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INTRODUCTION

The Long Valley caldera - Mono Craters region of eastern California
provides a rich field for the study of active tectonic and magmatic processes.
For most of its recorded history (the last 150 years) the Long Valley region
has maintained one of the highest rates of earthquake activity at the
magnitude (M) 5 to 6 level in California. Moreover, the presence of large,
well-exposed, Holocene fault scarps leave little doubt that the region
experienced a number of major earthquakes (M > 6.5) over the last 10,000 to
20,000 years. The last volcanic eruptions in the area occurred just 500 to 600
years ago along the Inyo-Mono Craters chain. These are the most recent
eruptions within the band of Quaternary volcanic centers that extends
northward from the Salton Trough in southern Califormnia, through the central
Mojave Desert, along the eastern escarpment of the Sierra Nevada range, and
beyond into north-central Nevada. In fact, active volcanoes of the Cascade
range aside, these are the most recent eruptions in the conterminous United
States. Long Valley caldera, together with the Yellowstone caldera in Wyoming
and the Valles caldera in New Mexico are the only three silicic volcanic
systems in the conterminous United States to produce major, caldera-forming,
ash-flow eruptions in the last 1 million years. This history of tectonic and
volcanic activity together with a location at the base of the eastern
escarpment of the Sierra Nevada range and the western margin of the Basin and
Range province make the Long Valley region a particularly important example of
the contemporary encroachment of Basin-and-Range extensional tectonics into a
thick, stable crust of the Sierra Nevada block.

Scientific interest in the Long Valley region was heightened starting in
October 1978 with the occurrence of a M-5.7 earthquake midway between Bishop
and Mammoth Lakes followed a year and a half later by the swarm-like sequence
of four, M-6 earthquakes that occured on May 25-27, 1980 (Cramer and
Toppazada, 1980; Ryall and Ryall, 198la,b). Interest was further fueled by the
recurring sequence of moderate earthquake swarms, which included rapid-fire
sequences of many small earthquakes having the appearence of spasmodic tremor,
in the south moat of the caldera over the next three years (Ryall and Ryall,
1981b, 1983) and by evidence for inflation of the resurgent dome in the west-
central part of the caldera that began in mid-1979 (Savage and Clark, 1982;
Castle and others, 1984). The character of this activity together with
recognition of the seismic and volcanic history of the region raised concerns
over the possibility of a major earthquake (M > 6.5) somewhere in the Long
Valley - Mono Lake - White Mountain region in the near future (VanWormer and
Ryall, 1980; Wallace, 1978, 1984; Ryall and Ryall, 1983) and of renewed
volcanic activity in the Long Valley - Mono Craters area (Miller and others,
1982). These concerns were officially expressed by the U.S. Geological Survey
through release of a Hazard Watch on May 27, 1980, for potentially damaging
earthquakes and release of a Hazard Notice on May 25, 1982, for potential
volcanic activity. (On September 30, 1983, the three-level set of criteria
used by the U.S. Geological Survey to formally express the relative urgency of
geologic hazards was changed to a single-level criteria. Hazard Notice and
Hazard Watch were the lowest and middle levels, respectively, under the old
system. In a letter dated July 11, 1984, the Director of the U.S. Geological
Sruvey advised officials of the State of California that the current level of
activity in the Long Valley region does not satisfy the “imminent threat”
criteria for a formal Hazard Warning under the single-level system.)

The series of papers in this volume are the product of a conference on the
tectonic and magmatic processes behind these recent signs of unrest in the
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Long Valley - Mono Craters area. The conference was held in Napa, California,
on January 24-27, 1984, and attended by thirty eight earth scientists from a
variety of government and academic institutions in the United States plus
particiants from the Earthquake Research Institute, University of Tokyo,
Japan, and the Vesuvius Observatory, University of Naples, Italy.
Presentations and discussions during the conference centered around
constraints and resolution of models provided by available data for the
physical processes driving the recent activity. Because of the localized
nature of this recent activity in the Long Valley area, we specifically
focused on local magmatic processes and their relation to tectonic processes
along the eastern Sierra Nevada escarpment at the expense of more regional
seismogenic processes and the potential of a major earthquake in the White
Mountains seismic gap.

In organizing the conference, we were motivated by recognition that the
scientific insights on geologic processes resulting from the discussions would
improve the basis for a reliable assessment of the nature of possible hazards
posed by processes driving the current activity. In addition we felt that,
although little time was devoted to discussions of monitoring techniques or a
review of monitoring results, the insights gained from the conference would
improve data collection and geophysical monitoring strategies for defining
future patterns of activity and for providing adequate warning should the
activity lead to an eruption.

Discussions during the conference and the papers in this volume fall under
five general catagories: 1)Geological evidence on the history of voleanic
activity and the chemical evolution of the associated magma chambers, 2)
Geophysical evidence for subsurface structure and magma chamber geometry, 3)
Recent seismicity and ground deformation as immediate symptoms of currently
active processes, 4) The geothermal system and evidence for contemporary heat
sources, and 5) Evidence on processes and structure from other active magmatic
systems in the world and from erosional remnants of older magmatic systems.

CONSTRAINTS FROM THE GEOLOGIC RECORD

Knowledge of the eruptive history of a volcanic system based on field
mapping and age-dating techniques and the chemical and thermal evolution of
the underlying magma chambers based on petrological/geochemical studies of
derived lava flows is critical to understanding the current state of the
magmatic system and to assessing likely evolution of the system in the near
future. Bailey (this volume) emphasizes that three closely-related volcanic
systems currently exist in the Long Valley region, each in a different stage
of development. Most of our attention in this conference focused on the large,
mature system beneath Long Valley caldera and the adjacent, smaller, more
youthful Inyo—Mono Craters system. The incipient Mono Lake system received but
passing attention.

