least 12 dB. The Owens 
Valley data, however, should not be taken as definite evidence 
that amplification of seismic waves produced by noise and 
events is about the same in sedimentary basins, They only 
indicate that such a situation is quite plausible, in which case, 
one possible explanation for a big difference between event 
and noise ralios is the presence of a noise source in the neigh
borhood of stations where such a difference was measured. 

Possible noise sources, River and stream noise can be elimi
nated as a possible source of the noise anomaly in Long Valley 
because in Owens Valley the fast flowing river seems to be 
generating noise only at frequencies above 6 Hz, and even this 
high-frequency noise attenuates rapidly with distance, Com
parison of spectra of seismic noise recorded at station 66, very 
near the Owens River, and at stations 67 and 68, I and 2 km 
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from the river, shows that the high-frequency (above 6 Hz) 
noise drops by about 12 dB in I km (Figure 11)_ The rest of the 
spectra are not significantly different at these stations_ At Long 
Valley the main Owens River and the associated streams are 
smaller and flow less rapidly than the river in Owens Valley_ 
Hence we think it is highly improbable that a large noise 
anomaly like the one observed at frequencies below 4 Hz can 
be a result of river noise, 

During our experiment, several hundred cattle were present 
along the grasslands by the river and near Lake Crowley in 
Long Valley, Because the noise anomaly is approximately lo
cated in this area, we thought that the cattle might be the 
possible source of seismic noise in Long Valley_ We reoccupied 
eight of the stations for 3 nights during November 1974, when 
most of the cattle were gone and those remaining were mainly 
confined to one area near station 29 (Figure 12)_ In addition to 
the reference station P2 and the quiet station 61, six locations 
(11,13,27,29, MD, and 59) that showed high noise levels in 
1973 were reoccupied (Figure 12), The average noise levels 
(relative with respect to P2) in three frequency bands, based on 
I-hour data recorded at night, and their comparison with the 
1973 levels are also shown in Figure 12, In general, the noise 
levels are lower in November 1974 than in June 1973, The 

noise levels in the 0- to I-Hz band are similar in 1973 and 1974, 
In the 1- to 2-Hz band the largest drop of about 7 dB occurs at 
station 27, the reduction at the other stations being about 3-6 
dB, In the 2- to 4-Hz frequency band there is a general drop of 
about 6-12 dB in noise level. The only station that retains the 
1973 level in this frequency band is 29, Since station 29 is very 
close to the area where 500 cattle were confined in N ovem ber 
1974, it is likely that the noise in this frequency band might be 
generated by cattle. If the noise in the lower-frequency bands is 
also due to cattle, it is difficult to understand how stations 13 
and 59, about 5 km from the area of cattle concentration in 
1974, can have similar noise levels to those at station 29 in the 

cattle zone, The levels at these stations have changed very little 
between 1973 and 1974, About 130 cattle were near station 13 
during the first night recording in November 1974 but were 
removed before recording started on the second night. At this 
station there was virtually no change in noise levels except in 
the 2- to 4-Hz band, In this frequency band the noise level 
during the second night is less by about 4 dB than that during 
the first night, a phenomenon that can be attributed to re
moval of cattle from the area where the station is located, But 
the noise level decreased again by about 3 dB between the 
second and third nights, 



832 IYER AND HITCIICOCK: LONG VALLI,Y SYMI'OSll;M 

,f''': [7] 

OWENS VALLEY 

•••.•• _. NOISE 

--- EVENT 

o 
f
<l: 
a: 7"1 ,0.51 

2.5 7.9 

2.11 10.71 

0.9i 6.9 

: 
2.91 561 

-0.1 451 

511' 5071- NOISE 

1.3 6.7,' - EVENT 
-l 
<l: 
a: 0.1 L----'-_--' 
f-
U 
w 
0.. 
Vl 

a: 
w 
3:. 
o 
0.. 

5.91 
60

1 

-0.4 6.6 

5.71 5.61 

2.7 7.7 

5.71 6.81 

4.1 7.2 

7.61 5.11- NOISE 

'.5 8.7 - EVENT 

2 o 2 o 2 o 2 

FREQUENCY (Hz) 

Fig. 10. Comparison of ground amplification spectra (solid line) and noise ratio spectra (dashed line) at stations 65-73 
in Owens Valley. Station 64 is the reference station. The average values of noise ratio and ground amplification in the 0- to 
1- and 1- to 2-Hz bands are shown below the graphs. 

Comparison of some typical noise spectra in 1974 with 
spectra in 1973 shows clearly the decrease in noise level in 1974 
(Figure 13). The most striking plots in this figure are the 
almost identical spectra at station 29 for the two periods. The 
reference station P2 shows a slight decrease in noise level in the 
frequencies from I to 3 Hz. Stations 13, 27, and MD show a 
large decrease in the 2- to 4-Hz band and somewhat less of a 
decrease in the 4- to 8-Hz band. Whatever the reason for this 
decrease in noise level may be, the important question is how it 
affects the interpretation of the noise anomaly. In order to 
make this evaluation it is helpful to compare the 1974 noise 
ratio curves and ground amplification spectra, as was done 
earlier (Figures 7 and 8). Such a comparison at stations 13,27, 
and 29 is shown in Figure 14. It is seen that in the 0- to 2-Hz 
band the average noise ratio is still 10-15 dB higher than the 
ground amplification obtained by using earthquake waves. At 
higher frequencies, using results at station 13 where ground 
amplification values are available, there is very little difference 
between noise and event ratios. 

The above observations show that the noise anomaly in the 
2- to 4-Hz band (Figure 3c) could have been caused by non
geothermal noise sources such as cattle and regional noise 
amplified by the alluvium. The anomalies in the 0- to 1- and I
to 2-Hz bands cannot be explained by these sources. The high 
apparent velocity waves seen in the 1- to 2-Hz band (see later 
section) provide evidence for the generation of geothermal 
seismic noise under the southern edge of the noise anomaly. 

VELOCITY AND DIRECTION STUDIES 

A seismic array can be used to identify a local noise source. 
As mentioned earlier, we operated several arrays in Long Val
ley in 1973. The arrays are L-shaped with three instruments, 
the length of each arm being 106.7 m (see Figure I for array 
locations). Selected samples of array data were played back 
and carefully examined for visual coherence between wave 

trains. Even though occasional short bursts of propagating 
wave trains could be identified, it was difficult to draw any 
inferences as to a constant source direction or wave velocity. 
The signals were filtered in 0- to 1-, 1- to 2-, and 2- to 4-Hz 
bands and examined. There is good coherence in the 0- to I-Hz 
band, but the time shifts are quite small due to the short array 
arms. The data in the 1- to 2- and 2- to 4-Hz bands show oc
casional coherence, as in unfiltered data (Figure 15). 
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waves in Imperial Valley, California flyer, 1974], a cross-s.pec
tral technique was used to compute coherence and phase dl~er
ence between records from an array at several frequencies. 
Such a technique was tried by using the Long Valley data, but 
the picture that emerged was extremely confusing. Two prereq
uisites for the success of the cross-spectral technique are that 
(I) the spacing between array elements should be much less 
than half the wavelength of the seismic signal being processed, 
so that the phase differences can be determi?ed uniquely, and 
(2) the records should be 'stationary,' meaning that the phase 
difference between channels does not change within the sample 
being analyzed. In Long Valley the average group velocity of 
seismic noise waves is about 140 m/s (see below). Phase veloc
ity and wavelength estimates were not possible., Hence we are 
not sure if condition (I) is met for the array spacing of 106 . .1 m. 
Visual examination of records showed that the ph~se. differ
ences between wave trains in the array changed even wlthm short 
samples. Hence condition (2) is not satisfied. Becau.se of t.hese 
factors a different technique of direction and velOCity estima
tion using array data was tried in Long Valley. Short sections 
(3 s) of data from pairs of array channels are c~rrelated f~r 
varying lags, The lag at which maximum correlatIOn occurs IS 

a measure of the phase difference between wave trains. and 
hence is an estimate of the time taken by the w~ve train to 
travel between the two elements of the array. Two values of 
phase difference can thus be obtained by correlating records 
from the central element of the array with records from the 
first and 'third elements, and by using these values, velocity and 
azimuth of wave travel can be computed by simple trigonome
try. The method has the advantage that correlation is done 
over a whole train of waves in addition to individual peaks and 
troughs. After experimenting with different time windows, we 
decided to use 3-s segments of data for correlation. The time 
window was moved in steps of I s so that successive segmen.ts 
overlapped to ensure that no well-formed whole wave tra~n 
was missed. The analysis was carried out for filtered data In 

frequency bands of 0-1, 1-2, and 2-4 Hz. . 
Results using a few seconds of data at several statIOns sho~ 

that although velocity measurements are ver~ stable~ t~e aZI
muths are widely scattered. To build up suffiCient statistiCS, we 
analyzed 10 min of data for a selected nu~ber of arrays. in and 
around the noise anomaly. A t each statIOn, 540 velOCity and 
azimuth values are computed for each frequency band. The 
surprising result is the persistence of the low group velocity, 
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Fig. 15. Typical filtered noise samples at array stations II, 23. and 51. 
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around 0,14 km/s, in the 1- to 2- and 2- to 4-Hz bands and the 
velocity of about 0.45 km/s in the 0- to I-Hz band at all the 
stations. At the group of stations along the southern edge of 
the noise anomaly, however, there are many velocity values 
that are substantially higher than the average values of 0.14, 
particularly in the 1- to 2-Hz band, Typical velocity distribu
tions using data in the three frequency bands are shown in 
Figure 16, 

In the 0- to I-Hz band the velocity distributions at eight of 
the II stations are similar to those (shown in Figure 16a) at 
station 51. The·. exceptions are stations II and 24, where the 
values are distributed over a wide velocity range, and station 
23, where the distribution peaks near 1.5 km/s (Figure 16a), In 
the 1- to 2-Hz band the largest concentration of velocity values 
occUrs between 0.1 and 0,15 km/s at all stations, as shown by 
the examples in Figure 16b. At stations II, 12, 23, and 24, 
however, secondary peaks indicate the presence of higher
velocity waves (as shown for station II and 23 in Figure 16b). 
In the 2- to 4-Hz band (Figure 16c) the low-velocity parts of 
the distributions are identical to the velocity distributions in 
the 1- to 2-Hz band. The evidence for higher-velocity arrivals, 
however, is not clear. We believe that the consistent low veloc
ity of around 0,15 km/s seen very clearly in the 1- to 2- and 2-
to 4-Hz band and to some extent in the 0- to I-Hz band (note 

sharp peaks in the 0.1- to 0.15-km/s range in the velocity 
distribution of Figure (6) is associated with the fundamental 
mode of excitation of the soft sedimentary layer. Since our 
measurements are based on correlating whole wave trains 
rather than peaks and troughs of individual waves, the result
ant estimates give group velocities rather than phase velocities. 
The excitation probably corresponds to the Airy phase associ
ated with a stationary value of group velocity of surface wave 
propagation in layered media [Ewing et al., 1957, chap. 4], 
Surface wave trains with similar velocities have been observed 
in explosion seismograms in Long Valley [Hill, 1976]. Even 
though it is difficult to make an exact estimate of the thickness 
of the sedimentary layer that is responsible for these waves, it 
is possible to infer that the material is only a few tens of meters 
thick. The characteristic velocity peak around 0.5 km/s in the 
0- to I-Hz band found at most of the stations is probably due 
to these waves (which have longer wavelengths than those at 
higher frequencies) 'seeing' a thicker layer overlying the soft 
upper layer. 

At stations 11, 12, 23, and 24, southeast of the noise max
imum in Figure 3b, seismic waves with velocities in the range 
of 0.9-1.5 km/s are found in addition to the low-velocity 
waves described earlier. If these high velocities are due to 
higher modes of propagation, they should have been seen at all 
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stations over the sedimentary basin. Note that these four sta
tions are in the part of Long Valley with many surface expres
sions of geothermal phenomena. We think that a geothermal 
source under these stations could generate seismic waves that 
in a soft sedimentary basin would travel directly to the stations 
at a higher apparent velocity than the horizontally propagat
ing surface waves excited by the same source. It is interesting 
to note that the high-velocity values are close to the P wave 
velocities of 1.5-2.0 km/s in the upper layers of the east part of 
the caldera [Hill, 1976]. 

Direction studies. We have plotted histograms of distribu
tion of azimuths for low-velocity (less than I km/s for 0- to 1-
Hz band, less than 0.3 km/s for 1- to 2- and 2- to 4-Hz bands) 
and high-velocity data (where at least 50 values are available) 
at the array locations in figures 17, 18, and 19. 

O-to I-Hz band (Figures 17aand 17b). Stations 29, 30, and 
63, located near the north central part of the caldera, indicate 
the presence of a broad source of low-velocity seismic noise in 
this band toward northwest. Stations II, 23, and 24, in the 
south central part of the caldera, point to sources in the north
west and southeast directions. The northwestern source of 
noise may be associated with ocean waves along the coast, the 
cause of persistent seismic noise (microseisms) with pre
dominant frequencies around 0.13 Hz [Haubrich, 1967]. No 
doubt there are various other sources of noise in the area as 
shown by the low-velocity distribution at stations 60, 5, and 51 
and the high-velocity distributions shown in Figure 17b. 

1- to 2-Hz band (Figures ISa and JSb). Azimuthal distribu
tions of low-velocity arrivals show a mUltiplicity of sources 
with no clear evidence of a concentrated noise source under 
the noise level peak indicated by the anomaly. The high-veloc
ity noise observed at stations 11,23, and 24, however, indicates 
the presence of a noise source between II and 24. Station 12 
shows a wide source toward the east where the peak of the 
noise anomaly is present. If the high velocities are interpreted 
as a result of noise sources beneath the stations, the evidence 

shown here can be taken to indicate that geothermal noise 
sources are present in the vicinity of this cluster of stations. 

2- to 4-Hz band (Figures 19a and J9b). The low-velocity 
distributions indicate the presence of many sources. High ve
locities were clearly seen in this frequency band only at station 
12. At stations 4, 23, and 24 the evidence for high velocities 
was not clear, although we have shown the results from these 
stations in the figure. The velocity distributions point to 
sources to the northeast (toward the peak of the noise anom
aly) and the southwest. As we showed earlier, the noise in this 
frequency band is probably most susceptible for con
tamination by nongeothermal local ,sources, and we are not 
sure that velocity distributions can be given any meaningful 
interpretation. 

