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ABSTRACT 

r -  As a deep well in the center of a major Quaternary 
caldera, the Long Valley Exploratory Well (LVEW) provides a 
new perspective on the relationship between hydrothermal 
circulation and a large crustal magma chamber. It also 
provides an important test of models for the subsurface 
structure of active continental calderas. Results will impact 
geothermal exploration, assessment, and management of the 
Long Valley resource and should be a plicable t o  other 
igneous-related geothermal systems. Ou&aik is t o  use the 
cuttings and core from LVEW to  interpret the evolution of the 
central caldera region, with emphasis on evidence of current 
hydrothermal conditions and circulation. 

LVEW has reached a depth of 231 3 m,ipassing through 
post-caldera extrusives and the intracaldera Bishop Tuff t o  
bottom in the Mt. Morrison roof pendant of the Sierran 
basement. The base of the section of Quaternary volcanic 
rocks related t o  Long Valley Caldera was encountered at 
1800 m of which 1178 m is Bishop Tuff.) The lithologies 
sampled generally support the classic view of large inter- 
continental calderas as piston-cylinder-like structures. ( In 
this model, the roof of the huge magma chamber, like an ill- 
fitting piston, broke and sank 2 km along a ring fracture 
system that simultaneously and explosively leaked magma as 
Bishop Tuff. Results from LVEW which support this model are 
the presence of intact basement at depth at the center of the 
caldera, the presence of a thick Bishop Tuff section, and 
textural evidence that the tuff epcountered is not near-vent 
despite its central caldera location.) An unexpected observation 
was the presence of rhyolite intrusions within the tuff with a 
cumulative apparent thickness in excess of 300 m. Chemical 
analyses indicate that these are high-silica, high-barium 
rhyolites. Preliminary 40Ar/39Ar analyses determined an 
age of 626k38 ka (this paper): These observations would 
indicate that the intrusions belong to  the early post-collapse 
episode of volcanism and are contemporaneous with resurgence 
of the caldera floor. If they are extensive sills rather than 
dikes, a possibility being investigated through relogging of 
core from neighboring wells, they were responsible for 
resurgence. A 40Ar/39Ar age of 769 k 1 4  ka from Bishop 
Tuff at 820 m depth conforms with tuff ages from outside the 
caldera and indicates an absence of shallow hydrothermal 
activity (>300OC) persisting after emplacement. Work is 
proceeding on investigating hydrothermal alteration deeper in 
the well. This alteration includes sufide+quartz fracture 
fillings, calcite+quartz replacement of feldspars, and 

i disseminated pyrite in both the tuff and basement. I Electron 
microprobe analysis of phases are being conducted t o  
determine initial magmatic and subsequent hydrothermal 
conditions. 

BACKGROUND 

The Long Valley Caldera is one of three large-volume 
silicic continental eruptive centers in North America of 
Quaternary age. The others are the Yellowstone volcanic field 
and the Valles Caldera in north-central New Mexico. Of these 

systems, only Long Valley has exhibited volcanic activity into 
Holocene time. 

The 17 x 32 km east-west elongate Long Valley Caldera 
formed between 760 and 780 ka 2 astride contemporaneously 
active frontal faults of the eastern Sierran Nevada. (Figure 1). 

Figure 1. Generalized map of Long Valley Caldera, California3 

The sequence of events that led to  the catastrophic 
high-volume release of tephras and the simultaneous collapse 
of the roof of the magma chamber are as follows: Unrest began 
with the formation of ring fractures along the future caldera 
boundary in response to  magma upwelling. Eruptive centers 
along ring fractures released Plinian ash and pyroclastic 
material of an estimated volume of 600 km3.3 The Plinian 
phase distributed pumice and ash over a region from the 
Pacific Ocean to  the Great Plains. The pyroclastic flows cover 
a region of 1500 km2 to  the north, east, and south of the 
caldera. Most of the ash-flows, the Bishop Tuff,4,5 traveled 
to  the south and east. Hildreth 5 identified two major 
stratigraphic units within the Bishop Tuff (Qbt) based on the 
mineralogy and chemistry of the rock. The earlier low- 
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temperature unit flowed t o  the south and east and has a 
calculated eruptive temperature of 720 to  737O C. The later 
high-temperature unit, with a calculated eruptive 
temperature range of 737 t o  790° C, capped the southern 
flows and inundated an area t o  the north. This increase in 
eruptive temperature and the associated variation in chemical 
composition and phenocryst mineralogy are believed to  reflect 
a pre-eruptive vertical zonation in a high-level rhyolitic 
magma chamber. Evacuation of the magma chamber during the 
eruption allowed collapse of the roof of an estimated 2-3 km6 
Up t o  500 km3 of the pyroclastic material ponded within the 
subsiding caldron t o  an estimated average thickness of 
1500 m7 