The Long Valley system is a fully developed resurgent caldron (Smith and
Bailey, 1968) that produced a catastrophic caldera-forming, ash-flow eruption
about 0.7 m.y. ago (Bailey and others, 1976). Bailey (this volume) presents
evidence here that gradual cooling and crystallization of the residual magma
chamber following the caldera-forming eruption was interupted 0.28 m.y. ago by
a renewed episode of crustal heating presumably associated with the intrusion
of mantle-derived, mafic magma into the lower crust. He points out that the
last eruptions from the Long Valley magma chamber, which produced the Mammoth
Knolls in the west moat 0.l m.y. ago, are somewhat more crystal-rich than the
0.28-m.y.-0ld Hot Creek flow indicating a resumption of the cooling trend, but
he goes on to suggest that the unrest shown by the caldera over the last few
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years may be symptomatic of yet another episode of crustal heating and further
recharge of the Long Valley magma chamber.

Clues to the state of the Long Valley magma chamber prior to the caldera-
forming eruption are contained in the lava flows of Glass Mountain. This
complex of high-silica rhyolite lavas began leaking from a growing Long Valley
magma chamber along an incipient ring-fracture system as early as 2.1 m.y.
ago. Metz and Mahood (this volume) find in their study of the Glass Mountain
lava flows that, in contrast with many other major silicic systems, lavas of
early eruptions from the pre-caldera magma chamber (between 2.1 and 1.3 m.y.
ago) were not only more highly evolved than those of the later eruptions
(between 1.1 and 0.8 m.y ago) but also more evolved than the caldera-forming
Bishop Tuff erupted 0.7 m.y.ago. They also find evidence that the early Glass
Mountain flows were cooler and less fluid than later flows. They think that
the Long Valley magma chamber was probably in an unstable, potentially
explosive state during most of the later-phase, pre-caldera eruptions l.l to
0.8 m.y ago and that eruption of the Bishop Tuff 0.7 m.y. ago was possibly
triggered by a major tectonic event (earthquake) in the area. Although the
texture of the 0.l-m.y-old Mammoth Knolls flows make it unlikley that the Long
Valley caldera has returned to this unstable, pre-caldera state, the recent
unrest may indicate resumption of a long-term trend in that direction.

The most recent eruptions in the Long Valley region occurred at the
northern and southern end of the Inyo-Mono Craters chain 500 to 600 years ago.
These eruptions were not fed by the Long Valley magma chamber but the smaller,
more youthful system beneath the Mono Craters. Whether the lavas erupted from
the southern end of the Inyo Craters have partially mixed with magma from the
immediatly adjacent Long Valley system remains a matter of debate. In their
independent studies of the products of these recent eruptions, Miller (this
volume) and Sieh (this volume) find many similarities between the 500 to 550
year—old Inyo Craters eruptions and the 600-year-old Mono Craters eruptions.
Both resulted from the injection of 6-to 8-km-long, silicic dikes into the
shallow crust, and both breached the surface at several points to produce
linear trends of eruptive vents. The successive eruptions from vents over
each of these dikes occurred within a relatively short time (certainly within
a matter of years and probably within months or less). The progression of
events in both cases began with ground cracking and the formation of a
graben over the long axis of the dike (presumably associated with intense
earthquake swarm activity), followed in succession by phreatic explosions as
shallow extensions of the dike interacted with the local ground water, plinian
to sub-plinian, explosive eruptions producing ash-falls and pyroclastic flows,
and concluding with the slow extrusion of viscous, dome-building, rhyolite
flows. Eichelberger and Westrich (this volume) describe the relation of
volatiles in the magma to this progression of eruption styles based on their
study of obsidians from the recent Inyo and Mono vents.

As Miller (this volume) points out, these two most recent examples of
eruptive activity in the Long Valley region indicate a likley progression of
events should the current unrest lead to renewed eruptive activity from either
the Inyo—Mono Craters system or from the Long Valley magma chamber. In
particular, as a dike works its way toward the surface, we should see
increasing deformation developing over the dike followed by the onset of
ground cracking and the formation of a medial graben as described by Pollard,
Fink, and Delaney (this volume). We should also expect the initial eruption to
be followed by several subsequent eruptions over the ensuing weeks to perhaps
months from vents that may be separated by several km from each other along
the axis of the localized deformation and medial graben. We also recognize the
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possibility that this sequence could be triggered by a major earthquake in the
area and that, under this situation, events could evolve much more rapidly
than might normally be anticipated.

STRUCTURE AND MAGMA CHAMBER GEOMETRY

The most direct evidence on the contemporary configuration of the magma
chambers underlying the Long Valley region comes from a variety of geophysical
measurements, and of these, seismic measurements provide the greatest
resolution on location and geometry. Results summarized during this conference
indicate that the upper surface of the Long Valley magma chamber is more
irregular than previously thought (Steeples and Iyer, 1976; Ryall and Ryall,
1981a), and that, if a substantial magma chamber exists beneath the Mono
Craters complex, it must be at least 10 km deep.

The recent seismic-refraction described by Hill, Kissling, Leutgert and
Kradolfer (this volume) support earlier evidence (Hill, 1976) for reflections
from the roof of the Long Valley magma chamber at a depth of 6 to 7 km beneath
the northwestern margin of the resurgent dome. Evidence for the geometry of
magma bodies in the Long Valley region is based on Sanders' (this volume)
analysis of P and S wave attenuaton patterns for ray paths from almost 300
local earthquakes recorded at some 30 regional seismic stations (Sanders and
Ryall, 1983; Sanders, 1984). The results of his study support the 6- to 7-km
depth to the top of a magma body beneath the northwest section of the
resurgent dome suggested by the seismic-refraction data, but they also suggest
that a cupola-shaped protrusion of the magma body extends to within 4.5 km of
the surface beneath the Casa Diablo area along the southeastern part of the
resurgent dome. Subsequent work by Ryall and Ryall (1984) indicates the
existence of smaller magma bodies or dike swarms along the Hilton Creek fault
south of the caldera at depths of 5 to 6 km. We summarize some of these
relations in a northwest-southeast cross—-section through Long Valley caldera
in Figure 1.