DISCUSSION AND CONCLUSIONS 

The evidence presented shows the following: 
I. A noise anomaly exists over most of the east half of the 

Long Valley caldera. 

2. The anomaly is over an area of soft sedimentary mate
rial that can arriplify seismic ground motion from regional and 
teleseismic sources by almost 12 dB. 

3. The noise anomaly is about 12-18 dB higher than can be 
explained by postulating amplification of regional background 
noise by the sedimentary basin by the same factor as in the 
case of the amplification of earthquake waves. 

4. A few measurements taken 18 months later, in Novem
ber 1974, showed that the noise levels had decreased by about 
6 dB in the 1- to 2-Hz band and 12 dB in the 2- to 4-Hz band. 
This change in noise level reduces the margin between the 
noise ar.omaly and ground amplification. In spite of this diffi
culty the difference between the noise and event amplification 
can be explained by the presence of a noise source generating 
seismic waves of about 2 Hz or less in frequency. This might 
very well be a geothermal noise source. The higher frequency 
waves could be generated by cultural sources or cattle. 

HIGH - VELOCITY WAVES LOW-VELOCITY SURFACE WAVES 

Fig. 20. A schematic model to illustrate how a geothermal noise source under hard ground can create high seismic 
amplitudes over an adjacent sedimentary basin. Arrows around noise source show seismic waves radiating from it. They are 
trapped by the sedimentary basin and propagate horizontally as surface waves as shown by the wavy lines. The top curve 
shows spatial variation of noise level at the surface. 
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5. Wave direction and group velocity measurements sug
gest that the seismic noise consists predominantly of surface 
waves generated by the excitation of a thin layer of sedi
mentary material by one or more sources. However, some 
high-velocity waves seem to originate from localized sources 
beneath the area where most of the hot spring activity is found. 

The above evidence is inadequate to make a convincing case 
for the presence of a geothermal nuise source in Long Valley. 
Another detailed noise survey in fall or winter, experimental 
and theoretical work on measuring amplification of seismic 
noise by soft ground, and velocity measurements using a 
closely spaced high-resolution array around the hot springs in 
Long Valley are required to resolve the problem. If there is a 
geothermal source under the region of high seismic velocities, 
it is not very difficult to reconcile the offset of the noise anom
aly to the north. Since the' high-velocity area is over relatively 
harder ground thllh the area where the anomaly exists, it is 
excited much less even though the noise source is closer to it. 
This possibility is sthematically shown in Figure 20. However, 
this is purely a hy~othesis that cannot be asserted with any 
great certainty because of the presence of extraneous cultural 
noise sources such as cattle in Long Valley during our noise 
survey. In spite of this difficulty, on the basis of the high 
velocities observed at some stations and the plausible geother
mal noise model of Figure 20, a likely spot for experimental or 
exploratory drilling in Long Valley would be in the region of 
stations II, 12, 23, and 24. 
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Microearthquakes In and Near Long Valley, California 

DON W. STEEPLES i AND A. M. PITT 

u.s. Geological Survey, Menlo Park, California 94025 

Sixteen portable seismograph stations were deployed in the vicinity or the Long Valley geothermal area, 
California, from April 27 to June 2,1973. Only minor microearthquake activity was detected in the Long 
Valley caldera, but a high level of activity was detected to the south and east of the caldera. The abrupt 
spatial seismicity decrease at the southern boundary of the caldera suggests that the caldera is either struc
turally less competent than the surrounding crust or is at a junction of different regional tectonic deforma
tion trends. No significant attenuation or delays occurred for either local P or S waves that traversed the 
caldera. ' 

INTRODUCTION 

Sixteen portable seismograph stations were deployed in the 
area of Long Valley, California, from April 27 to June 2, 1973, 
as part ofa U.S. Geological Survey (USGS) multidisciplinary 
investigation for possible geothermal resources in the Long 
Valley caldera. The principal objective of this study was to 
detect and locate microearthquakes in the Long Valley 
caldera, an area of present-day hydrothermal activity. 

Facca and Tonani [1964] suggested that the delineation of 
specific faults would be a valuable tool in the search for 
permeable fracture zones in geothermal areas. Ward [1972) 
suggested that microearthquakes might be used to locate ac
tive faults that may channel hot fluids toward the surface. 

Brune and Allen [1967] and Thatcher and Brune [1971] have 
reported microearthquake activity associated with geothermal 
ar~as in the Imperial Valley south of the Salton Sea. Ward and 
Bjornsson [1971) located over 2100 earthquakes in Iceland, and 
they noted a difference between the continuous microearth
quake activity in the geothermal areas and the larger shocks 
followed by aftershock sequences in other parts of the island. 
Lange and Westphal [1969) detected microearthquake activity 
near The Geysers, California, during a recording period of 5 
days. In several other geothermal areas of the western United 
States they detected such activity in recording periods of 
similar duration. Hamilton and Muffler [1972] located 53 
microearthquakes within 10 km of the then producing area at 
The Geysers, California, in a 3-week period. 

Microearthquakes may have other uses in geothermal ex
ploration. Hamilton and Muffler [1972] suggested that the 
maximum focal depths of microearthquakes may be a 
temperature indicator. Brace and Byerlee [1970] showed that 
high temperature may prevent stick slip (i.e., earthquakes) and 
induce stable sliding. 

The Long Valley caldera is an elliptical depression 19 by 29 
km (Figure I). Rhyolitic extrusion has occurred in the last 
1500 yr, and hot spring activity persists to the present time. 
Bailey et al. [1976] have noted a difference in the character of 
faulting inside and outside the caldera, and they suggest that 
tlte material inside the caldera was decoupled for a time from 
the uplift of the Sierras to the south and west. 

Gumper and Scholz [1971] and Ryall et al. [1972) located 
microearthquakes in Chalfant Valley and in a zone trending 
northwestward from Bishop toward Mammoth, Their net-

1 Now at Kansas Geological Survey, University of Kansas, Law
rence, Kansas 66044. 

Copyright ©1976 by the American f]eophysical Union. 

works suffered from azimuthal control and distance with 
respect to Long Valley, and events smaller than magnitude 1.5 
in Long Valley could not be detected. Pill and Steeples [1975] 
detected only two microearthquakes in the Long Valley 
caldera while they confirmed the seismicity pattern established 
by the earlier investigators south and east of Long Valley. 
There has been considerable historic seismicity in the region, 
including the great 1872 earthquake in Owens Valley, about 
100 km southeast of the Long Valley caldera. Pitt and Steeples 
[1975] interpreted microearthquake focal mechanisms just 
outside the southeastern edge of the caldera in terms of right 
lateral strike slip. Those microearthquakes were located near 
the epicenters of two magnitude 6.0 earthquakes that occurred 
within the last 50 yr [California Department of Water 
Resources, 1964]. 

THE NETWORK 

The instruments used for this study were the USGS portable 
seismograph systems that have been described in detail by 
Eaton et at. [1970]. Sixteen of these systems were operated at 
20 different locations during the recording period. The array 
was centered on the eastern half of the caldera, and six loca
tions from a previous study by Pitt and Steeples [1975] were 
reoccupied (Table I). 

CRUSTAL MODEL 

A shallow crustal model for the immediate Long Valley area 
was described by Hill [1976], The microearthquakes recorded 
(discussed later) were mostly outside the caldera, so the local 
Hill model was bypassed in favor of a regional model derived 
from the reversed refraction profile between Mono Lake and 
China Lake, California, described by Eaton [1966]. This 
profile pa~ses near the center of the seismic array of the present 
study. The model consists of the following sequence of 
horizontal constant velocity layers, where velocity IS 111 

kilometers per second and depth is in kilometers: 

P Wave Velocity 

3.0 
6.0 
6.4 
6.9 
7.9 

Depth to Top of Layer 

0.0 
1.7 

15.0 
28.0 
54.0 

U sing this model, well-recorded blasts within the network 
were located to within I km horizontally and 2 km vertically, 
It is assumed that well-recorded earthquakes that occurred 
within the network were located to this same order of accuracy 
and that earthquake locations outside the network may be in 
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Fig. I. Microearthquakes in the vicinity of Long Valley caldera from April 27 to June 2, 1973. On the nodal plane solu
tion, solid circles represent initial compression, and open circles initial dilatation; smaller circles indicate less reliable first 
motions. Stations mentioned in Figure 2 are designated by three letters on the nodal plane solution. 

error by 2 km or more. Relative locations of closely spaced 
events within the network may ~e accurate to a few hundred 
meters. No elevation or station corrections were used. 

SELECTION OF DATA SET 

All local events that appeared at three or more stations were 
analyzed. P arrivals were picked and timed to 0.01 s by using 
station WWVB or internal chronometer corrected to WWVB. 
S arrivals were timed on the five three-component stations and 
where possible on the 11 one-component stations. Reading er
rors (as distinguished from picking errors) are no more than 

±0.02 s. 
S arrivals were only used to locate events when the P-only 

solution produced S residuals suggesting poor quality loca
tions. A Wadati diagram was used to establish the proper 
Vp/ Vs ratio for the region (1.70). The uncertainties in picking 
the S arrivals may be! s or more, but balanced S residuals (i.e., 
some positive, some negative) are considered to indicate stable 
(good quality) hypocenter solutions. Events with fewer than 
five P arrivals picked to better than 0.25 s were dropped from 
the data set unless the location was within 5 km of the edge of 
the Long Valley caldera, in which case all events with three or 
more stations were kept. 

Hypocenters and magnitudes from the signal duration [Lee 
et al., 1972] were determined by Geiger's method using the 

computer program HYP071 [Lee and Lahr, 1972] (Table 2). 
The magnitudes determined here may differ from the classical 
Richter local magnitudes by as much as one third of a 
magnitude unit and should therefore be regarded as local 
magnitude approximations. 

MICROEARTHQUAKE DISTRIBUTION 

The events listed in Table 2 are plotted in Figure I (except 
for two events outside the map area). The activity is con
centrated in a WN W trending band extending from near 
Bishop almost to Mammoth. Focal depths range from 1 to 15 
km with no systematic pattern to the depth distribution. The 
seismicity pattern is very similar to that found by GWllper and 
Scholz [1971] and Ryall et al. [1972]. It is also similar to the 
pattern found by Pitt and Steeples [1975], except that the 
swarm near 37°36'N, 118°57'W (Figure 1) is in an area in 
which only two events were detected in a 20-day recording 

period in 1970. 
The 1973 data alone (Figure 1) are insufficient to present the 

trends that emerge when all our data are plotted together. In 
Figure 3 all of the microearthquake data from 1970 and 1973 
are displayed, along with station locations from 1973. Approx
imately 50 of these events (of over 200 plotted) had fewer than 
five readings, and perhaps a half dozen (shallow events within 
15 km of the D in Sierra Nevada (Figure 3» of the 50 could be 
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TABLE 1. Seismograph Station Data 

Location Station North Latitude West Longitude Elevation, m Instruments 

I LVA 37°36.16' 
2 LVB 3r36.13' 
3 LVe 37°34.97' 
4 LVD 3r45.14' 
5 LVE 37°46.82' 
6 LVF 37°39.03' 
7 LVG 37°44.41 ' 
8 LVH 37°38.83' 
9 LVI 37°44.20' 

10 LVJ 3r38.50' 
II LVK 37°42.73' 
12 LVL 37°38.05' 
13 LVM 3r35.22' 
14 LVN 37°35.87' 
15 LVO 37°29.21 ' 
16 LVP 37°23.03' 
17 LVR 37°38.82' 
18 LVS 37"35.47' 
19 LVT 37° 55.86' 
20 LVU 37°36.71' 
21 DFOD 37°33.18' 

22 TIN 37°03.30' 

explosions. The hypocenters of these poorly located events 
coul.d be in error by more than 5 km horizontally and 10 km 
vertically. The good events from 1970 are plotted in the work 
by Pitt and Steeples [1975]. 

A north-south trend is apparent in Chalfant Valley. A larger 
and more extensive trend from northern Owens Valley toward 
~ong Valley caldera reinforces the trend suggested in Figure I, 
II1cluding the abrupt decrease in activity at the edge of Long 
Valley caldera. It is particularly noteworthy that few events 
were detected within the Long Valley caldera. This is discussed 
in detail later. 

NODAL PLANE SOLUTION 

The directions of first motion of P arrivals were noted when 
su.fficiently strong and classified on three quality levels: (I) cer
tall1ly correct because of the amplitude and character of the ar
rival; (2) probably correct because of the character of the ar
rival but of lower amplitude than events in the first class' and 
(3) less certain than classes (1) and (2) but still worth usi~g in 
order to increase the density of coverage on the focal sphere. 
Computer program HY P071 provides an equal-area projec
tion of first motions on the lower hemisphere. 

118°59.68' 2768 USGS Portable 
118°51.15' 2310 USGS Portable 
118°33.17' 2231 USGS Portable 
118°46.03' 2195 USGS Portable 
119°04.96' 2365 USGS Portable 
119°03.01' 2755 USGS Portable 
118°57.81' 2292 USGS Portable 
118°57.33' 2365 USGS Portable 
118°50.36' 2121 USGS Portable 
118°48.37' 2140 USGS Portable 
118°41.28' 2249 USGS Portable 
118°39.38' 2316 USGS Portable 
118 °40.42' 2170 USGS Portable 
118°20.25' 1792 USGS Portable 
118°38.19' 1719 USGS Portable 
118°33.14' 1451 USGS Portable 
118°55.67' 2341 USGS Portable 
118°50.07' 2426 USGS Portable 
118°56.30' 2077 USGS Portable 
118°23.92' 1378 USGS Portable 
117°45.16' 2173 USGS Telemetered 

NCER 
ll8° 13.70' 1195 Cal Tech 

the sphere is a point of in~rsection of the two P nodal planes. 
The north pole is also a point of intersecting S nodes. The 
south pole of the focal sphere is the only other point where 
both P Ilod.es an~ S nodes coincide. This special case of perfect 
vertical strike sltp can be generalized to the present (or any 
other) case simply by rotating the focal sphere. 

Figur~ 2c shows that station L VE was at or very near a point 
of cOll1cldence of ~ node and S node, so that the diametrically 
opposed nodal POlilts are both known to within a very few 
degrees. In addition, station L VF showed P nodal character 
so that three P nodal points are known and thus one P nodal 
pl~ne is uniquely determined. The second P nodal plane is also 
u~lquel~ determined, since it must pass through the two 
dlametncally opposed P and S node coincidence points and at 
the same time be perpendicular to the P nodal plane previously 
determined. 