From 730 t o  600 ka intrusive and volcanic activity 
within the caldera formed a resurgent dome and covered the 
floor of the caldera with rhyolitic lava flows, ash, and tuff. 
During the interval from 500 t o  100 ka, phenocryst-rich 
rhyolites erupted around the dome blanketing areas t o  the 
north, southeast, and west. Later activity along a north- 
trending fissure system approximately 8 km west of the 
present day resurgent dome spilled basaltic lava t o  an 
accumulated thickness of 250 m. This lava ponded in the south 
and west moat6 Rhyolitic volcanic activity in the area of the 
Long Valley Caldera resumed about 6 ka and culminated 
0.55 ka with the emplacement of the lnyo chain rhyolite 
domes and craters in the west moat of the caldera.8 The 
central and western caldera area and south of the caldera 
continues to  display seismic activity that would indicate the 
movement of a shallow magmatic body. Since the early 
1980's the resurgent dome has had total measurable inflation 
exceeding 0.5 m and extension measured across the dome of up 
t o  3-5 microstrain/year.g This has led to  the conclusion by 
Rundle and Hill 10 and others that 0.1 5 to  0.2 km3 of magma 
has been injected beneath the resurgent dome at a depth of 4-6 
km. 

The caldera has an active hydrothermal system with 
hot springs and fumaroles located in the vicinity of the 
resurgent dome. Although the caldera has been the center of 
several years of commercial hydrothermal exploration, the 
heat source for the present-day hydrothermal system has not 
been delineated. Temperature logs taken in wells drilled in the 
caldera have either shown a temperature inversion at the base 
of the intracaldera Bishop Tuff or have not displayed the 
geothermal gradient of 1 OO°C/km expected from thermal 
modeling of the caldera.11 Recent work analyzing the isotopic 
geochemistry of the identified paleo- and present- day hot 
spring deposits has shown that the caldera has had varying 
intensities of hydrothermal activity since its formation. 
There have been two main cycles of thermal activity. The 
first one peaked about 300 ka and another extends from 60 ka 
t o  the present. Geothermometer-temperature estimates for 
the source reservoir for the present day system range from 
214 t o  248O C.12 

A much better understanding of the hydrothermal and 
magmatic systems operating in the Long Valley Caldera can be 
derived from sampling the geology of the still-active 
resurgent dome. This is the opportunity drilling a deep well a t  
a central position on the resurgent dome provides. It is a t  this 
location geological and geophysical evidence indicate the main 
heat source for the Long Valley magma/hydrothermal system. 
The LVEW Drilling Program is revealing the current 
conditions within the caldera and volcanic and hydrothermal 
history of the system. A detailed petrographic, geologic, and 
geochemical investigation has been designed to analyze core and 

cuttings retrieved from the well. Analysis of these samples 
and interpretation of the geologic observations are of critical 
importance t o  accomplishing the scientific objectives of the 

drilling plan. The objectives of this study are t o  elucidate the 
mechanics of caldera collapse and resurgence, define the 
character of the hydrothermal systems, identify recent 
intrusions and their extrusive equivalents, define and 
describeThe condition of the underlying basement rocks, and 
provide better constraints on the magma chamber geometry 
and evolution. 1 3 

Drilling began with Phase I of the LVEW in the 
summer of 1989. The hole reached a depth of 839.4 m with 
recovery of 56.7 m of continuous core at the bottom of the 
hole. Drilling resumed in 1991 with Phase II. The hole was 
successfully deepened t o  23 13 m. Phases 111 and IV are 
planned t o  further deepen the hole toward contacting the 
crystalline carapace of the magma chamber. 