The absence of a substantial, shallow magma chamber beneath the Mono
craters system is indicated by both the recent seismic-refraction measurements
and by the magnetotelluric measurements described by Hermance, Slocum, and
Neuwman (this volume). This geophysical evidence is consistent with Bacon's
(this volume) reasoning that the linear, north-south trend of the Inyo-Mono
vents is controlled by the regional tectonic stress field in an upper crust
that is still too thick and brittle to reflect the perturbing effects of the
underlying magma chamber.

The tomographic inversion of several thousand P-wave travel-times between
local earthquakes and as many as 90 seismic stations described by Kissling,
Ellsworth, and Cockerham (this volume) indicates that the deeper portions of
the magma chambers in the Long valley region are aligned to form an elongate
zone subparallel with the major range-front faults. Their result is consistant
with the distribution of attenuating bodies found by Sanders (this volume) and
Sanders and Ryall (1983) and it adds credence to Bailey's picture (Figure 2 in
Bailey, this volume) showing a common mid~crustal root to the magma chambers
underlying Mono Lake, the Mono-Inyo Craters system, and Long Valley caldera.
The north-northwest trend of the mid-crustal, low-velocity body defined by the
tomographic study suggests that injection of mafic magmas into the lower—to-
mid crust is controlled by the same extensional tectonic stress field that
produces the adjacent range-front, normal faults.

Although the telluric field patterns described by Hermance, Slocum, and
Newman (this volume) are ambigious with respect to depths of anomalous bodies,
the spatial pattern of low-resistivity anomalies they obtain is consistent
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with the distribution of both surficial, fault-controlled basin structures and
at least the upper portions of conductive, magma bodies suggested by the
seismic studies.

RECENT ACTIVITY

The major earthquake sequence that began in the Long Valley region in the
fall of 1978 includes a M-5.7 earthquake in October 1978, four M-6 events in
May 1980, a M-5.9 event in September 1981, an intense swarm including two M-5
earthquakes in January 1983 within a background of thousands of smaller
earthquakes. The associated inflation of the resurgent dome that began in mid-
1979 has resulted in a cumulative uplift that now amounts to about 50 cm over
the south-central section of the resurgent dome. We have summarized the
temporal relation between the earthquake activity and uplift in Figure 2. Most
of the discussion during the conference concentrated on specific aspects of
this activity.

One of the more noteworthy aspects of this earthquake sequence is the fact
that it does not seem to be related in any simple way to the major, range-
front, normal faults that form the eastern escarpment of the Sierran Nevada
range. Rather, it appears that the earthquakes are associated with complex
brecciation of a large volume of the crust that includes the south moat of
Long Valley caldera and an extensive, triangular-shaped region of the Sierran
block to the south. With improved resolution of earthquake hypocentral
locations afforded by better definition of crustal structure in the area, some
systematic patterns begin to emerge from what initially appeared to be a
diffuse distribution of earthquakes. Results described by Lide and Ryall (this
volume) and Kissling, Ellsworth, and Cockerham and Pitt (this volume) show
several subparallel lineations of epicenters with a north-northeast trend
within the triangular-shaped aftershock zone. These lineations are parallel
with the left-lateral, strike-slip plane in focal mechanisms obtained from
many of the larger earthquakes in the sequence suggesting that left-lateral
slip on subparallel north-northeast striking planes is a significant component
of the seismogenic deformation within the Sierra Nevada block associated with
this earthquake sequence. Based on their interpretation of three-dimensional
plots of hypocenters for 2,200 well-located earthquakes of M>l that occurred
beneath the Sierra block south of the caldera between June 1, 1982 and July
31, 1984, however, Cockerham and Pitt (this volume) argue that some of the
north-northeast lineations apparent in map view are actually two-dimensional
projections of hypocenters distributed along north-northwest striking planes
that dip to the northeast.

The increasing number of focal mechanisms obtained for earthquakes in the
sequence provides further evidence that the least compressive stress in the
southern part of the caldera and in the Sierran block to the south has an
anomalous, northeast—-southwest orientation with respect to the east-west to
northwest-southeast orientation common throughout the rest of the western
Great Basin (Vetter and Ryall, 1983). Vetter's (this volume) analysis of over
100 focal mechanisms in the sequence supports the results of the earlier study
of Vetter and Ryall (1983) showing a tendency for the shallower events (depths
less than 6 to 9 km) to have predominantly strike-slip mechanisms and for the
deeper events to have normal mechanisms. She finds only weak evidence,
however, for a systematic variation in focal mechanisms with depth for
earthquakes inside the caldera where most earthquakes are less than 8 km deep.
Savage and Cockerham (this volume) see no evidence for a systematic variation
in focal mechanisms with depth in their sample of 60 earthquakes from the
January 1983 swarm. Instead, they find that earthquakes occuring in the east
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1imb of the swarm have almost exclusively strike-slip mechanisms showing
right~lateral slip on planes sub-parallel with the east-limb axis and that
earthquakes in the west limb, which is largely coincident with the "epicentral
area”, include both strike-slip and normal mechanisms with the T-axes
clustering about a north-northeast orientation.

An interesting seismological controversy has developed over the focal
mechanisms for the M-5.8 earthquake of October 1978 and two of the M-6
earthquakes in the May 1980 sequence. This controversy is pursued in the
papers by Julian and Sipkin, Wallace, and Chouet and Julian (all this volume).
The seismic waves radiated by the October 1978 event and the first and last of
the four M-6 events of May 1980 (the northern- and southern-most events in the
north-trending linear trend) do not fit the standard double—couple radiation
pattern found for most earthquakes. Julian and Sipkin expand on an earlier
argument (Julian, 1983) that the anomalous radiation patterns are best
explained by a compensated linear vector dipole (CLVD) mechanism, which they
interpret as the abrupt injection of magma from a nearby reservoir into a
north-northwest trending dike (a CLVD mechanism requires no volume change over
the source dimension of the earthquake).