The ~odal planes drawn by this method are in total agree
ment With the first motions for both events at the other 13 sta
tions as shown in Figure 1. In this case the data agree well with 
the double-couple mechanism theory. 
. This particular pair of events shows how important radia

tIOn pattern can be in determining the amplitUde of S waves. 
When this severe attenuation of S waves was first observed by 
the authors, the tendency was to think it might be related to at
tenuation by magma as in studies by Kubota and Berg [1967] 
and Matufllolo [1971] at Mt. Katmai, Alaska, and Pitt [1974] 
at Yellowstone. This is an example that indicates that the 
radiation pattern can drastically affect amplitudes but that 
near total attentuation is limited to small areas of the focal 
sphere. 

&~j 
f] 

As originally conceived, part of this investigation was to in
clude attenuation data from local earthquakes that sent energy 
through the Long Valley caldera in a study similar to that at 
Yellowstone by Pitt [1974]. This study produced negative 
results, as the ray paths involved did not penetrate to sufficient 
depth. in the caldera to encounter significant low-velocity 
matenal, other than that in the upper 3 or 4 km described in 
the refraction study of Hill [1976]. The ray paths in the caldera 
were too shallow to detect the low-velocity material described 
by Steeples and lyer [1976] and Steeples [1975]. I I 

Figure 1 shows a nodal plane solution with an arrow 
pointing to the epicenter on the map. The solution, a com
posite of two nearly identical events, has nodal planes that can 
be drawn by using arrivals from both events but using only 
two fortuitously located stations. The two events used had 
hypocenters within a few hundred meters of each other. At 13 
stations (of 15 operating) the seismograms could almost be 
traced one event upon the other. Figure 2a shows typical ex
amples of this similarity. The remaining two stations (L VE 
and L VF) possessed nodal character (much smaller 
amplitude) for the P arrival and showed a reversal of sense of 
first motion from one event to the other (Figure 2b). It is 
known [e.g., Helmberger, 1974] that P nodes and S nodes coin
cide at only two diametrically opposite points on a focal 
sphere and also that the P nodal planes are mutually perpen
dicular, intersecting along a straight line connecting the two 
points. This can be visualized by imagining a perfect vertical 
strip-slip focal sphere viewed from above. The north pole of 

I ~ 
_
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Date 

April 27 
April 30 
April 30 
May I 
May I 
May I 
May I 
May I 
May I 
May I 
May I 
May2 
May2 
May 2 
May 2 
May2 
May2 
May2 
May 3 
May3 
May 3 
May 5 
May 5 
May8 
May 8 
May9 
May9 
May9 
May9 
May9 
May9 
May9 
May9 
May9 
May 10 
May 10 
May 10 
May II 
May 12 
May 12 
May 12 
May 13 
May 13 
May 13 
May 13 
May 13 
May 14 
May 17 
May 17 
May 17 
May 18 
May 19 
May 19 
May 20 
May 20 
May 20 
May 20 
May21 
May21 
May21 
May21 
May21 
May 21 
May21 
May 22 
May22 
May23 
May 23 
May 23 
May23 
May25 

STEEPLES AND PITT: LONG VALLI:Y SYMPOSIUM 

TABLE 2. Microearthquakes in the Long Valley Vicinity From April 27 to May 30, 1973 

Origin 

13h 05m 09.135 
23h 05m 04.48s 
07h 28m 43.08s 
05h 58m 15.53s 
07h 35m 29.05s 
07h 40m 38.65s 
08h 59m 58.56s 
IOh 37m 34.68s 
Ilh 27m 25.07s 
19h 14m 18.85s 
22h 43m 24.89s . 
03h 14m 21.92s 
09h 40m 58.78s 
10h 37m 08.42s 
Ilh 58m 33.73s 
14h 21m 17.69s 
17h 06m 59.16s 
17h 53m 44.03s 
09h II m 58.34s 
14h 36m 53.39s 
15h 03m 24.08s 
09h 21m 51.38s 
09h 40m 06.85s 
09h 09m 04.61s 
09h 10m 28.41s 
06h 41m 14.48s 
08h 06m 43.82s 
08h 58m 44.41s 
16h 04m 56.41s 
16h47m59.12s 
19h 17m 23.33s 
20h 32m 59.19s 
21h 23m 59.54s 
22h 28m 40.76s 
05h 28m 28.62s 
16h48m24.17s 
21h08m 17.75s 
08h 14m 03.58s 
04h 48m 1O.85s 
12h 23m 44.34s 
12h 28m 26.15s 
02h 31 m 50. 50s 
04h 35m 36.23s 
05h 42m 36.22s 
09h 50m 34.42s 
17h 48m 45.60s 
lOh 22m 56.58s 
08h 12m 14.19s 
08h 43m 34.11s 
17h44m 19.26s 
14h 54m 39.74s 
11h 53m 09.82s 
11h 53m 40.73s 
15h 18m 15.67s 
15h 24m 05.75s 
16h 14m 36.17s 
21h03m 54.33s 
06h 29m 28.56s 
08h21m20.18s 
I1h 12m41.04s 
I1h 13m 39.21s 
13h 03m 09.61s 
20h 36m 56.25s 
22h 58m 15.89s 
06h 21m 16.33s 
IOh 11 m 22.46s 
06h 04m 14.24s 
07h 05m 48.23s 
09h OOm 57.80s 
17h 22m 35.34s 
07h 48m 36.20s 

Epicenter 

North 
Latitude 

37°37.01 ' 
37°27.72' 
37°33.35' 
37°36.56' 
37°30.49' 
37"30.61' 
37°28.37' 
37°35.40' 
37°35.41 ' 
37°35.17' 
37"35.22' 
37"30.71 ' 
37"33.34' 
37°35.75' 
37°36.26' 
37°34.09' 
37°35.47' 
37°35.88' 
37°33.30' 
37°32.07' 
37°26.88' 
37°25.99' 
37°30.66' 
37°35.59' 
37°35.86' 
37°23.13' 
37°23.78' 
37°36.57' 
37"31.83' 
37"31.57' 
37°35.70' 
37°35.46' 
37°35.47' 
37°20.91 ' 
37°21.16' 
37°34.79' 
37°35.57' 
37°35.54' 
37°35.56' 
37°34.05' 
37°34.24' 
37°35.35' 
37°36.50' 
37"35.90' 
37°35.36' 
37°31.30' 
37°32.65' 
37°22.27' 
37°21.99' 
37°21.77' 
37°34.45' 
37°32.20' 
37°32.20' 
37°23.55' 
37°37.41 ' 
37°37.55' 
37°37.52' 
37"37.47' 
37°37.35' 
37°37.58' 
37"37.05' 
37°57.88' 
37°31.03' 
37"32.48' 
37"38.17' 
37°32.09 
37°33.48' 
37°24.23' 
37°37.10' 
37°23.72' 
37°34.83' 

West 
Longitude 

118°46.90' 
118°38.63' 
118°39.68' 
118°57.06' 
118°25.09' 
118°24.91' 
118°36.80' 
118°57.43' 
118°57.43' 
118°57.65' 
118°56.84' 
118°26.14' 
118°39.62' 
118°25.63' 
118°57.14' 
118°56.27' 
118°56.36' 
118°46.14' 
118°23.73' 
118°43.74' 
118°39.77' 
118°40.95' 
118°25.34' 
118°56.85' 
118°57.19' 
118°26.74' 
118°27 .43' 
118°53.31' 
118°52.54' 
118°52.63' 
118°57.57' 
118°57.22' 
118°56.97' 
118°35.43' 
118°35.53' 
118°45.82' 
118°56.94' 
118°56.85' 
118°49.10' 
118°26.87' 
118°26.58' 
118°58.01 ' 
118°45.24' 
118°57.25' 
118°56.99' 
118°28.44' 
118°27.72' 
118°23.02' 
118°23.36' 
118°23.73' 
118°26.31 ' 
118°42.43' 
118°42.45' 
118°33.78' 
118°49.46' 
118°49.50' 
118°49.28' 
118°49.42' 
118°49.36' 
118°49.39' 
118°49.20' 
118°42.58' 
118°42.52' 
118°27.76' 
118°28.96' 
118°59.20' 
118°27.95' 
118°32.69' 
lI8°26.06' 
118°32.28' 
118°42.68' 

Depth 
of 

Focus, 
km 

5.00 
5.36 
7.99 
8.35 
9.87 

13.01 
5.00 
8.06 
7.70 
5.00 
5.00 
9.53 
9.56 
7.88 
7.40 
5.00 
2.00 
9.61 

12.62 
13.69 
7.20 
6.49 
9.57 
4.89 
6.86 
9.04 
9.09 
2.96 
5.54 
3.33 
9.08 
6.25 
6.85 

12.42 
11.83 
6.34 
6.56 
5.00 
5.81 
0.92 
4.03 
9.27 

10.35 
7.73 
6.41 
9.43 
5.76 
6.49 
9.27 
5.00 
2.40 

12.85 
12.22 
11.93 
9.09 
9.26 

10.73 
11.26 
12.40 
11.51 
10.86 
14.50 
0.32 
9.73 

11.30 
1.93 
7.94 
5.00 
2.27 
5.00 
8.17 

M 

1.29 
1.79 
1.34 
2.07 
2.44 
2.59 
1.59 
1.89 
1.42 
1.44 
1.66 
1.67 
1.07 
2.08 
1.15 
l.l8 
1.35 
1.51 
1.21 
0.95 
1.23 
1.01 
1.71 
0.86 
1.10 
1.78 
1.36 
0.83 
1.02 
1.28 
2.49 
1.74 
1.34 
2.52 
1.78 
1.37 
1.34 
1.05 
1.02 
1.74 
1.80 
2.56 
0.85 
1.63 
0.97 
1.29 
2.00 
1.71 
2.97 
1.22 
1.08 
0.99 
1.12 
1.55 
1.28 
1.03 
1.11 
0.44 
0.37 
0.57 
0.44 
1.29 
2.87 
1.81 
1.55 
0.85 
1.23 
1.61 
1.98 
1.93 
0.55 

N 

3 
7 
5 

23 
16 
10 
3 

11 
10 
6 
7 

10 
8 

12 
16 
4 
4 
8 
6 

14 
4 
9 

13 
7 
9 

25 
15 
7 
9 

12 
17 
11 
10 
14 
15 
13 
9 
6 
9 

12 
11 
19 
10 
12 
8 
8 

16 
14 
20 
6 
5 

22 
23 
24 
13 
11 
7 
5 
7 

11 
10 
17 
18 
8 

14 
5 
6 

13 
15 
8 
5 

Gap, 
deg 

187 
163 
143 
172 
269 
270 
163 
187 
197 
201 
181 
264 
115 
265 
152 
234 
193 
135 
285 
217 
174 
189 
lSI 
171 
165 
247 
235 
161 
204 
208 
162 
177 
175 
235 
235 
138 
172 
203 
148 
144 
146 
164 
157 
164 
199 
149 
143 
266 
120 
309 
167 
145 
145 
225 
119 
lI5 
126 
140 
144 
lI6 
134 
273 
221 
218 
159 
267 
207 
259 
197 
261 
310 

Dml", 

km 

6.5 
2.8 
3.6 
4.2 

18.2 
IS.5 
2.6 
6.3 
6.3 

10.6 
4.5 

13.0 
7.9 

11.2 
3.7 
6.3 
5.1 
8.5 

14.2 
7.6 
4.9 
7.2 

12.2 
4.3 
3.7 
9.4 
S.5 
3.3 
8.2 
8.7 
3.2 
3.8 
4.2 
5.2 
4.9 
7.8 
4.2 
4.3 
3.2 
9.4 
9.8 
2.9 
5.9 
3.6 
4.2 
9.7 
9.1 

15.0 
14.6 
14.1 
9.3 
6.3 
6.3 

21.1 
2.6 
2.4 
2.3 
2.5 
2.6 
2.3 
2.9 

20.4 
8.4 
9.2 
7.9 
7.6 
8.2 

19.9 
34.1 
20.8 

3.4 

rms, ERH, 
s km 

0.00 
0.08 
0.06 
0.14 
0.15 
0.12 
0.03 
0.10 
0.12 
0.13 
0.11 
0.12 
0.23 
0.15 
0.13 
0.04 
0.08 
0.14 
0.13 
0.37 
0.00 
0.05 
0.14 
0.04 
0.06 
0.24 
0.17 
0.04 
0.08 
0.07 
0.09 
0.09 
0.08 
0.09 
0.11 
0.08 
0.08 
0.06 
0.09 
0.17 
0.15 
0.15 
0.11 
0.08 
0.06 
0.15 
0.13 
0.12 
0.16 
0.13 
0.06 
0.13 
0.11 
0.39 
0.09 
0.09 
0.07 
0.04 
0.04 
0.11 
0.12 
0.14 
0.21 
0.17 
0.14 
0.08 
0.11 
0.14 
0.08 
0.12 
0.03 

l.l 
1.0 
0.5 
1.6 
3.4 

0.8 
1.2 
2.1 
1.3 
2.7 
2.1 
3.3 
0.7 

1.4 
5.5 
2.3 

0.5 
1.4 
0.6 
0.5 
1.3 
1.1 
0.4 
0,8 
0.6 
0.5 
0.8 
0.8 
1.0 
0.9 
0.4 
0.9 
1.0 
0.8 
1.5 
1.7 
0.8 
1.3 
0.7 
0.8 
1.7 
0.8 
2.6 
0.8 
5.5 
1.4 
0.5 
0.4 
3.3 
0.6 
0.7 
0.8 
2.3 
0.6 
0.9 
1.0 
1.1 
1.2 
3.6 
1.4 
2.3 
4.4 
2.9 
0.8 
3.4 
1.0 

ERZ, 
km 

1.4 
2.0 
0.8 
3.0 
3.7 

1.3 
1.9 

12.0 
2.6 
2.7 
4.6 
2.9 
0.9 

4.3 
3.9 
2.7 

0.9 
3.0 
1.4 
0.8 
1.6 
1.3 
1.2 
2.1 
3.8 
0.6 
1.2 
1.2 
0.6 
0.6 
1.1 
1.3 
1.8 
1.2 