CORE AND SAMPLE RECOVERY 

During the rotary drilling of each phase of the LVEW, 
drill cuttings were collected a t  regular intervals, catalogued 
and bagged for later analysis. A t  the end of each phase the well 
was diamond cored to  obtain continuous core far petrologic and 
geochemical analysis as well as determination of thermal 
conductivity, density, and rock strength.14 The core was 
field logged and shipped t o  the DOE Core Repository, Grand 
Junction, CO. In addition, during the rotary drilling of Phase 
II, a 10 m spot core was collected over the interval 1838 to  
1848 m. This sample core has been invaluable for identifying 
an important breccia unit and revealing the need for caution in 
interpreting the cuttings. The exercise in recovering the spot 
core also provided a test of the feasibility of routine spot core 
collection during the critical deeper drilling of Phases 111 and 
IV. A t  the termination of the rotary drilling and prior t o  
commencing with diamond coring, a suite of sidewall cores was 
collected. The selection of the depth intervals for core 
collection was based on field logged locations of hydrothermal 
alteration and hole condition. The recovered cores have been 
an valuable addition to  the sample inventory of cuttings from 
the rotary drilled interval. fxtrusive samples from the pre- 
and post-intracaldera fill, the outflow sheets of the Bishop 
Tuff, and the preexisting basement rock have also been 
collected for analysis. Further field mapping and sample 
collection t o  complete the correlative extra-caldera sample 
suites are planned for the summer of 1992. 

GEOLOGIC AND PETROGRAPHIC WORK TO DATE 

Study of petrographic thin sections and scanning 
electron microscopy of samples prepared from the recovered 
cuttings and core of the 23 13 m deep well reveal three major 
stratigraphic units with several thinner interleaved units. 
These major units are the post-caldera resurgent dome 
rhyolites named the Early Rhyolite (Qer); the caldera- 
forming pyroclastic unit, the Bishop Tuff (Qbt); and the pre- 
caldera basement rock, the Mt. Morrison roof pendant 
metasediments (Pzms). The Qbt contains multiple intrusive 
units that have been identified as intrusive equivalents of the 
Qer.l(Figures 2 and 3). 

The top 622 m of the well consists of rhyolite lava 
flows and tephras of the Qer. The tephra units make up more 
than 80% of the total interval. These tephras are glassy, 
aphyric, and generally perlitic, pumiceous, and lithic- 
poor.14 The lavas are flow-banded, aphyric rhyolite with 
margins of perlitic obsidian. The obsidian displays flow- 
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Figure 2. a)Qer tephra at 250 m. (FOV 5 mm) 
b)Qbt a t  1158.2 m. (FOV 1.6 cm) 
c)intrusive Qer a t  1222.2 m (FOV 1.6 cm) 
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Figure 3. LVEW Stratigraphy 

banded zones of microlitic glass and zones of dense, perlitic 
obsidian. Overall, the condition of these volcanic rocks is not 
exceptionally weathered, altered, or oxidized. This sub-unit 
is identified as Qerl15 on the basis of the proximity t o  the 
extrusive domes of this unit and similar petrology. Qeri is 
the earliest of the post-caldera eruptive volcanic units with 
K-Ar ages of 675 f 16 ka.3 Outcrops of Qerl appear on the 
north end of the resurgent dome (Lookout Mtn) and along the 
north-south trending graben a t  the south end of the dome 
including the LVEW drill site. Comparison to  the Qer sections 
logged from pre-existing wells within an 8 km radius of 
LVEW indicate similarities in the petrology of the rhyolite, 
but these units are not easily correlated stratigraphically. 
The Qer in the wells logged along the east and west wall of the 
resurgent dome graben show considerably more hydrothermal 
alteration than tha t  encountered a t  LVEW. The section in the 
well does not appear t o  include the lithic-rich lower tephra 
section nor the basal ash fall found in the surrounding wells. 