Wallace (this volume) and Lide and Ryall (this volume) argue the opposite
viewpoint that the anomalous radiation patterns are due to complex shear
failure on fault planes of differing orientation and that fluid (magma)
injection is not required to explain these earthquakes. Chouet and Julian
pursue a point made by Aki (1984) that the rapid opening of a crack by fluid
injection would produce compressional P-wave first motions everywhere in
contrast to that predicted by a pure CLVD mechanism. They go on to argue that,
in the plane of the crack, a weak, compressional pulse would be followed by a
much stronger dilatational pulse and that observed discrepancies between
short~ and long— period P waves may in fact be consistent with a fluid
injection mechanism. At this stage, it seems that the available data are not
adaquate for an unambigious decision between these competing possibilities.

Another remarkable aspect of the Long Valley earthquake sequence is the
repeated occurrence of earthquake swarms in a small volume of the crust
centered 2 to 3 km east-southeast of Mammoth Lakes (Ryall and Ryall, 198la,
1983). Cockerham and Pitt (this volume) point out that, while numerous swarms
and flurries of small earthquakes have occurred throughout the south moat of
the caldera following the May 1980 earthquakes, all of the largest earthquake
swarms (swarms that include at least one M>4 earthquake, at least 200 smaller
events, and that persist for at least two days) within the caldera have
occurred in this epicentral area. Moreover, it appears that the three largest
earthquakes within the caldera also originated within this same, limited
volume. Best estimates for the epicenter of the second M-6 event of May 25,
1980, place it at the northern end of this swarm area, and the two M-5
earthquakes that occurred during the first hour of the January 1983 swarm were
located here as well. In addition, several of the swarms that occurred in this
swarm area between May 1980 and May 1982 included rapid-fire sequences of
small earthquakes that Ryall and Ryall (198la; 1983) identified as spasmodic
tremor, which is commonly but not exclusively associated with the injection of
magmatic fluids. The small cluster of earthquakes that Smith (this volume)
interprets as being due to a localized intrusion of magma or volatiles is also
located in this swarm area.

The recharge of a small volume of the crust with strain energy to produce
recurring earthquakes swarms is symptomatic of localized dike intrusions as
suggested in a model for earthquake swarms by Hill (1977). The interpretation
of the deformation associated with the January 1983 earthquake swarm by Savage
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and Cockerham (this volume) weakly supports local intrusion to depths as
shallow as 4 km within the volume of the western part of the January swarm as
does the evidence for a small gravity high over the swarm area described by
Jachens and Roberts (this volume). Rather than the mathematically idealized
representation of the intrusion as a single, thin dike coincident with the
long axis of the January swarm modeled by Savage and Cockerham, the intrusion
may be in the form of diffuse distribution of smaller dikes throughout the
highly brecciated crust of the swarm volume. Individual dikes may be oriented
with their long axis in a west-northwest direction perpendicular to the local
direction of the least compressive stress (earthquake T-axes) with shear
failure (earthquakes) occurring on planes oblique to the dikes (see Hill,
1977; Vetter and Ryall, 1983). Pollard, Fink, and Delaney (this volume)
demonstrate, however, that in an extensional stress regime, dikes can form in
pre-existing fractures aligned with their long axis at a significant angle to
the local, greatest principal stress direction. In any case, the magma
intruded to form such a distribution of relatively small dikes in a volume of
the crust sufficiently cool to sustain brittle failure (earthquakes) would
solidify within a few days after emplacement.

Nakamura (this volume) describes three mechanisms for the elongate
distribution of earthquakes. As Savage and Cockerham (this volume) point out,
the elongated distribution of earthquakes in the January 1983 swarm actually
consists of two segments differing in orientation by 200 separated by an
aseismic zone. It appears that the eastern segment corresponds to Nakamura's
first mechanism in which the earthquakes are aligned along a near-vertical
strike-slip fault. The western segment, which is largely coincident with the
area of earlier swarms, apparently corresponds more closely to his third
mechanism. In this case, the elongate trend of earthquakes is sub-parallel
with the local orientation of the greatest horizontal principal stress (P-
axis) as is typical of many earthquake swarms in volcanic areas.

Deformation of the earth's surface during the January 1983 earthquake
sequence is dominated by inflation of the Long Valley magma chamber. Although
details differ between the models proposed by Savage and Cockerham (this
volume), Savage and Clark (1982), and by Rundle and Whitcomb (this volume) to
explain the measured vertical and horizontal deformation fields, both sets of
models require a volume increase of from 0.1 to 0.2 km3 in a magma chamber at
depths between 5 and 10 km beneath the resurgent dome over the period from
mid-1979 to the present, and both require about 15 cm of right-lateral slip
along a vertical, west-northwest striking fault in the south moat during the
January 1983 earthquake swarm. These results are clearly resolved by the
available deformation data for 1975 through 1983.

Because all of these models provide acceptable fits to the deformation
data, the differences in details such as the shape of the magma chamber, and
the exact location and number of dislocation surfaces (faults) are not well
resolved by the available data. Thus, for example, the Savage-Cockerham model
weakly favors dike intrusion in the west limb of the January 1983 swarm; the
Rundle-Whitcomb model does not include dike intrusion but places a magma
chamber at a depth of only 5 km beneath the Casa Diablo area. Rundle and
Whitcomb explain the aseismic gap in the central section of the swarm
distribution as resulting from high normal stress acting across the fault due
to increasing pressure in the shallow magma chamber beneath Casa Diablo;
Savage and Cockerham see inflation resulting in the a trap-door-like uplift of
a north-dipping roof to the magma chamber decreasing the normal stress across
the fault, which permits dike injection within the west section of the swarm
distribution. Whitcomb (this volume) suggests dike injection beneath the Inyo-
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Mono Craters sometime between July 1982 and July 1983 based on repeated
gravity measurements and his interpretation of the leveling data. Rundle and
Whitcomb incorporate normal slip on a vertical representation of the Hilton
Creek fault in their model; Savage and his colleagues do not include slip on
the Hilton Creek fault in their models.