142.1 
6.0 
0.8 
2.1 
1.0 
1.1 
3.3 
2.5 
4.5 
1.4 
5.1 

21.9 
0.7 
0.6 
6.5 
0.9 
1.2 
1.I 
1.6 
1.0 
1.9 
2.1 
1.8 
0.9 
3.8 
2.2 

20.8 
3.3 

14.6 
94.7 
19.6 
0.4 

Q 

AD 
BC 
BD 
AC 
BD 
CD 
AD 
AD 
BD 
CD 
BD 
CD 
BB 
CD 
AC 
AD 
AD 
BC 
DO 
CD 
AD 
AD 
BD 
AC 
AC 
BD 
BD 
AC 
BD 
BD 
AC 
AC 
AC 
AD 
AD 
AC 
AC 
BD 
AC 
CC 
CC 
BC 
BC 
AC 
AD 
BC 
BC 
CD 
BB 
DO 
CD 
AC 
AC 
CD 
AB 
AB 
AB 
BD 
AC 
AB 
BB 
BD 
BD 
CD 
BC 
CD 
CD 
CD 
CD 
CD 
AD 

Date 

May28 
May28 
May 28 
May 29 
May 30 

Origin 

08h 13m 31.43s 
14h 43m 16.81s 
15h 24m 19.72s 
I3h 04m 33.77s 
12h 25m 19.55s 

STEEPLES AND PITT: LONG VAI.I.I:Y SYMPOSIUM 

Epicenter 

North 
Latitude 

37"23.78' 
37°28.09' 
37°25.13' 
37°38.04' 
37°33.65' 

West 
Longitude 

118°35.20' 
118°32.47' 
118°37.55' 
118°28.48' 
lIs025.40' 

TABLE 2. (continued) 

Depth 
of' 

Focus, 
km M N 

9.71 1.58 9 
8.58 2.00 13 
8.84 1.52 9 
8.20 1.99 14 
7.09 2.81 16 

Gap, 
deg 

268 
239 
282 
171 
184 

20.9 
12.8 
19.1 
7.1 
6.1 

rms, 

0.07 
0.21 
0.08 
0.16 
0.15 

ERH, 
km 

3.2 
3.0 
2.8 
1.6 
1.4 

ERZ, 
km 

6.3 
5.2 

4.5 
2.9 
1.7 

845 

Q 

CD 
CD 
CD 
BC 
BD 

M is the magnitude of the earthquake; N is the number of stations used in locating the earthquake; the gap is the largest azimuthal 
separation between stations; Dmln is the epicentral distance to the nearest station; rms is the root mean square error of the time residuals 
(rms = 'E"R/! N, where R, is the observed seismic wave arrival time less the computed time at the ith station); ERH is the standard 
error of the epicenter (ERH = SDX' + SD Y', where SDX and SD Yare the standard errors in latitude and longitude, respectively, 
of the epicenter); ERZ is the standard error of the depth (left blank if it is ;:0: 10). 

Q is the solution quality of the hypocenter (given as two letters) based on both the statistical measure of the solution and the nature 
of the station distrib~t~on with respect to the earthquake. Each of these two factors is rated independently according to the following 
scheme. For the statistical measure (first letter), for A, rms < 0.15, ERH :; 1.0, and ERZ :; 2.0. For B, rms < 0.30, ERH :; 2.5, and 
ERZ ~ 5.0. For C, rms < 0.50, and ERH S; 5.0. For 0, the values are other than those given above. For the station distribution 
(second letter), for A, N 2: 6, the gap ~ 90, and DOlin S; depth or 5. For B, N 2: 6, the gap S; 135, and Dmln S; 2 times depth or 10. For C, N 2: 6, 
the gap S; 180, and Dm'n S; 50. For 0, the values are other than those given above. 

DISCUSSION 

Pitt and Steeples [1975] noted the similarity between their 
1970 seismicity and the historic seismicity from 1934 to 1970, 
as well as the similarity of their seismicity to patterns deter-

a Lve 
Event 1917 

b LVE LVF 

mined by Gumper and Scholz [1971] and Ryall et al. [1972]. 
The pattern of seismicity in Figure 3 is very similar to the 
historic seismicity. It is probably not valid to try to correlate 
this short sample of epicenters to specific faults in the Long 
Valley vicinity. There are faults both inside and outside the 

LVI 
Event 1917 

LVF LVE 
Event 

0211 
Event 1917 Event 0231 Event 1917 

c LVE 
Event 1917 

LVE 
Event 0231 p 

1 sec 
1----1 

1 sec 
t..--.--.I 

Fig. 2. Seismograms used to construct nodal plane solution near Mammoth in Figure 1. (a) Low-gain trace 
seIsmograms from station L VC (left) and LVI (right) showing similarity, which was typical at all but two stations between 
events. (b) High-gain trace seismograms from stations LV E (left) and L VF (right) showing reversal of first motion from 
one event to the other. The low-gain P arrivals were emergent at these two stations relative to the low-gain arrivals 
at. the other 13 statIOns. Compare low-gain arrivals in (a) with low-gain P arrivals in (c). (c) The low-gain trace 
seismograms from statIOn LVE shOWing a weak P arrival for both events (compare with (b). Note almost total 
disappearance of S arrival for the 0231 event at station LVE. 
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Fig. 3. All microearthquakes from both studies (1970 and 1973). Triangles show 1973 station I~ca~ions; 1970 stations 

are not plotted but are shown in the work by Pitt alld Steeples [1975]. Note the low level of actIvIty In the Long Valley 
caldera. Focal depths of microearthquakes in kilometers are indicated by numbers and letters (A = 10 km, B = II km, etc.). 
Note the north-south trend from Chalfant Valley to Owens Valley and the northwest-southeast trend from Long Valley 
caldera to Owens Valley. 

caldera that show recent displacements [see Bailey et al., 1976]. 
Several nodal plane solutions presented in the work by Pill 

and Steeples [1975] indicate a relative tension axis oriented 
within a few degrees of east-west. The normal dip-slip solution 
shown in Figure I also has a tension axis oriented roughly 
east-west, a pressure axis that is roughly vertical. The east-west 
extension in the Basin and Range province is well known, so 
the relative tension axis is in agreement with tectonic deforma
tion to the east of the Sierra Nevada. 

Ward [1972] has pointed out that microearthquakes occur in 
most major geothermal areas. He also stated, 

The observation that large numbers of microearthquakes are 
often found within but not outside of geothermal arcas during 
short periods of field recording suggests that seismic activity 
within the geothermal areas may be a far more continuous process 
than seismic activity in most other areas, even though all the 
seismic activity may be along the same fault system and in 
response to the same regional stresses. 

The data presented here from Long Valley are opposite to 
the above observation; i.e., there are many microearthquakes 
just outside the Long Valley caldera but few within the caldera 
where geothermal prospects are thought to be best. There are 
several possible explanations: 
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I. Either Long Valley is not a major geothermal area, or it 
is an exception to Ward's [1972] observation. 

2. The recording period coincided with an aseismic period 
in Long Valley. Pia and Steeples [1975] located two micro
earthquakes in west central Long Valley from a 20-day re
cording period in 1970, and activity outside the caldera was 
comparable to the present study. 

3. The microearthquakes in Long Valley were too small to 
be detected by our network. The network was capable of 
detecting events down to about magnitude zero or perhaps 
-0.5. 

4. Some part of the upper crust in Long Valley is not 
strong enough to support the stresses required for detectable 
earthquakes. This might be true if magma or partial melt were 
present in the upper 15 km of the crust. Such a soft zone could 
effectively isolate the upper 15 kl1,1 from regional stresses that 
are obviously present as shown by microearthquake activity 
near the Long Valley caldera. 

5. High temperatures could produce stable sliding instead 
of brittle fracture [Brace and Byer/ee, 1970] in the upper crust 
in the caldera. 

6. Gumper and Scholz [1971] noted a similar lack of ac
tivity in the vicinity of the Long Valley caldera and northern 
Chalfant Valley. As shown in Figure 3, seismic activity virtual
ly ceases along an east-west line projected along the southern 
edge of the caldera. This may have some tectonic significance 
that is not yet understood but is not thought to be a result of 
inadequate station coverage. Gumper and Scholz [1971] sug
gested that the Owens Valley is a spreading ridge. This would 
explain the presence of volcanic activity in the Long Valley 
vicinity but might not explain the petrology of the more 
silicic igneous rocks. 

Whatever the explanation, the only microearthquakes 
recorded within the caldera are at the extreme southeastern 
edge of the caldera, and they are about 10 km deep. These may 
be on the Hylton Creek fault (the only fault in Figure I that 
crosses the southern caldera boundary), and they are probably 
associated with regional deformation. It is impossible to tell 
from this small cluster of events if a zone facilitating upward 
movement of hot water or steam is present. The termination 
of seismic activity at the southern edge of the caldera may sug
gest permeable zones (or at least fractured material) close to 
that edge. 

Although microearthquakes have been of some use in 
locating apparent fracture zones at some of the earlier men
tioned geothermal localities, the method is far from proven in 
the more general sense of geothermal exploration. The diffi
culty of locating fracture zones with microearthquakes is ex
emplified by the San Andreas fault. One merely has to look at 
a National Center for Earthquake Research seismicity report 
for central California [e.g., Wesson et al., 1974] to see that the 
seismicity is typically placed a kilometer or two off the fault 
trace. If one is interested in drilling for a geothermal resource, 
the exploration technique should be capable of locating frac
ture zones to better than of the order of a couple of kilometers. 
Another limitation of microearthquakes is that their absence 
does not imply the absence of active faults. Some parts of the 
San Andreas fault have broken the surface in historic time but 
yet have little or no microearthquake activity at the present 
time, as can be seen in the previously mentioned report of 
Wesson et al. 
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Low-Velocity Zone Under Long Valley as Determined 
From Teleseismic Events 

DON W. STEEPLES 1 AND H. M. iYER 

u.s. Geological Survey. Menlo Park. California 94025 

A temporary seismograph station network was used to estimate teleseismic P wave residuals in the 
vicinity of Long Valley geothermal area, California. Relative P wave delays of 0.3 s persist at stations in 
the west central part of the Long Valley caldera after regional and near-surface elfects have been removed. 
Ray tracing indicates that low-velocity material exists beneath the caldera at depths greater than 7 km and 
less than 40 km, probably less than 25 km. The velocity contrast with normal crust must be at least 5% to 
satisfy the data and is probably in the range 10-15%. We believe that the low velocity indicates 
anomalously hot rock at depth and that relative teleseismic P residuals may be useful for investigation of 
sources of geothermal energy. 

INTRODUCTION 

This paper reports on the results of a study using teleseismic 
P wave arrival time residuals at temporary seismograph 
networks centered on the Long Valley caldera, California, The 
method allowed the exploration of the crustal velocity struc
ture to a depth of about 40 km in the caldera. The recording of 
distant earthquakes is a commonly used method of extracting 
velocity information about the crust and upper mantle. For ex
ample, such studies have been made using the large aperture 
seismic array (Lasa) in Montana [lyer and Healy, 1972; Chin
neryand Toksoz, 1967], the Tonto Forest Seismic Observatory 
in Arizona [Niazi and Anderson, 1965], and the U.S. 
Geological Survey (USGS) seismic network in Yellowstone 
[lyer et al., 1974; lyer, 1975]. The investigation at Yellowstone 
is the first such study in a known geothermal area, and indeed 
the Yellowstone network was installed for the purpose of in
vestigating passive seismic techniques in such areas. Relative 
teleseismic P delays at Yellowstone were interpreted in terms 
of an anomalous hot zone extending downward to at least 250-
km depth (possibly to 400 km), well into the upper mantle. 

Press and Biehler [19641 used correlations between P wave 
delays and gravity anomalies to infer higher than normal 
temperatures in the lower crust beneath the Sierra Nevada 
batholith. An alternate interpretation of their data may be 
possible in view of later work involving azimuthal variation in 
teleseismic P residuals. Bolt and Nuttli [1966] and Nuttli and 
Bolt [1969] investigated relative teleseismic P residuals in 
northern California, They found azimuthal variations of up to 
2.4 s between Shasta and Berkeley for relative residuals, smal
ler effects being observed at other stations. They suggested that 
the azimuthal effects were due to changes in depth and/or 
thickness of the low-velocity layer in the upper mantle. 
Koizumi et al. [1973] interpreted early teleseismic arrivals 
at some stations in Nevada as being due to a dipping 
lithospheric plate in the upper mantle (i.e., a fossil subduction 
zone). Regional effects such as these are not present at Long 
Valley (as will be discussed later). 

The following information is needed to calculate relative 
teleseismic P residuals: (l) hypocenter location and origin time 
To of the earthquake and (2) location and arrival time TA t at 

1 Now at Kansas Geological Survey, University of Kansas, 
Lawrence, Kansas 66044. 

Copyright © 1976 by the American Geophysical Union. 

the ith station. Expected travel times TEi from each 
hypocenter to each station are read (by computer in the pres
ent work) from the Herrin [1968] tables. The absolute P 
residual RA i for the ith station is calculated by subtraction: 

RAi = (TAi - To) TEi 

Absolute residuals are of little use in local crustal studies 
because they are a measure of inaccuracies in the computed 
hypocenter, source-station effects, and how much the true 
earth P wave velocity differs from the Herrin [1968] earth P 
wave velocity model along path lengths of thousands of 
kilometers in the mantle. Hence for local crustal studies, 
relative P residuals RR t are calculated by subtracting the ab
solute P residual at some reference station RAR from the ab
solute P residuals at the ith station: 

RRt = RAt - RAR 

If RRi is pOSItIve, a delay must have occurred somewhere 
along the ray path from the earthquake hypocenter to the ith 
station relative to the ray path to the reference station. Since a 
teleseismic focus represents essentially a point source at its 
origin, the rays to different stations of a small array follow 
very similar ray paths until they are far from the focus. Since 
the lower mantle is thought to be homogeneous on the scale of 
a few kilometers, it is reasonable to assume that most of the 
contribution to relative residuals of a local network comes 
from crustal or upper mantle velocity differences beneath the 
stations. The ramifications of this assumption are discussed in 
detail later. 

The reference station should be situated such that ray paths 
to the station represent some average or 'normal' path that 
does not penetrate the volume of rock under investigation. 
This requires the reference station to be outside the suspected 
anomalous area under investigation but at the same time close 
to the area to ,keep any regional effects to a minimum. The 
technique is identical to that used by others [Vtsu, 1973; Wyss 
and Holcomb, 1973; Cramer and Kovach, 1974] searching for 
temporal variation in P residuals caused by physical changes 
in the vicinity of impending earthquake hypocenters. The only 
difference is that the present emphasis is on spatial rather than 
temporal variations. 