Qbt underlies the Qer flows and tephras. The depth of 
the Qer/Qbt contact is variable across the caldera. A t  the 
LVEW location the basement elevation of the contact is about 
600 m deeper than in the western and southern moat holes 
(44-16 and M-1, respectively) and a t  least 200 m shallower 
than in the eastern moat hole (66-29) which did not reach the 
base of the Qbt. Also the Qbt unit is 4.7 times as thick as in 
hdes in the western moat, 1.2 times as thick as holes in the 
southern moat, and <0.8 times as thick as holes in the eastern 
moat16 It is crystal- and lithic-rich throughout its 1178 rn 
thickness a t  this location. The phenocrysts consist of 
dipyrarnidal quartz crystals up to  4 rnrn in length that are 
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characteristic of the Qbt, euhedral-to-anhedral sanidine 
crystals which vary in freshnesss and size from 1-3 mm, 
euhedral plagioclase crystals, and small, dark-reddish brown 
psuedohexagonal biotite crystals. The biotite phenocrysts 
decrease with depth until they occur only rarely after 
1340 m. The densely welded matrix of the tuff is strongly 
overprinted by devitrification recrystallization. Axiolitic and 
spherulitic recrystallization textures nucleating from glass 
shards are themselves overprinted by coarser quartz 
recrystallization. This texture is likely associated with late 
vapor phase or supergene hydrothermal activity. Igneous 
biotites show limited alteration t o  chlorite,muscovite, and 
pyrite. The poorly sorted lithic fragments are angular-to- 
subangular, ranging in size from less than 1 mm to 10 cm. 
The abundance of lithic fragments increase with depth. The 
primary rock type represented in the lithics is the pelitic 
hornfels of  the basement rock sequence. 
&taquartzite/metachert and metavolcanics are also found, and 
rarely granodiorite from the Sierra Nevada batholith. This 
suite of rock types matches the lithics identified in the 
southern lobe of the Qbt outflow sheet. The vent(s) for this 
lobe has been suggested to  lie the south of the present day 
resurgent dome along the ring fractures of the caldera.7 
Although the overall suite of lithics in the Qbt of LVEW and 
the southern outflow sheet is similar, the percentage of 
granodiorite lithics in Qbt is quite small. There is a 
possibility that the source vent is inboard of the vent for the 
outflow sheet. 

Secondary mineralization has deposited silicia, 
sulfides, and calcite along fractures and increasing calcite 
mineralization in the matrix as the well deepens. Euhedral 
pyrite and rare chalcopyrite also appear as disseminated 
crystals throughout the matrix of the tuff. In addition, the 
interval of 1676 t o  1737 m displays a marked increase in 
chlorite mineralization. The timing of the deposition of the 
secondary mineral phases may be related to  either the cycles 
of hydrothermal activity within the caldera- or early post- 
emplacement mineralization. Shearer et  a/’ 7 and Conno/& et 
a/ 18 have investigated the relationship of the sulfides in the 
veins and fractures to  the disseminated crystals. The pyrite 
and chalcopyrite show limited textural zoning, most likely 
representing a single hydrothermal episode. This is 
substantiated by sulfur isotope measurements across pyrite 
crystals in the Bishop Tuff. 

elemental analysis of the tuff indicates 
depletion of alkali and alkaline earths and enrichment of S, Fe, 
Zn, As, and Cu. The former reflects the devitrification 
recrystallization and the latter the hydrothermal alteration. 1 

In order to  constrain the timing and magnitude of the 
thermal events that have affected the texture of the 
intracaldera tuff, 40Ar/39Ar ages were determined. Two 
relatively unaltered sanidine separates from a Qbt section at 
820 m depth were selected for 40Ar/39Ar dating by the bulk- 
sample stepheating technique. The plateau ages from the 
sanidines averages 769 14 ka. This is the same as sanidine 
ages of 762 f 12 ka determined from analysis of samples from 
surface exposures of the tuff.2 As the sanidines in the core do 
not reflect a reset age, it is unlikely that any hydrothermal 
activity in the excess of 300° C occurred in the upper 1 km 
of the central caldera since emplacement. It appears that the 
inferred1 1 current condition of deep fluid circulation 
suppressing high vertical magmatic heat flow has existed since 
caldera formation. 