Another important aspect of the deformation field not adaquately resolved
by the available deformation data is the temporal relation between episodes of
inflation and earthquake activity (see Figure 2). The relatively infrequent
measurements of the level lines and the trilateration networks through mid-
1983 do not reveal whether inflation proceeded in a more or less steady
manner, whether it occurred co-seismically with the larger earthquake
sequences, or whether it occurred episodically with accelerating deformation
prior to the the major earthquake swarms. In the case of the January 1983
swarm, the repeated high-precision gravity measurements made by Jachens and
Roberts (this volume) provide evidence that most of the 7 cm uplift associated
with this swarm occurred within a day or so following the largest earthquakes
in the swarm. The enhanced deformation-monitoring program initiated in the
spring of 1983 should enable us to clearly define the temporal relation of any
future deformation to the associated earthquake activity.

EVIDENCE FROM THE GEOTHERMAL SYSTEM

The geothermal system in the Long Valley caldera offers some tantalizing
but still enigmatic clues on the size and location of heat sources at depth
and on the thermal evolution of these sources over the last several ten-
thousand years. Blackwell (this volume) and Sorey (this volume) review what is
currently known about the Long Valley geothermal system based on publicly
available data and they explore some of the implications and remaining
uncertanties attendant on these data.

The present-day thermal flux from Long Valley caldera is intermediate
between the giant Yellowstone system and the smaller Valles caldera. A
shallow, convective hydrothermal system circulating within the caldera fill
and the Bishop tuff mask the conductive heat flux from deeper magmatic
sources. The active thermal springs and fumaroles that breach the surface in
the vicinity of Casa Diablo and Hot Creek, for example, are fed by a hot (100°
to 170°C), westward-flowing aquifer at depths generally less than 100 to 150
m. Blackwell reviews three possible models to explain the contemporary
hydrothermal system: 1) the heat is supplied entirely by the recent intrusive
activity along the Inyo Craters system over the last 1000 years, and the deep
system beneath the resurgent dome is either dead or effectively sealed from
the shallow system by impermeable deposits above a waning magma chamber, 2)
the shallow system is fed by a large system deep beneath the central section
of the caldera by upwelling flow along fractures associated with the Hilton
Creek fault system along the eastern side of the resurgent dome, or 3) the
shallow system is fed by a deep source somewhere beneath the west or southwest
part of the caldera. He argues that the second model is effectively eliminated
from consideration by recent evidence from additional wells indicating the
heat source for this shallow hydrothermal system lies somewhere west of Casa
Diablo. Sorey points out, however, that hydraulic-head differences and stable
isotope relations indicate a separate convective system in the east moat of
the caldera with at least minor injection of thermal fluids along the Hilton
Creek fault.

Sorey (this volume) reviews some remarkable geochemical evidence from the
saline deposits of Searles Lake 200 km south-southeast of Long Valley first
documented by G. I. Smith and his colleagues (see Smith and others, 1983)
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indicating that these deposits were derived from the Long Valley geothermal
system and that this system must have been active at its current level for the
last 30,000 to 40,000 years. This evidence, together with the geophysical
evidence for a contemporary magma chamber beneath the west-central section of
the caldera favor a long-lived, deep source beneath the west or southwest part
of the caldera for the Long Valley hydrothermal system (the third model in
Blackwell's list and the model preferred by Sorey). Confirmation, however,
will have to await the results of additional drill holes, some of which need
to be deep enough to penetrate the convective hydrothermal system and directly
sample the conductive geothermal gradients above the magma chamber roof. Sorey
also points out that, because Sanders' cupola-like protrusion of the magma
chamber to within 4.5 to 5 km of the surface beneath the Casa Diablo area has
yet not significantly perturbed the thermal regime in the upper 2 km of the
overlying crust, it has probably been in place for less than 60,000 years.
Williams and Hudnut (this volume) describe anomalous concentrations of
soil mercury (Hg) and radon (Rn) that show some correlation with recent
earthquake activity within the caldera. They suggest that these geochemical
patterns are dominated by the Long Valley geothermal system, but that the
changes in patterns may reflect recent magmatic resurgence within the caldera.

EVIDENCE FROM RELATED VOLCANIC SYSTEMS

Because the well-documented history of unrest in any single silicic
volcanic system such as Long Valley covers but a small fraction of the
evolutionary cycle of such a system, we must try to fill in the gaps with the
study of similar systems elsewhere in the world showing different evolutionary
stages and exhibiting different levels of activity. Newhall, Dzurisin, and
Mullineaux (this volume) review the available literature on historical unrest
of large Quaternary calderas throughout the world. They find that some 200
calderas have shown some signs of historic unrest and that roughly half of
these are silicic in composition. They suggest, for example, that during a
"typical” year, 14 systems show some signs of unrest; this unrest includes
both seismic activity and ground deformation in three of the systems; and six
or seven of the systems have some form of eruption. They find that eruptions
from silicic systems are preceded by reports of seismic activity 50% of the
time, reports of ground uplift 757 of the time, and harmonic tremor 1007 of
the time. Newhall and his coauthors caution, however, that historical reports
are woefully incomplete and that early reports, in particular, are probably
biased toward descriptions of unrest that eventually lead to an eruption. To
minimize uneven reporting practices they have restricted most of their
attention to unrest described in the last 100 years

Long Valley caldera is included with four major caldera systems in the
world currently showing relatively intense seismic activity and ground uplift.
In order of decreasing levels of unrest, these systems are Rabaul caldera
(Papua, New Guinea), the Phlegrean Fields caldera (Pozzuoli, Italy), Long
Valley caldera (California), and Yellowstone caldera (Wyoming). Dzurisin and
Newhall (this volume) review and compare the nature and relative rates of
activity at each of these systems. Christiansen (this volume) provides a
detailed discussion of the post-caldera evolution of the Yellowstone system,
and, during the conference, G. Corrado of the Vesuvius Observatory, Naples,
presented a detailed description of recent Phlegrean Fields activity.