Signals from distant earthquakes are particularly useful as a 
supplement to refraction or reflection surveys for local crustal 
studies because the ray paths are nearly vertical when they 
reach the surface. Estimated angles of incidence [Richter, 
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Station 

MLOI 
ML04 
ML05 
ML06 
ML07 
MLOS 
ML09 
MLiO 
MLiI 
MLl2 
MLl3 
MLl4 
MLl6 
MLl7 
MLiS 
LVA 
LVB 
Lve 
LVD 
LVE 
LVF 
LVG 
LVI 
LVJ 
LVK 
LVL 
LVM 
LVN 
LVO 
LVP 
LVR 
LVS 
LVPI 
LVP2 
LVP3 
LVP4 
LveF 
LVMA 
LVOI 
LV02 
LV03 
LV04 
LV05 
LV06 
LV07 
LVOS 
LVII 
LVI2 
LVI6 
LVI7 
LVIS 
LVI9 
LV20 
LV21 
LV22 
LV23 
LV24 
LV25 
LV34 
LV35 
LV36 
LV37 
LV38 
LV39 
LV40 
LV41 
LV42 
LV43 
LV44 
LV46 
LV47 
LV4S 
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TABLE I. Station Locations TABLE I. (continued) 

North Latitude 

deg 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
27 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

min 

45.63 
57.49 
49.86 
45.13 
3S.06 
36.22 
35.85 
34.98 
32.92 
29.22 
28.60 
22.69 
23.04 
21.00 
13.57 
36.16 
36.13 
34.97 
45.14 
46.S2 
39.03 
44.41 
44.20 
3S.50 
42.73 
3S.05 
35.22 
35.S7 
29.21 
23.03 
3S.S2 
35.47 
39.53 
40.25 
41.75 
42.29 
37.43 
43.39 
3S.12 
3S.64 
39.27 
40.15 
40.93 
41.50 
3S.3S 
3S.27 
40.01 
40.46 
39.12 
39.63 
40.02 
40.40 
40.61 
40.30 
41.05 
40.75 
40.62 
40.97 
44.46 
44.62 
44.66 
44.72 
44.S7 
45.01 
44.SS 
43.25 
42.S3 
40.S2 
40.S3 
42.38 
41.36 
43.4B 

West Longitude 

deg 

119 
119 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liB 
liS 
liS 
liS 
liS 
liS 
liB 
119 
119 
liS 
liS 
liS 
liS 
118 
118 
lIS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
118 
liB 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 
liS 

min 

06.52 
09.03 
25.98 
46.03 
39.33 
59.60 
20.23 
33.15 
4S.S2 
3S.19 
2S.65 
33.60 
40.49 
16.97 
36.24 
59.6S 
51.15 
33.17 
46.03 
04.96 
03.01 
57.S1 
50.36 
4S.37 
41.2S 
39.3S 
40.42 
20.25 
3S.19 
33.14 
55.67 
50.07 
46.29 
51.25 
53.36 
5S.14 
46.73 
50.25 
4S.32 
47.S0 
47.25 
46.75 
46.2S 
45.89 
46.90 
45.05 
4S.7S 
4S.25 
50.14 
49.IS 
54.31 
53.17 
52.20 
51.57 
50.39 
49.SS 
49.12 
4S.67 
51.26 
52.09 
52.97 
53.75 
54.46 
55.87 
56.65 
59.S2 
55.66 
59.67 
57.02 
51.80 
54.73 
52.66 

Station 

LV49 
LV57 
LV58 
LV59 
LV60 
LV63 

North Latitude 

deg 

37 
37 
37 
37 
37 
37 

min 

42.00 
42.38 
43.00 
43.65 
44.20 
44.63 

West Longitude 

deg 

118 
118 
118 
liS 
liS 
liS 

min 

45.67 
46.01 
46.41 
47.04 
46.23 
4B.41 

Seventy-eight different station locations were used. M L stations 
operated for 20 days in 1970 (except 1,4, and 10, which only operated 
for about 10 days). LV stations with three-letter names operated 
during the whole month of May 1973, except B, 0, P, ~nd S, which 
were moved the last week of May. LV stations A, C, D, and E 
operated through the month of June also. LV stations with four
character designations operated for a few hours to a few days each. 
A complete schedule of operation is given by lyer and Hitchcock 
[1976]. 

1958] for typical teleseisms used in this study ranged from 
about 28° from vertical for events in Alaska (L1 (great circle 
distance) approximately 40°) to about 19° from vertical.for 
events from Japan (L1 approximately 75°). Local refractIOn 
surveys provide velocity information only for the upper few 
kilometers of the crust. The information supplied by local 
refraction or reflection surveys is essential to the interpretation 
of teleseismic P residuals because it enables us to remove near
surface effects and concentrate on deeper effects. 

DATA 

It should be pointed out that the data used in the prepara
tion of this paper were gathered from seismic arrays designed 
to perform entirely different functions than a study of 
teleseismic P delays. For that reason this study should by no 
means be construed to place limits on the accuracy or preci
sion with which the low-velocity anomaly described herein 
may eventually be delineated. It should also be pointed out 
that the western United States is in an ideal position 
geographically to use the P delay method, since many 
teleseisms arrive along northwest-southeast azimuths approx
imately 180° apart as shown in Table 2. From theoretical 
wave propagation limits the P delay method is incapable 
of detecting a 'root' or pipe extending down into the upper 
mantle if such a pipe is less than perhaps a few kilometers 
in diameter. 

Sixteen portable seismograph stations were deployed for ap
proximately 9 weeks in the Long Valley vicinity to record 
microearthquakes [Steeples and Pitt, 1976, this issue] and 
monitor seismic noise [lyer and Hitchcock. 1976, this issue]. 
All well-recorded teleseisms that occurred during these two 
studies were analyzed. The station locations and teleseismic 
events used are given in Tables I and 2, respectively. 

The portable seismograph system is described ii1 detail by 
Eaton et at. [1970]. Since the system was designed primarily to 
record microearthquakes, picking first arrivals of small 
teleseisms recorded by the equipment is difficult and uncertain 
at best. Large teleseisms occur infrequently, and the data set is 
limited by short periods of recording, so the problem becomes 
serious when small teleseisms must be used to increase the size 
of the data set. 

Some of the uncertainties of emergent first arrivals can be 
eliminated by timing the first peak or first trough. When this 

--------------------............. 
No. Locality 

I Kamchatka 
2 Andreanof 
.I Russia-China 
4 Novaya Zemlya 
5 Fiji 
6 Honshu 

7 Fiji 
8 Fiji 
9 Russia 

10 Fiji 
II Chile 
12 Fiji 
/3 Fiji 
14 Honshu 
15 Fiji 
16 Rat Island 
17 Peru 
18 GulfofCalifornia 
19 Guatemala 
20 Unimac 
21 Ecuador 
22 Guatemala 
23 Guatemala 
24 Solomon 
25 Andreanof 
26 Fiji 
27 Hokkaido 
28 Hokkaido 
29 So uthern Alaska 
30 Hokkaido 
31 Bolivia 
32 Kermadec 
33 Andreanof 
34 Kuril 
35 Kuril 
36 Kuril 
37 Kuril 
38 So uth Pacific 
39 Sitka 

Date 

Oct. 8 
Oct. 8 
Oct. 12 
Oct. 14 
Oct. 14 
Oct. 16 

April 30 
May 3 
May 6 
May 8 
May /0 
May 14 
May 14 
May 17 
May 27 
May 29 
May 30 
May 30 
May 31 
May 29 
May 30 
June 7 
June 7 
June 9 
June 15 
June 15 
June 17 
June 17 
June 18 
June 18 
June 19 
June 20 
June 23 
June 24 
June 24 
June 24 
June 24 
June 25 
July I 
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Origin 

04: 53: 21.8 
13:02:05.0 
09: 33: 37.0 
05: 59: 57.1 
10:40:58.0 
05:26: 13.0 

08: 39: 07.7 
13: 26: 31.0 
14:39:28.1 
04:44: 56.4 
07:55:07.6 
17: II: 13.8 
21: 15:47.9 
15:44: 19.5 
06: 38: 13.4 
01 :46:44.9 
12:39:54.3 
17: 33: 51.0 
05:39: IS.8 
06: 14: 22.3 
04: 38: 0 1.8 
18: 32:42.9 
18:34:46.3 
08:21 :27.3 
13: 38: 23.1 
23: 04: 58.6 
03:55:02.9 
20:37:57.3 
10: 17:26.3 
17:45:43.7 
04:46:01.5 
12:01 :56.7 
05:26:49.0 
02:43:25.5 
03:04: IB.6 
03: 2B: 38.5 
05: 07 :46.8 
15:03: 18.7 
13:33:34.6 

TABLE 2. Teleseisms Used 

Latitude' 

deg min 

+53 
+50 
+42 
+73 
-18 
+39 

-17 
-17 
+43 
-17 
-25 
-16 
-22 
+33 
-21 
+51 
'-14 
+26 
+13 
+54 
-02 
+14 
tl4 

10 
+51 
-25 
+43 
+42 
+52 
+42 
-20 
-2B 
+51 
+43 
+43 
+43 
+43 
-35 
+57 

1970 Data 
4S.0 
24.0 
48.0 
18.0 
06.0 
18.0 

1973 Data 
30.0 
54.0 
30.0 
36.0 
36.0 
36.0 
00.0 
06.0 
18.0 
42.0 
06.0 
18.0 
54.0 
00.0 
IB.O 
18.0 
12.0 
18.0 
18.0 
54.0 
12.0 
42.0 
12.0 
30.0 
48.0 
30.0 
54.0 
IB.O 
12.0 
IB.O 
06.0 
54.0 
48.0 

Longitude' 

deg min 

-160 
+176 
-131 

-50S 
+ 178 
-140 

-179 
+178 
-132 
+178 
+70 

-175 
+179 
-140 
+177 
-176 
+72 

+110 
+90 

+163 
+78 
+92 
+91 

-161 
+179 
+177 
-145 
-146 
+164 
-146 
+68 

+176 
+176 

146 
-·146 
-146 

146 
+103 
+137 

24.0 
12.0 
00.0 
06.0 
30.0 
42.0 

36.0 
24.0 
18.0 
54.0 
24.0 
54.0 
06.0 
42.0 
54.0 
12.0 
48.0 
42.0 
54.0 
48.0 
30.0 
00.0 
54.0 
24.0 
24.0 
24.0 
48.0 
00.0 
54.0 
00.0 
48.0 
48.0 
54.0 
24.0 
48.0 
48.0 
36.0 
54.0 
18.0 

'Positive denotes north and west; negative denotes south and east. 

Depth, 
km 

59 
38 

555 
I 

609 
24 

613 
600 
497 
543 
44 
54 

501 
62 

422 
46 
90 
33 
99 
30 

III 
78 
70 
70 
50 
94 
48 
50 
15 
29 

118 
41 
62 
50 
55 
47 
44 
33 
33 

Epicenter 
Azimuth 

From 
LVe, deg 

315 
307 
315 

2 
237 
308 

239 
237 
315 
238 
136 
242 
235 
303 
234 
309 
131 
147 
126 
312 
128 
127 
127 
255 
30B 
231 
309 
308 
310 
308 
132 
229 
309 
309 
308 
309 
308 
16B 
335 

851 

Epicenter 
Distance 

From 
LVe, deg 

56 
42 
78 
69 
79 
74 

80 
79 
77 
79 
77 
82 
82 
78 
SI 
47 
67 
13 
34 
35 
54 
33 
33 
88 
44 
84 
69 
69 
35 
69 
75 
85 
43 
69 
68 
68 
69 
74 
24 

method was first used to time the teleseisms, the results showed 
considerable scatter but suggested that the data might contain 
signiticant new information about deep crustal velocity be
neath Long Valley caldera. 

Instead of using the peak and trough method, we tried tim
ing the zero crossing (Le., the end of the first cycle) (Figure I). 
Somewhat to our surprise the scatter in the relative residuals 
de,creased significantly when this technique was used. The 
standard deviations of relative residuals for a given azimuth 
decreased by approximately a factor of 2 at most of the sta
tions. 

I. The second zero crossing often crosses the zero
amplitude line at a very steep angle, thus effectively filtering 
high-frequency noise and reducing the picking uncertainty. It 
is usually possible to attain a reading accuracy of ±0.02 s. 

2. The uncertainty due to changes in wave shape is small 
because of the very small aperture (L1 = 1/2°) of the seismic ar
ray used in this experiment. For the best events both the first 
arrivals and second zero crossings were timed, and the stan
dard deviations of the period of the first cycle for a particular 
event were generally in the range 0.04-0.06 s. This provides as
surance that the travel time anomalies observed in the caldera 
are not caused by changes in wave shape or the picking tech
nique. Most events recorded had first-cycle periods of very 
nearly I s, and the wave shape of the first pulse was stable 
across the array. Mack [1969] noted changes in signal shape 
across the Lasa in Montana, but a look at his published data 
shows that the first cycle was relatively uniform across the ar
ray. 

Other investigators at the U.S. Geological Survey have sub
sequently adopted the zero crossings as timing points (C. 
Cramer and J. Evans, oral communication, 1975). They have 
statistically compared the technique to the peak-trough 
method and the first-break method. Both agree that the zero
crossing method is much superior to first breaks and is slightly 
better than the peak-trough method, particularly since the zero 
crossings are more objective picks. 

There are several important advantages to the zero-crossing 
technique: 

3. For weakly recorded teleseisms resulting from small 
event magnitudes or low station sensitivity, the first peak or 
trough, the first zero crossing, and the first break are often ob-



852 STHPI.I:S AND IYI'R: LON(i VAI.I,I:Y SY:I1POSIUM 

_ TYP I CAL RECORD 

_ZERO AMPLITUDE ........ ~""'-- v- GOOD RECORD 

I SEC 
L....J 

_ZERO 

.J 0 
<t Ir 
~l<: W 
Ir<t N 
IrW 
<til. 0 

I-t-~ 
(f)(f) u 
irQ: W 
-- (f) 

AMPLITUDE_~_ POOR RECORD 

Fig. I. Tracings of seismograms illustrating various picking points, 

scured by noise or attenuated in such a way that the second 
zero crossing is the first and only reliable pick (Figure I). 
Readings beyond the second zero crossing introduce in· 
tolerable levels of uncertainty into the data as a result of reflec
tions, scattering, diffraction, and other common wave de· 
formation phenomena [see Mack, 1969]. Since the present 
investigation deals with relative residuals, it is most important 
to pick the same phase of the signal at all stations. 