Finally, 

The Qbt intersected by LVEW is invaded by multiple 
rhyolitic dikes or sills.14 These intrusions vary from over 
100 m t o  less than 10 m in thickness and comprise 28% or 
about 300 m of the total intracaldera tuff section at this 
location. The intrusions are aphyric and aphanitic, although a 
coarse mosaic quartz phase overprints the primary texture 
much the same as in the tuff. This mosaic crystallization tends 
to  occur in lenticular zones throughout the microcrystalline 
matrix and most likely represents secondary mineral 
deposition in vesicles. Generally, the edge of the vesicle is 
quartz and the center consists of massive calcite suggesting a 
progressive mineralization as temperature decreased. Calcite 
also occurs as psuedomorphs after feldspar crystals in 
intrusions a t  depths of 926 and 1222 m. However, few 
distinct phenocrysts have been identified in the intrusive 
sequences. This is surprising as the extrusive Qer, although 
phenocryst-poor in relation t o  the Qbt, does contain up t o  
5% phenocrysts of plagioclase, magnetite-ilmenite, 
hypersthene, and biotite.10 The intrusives display some 
aspects of hydrothermal alteration such as silica-pyrite vein 
fill and hematite-rutile replacement of primary magnetites 
and ilmenites. Whole rock major and trace element 
compositional analysis of samples from the intrusive sequence 
at 783 to  810 m match analyses from the extrusive obsidian 
from the Qer. Both are high silica (76.0 and 75.4 wt. %, 
respectively) and contain abundant Ba (up t o  1254 ppm). 
40Ar/39Ar dating of whole rock samples of the intrusion 
located a t  802 m depth yield a date of 626 f 38 ka. This age is 
consistent with K-Ar ages derived from samples of extrusive 
Qer. The unit that most neatly matches the intrusive age is the 
Qerg. This unit outcrops on the resurgent dome 5 km north of 
LVEW.3815 

Because the intrusives make up such a large percentage 
of the total intracaldera tuff thickness it is possible that they 
may account for the structural resurgence on the dome. This 
hypothothesis would be supported if the intrusions were 
identified in surrounding wells located on the dome. 
Examination of cores and samples from these wells t o  date has 
not located additional Qer intrusions into intracaldera tuff. 
This line on study will continue until all available core and 
cuttings form previous wells have been logged. 

The Qbt directly overlies a well-indurated epiclastic 
breccia unit of 90 m thickness and of undetermined age and 
origin. The breccia is poorly sorted and graded and consists of 
angular clasts of Pzms and unidentified volcanic rocks. At 
several intervals within the unit the bedding has been 
disturbed. The matrix is very fine grained clastic material and 
interstitial calcite. The matrix also contains trace amounts of 
anhedral, fresh volcanic quartz crystals. A similar, thinner 
unit has been identified in core from well 68-28, located 
4.2 km t o  the south south-east of LVEW. Here the unit 
sharply contacts the basal ashfall unit of the Qer a t  a depth of 
493 m and the top of the Qbt a t  495 m. It is likely these types 
of breccia represent rapid transport of material disturbed 
during the onslaught of volcanic and associated tectonic activity 
and deposited in water. If the apparent similarity of the 
breccias above and below the Qbt holds up under close 
scrutiny, the breccias are probably related to  caldera collapse. 