The activity at Rabaul and the Phlegrean Fields is remarkably similar;
both are about the same size and both began the recent episode of activity in
the early 1970s. Although both have experienced numerous earthquake swarms,
the largest earthquakes are of modest size (M-4 in the Phlegrean Fields and M-
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5.2 in Rabaul). The cumulative uplift in both cases since the early 1970s is
measured in meters (3 m for the Phlegrean Fields and over 2 m in Rabaul); the
uplift rate in the Phlegrean Fields since mid-1982 has averaged a remarkable
2- to 4~mm per day (about 1 m per year). In contrast, the cumulative uplift in
the larger and older Long Valley and Yellowstone calderas is less than one
meter (0.5 m in Long Valley since 1979 and 0.7 m in Yellowstone since 1923)
but the earthquakes have been relatively large (four M-6 earthquakes in Long
Valley and seven M-6 earthquakes in the Yellowstone region plus a M-7.l1 event
at Hebgen Lake).

One of the most important insights on the long-term behavior of these
major calderas comes from the unique 2,000-year record of uplift and
subsidence of the Phlegrean Fields caldera afforded by the Serapeo columns in
Pozzuoli (Caputo, 1979, and Figure 14 in Dzurisin and Newhall, this volume).
This record shows that nearly 10 centuries of gradual subsidence was
terminated by the onset of inflation beginning in the 1llth century, and that
this inflation culminated in an episode of rapid, locally large uplift (6 m)
followed within a week by the September 29, 1538, eruption of Monte Nuovo
volcano some 3 km west of Pozzuoli. The eruption was followed by another
period of gradual subsidence only to be interupted by the onset of renewed
inflation in 1970. This latest episode of inflation resumed in 1982 following
a ten year period of relative stability from 1972 to mid-1982. The uplift
continues at a rate of several mm per day as we write this summary.

Lipman's (this volume) description of the late Oligocene Cuesta caldera in
central New Mexico provides a rare chance to directly view the internal
structure of a silicic caldera that is similar in many ways to the Long Valley
caldera. The Questa caldera was formed in an extensional tectonic regime along
the eastern margin of the Rio Grande rift some 26 million years ago. Its magma
chamber has long since crystallized and erosion has cut deeply into the system
exposing the roof of the magma chamber (now a granitic pluton) and its
relation to the overlying caldera floor. Particularly striking are the many
dikes intruded along the ring-fracture system of the caldera, the irregular
shape of the roof structure, and the string of plutons (coeval magma chambers
and dikes) south of the caldera. All of these features are analogous to the
structures in our emerging image of the Long Valley caldera and the adjacent
Inyo-Mono Craters system. Lipman points out that in the case of the Cuesta
caldera, activity associated with the addition of new magma to the high-level
parts of the system persisted for 3 to 4 my following caldera collapse. He
also notes that only a small fraction of the many dikes intruded during this
period reached the surface to produce eruptions.

CONCLUSIONS

Progress in understanding the physical processes driving the current
unrest in a geologically complex region such as the Long Valley region comes,
not from unambigous answers to each of the many outstanding questions, but
through a process of limiting the range of plausible answers and providing the
basis for more incisive questions to be addressed with future research. We
feel the conference was very successful in this respect.

The weight of evidence indicates the existence of a large, long-
lived,silicic magma chamber beneath the Long Valley caldera and a smaller,
deeper, and probably younger, silicic magma chamber beneath the Mono Craters
system. Although the Long Valley magma chamber may not have returned to the
potentially explosive state that persisted for over 400,000 years prior to the
caldera-forming Bishop tuff eruption, it, together with the Inyo-Mono Craters
system, is certainly capable of producing small to moderate eruptions with
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ejected magma volumes on the order of from 0.1 to 10 km3. By way of
comparison, the total volume of magma erupted from the Inyo-Mono Craters
system 500 to 600 years ago was on the order of 2 km3 with each of the vents
ejecting approximatly 0.2 km3 of magma. (As described by both Miller and Sieh,
even these relatively small eruptions produced locally thick ash falls and
pyroclastic flows that extended up to 6 km from the eruptive vents.) Some of
the earlier eruptions from the Mono Craters system ejected on the order of 0.3
km3 of magma, a volume comparable to that ejected in the May 1980 eruption of
Mount St. Helens. (The total volume of material involved in the May 18, 1980,
explosive eruption of Mount St. Helens including debris-avalanche deposits was
about 1 km3,and, by comparison, the caldera-forming eruption in Long Valley
700,000 years ago produced 600 km3 of magma.)

Based on inflation of the resurgent dome since 1979, 0.1 to 0.2 km3 of
magma has been injected into the Long Valley magma chamber at an average rate
of 0.02 to 0.04 km3/y over the last 5 years. Exactly how much magma can be
added to the chamber before it approaches a critical state capable of
producing an eruption depends on both the effective strength of the overlying
rocks and the initial stress state in these rocks. At this stage, we know
little about either of these factors. Rundle and Whitcomb (this volume) use
some simple assumptions to estimate that a critical state would be reached if
another 0.07 km3 of magma were added to the shallow (5 km deep) chamber
beneath Casa Diablo, which would correspond to an additional 0.5 to 1.0 m of
uplift of the southern part of the resurgent dome. In the case of the
Phlegrean Fields caldera, however, injection of roughly 0.0l km3/y of magma
into an even shallower (3 to 4 km deep) magma chamber has resulted in over 2 m
of uplift in the last two years and a total uplift of over 3 m since 1970
without yet producing an eruption. Nevertheless, it is quite clear that
inflation cannot continue indefinitely at such rates without resulting in an
eruption, and that, in general, the potential for an eruption increases with
increasing inflation.

An additional element of uncertaintity is introduced in the Long Valley
region by the possibility that a major tectonic earthquake in the area could
trigger an eruption from a partially charged magma chamber. Newhall and others
(this volume) point out that unrest in large calderas following a large
tectonic earthquake in the region is relatively common and that in 13 out of
25 documented cases, the unrest culminated in a eruption. Some of these
eruptions followed the "triggering” earthquake by only a few days, and Bacon
(this volume) cites the example of Puyehue volcano in Chile, which erupted 48
hours following the great Chilean earthquake of 1960.