The data set was recorded in an analog fashion on magnetic 
tape and played back with an ink·squirting strip chart recorder 
at a paper speed of I cm/s, Two radio station WWVB timing 
traces were played back parallel to the signal trace. Zero cross· 
ings are read to 0,0 I s, and picking errors vary from 0.02 s for 
the best seismograms to about ±0.05 s for signals that do not 
cross zero at a very steep angle. The uncertainty due to pre
viously mentioned changes in wave shape is of the order of 
0.04-0.06 s. Hence the maximum likely uncertainty for a given 
reading is normally about ±O.II s for the lower·quality tele· 
seisms used. These error estimates are somewhat subjective 
but reasonable, and they are based on experience and dis
cussions with other USGS investigators. 

The criterion for playback of a teleseism was that it be well 
recorded at Casa Diablo Mountain (L VC), the reference sta
tion (Figure 2). The uncertainty of the timing at L VC is ±0.02 s 
for picking error and ±0.06 s for wave shape change, since all 
events except one at the reference station had excellent second 
zero crossings. Since we are dealing with relative residuals, the 
usual maximum uncertainty in a relative residual value is the 
sum of the uncertainties at the reference station and the station 
of interest, in this case about 0.19 s for the poor events and 
about 0.16 s for the good events. 

At many stations three or more readings from the same 
azimuth are available. Residuals at these stations were 
averaged for each approach azimuth, and standard deviations 
of the data were generally in the range 0.04-0.11 s. We con
clude that the likely uncertainty of average relative residual of 

three or more events from a particular azimuth at a given sta· 
tion is about 0.1 s. 

The interpretation of P delay data in some cases requires 
removal of regional azimuthal variations [see Press and 
Biehler, 1964; Bolt and Nutt/i, 1966]. As is shown below, such a 
correction was not needed at Long Valley, partly because of 
the local nature of the array. 

Figure 2 shows relative residuals with respect to L VC for 
stations outside the Long Valley caldera. Some of these 
readings (six events) come from a network that operated for 
20 days in 1970 to record microearthquakes in the northern 
Owens Valley-Mono Lake region [Pitt and Steeples, 1975]. The 
data in Figure 2 indicate that regional effects for events from 
the northwest and southeast azimuths are less than 0.05 s, even 
though two stations have values of +0.16 and -0.18 for events 
f(om the southeast. The limited data from southwest events 
suggest a possibility of relative arrivals southwest and north
west of the Long Valley caldera 0.2 s earlier than those at 
stations near Bishop, which is about 50 km southeast of Long 
Valley. Elevation c9rrections were not used but would add 
0.01-0.03 s to residuals in the caldera, since the elevation of the 
reference station (L VC) is 50-200 m greater than the elevation 
at stations in the caldera. 

Figure 3a shows stations in and near the Long Valley 
caldera that recorded at least one event from the northwest. 
Relative delays (positive residuals) are about 0.2 s near the 
northwest corner of the caldera, increasing to about 0.5 s 
toward the center of the caldera. 

Figure 3b shows stations that recorded at least one event 
from the southeast. For this azimuth, delays of the order of 
0.5 s are present in the northwest section of the caldera. Thus 
the largest delays are for stations on the opposite side of the 
caldera from the approach direction. As is shown below, this 
change in the spatial pattern for delays for opposite azimuths 
can be caused only by material deep under the center of the 
caldera. 
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Interpretation of the delays requires the removal of near
surface effects. Three different techniques were used to es
timate the surface effects: 

I. A crustal refraction survey by Hill [1976, this issue] was 
centered on the caldera. Ray tracing and travel time calcula. 
tions show that the effect of the upper 6 km of the crust should 
produce only delays of the order of 0.15-0.2 s in most of the 
caldera including the area where 0.5-s delays were found. The 
travel times are highly dependent on the thickness of shallow 
sediment near the surface (velocity 1.5-1.7 km/s) along the 
Owens River in the northeast section of the caldera. Delays ap
proaching 0.4 s may occur in this region, but it is east of the 
deep anomalous zone. 

2. Teleseismic rays that are recorded near the edge of the 
caldera but that do not pass up through the center of the 
caldera show relative delays of 0.2 s, whereas some of the same 
stations show 0.5-s delays for ray paths that traverse the center 
of the caldera (Figure 4c). This indicates that the near-surface 
effects are of the order of 0.2 s and that deep effects are 0.3 s 
beneath the center of the caldera. 

3. Some of the larger local microearthquakes south and 
east of the Long Valley caldera [Steeples and Pitt, 1976] could 
be well located without the use of arrival times from stations 
within the caldera (LVG, LVI, LVJ). The local earthquake 
residuals thus obtained at these three caldera stations are a 
measure of near-surface velocity anomalies in the caldera. Sta
tions L VG and LV J had local residuals suggesting near
surface delays of 0.2 s. Station LVI, which is near Owens 

+ 

-0,06 

0,00 "0 A 0, 00 
-0,22 

0,14 

River, has local residuals indicating near-surface delays of 
0.30-0.35 s. 

Figures 4a and 4b show residuals from northwest and 
southeast at stations in the caldera and vicinity after estimated 
surface effects have been removed. Surface effects were taken 
at. 0,35 s near Owens River Valley (in the hachured area of 
Figure 4(') and 0.2 s elsewhere. Only stations in the caldera 
that ha.d r~adings from both northwest and southeast are 
shown III Figure 4c. The estimated near-surface effects have 
been remove~ at the five stations shown. Note the azimuthally 
dependent differences of i to ~ s as mentioned in the second 
technique above. Figures 4a and 4b show all the available data 
from the two different azimuths. 

An attempt was also made to use regional events from the 
San Andreas Fault and explosions from the Nevada Test Site 
in the hope of further constraining the low-velocity volume in 
the caldera. That effort was a failure because the Long Valley 
caldera was at or near the critical distance from both sources 
and it was impossible to distinguish Pn, P*, and Pg. 

DISCUSSION 

Figures Sa and 5b show two sectional views of the caldera 
u~ing readings in a zone 2 km wide centered along AA' of 
Figure 4c with typical distant ray paths drawn from northwest 
and southeast teleseisms to the surface. Unfortunately, few 
large events were recorded from the southeast azimuth because 
of the relatively short period of recording. Thus there is a scar
city of ray paths from the southeast in a critical part of our 

0,04 "0 

---------------
/ ----~" 

- 0,09 0,00" 
37°45'+ 

in \ 
° / 

( Long Volley Caldera' 

0,04 \ \ ~ 
<Xl 

o 
Ol 

~\ pMamm,oth ~/0'05 ~ 0,16 '- _ Lolres '-y.., 

0,05'r, -~t----- -0,06/"'-._0,18 -002 

- 0.12 A
O

,05 \ Crowley o,~ L VC ----'')., 
Loire A 6. /' 

EXPLANATION 

6. Reference station 

o Seismograph station 

----- Refraction survey line 

OF 'U.P 

° 10 20 km 
L' __ ~L-__ ~I ____ ~ __ -J! 

0,02 -0,01 Coso Oiablo 0,09 
Mountain 

-0,05 

> 0,03 

0,09 

'b 
-,0,12 

-0,04> 
Bishop ~ 

-0,03 

-0,04) 

+ 37°15' -0.10 + '0 
Fig, 2. Teleseismic P wave residuals relative to Casa Diablo Mountain (LVC) at stations surrounding the Long Valley 

caldera, The lines from the s~atl?nS show the three primary azimuths used, Each number is an average of three or more 
reSiduals from the aZimuths indicated by the lines. Refraction survey lines are from Hill [1976], 
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Fig. 3a. Teleseismic P wave residuals for events from the northwest relative to Lve (not shown). Residual values 
with bars are averages of three or more events and values without bars are averages of only one or two events. U ncer
tainty expected is ±O.I s for barred values and ±O.16 s for unbarred values. 

model. It is assumea that somewhere along these ray paths in 
the crust below 7-km depth (the vertical extent of the refrac
tion survey [Hill, 1976, this issue]) a velocity anomaly exists. 
We consider velocity anomaly models with decreases of 5, 10, 
and 15% in the P wave velocity, and the path lengths required 
to produce the observed delays. The equation governing path 
length required is 
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where Lp is path length, At is amount of time delay, VI is nor
mal crustal velocity (taken as 6.0 km/s), and V2 is the 
anomalous low velocity. 

When this equation is used, a 5% velocity decrease requires 
34.2 km of anomalous ray path to produce 0.3-s delay. Ray 
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Fig. 3b. Teleseismic P wave residuals for events from the southeast relative to L ve (not shown). Otherwise the same as 
Figure 3a. 
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Fig. 4a. All data in Long Valley vic!nity from northwest azimuth after near-surface effects have been removed as in 
Figure 4c. Station locations depicted by dots. 
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Fig. 4c. Teleseismic P wave relative residuals at stations within the caldera that recorded events from both northwest 
and southeast with estimated near-surface effects removed. Cross-hatched area shows where near-surface effects are esti
mated to be 0.35 s; elsewhere in the caldera. 0.2 s. Note remaining corrected relative residuals of OJ s for ray paths that 
have penetrated up through the center of the caldera. Stations mentioned in text are identified by three-letter names. 
Stations within dashed lines are projected onto section AA' in Figures 5a and 5b. Small squares represent hot springs 

in the caldera. 

paths outside the stippled zone in Figure Sa do not detect the 
velocity anomaly. so the low-velocity material must be above 
the depth where they intersect (approximately 40 km). It is im
possible to fit all the required 34.2-km-Iong ray paths inside 
the stippled zone, so we conclude that the velocity decrease in 
the anomalous zone must be greater than 5%. 

A 10% velocity decrease requires anomalous ray paths only 
16.2 km long. Figure 5a shows a hypothetical model of an 
anomalous zone with a 10% decrease in velocity. The heavy 
parts of the ray paths are proportional in length to the delay 
seen by the ray paths. It is assumed that the material is iso
tropic with respect to P wave velocity. The heavy parts of the 
intersecting ray paths must then form an internally consistent 
body, putting constraints on the volume that may be occupied 
by the anomalous zone. The models are drawn as a first ap
proximation to fit the data and do not take into account the 
refraction that would occur if such an anomalous body were 
present. This was taken into account (and shown not to be of 
first-order importance) by computer ray tracing [Steeples. 

1975]. 
Figure 5b shows a 15% velocity decrease model. One event 

from the southeast occurred at an epicentral distance of 1450 
km (6 = 13°). Events from this distance have angles of in
cidence determined by the upper mantle velocity and the 
granitic crustal velocity from Snell's law. A mantle velocity of 
7.9 km/s yields an angle of incidence of 49° from vertical when 
a normal crustal velocity of 6.0 km/s is assumed. If one 
chooses to believe data from this single event, an additional 
constraint is placed on the depth of the low-velocity material, 
since station LVE shows a delay of 0.1 s for the event. If that 

ray path to L VE and the 10% velocity decrease model were 
used, the delay at station L VE would be 0.3 s instead of 0.1 s 
for this event. On the other hand. the 15% velocity decrease 
model requires a delay of only 0.1 s at L VE and is thus pre
ferred over the 10% velocity decrease model. This particular 
ray path arrived from a slightly different azimuth. however, 
and may not have passed through the heart of the anomalous 

volume. 
Additional models with greater velocity contrasts could un-

doubtedly be constructed without developing inconsistencies 
in the data. At some point the wave shape of the first pulse 
would begin to show changes as diffraction around the low
velocity body occurred. While we cannot now put a maximum 
limit on the decrease in velocity, it does not seem reasonable to 
expect a decrease of more than 20-30% in the P wave velocity 
for this material, even if it is fully molten. Murase and Mc
Birney [1973] observed velocity decreases of up to 40% in rock 
melts at low pressures. A similar 40% velocity drop occurs at 
the core-mantle boundary, but some of that drop is due to 
compositional change [Bullen, 1965]. Mizutani and Kanamori 
[1964] observed a P velocity drop of only 20% in a metal alloy 
upon melting. On the basis of these limited observations. P 
velocity drops of 40% are too high for most rock melts at pres

sures of a few kilobars. 
One may speculate upon the cause of such low-velocity 

material. Earthquakes of magnitude 6.0 have occurred near 
Long Valley caldera in the not too distant past (1927, 1941), so 
the idea of a low-velocity volume signaling an impending 
moderate earthquake cannot totally be ruled out. A more at
tractive (and more likely) hypothesis is that the low velocity is 
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associated with the intrusive body or bodies that fed the extru
sions from the caldera vicinity in the past 700,000 years. It is 
interesting to note that rhyolitic extrusion has occurred in the 
Long Valley caldera vicinity within the past 1500 years [Bailey 
et al., 1976, this issue]. The resurgent part of the caldera is 
where the low velocity is most pronounced. 

Compressional velocity in rock decreases with increase in 
temperature [e.g., Murase and McBirney, 1973]. If this 
hypothesis is true, eventually it may become possible to make 
a reliable heat anomaly estimate for Long Valley using the hot 
rock hypothesis. Such reliable estimates, however, await the 
collection of velocity data at 10 kbar and 1000°C. A 15% 
decrease in velocity could represent at least partial melt, but 
the degree of melt could be highly dependent upon the amount 

of water present [Spencer, 1975]. 
I f a large volume of magma were present under the caldera, 

teleseismic S waves would not be transmitted up through the 
caldera (analogous to S wave attenuation at the earth's liquid 
core). The seismic equipment used for this experiment was not 
designed to record teleseismic S waves, but four stations near 
and in the caldera (including LVG and LVJ) had 1-s horizon
tal seismometers. Stations both inside and outside the caldera 
recorded teleseismic S waves, but the quality was very poor 
because most of the shear energy occurred at lower frequen
cies. It was shown, however, that the low-velocity material 
beneath the caldera transmits some S wave energy (assuming 
that the angles of P and S incidence are equal, which may not 
be strictly true). This indicates that if true magma is present 
along the ray paths in question, it is in small pockets (probably 
less than 4 km thick, the approximate wavelength of the S 
waves recorded), or it has sufficient viscosity to transmit S 
waves. Local earthquake S waves did not penetrate deep 
enough to pass through the heart of the anomalous body in the 
caldera [Steeples and Pitt, 1976, this issue]. 