Beneath the breccia is a 135.6 m section of epidotized 
altered rock. The protolith is not readily identified but 
appears t o  be volcanic on the basis of petrographic textural 
analysis. It likely represents Mesozoic metavolcanic rocks of 
the roof pendant. Neither the breccia nor the altered zone in 
the well is intruded by post-caldera volcanics. 
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A t  2025.4 m, the metasedimentary basement rock, 
Pzms, is encountered. The primary rock type is a very fine 
grained, color banded pelitic hornfels with abundant graphite. 
This unit also contains euhedral, disseminated pyrite crystals. 
Several layers up t o  15 m thick of metachert and marble are 
interleaved within the hornfels a t  irregular intervals. The 
basement rock has undergone several cycles of fracturing and 
deformation. The color banding of the pelitic rock allows 
fracturing and offset t o  be mapped and correlated. The 
fracturing can be grouped into 4 generations with associated 
fracture dip and fill mineralogy. In sequence of oldest t o  
youngest, the generations of fractures are: 1) a plane of 
weakness associated with the primary banding of the rock, 
measured at SOo to  the vertical plane of the core, 2) pyrite 
filled fractures a t  48' to  the vertical plane of the core and 
frequently offsetting the primary banding, 3) fractures 
measured a t  10' off the vertical plane of the core and filled 
with massive-to-crystalline calcite and quartz, and 4) 
calcite, quartz, and pyrite filled fractures a t  30' t o  vertical 
plane of the core and frequently offsetting the older fractures 
by as much as 2 cm. The chemical, isotopic, and petrographic 
characteristics of the Fe-sulfides in this rock are being 
investigated. It is hoped a chemical pattern will be identified 
that will aid in distinguishing the effects of caldera formation 
and post-caldera hydrothermal activity. Phase II drilling 
ceased a t  a depth of 231 3 m still within the Pzms unit. 

SUMMARY 

Phases I and II of the LVEW drilling project have 
provided important new data and samples to  a depth of 2.3 km 
in the resurgent dome of the Long Valley caldera. Work to  date 
has centered on defining the petrology of the volcanic and 
hydrothermal systems as well as constraining the 
geochemistry of these systems. 

The stratigraphy of the well passes through the post- 
caldera rhyolites, identified as Qerl , contacting the caldera 
-forming Qbt a t  622 m. The basement rock consists of Mt. 
Morrison roof pendant metasediments. This stratigraphic 
sequence in the center of the caldera supports the model of 
piston-cylinder collapse. Encountering the top of the Qbt 
200 m deeper than anticipated and the continual thickening of 
the intracaldera tuff from west t o  east argues strongly for 
syn-tectonic activity along the prevailing Sierran fault 
system such as the Laurel-Convict Fault or the Hilton Creek 
Fault. 

The intracaldera Qbt is densely welded and devitrified. 
Secondary mineralization occurs as Fe-sulfide, quartz, and 
calcite fracture fill, and alteration of Fe-Ti oxides. There are 
no vent or near-vent breccia units. Preliminary petrography 
of the Qbt failed t o  identify any pyroxenes in the tuff.18 The 
absence of pyroxene has been interpreted as representative of 
the earlier, lower temperature unit of the outflow sheet.5 
This would suggest that only the lower unit of the pyroclastic 
tuff is represented at this near central location within the 
caldera. However, the post-eruptive mixing dynamics of 
intracaldera tuffs are not well constrained and more detailed 
petrology of the Qbt will be necessary to  address this problem. 

The Mt. Morrison roof pendant basement rocks were 
intersected a t  2025 m, with the 225 m interval between the 
base of the Qbt and the top of the basement consisting of as yet 
unidentified breccia and altered metavolcanics. 

Despite the relatively low temperatures measured a t  
the bottom of the in the well (1 03O C)l 1 I the petrology 

indicates mass transport has occurred in the past. Nowhere is 
there evidence of lateral zones of transport but more a overall 
imprint of hydrothermal activity. In addition, the age 
determinations of the Qbt would indicate no high temperature 
(>300° C) activity has occurred in the top 1 km of the 
resurgent dome since emplacement. 

The picture of the eruption, collapse, resurgence and 
alteration will continue to  develop as work progresses on this 
important probe into the center of a major caldera. Analogy to  
other caldera systems suggests that the still-cooling 
crystalline carapace of the caldera magma chamber could be 
encountered in the next phase of drilling t o  4.2 km. In 
concert with geophysical observations and downhole 
measurements, this project will provide an improved three- 
dimensional view of Long Valley Caldera and its contained 
hydrothermal system. 
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