On a broad scale, research discussed at this conference supports the view
that the activity in the Long Valley region is a result of lithospheric
extension along the western margin of the Basin and Range province, which as
suggested by Lachenbruch and Sass (1978), involves a combination of normal
faulting in the upper, brittle crust and magmatic intrusion in the lower
crust. According to Lachenbruch and Sass (1978), silicic volcanic centers such
as those in the Long Valley region are localized within zones where the
lithosphere is rapidly pulling apart and "drawing up basaltic magma from below
to fill the void"”. According to Shaw (this volume), conditions for caldera-
forming, ignimbrite eruptions result when the intrusion of basaltic magma from
the mantle into the lower continental crust is sustained at rates averaging
0.01 km3/y for periods of tens of thousands to several million years. The
injection of 0.01 km3/y into the lower half (20 km) of the crust coincident
with the 40-km-long zone of low crustal velocities defined by Kissling and his
co-workers would require a local lithospheric extension rate of about 1 cm/y.
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This is close to the average extension rate across the Basin and Range
province during late Cenozoic time (Minster and Jordan, 1984). Based on
patterns of Quaternary faults, it appears that a large fraction of this
extension over the last 2 to 3 million years has been concentrated in two
belts: one along the Wasatch front at the eastern margin of the Basin and
Range province and the other in eastern California (along the eastern
escarpment of the Sierra Nevada range including the Long Valley region)
extending into north-central Nevada (Wallace, 1983). The contemporary pattern
of earthquake activity in the western United States indicates that this same
pattern of activity persists today but with the eastern California-central
Nevada belt showing a greater level of activity than the belt along the
Wasatch front (see Smith, 1978).

Thus the regional tectonic picture is consistant with continued supply of
heat into the crust beneath the Long Valley region in the form of basaltic
magmas drawn into the lower crust from the upper mantle at rates sufficient to
replenish the upper-level silicic magma chambers. We have no reason to believe
that this closley coupled pattern of tectonic and magmatic activity will cease
in the foreseeable future. The question in human terms becomes one of what
sort of short-term fluctuations (years to tens of years) can we expect in this
long-term trend in activity? While most would probably agree that short-term
fluctuations in activity are related to minor variations in the motion between
the major lithospheric plates, we have no basis for reliably predicting the
course of these variations years to decades in advance. Accordingly, we must
rely on careful monitoring of curreant activity looking in particular at the
deformation field and seismicity patterns as evidence for changes in the
supply of magma to shallow chambers and incipient failure of the confining
rocks.
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FIGURE CAPTIONS
Figure l: Schematic northwest-southeast cross-section through Long Valley

caldera illustrating magma chamber geometry in relation to caldera
structure and activity of the January 1983 earthquake swarm. Magma chamber
geometry based on results of Sanders (this volume), Kissling and others
(this volume). Heavy lines indicate approximate positions of reflecting
boundaries identified by Hill and others (this volume) and Luetgert and
Mooney (1984). Caldera structure generalized from results of Bailey and
others (1976) and Hill and others (this volume). Hypocentral zone for
January 1983 swarm and position of possible dike intrusion from Savage and
Cockerham (this volume).

Figure 2: Summary of seismic activity and inflation of the resurgent dome in

terms of cumulative seismic moment for earthquakes in the Long Valley
region from 1978 through mid-1984 and elevation history of bench mark CASA
AZ near Casa Diablo Hot Springs (Castle and others, 1984). Point of
maximum uplift is approximatly 4 km north-northeast of CASA AZ (see Figure
7 of Savage and Cockerham, this volume). Seismicity data compiled by R.S.
Cockerham using data from University of Nevada, Reno; University of
California, Berkeley; and U.S. Geological Survey in Menlo Park,
California.
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Chemical Evolution and Current State of the Long Valley Magma Chamber
by
Roy A. Bailey

ABSTRACT

Current knowledge of the postcaldera volcanic history of Long valley
caldera and of the postcaldera petrologic and geochemical evolution of the
residual rhyolitic magma chamber provides a general magmatic model that is
relevant to the recent seismicity and ground deformation in the area.
Intracaldera volcanism between 0.28 and 0.06 m.y. ago suggests that injection
of mafic magma into the roots of the Long Valley magmatic system 0.28 m.y. ago
resulted in thermal and physicochemical rejuvenation of the shallow residual
rhyolite magma chamber. The current seismicity and uplift of the resurgent

dome may represent the onset of another such episode.

INTRODUCTION

In the several months following the Mammoth Lakes magnitude-6 earthquake
sequence of May 25-27, 1980, available scientific evidence (Sherburne, 1980)
suggested that the quakes probably were tectonic in origin and that, although
an unusually intense sequence, they were basically similar to other quakes
that had shaken the Eastern Sierra region every decade or so in the past.
However, the discovery during the following year that the quakes were
apparently accompanied by uplift of the resurgent dome within Long Valley
caldera raised questions regarding the possible involvement of magma as a
causative source (Savage and Clark, 1982). The likelihood of magmatic
involvement was further strengthened by the localization and intensification
of seismicity in the south moat of Long Valley caldera during 1981, 1982, and

1983 and by the recognition of the occurrence of spasmodic tremor, a seismic
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phenomena commonly associated with active volcanoes (Ryall and Ryall, 1981;
1983). Moreover, recent seismic studies (Sanders, 1983, and this volume) have
confirmed evidence from earlier studies (Hill, 1976; Steeples and Iyer, 1976)
that the resurgent dome in Long Valley caldera is indeed underlain by a
substantial volume of partially molten rock at depths below 7 km and possibly
at depths as shallow as 4.5 km.