The question arises whether a few thousand meters of sedi
ment or other low-velocity material at the surface caused the 
observed velocity anomalies. We believe not for three reasons 
that have already been discussed, but we mentioned them 
again for emphasis because the point is critical to our study: 

I. Teleseismic ray paths reaching the earth's surface are 
very nearly vertical, so that the amount of low-velocity 
material traversed near the surface is relatively independent of 
approach azimuth. Four stations in the caldera showed 
azimuthally dependent differences of 0.3 s, which would re
quire highly unlikely lateral heterogeneity to be explained by 

near-surface material. 
2. The refraction survey does not show near-surface 

material that could cause the delays except near the Owens 
River valley away from most of the stations which show de

lays of + s or more. 
3. Microearthquake residuals in the caldera are out of 

character with the residuals normally seen in the region when 
Eaton's (1966] model is used. The arrivals suggest that the 
near-surface effects are correctly calculated by the methods in 

points I and 2 above. 
Bailey et al. [1976] and Lachenbruch et al. (1976] believe that 

any residual magma from mid-Pleistocene intrusion must be at 
a depth of \0 km or greater in the caldera. The seismic data in 
this paper do not conflict with that conclusion, although Hill 
(1976] detected arrivals on some of his refraction records that 
are compatible with a low-velocity volume beginning at 7-8 
km depth. Those arrivals could, however, be multiple reflec
tions from some shallower interface. From Figures Sa and 5b 

it is evident that much of the low-velocity material probably 

lies in a depth range of 10-15 km. 
While the vertical and linear horizontal extent of the low

velocity material has been somewhat constrained, nothing has 
yet been stated about the areal extent of the velocity anomaly. 
Only limited data are available to make such an approxima
tion, but an attempt is depicted in Figure 6. In addition to data 
already presented, a Russian nuclear explosion and events 
from the southwest Pacific are plotted. 

In an effort to estimate the maximum horizontal extent of 
the velocity anomaly, rays were projected along straight paths 
back toward the epicenters to a depth of 12 km, a technique 
similar to that used by lyer and Healey [1972] at Lasa. A 
velocity contrast of 15% is assumed so that the diameter of the 
dots plotted in the caldera are thickness estimates. Figure 6 
shows all the rays available for projection from the teleseismic 

P delay study at Long Valley. 
A surprisingly consistent trend emerges as almost all the 

anomalous points plot in the west-central part of the caldera 
with only minor anomalous points plotted outside the caldera. 
The northern boundary is quite well constrained, but the 
eastern boundary is poorly constrained because of a lack of 
data points. The western and southern boundaries appear to 
be constrained to within about ±3 km horizontally. 

It is interesting to note that the western two thirds of the 
caldera appears to be more anomalous than the eastern third. 
Lachenbruch et al. [1976] indicated that heat flow evidence sug
gests that the eastern half of the caldera may have been extinct 
for some time. Heat flow data show a positive anomaly in the 
western half of the caldera. This supports our hypothesis that 
the western half of the caldera may have low velocity at depth 
due to hot rock. However, it should be remembered that heat 
flow data involve a time lag of the order of thousands of years 
for conduction from depths as shallow as 10 km. The heat flow 
data therefore may not show any indication of intrusions oc
curring in the last thousand years or so. 

A negative complete Bouguer gravity anomaly with 30-
mGal closure is centered on the Long Valley caldera [Pakiser 
et al., 1964]. Kane et al. (1976, this issue] have interpreted most 
of this gravity low in terms of up to 3 km of sedimentary or 
brecciated fill. They also pointed out the existence of gravity 
gradients outside the caldera that suggest a deep-seated mass 

deficiency beneath the caldera. 
If a volume of hot rock or partial melt were present at depth 

in the caldera, a gravity low would result, since rock decreases 
in density with increase in temperature. Igneous rocks general
ly decrease in density from 6 to \0% upon melting [Harris et 
al., 1970; Murase and McBirney, 1973]. 

A simple theoretical deep gravity model was constructed to 
fit our teleseismic P delay data. The anomaly in and around 
the caldera can be explained in part by a buried spherical mass 
with its center 13 km deep centered on section AA' as shown in 
Figure 5b. The calculation was done by using the gravitational 
field equation for a sphere given by Dobrin [1960, pp. 172-177] 
and the gravity map of Pakiser et al. [1964]. The spherical 
model used in the calculation had a radius of 7 km, resulting in 
a required density contrast of 0.018 g cm- 3 mG-

I
• If one 

chooses to attribute a 10-mGal anomaly to this hypothetical 
sphere, a density contrast of 0.18 g cm- 3 is required. The 
observed gravity gradients outside the caldera do not allow a 
spherical mass much larger, deeper, or less dense than the 
model just discussed. Density of rock decreases with increase 
in temperature because of thermal expansion, so up to 10 
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mGal in excess of the observed 30 mGal gravity anomaly in 
the caldera c?uld be due to hot rock and/or partial melt. It 
should be pOinted out that rock density decreases only about 
.1% for ~ach.400°C change in temperature [Skinner, 1966]. That 
In turn Implies that the density change of hot rock without par
tial melt could produce no more than about 3 mGal of gravity 
anomaly for the model just discussed. This indicates that if the 
deep gravity model is accurate and compositional change is 
not a factor, then some degree of partial melt is needed to ex
plain the rest of the gravity anomaly. 

CONCLUSIONS 

The low P velocity observed beneath Long Valley is 
probably caused by anomalously high temperature. The 
anomalous zone is more than 7 km but definitely less than 40 
k~ deep, probably less than 25 km deep. The velocity contrast 
~Ith the surrounding material is more than 5% and is probably 
In th~ r~nge 10-15%. The areal extent of the low-velocity 
matenal IS poorly constrained but is probably confined to the 
caldera, possibly to the west half of the caldera. A possible 
deep-seated gravity low lends circumstantial support to our 
hot rock/partial melt hypothesis. 

The teleseismic P delay technique may become a viable 
method of exploring the sources of geothermal energy. It 
should not b~ used without a thorough knowledge of the upper 
crustal velOCity structure such as that normally obtained from 
seismic reflection or refraction surveys. In addition to vertical 
instruments, it is desirable to use horizontal seismometers 
capable of recording teleseismic S waves so that S delays and 
possible S attenuation can be investigated in conjunction with 
P wave studies. 

Timing the first or second zero crossing may be one way of 

attai.ning better relative accuracy in measuring arrival times, 
parllcularly for marginal quality events. The technique is 
pr.obably most useful on small aperture arrays. One can deter
~I~e the applicabilit~ of the zero crossing timing method by 
tlmln~ both first a:Tlval and zero crossings for high quality 
e.ve?ts and compaTlng the two methods. In our case, the two 
liming methods produce the same results, but the zero crossing 
method allows the use of about 50% more data while it 
decreases the scatter in the data. 

The estimation of heat anomalies by the teleseismic P delay 
method awaits the laboratory measurement of rock velocities 
at pressures approaching 10 kbar and temperatures of 1000°C. 
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Application of the Self-Potential Method to Geothermal Exploration in 
Long Valley, California 

LENNART A. ANDERSON AND GORDON R. JOIINSON 

V.S. Geological Survey. Denver. Colorado 80225 

. A self-potential survey made !n the Long Valley caldel:a produced an anomaly derived from a dipolar 
s~urce supenmposed ~n ,Potentials negative III polaflty III relation to the area outside the caldera. The 
dlpol.ar anomaly, consisting of negative and positive components differing amplitude by approximately 
I \I,. IS centered ?ver a resurgent dome III the west central part of the caldera. The exact nature of the po
tential source IS ~nkn~wn; howev~r, electro filtration processes caused by movement of heated 
~roun.dwate~ th~t gives ns.~ to strea~llIg potentials are .thought to be the principal cause of the dipolar 
anomdly. DlffuslO~ potentials resultllIg fr0ll! concentratIOn differences between rising volcanic water and 
descendlll~ meteonc w~ter may be responsible for the negative potentials measured within the caldera. 
Potential IlIcreases as high as /100 mY were observed across the perimeter of the caldera. 

INTRODUCTION 

The mapping of natural electrical potentials within the Long 
Valley caldera, located in the east central part of California 
(Figure I), constitutes an attempt to utilize the self-potentia] 
method in the detection and delineation of thermal sources 
within a known geothermal area. The use of the self-potential 
method in geothermal exploration was most unorthodox in 
that an absolute correlation between anomalous surface po
tentials and thermal sources at depth had not been established. 
However, higher than normal background potentials in geo
thermal areus have been reported by While et al. []964] and 
Corwin [1973], and a single profile obtained across the Mud 
Volcano area in Yellowstone National Park produced a posi
tive anomaly of about 40-50 mV which was unmistakably 
caused by phenomena related to thermal activity [Zohdy et al .. 
] 973]. On the basis of the possible utility of the self-potential 
method in geothermal exploration as suggested in these re
ports it was considered of practical interest to carry out a self
potential survey in Long Valley, where other geophysical data 
were available for interpretational support. 

FIELD PROCEDURE 

Self-potential measurements were made with copper-copper 
sulfate nonpolarizing electrodes spaced 300 ft (91.5 m) apart 
and a high-impedance millivoltmeter. Because of the large area 
to be surveyed, potential gradients were measured along a 
traverse, and individual readings added successively to con
struct a profile of potentials relative to a base station established 
at the junction of old U.S. Highway 395 and Mammoth Lakes 
Road (Figure ]). All self-potential data were SUbjected to a 
low-pass filtering process to remove short-wavelength poten
tial variations generated by near-surface effects. Figure 2 
shows an example of profile data in the three forms of mea
sured, compiled, and filtered data obtained along traverse 
A-A' (Figure ]). 

Data initially were collected on a long closed loop traverse; 
where it was possible, subsequent traverses were tied to the 
original traverse at two points. Closure offsets were distributed 
linearly along the profile to compensate for accumulative 
errors. Errors in individual readings were minimized by select
ing electrodes which produced less than I m V in a side-by-side 
arrangement and by reversing the relative position of the elec
trodes for alternate readings in order to counteract electrode 

Copyright © 1976 by the American Geophysical Union. 

potential imbalance if it should occur during the course of the 
~ay. Assuring contact with the moist overburden was a par
lJcular problem in Long Valley because of the insulating prop
erlJes of the large quantities of pumice within the surface 
material. The contact problem was overcome by watering the 
area of electrode emplacement, but this procedure often pro
duced potentials in the vicinity of the electrodes because of 
salinity gradients and the downward filtration of the in
troduced water. In time an equilibrium level was reached' 
however, in many instances fluctuations of the self-potential 
field decreased the accuracy of the measurement, and thus a 
probable source of much of the profile closure error was 
produced. 

Typically, traverses completed on the same day or on suc
~e~~ive days closed with very little error. For example, the 
lllltial loop, a 26-mi (42 km) traverse starting south of Casa 
Diablo Hot Springs and circling to the east and south, was 
completed within 3 days and closed with an error of 55 mY. 

SURVEY RESULTS 

The contoured self-potential data shown in Figure 3 pro
duced some unexpected and rather spectacular results. The 
most obvious and impressive features on the map are the 
positive and negative anomalies overlying the south and north 
parts of the Cenozoic volcanic rock, respectively. Each anom
aly exceeds 400 mY, so that there is a minimum net potential 
difference approaching 900 m V across a distance of about 5 
km. The nearly equal amplitude of each anomaly suggests that 
a common source was responsible for generating the anoma
lies, and on the basis of the gradient between peak values it 
may be inferred that the source is deeply buried. 

In the part of the caldera west of U.S. Highway 395, self
potentials continue to decrease. Profile data, insufficient to 
permit contouring, indicate that the potentials fall to at least 
-800 mY. The potential field in the southern part of the 
caldera is rather uniform, but to the north and northwest the 
self-potentials increase as the caldera perimeter is approached. 

SOURCE MECHANISMS 

In designating the negative and positive anomalies located 
over the volcanic rock as the most significant features on the 
map it is assumed that the anomalies are produced by effects 
associated with thermal activity at depth. Thus far no follow
up studies have been done using borehole investigations to 
confirm the results of the self-potential survey; therefore very 

1527 



1528 ANDERSON AND JOHNSON: LONG VALLEY SEU-POTENTIALS 

MAP 
LOCATION 

~ Area of self-potential 
~ survey 
_ Caldera boundary 
- - Self-potential traverse 

o 
I 

5MILES 
I 

o 5 KILOMETRES 

~O'Harrel 
Canyon 

Wilfred 
Canyon 
~F 

./ 

Fig. 1. Index map showing survey locations, Long Valley, Mono County, California. 

little information exists from which a source mechanism can 
be positively identified. However, extensive previous work on 
self-potential phenomena provides enough infor~ation to p.er
mit speculation on possible processes involved In generating 
self-potential anomalies in geothermal fields. A paper by Nour
behecht [\ 963] is of particular interest in that it sets forth those 
internal conditions necessary to produce electrical signals at 
the earth's surface. The stated conditions are not repeated 

anomalies have similar amplitudes and occur in a relatively 
uniform geologic environment suggests a singular predom
inating mechanism. It is thought that this mechanism is 
related to the heat-triggered movement of water in a convec
tive cell. The potentials are believed to be generated by electro
filtration processes, the result being an effect called 'streaming 

potential.' . .' 
The electromotive force generated by streaming potentials IS 

primarily controlled by fluid pressure for a given ~et of rock 
conditions. According to Dakhnov [1962], streaming poten
tials are caused by the preferential adsorption of one ion 
species on the grain surfaces comprising the pore walls. 8e-

herein. 
Many mechanisms may conceivably generate natural elec-

tromotive forces and thereby contribute to the total observed 
anomaly. However, the fact that the negative and positive 

(f) 

I-

200 

c5 100 
> 
::::i 0 
..J 

::E -100 
z 
~ -200 
<! 
i= -300 
z 

B M N M N M 

~
-----~-----'-----' ... A ... 

7777/////7/>}77/77777»;»777»77» 

Approximate 
location of 
caldera 
boundary 

8' 

~ -400 500 1500 2000 2500 FEET 

~ _500JL ____ ~--~_--I.-----+-----~I,-~I--TI------il--------~1 
a 100 200 400 500 METRES 

Fig. 2. Self-potential profile A-A' data as measured, compiled, and filtered prior to contouring. 
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cause the adsorbed ions are all of the same polarity, the free 
liquid in the center of the pore spaces is enriched in ions of 
opposite charge. In the presence of a differential pressure 
across the rock formation the pore waters will move so as to 
produce a net charge separation along the line of water move
ment. In most rock systems, anions are adsorbed; therefore the 
pore waters carry a surplus of cations, and a positive potential 
is set up in the direction of flow. Some clays and carbonate 
rocks in basic solutions will produce the opposite effect. 

Streaming potentials are dependent upon factors best de
scribed by the equation 

Es = ~5CiP/HI1 + 118(2/r)] (I) 

where CiP is the pressure difference across the rock formation, 
r is the crack width or pore radius of the rock, 11. is the sur
face conductance of the diffuse layer within the pore spaces, 
and ~, 5, 11, and ~ are the dielectric constant, zeta poten
tial, conductivity, and viscosity of the pore water, respec
potential is that which exists across the fixed charges at the 
pore walls and those charges within the mobile layers of liquid. 
The properties ~, ~, and (J are always positive; therefore the 
polarity of a surface anomaly arising from streaming poten-

tials will be dependent upon the direction of water flow and the 
zeta potential. 

Typically, (I) is expressed as a ratio of Es/CiP, which is an 
equilibrium statement implying that the charge separation 
caused by fluid movement will be counteracted by electrostatic 
forces so as to reach an asymptotic value for a given set of rock 
conditions. As the pressure increases, the streaming potential 
will increase proportionately. 

Phenomenologically, one can envision a deeply buried ther
mal source heating the groundwater so as to cause an upward 
migration of the water. Upward-moving water generally pro
duces positive potentials at the surface; therefore we may 
attribute the positive anomaly over the Quaternary rhyolite to 
ascending groundwaters. In the event that the movement of 
water is impeded by a cap rock of low permeability, the heated 
water either travels through fracture systems to the surface, 
where it forms hot springs, or following some loss of heat, 
cycles downward if no escape is possible. Descending waters 
will generate a negative potential at the surface, and this 
mechanism may be responsible for the negative anomaly over 
the northern part of the Quaternary rhyolite. A similar nega
tive counterpart is not developed south of the positive anom-
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aly because, as is shown in Figure 3, the heated waters have 
found escape routes to the surface through the hot springs 
along the east and south flanks of the rhyolite; the relatively 
high potentials observed south and southeast of the positive 
anomaly. are thereby sustained. The escaping water must cer
tainly be replenished if the hot water convection cell is to be 
maintained. Groundwater recharge areas conceivably exist at 
several locations within the caldera; however, surficial evi
dence suggests that the principal source of fresh water is from 
surface flow off the Sierra highlands into the western part of 
the caldera. The downward percolation of meteoric water 
through rocks which are primarily basalt may be responsible 
for generating the high negative potentials observed in the 
western part of the survey areas. 

Electrochemical effects ,may be responsible, at least in part, 
for the anomalies over the volcanic rock. On the basis of data 
provided by Lewis [1974] we know that springwaters n.orth of 
the anomalous area are low in dissolved solids. If this fresh 
water can find access to a permeable layer within the volcanic 
sequence and thus come in contact with the saline thermal 
waters, then mechanisms for generating significant surface 
potentials will be activated. The first of these mechanisms 
involves processes by which diffusion potentials are produced, 
Diffusion potentials are developed across a liquid junction 
when two solutions of differing salinities are in direct contact. 
Ions from the more concentrated solution migrate into the 
dilute solution at a rate dependent upon the mobility of the 
ions involved. The more mobile ions are typically of one 
polarity; therefore a separation of charge will develop across 
the solution boundary, the result being a net current flow. 
Temperature differences between solutions will increase ion 
mobility, the effect being thereby enhanced, and the presence 
of clays within the rock may do the same. 

The second of these mechanisms that take place at the 
interfacing of unlike solutions produces oxidation-reduction 
potentials if certain conditions are met. According to ,Salo and 
Mooney [1960] a difference in the Eh or redox potential of the 
solutions in contact must exist in order to provide the driving 
source for the transfer of electrons from one solution to the 
other. The electron transfer also requires the presence of a 
conductive body across the solution boundary and an electron 
mobility rate which exceeds the mobility of the upward-mov
ing positive ions in the surrounding solution. To attribute the 
observed Long Valley anomalies to an oxidation-reduction 
process, the fresh water must contain free oxygen to create an 
oxidizing environment, and in like manner, the thermal waters 
must provide a reducing environment. Data from Lewis [1974] 
show that there may be sufficient dissolved iron in the thermal 
waters to satisfy the latter condition; however, the vehicle for 
electron transfer is still lacking. A paper by Willey el al. [1974] 
indicates that dissolved sulfides exist in relative abundance 
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within the groundwaters of Long Valley. If these sulfides are 
deposited in disseminated form in the zone of groundwater 
mixing, then a mechanism for electron flow will exist [Sato and 
Mooney, 1960]. In the Mud Volcano area in Yellowstone 
National Park, core samples extracted from a borehole in
dicated the presence of disseminated pyrite deposited by ther
mal waters in the near-surface layer. Pyrite was found at a 
depth of 50 ft (15.2 m), and it increased in abundance down to 
the bottom of the hole at 347ft (105.8 m) [Zohdy et al., 1973]. 

Pyrite deposition is not uncommon in areas of thermal 
activity, nor are reducing agents uncommon in thermal waters. 
The main concern, however, is whether sufficient free oxygen 
can be maintained within the infiltrating groundwaters to pro
vide an oxidizing environment at the necessary redox potential 
to generate the observed surface potentials. Free oxygen is 
generally depleted rapidly, particularly in the presence of dis

solved organic materials. 
Nourbehecht [1963] in his study of diffusion and 

electrokinetic source mechanisms calculated the upper limit of 
potential amplitude measurable at the surface for each effect. 
Maximum surface potential for the diffusion process is given 
as 100 mV; the streaming potential mechanism has a calcu
lated capability of producing anomalies of 'several hundred 
millivolts.' Sato and Mooney [1960] indicated that half-cell 
potentials relating to oxidation-reduction effects usually range 
in amplitude from 400 to 509 m V, although much higher 
potentials have been observed in the field. 

A number of other naturally occurring phenomena may 
conceivably act to produce measurable self-potentials at the 
surface. However, for the known possible processes there are 
so many variables involved that all necessary conditions will 

rarely be met. 

PROFILE DATA 

Because individual traverses did not normally extend be
yond the caldera boundaries, the contoured data do not ade
quately define the self-potential gradients observed in the vi
cinity of the caldera walls. Contours in the northern part of 
Figure 3 indicate an increase in potential as the edge of the 
caldera is approached; this effect, however, can better be seen 

in profile form. 
Profile data obtained along traverse A-A' (Figure I), as 

shown in Figure 4, were relatively smooth and therefore were 
not filtered in the usual manner. Instead, every 10th data point 
was plotted, a somewhat angular appearance to the profile 
thus being imparted. The traverse extended beyond the phys
icallimits of the caldera as inferred from gravity data [Pakiser 
et al., 1964]. The character of the profile indicates that the self
potentials within the caldera are substantially lower than or 
negative with respect to those potentials generated outside the 
caldera. On approaching the northern wall of the caldera the 
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Fig. 4. Self-potential profile obtained along a north-south trending traverse following U.S. Highway 395. 
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potentials increase, but beyond the wall the potentials show 
signs of decreasing. The fact that self-potentials do decrease 
outside the caldera suggests that the high potentials are caused 
by effects localized near the caldera edge. A decrease in self
potential was not observed south of the caldera boundary; 
however, unlike the other caldera walls the southern wall is not 
physically apparent. Indeed, the gravity data obtained in the 
southern part of the caldera have a lower gradient than data 
from elsewhere along the caldera perimeter. This fact suggests 
that the southern caldera wall may consist of a series of fault 
blocks rather than a single offset, a structural characteristic 
which would tend to broaden those effects that may be attrib
uted to a source near the edge of the caldera. 

Profiles (C-D, D-E, D-F) obtained in the eastern part of the 
caldera (Figure 5) (see Figure I for location) show a gradual 
and virtually uninterrupted increase in potentials from their 
starting point to the wall of the caldera, where the potentials 
level off and eventually begin to decrease outside the caldera. 
The potential rise on each profile is substantial; the potential 
increased by more than 1100 m V along the traverse leading 
through Wilfred Canyon and nearly 1000 m Von the O'Harrel 
Canyon traverse. 

The cause of the potential increase near the caldera bound
ary is unknown, but possibly, a combination of the 
mechanisms previously discussed may be responsible for the 
observed effect. It was first thought that the potential gain 
could be attributed to outward-flowing current that increased 
in density within the surface layer as a result of a lateral 
increase in resistivity encountered at the caldera edge. To test 
this supposition, a two-dimensional model was formulated 
with the use of a buried current source and a vertical contact 
separating media of differing resistivities. 

Image theory was used to derive equations for calculating 
potentials on each side of the contact. For a current source 
buried within the medium of resistivity PI the equations are 

PI! {I k} 
VI = 21l' [(k _ a)2 + d2]1/2 + [(x _ a)2 + d2]1/2 (2) 

PI! { 1 } 
V2 = '2; (1 + k) lex _ a)2 + d2)1/2 (3) 

where VI and V2 are potentials measured over PI and P2 mate
rial, respectively; d, the depth of burial to a point current 
source; a, the distance from the source to the vertical contact; 
I, the current strength; and k, the reflection coefficient equal to 
(P2 - PI)/(P2 + PI)' By using these equations, profiles of 
potential field distribution can be compiled from any number 
of randomly positioned current sources of either polarity. 

To simulate the potential effects observed at the edge of the 
caldera, it was necessary to provide for a horizontal offset in 
the relative locations of current sources. Figure 6 shows pro
files calculated for the indicated dipolar current source ar
rangement by using first a medium of uniform resistivity and 
second a resistivity contrast, where P2 is 10 times larger than P" 
From the shape of the curves it is seen that no lateral resistivity 
changes are required in order to produce the observed edge 
effects. However, a resistivity increase representing the caldera 
walls will serve to enhance the relative increase in potential as 
measured from a point within the caldera. These calculations 
suggest that a source mechanism that produces potentials posi
tive in polarity exists near the perimeter of the caldera. 

The nature of the various mechanisms which may possibly 
combine to create the anomalous potentials associated with 
the caldera perimeter is, of course, speculative. Perhaps the 
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Fig. 5. Self-potential profiles along the eastern caldera traverses, 
Long Valley, Mono County, California. 

surface potentials within the caldera are relatively low as a 
result ~f di~usion and oxidation-red uction processes occurring 
at the JunctIOn of meteoric and thermal waters. These electro
chemical effects would most often result in a negative potential 
at the surface. In addition, it may be supposed that thermal 
waters flow upward along a relatively permeable path created 
around the perimeter of the caldera during the time of sub
sidence. The upward-migrating waters would generate stream
ing potentials positive in polarity, the observed edge effect thus 
being produced. To our Jnowledge there are no hot springs 
along the borders of the caldera; therefore if the streamir.g 
potential concept is valid, the thermal waters are either re
turned to the depths nearer the center of the caldera, the 
relatively low inner-surface potentials thereby being enhanced, 
or they simply merge with meteoric ground waters within the 
alluvium. 

SUMMARY AND CONCLUSIONS 

Field observation and theory both indicate that anomalous 
self-potentials may be expected in geothermal areaS. Previous 
reported attempts to utilize the self-potential method in geo
thermal exploration produced ambiguous results, probably 
because these earlier 'surveys were generally limited to areas of 
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hot spring activity. In Long Valley we chose to extend our 
survey to cover a major part of the caldera and, by data 
filtering, to remove the effects of near-surface potentials from 
those potentials emanating from sources at depth. We ac
knowledge, however, that potentials from near-surface effects, 
particularly in hot spring areas, can be substantial and can 
thereby evoke undeserved attention. 

The Long Valley self-potential survey yielded a number of 
interesting results. As an example, potentials associated with 
the perimeter of the caldera are very much higher than those 
associated with the central area of the caldera. Whether this 
phenomenon is unique to Long Valley or whether it can be 
observed in other calderas is a question yet to be answered. 
However, the effect was found to be generally symmetrical 
about the mapped edge of the caldera, and the possibility that 
an external source mechanism causes the perimeter potentials 
was thereby precluded. 

The dipolar anomaly overlying the Quaternary volcanic 
rock in the west central part of the caldera is the most signifi
cant feature of this self-potential survey in terms of thermal 
potential. The positive anomaly covers the southern part of a 
resurgent dome and is ringed to the south and southeast by hot 
springs. No similar surface manifestation is affiliated with the 
negative anomaly to the north. Although several source mech
anisms may combine to produce the dipolar anomaly, we 
believe that electrokinetic phenomena, primarily in the form of 
streaming potentials, principally cause the observed surface 
potentials. The resistivity of the pore waters within the thermal 
zone is typically very low; however, low-resistivity pore water 
moving through a thick section of rock over a very broad area 
may be magnified into potentials of considerable magnitude. 

The depth to the current source is unknown primarily be
cause the manner in which surface potentials are produced is 
very complex [Nourbehecht. 1963]. However, it is believed that 
the large-scale anomalies are caused by sources at depth. The 
deep lobes of the negative anomaly, particularly the west
ernmost one and its associated positive anomaly immediately 
south, may indicate the presence of a secondary hot water 
convection cell within the major water system or an 
unidentified source mechanism at an intermediate depth. 

The results of other geophysical surveys do not correlate 
well with the findings of the self-potential survey. Perhaps the 
thermal zone beneath the volcanic rock is too deep to be 
detected by controlled source methods, or perhaps the empha
ses of the other surveys were on other aspects or areas. 

The total field resistivity map presented in the paper by 
Stanley el al. [1976] does show the area of the positive self
potential anomaly to be less resistive than the rock associated 
with the negative anomaly. This resistivity difference, however, 
may be attributed to clay alteration within the volcanic rock 

caused by the upward migration of thermal waters rather than 
to effects of the hot water convection cell itself. 

We are reasonably confident that the self-potential method 
will find application to geothermal exploration, although the 
rundamental relationship between them has yet to be com
pletely understood. Despite the ract that source mechanisms 
have not been specifically defined, there is sufficient theoretical 
evidence to support the notion that high-amplitude potentials 
can be systematically mapped at the surface. In Long Valley 
we have demonstrated that anomalies covering many square 
miles can be defined and separated from short-wavelength 
potentials originating rrom shallow sources. Although field 
procedures may need to be refined in order to make 
measurements with greater reliability, the self-potential 
method as a reconnaissance technique is relatively simple to 
apply and may prove to have the advantage of sensing the 
dynamic aspects of a thermal system at depths greater than 
those possible with most controlled source methods. 
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