This mounting evidence that magma--more specifically the residual Long
Valley magma chamber--is in part responsible for the current seismic and
deformational activity within the caldera prompts a need to know more about
the current chemical and physical state of that chamber and its potential to
produce eruptions. This paper briefly outlines the postcaldera chemical
evolution of the Long Valley magma chamber and discusses its possible bearing
on understanding the current processes. This summary is based on in-progress
petrologic and geochemical studies which are far from complete, and the

conclusions are tentative.

REGIONAL VOLCANISM AND MAGMATISM

Assessment of the current state of the Long Valley magma chamber is
complicated by the fact that within the region are, not one, but three centers
of volcanism and that all three are intimately related both spatially and
temporally (Bailey, 1980, 1982). The three are: (1) Long Valley caldera, (2)
the Mono-Inyo Craters, and (3) the Mono Lake volcanoes (Figs. 1 and 2). Long
Valley, the oldest and most evolved of the three, includes rocks that erupted
between 3.2 and 0.1 m.y. ago; the Mono-Inyo Craters, centered about 20 km to
the northwest but extending southward into the west moat of Long Valley
caldera, includes rocks erupted between 0.2 m.y. and about 500 years ago; and
the Mono Lake volcanoes, still further to the north, include rocks erupted
13,500 to <500 years ago. In this paper, only the volcanism centered about

Long Valley is discussed.
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VOLCANIC EVOLUTION OF THE LONG VALLEY CALDERA

The volcanic rocks directly associated with Long Valley caldera include:
(1) a precaldera suite of trachybasaltic/andesitic and quartz latitic lavas
3.2 to 2.6 m.y. old, (2) the 1.9- to 0.8-m.y.-0old rhyolites of Giass Mountain,
(3) the 0.73-m.y.-01d caldera-forming Bishop Tuff, and (4) a postcaldera suite
of rhyolites 0.7 to 0.1 m.y. old (Bailey and others, 1976). Erosional
remnants of the precaldera trachybasaltic/andesitic lavas and their vent
complexes are scattered around the periphery of Long Valley caldera and extend
northeastward to the Adobe Hills and southwestward into the High Sierra,
encompassing an area in excess of 4000 kmz. These mafic lavas represent the
tapping of an extensive mantle magma source during the late episode of
Basin-and-Range faulting that initiated development of the present Sierran
frontal fault escarpment. Somewhat younger (3.0- to 2.6-m.y.-0ld)
quartz-latite lavas associated with these mafic lavas are exposed along San
Joaquin Ridge and on the north rim of Long Valley caldera; they probably
represent the onset of magmatic differentiation that cuiminated in formation
of a large, shallow, rhyolitic magma chamber beneath the present site of Long
Valley caldera. Early leakage from this rhyolitic chamber resulted in the
formation of Glass Mountain Ridge, a 1.9- to 0.8-m.y..-01d complex of rhyolite
domes, flows, and tephras exposed on the north, northeast, and east rim of the
caldera (Metz and Mahood, 1983, and this volume).

Long Valley caldera, a 20-by-30-km elliptical depression enclosing a 450
km2 area, formed 0.73 m.y. ago during a brief episode of catastrophic,
pyroclastic eruptions that ruptured and caused collapsed of the roof of the
subjacent magma chamber. During these eruptions, 600 km3 of rhyolite magma
was expelled as ash fall and ash flows, the deposits of which now constitute
the Bishop Tuff. Bishop ash flows inundated 1500 km2 in upper Owens Valley,

Adobe Valley, and Mono Basin. They also overflowed the crest of the Sierra
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westward through the gorge of the Middle Fork San Joaquin River and possibly
reached the eastern edge of the Great Valley. Thick deposits of Bishop Tuff
also accumulated within the depression of Long Valley caldera itself.

Soon after eruption of the Bishop Tuff and collapse of Long Valley
caldera, eruptions resumed on the caldera floor, first producing thick aphyric
rhyolite tuffs and finally hot fluidal obsidian flows, collectively referred

to as the early rhyolite (Bailey and others, 1976). Simultaneous with these

eruptions, the caldera floor was uplifted and arched into a 10-km-diameter
resurgent dome (Smith and Bailey, 1968), transected by a 4-km-wide,
northwest-trending, medial graben (see Fig. 1). This episode of early
postcaldera volcanism and simultaneous resurgent doming persisted for less
than 100,000 years after caldera collapse.

After resurgent doming, intracaldera volcanism related to the residual
Long Valley magma chamber was confined to the caldera moat and was probably

guided by caldera ring-fractures. This moat rhyolite consists predominantly

of coarsely porphyritic hornblende-biotite rhyolite, which forms steep-sided
domes and flows that contrast strikingly with the thinner, apparently hotter
and more fluid, early rhyolite obsidian flows exposed on the resurgent dome.
Eruptions of moat rhyolite occurred at 0.2-m.y. intervals, about 0.5, 0.3, and
0.1 m.y. ago in the north, southeast, and west sectors of the moat,

respectively.

CHEMICAL EVOLUTION OF THE POSTCALDERA RHYOLITES

The chemical evolution of the postcaldera moat rhyolite bears most
directly on the current state and possible future course of eruptive activity
of the Long Valley magma chamber. 1In the following discussion, the rhyolitic
lavas erupted at the surface are assumed to represent leakage from the topmost

part of the evolving source magma chamber.
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Comparison of compositional trends and chemical fractionation patterns of
the successive postcaldera eruptive units shows that the porphyritic moat
rhyolites changed only slightly in composition and exhibited no marked or
distinctive fractionation pattern between 0.5 and 0.3 m.y. ago (Figs. 3 and
4b). However, beginning with eruption of the 0.28-m.y.-0ld Hot Creek obsidian
flow in the southeast moat (Figs. 1 and 5), distinct changes in composition
and fractionation began to occur relative to earlier moat rhyolites. Nb and
Ta (as well as most other trace elements) in the Hot Creek flow show marked
changes in concentration (Fig. 3), and distinct changes in the fractionation
of certain elements (Fig. 4c) began to occur, notably the depletion of most
transition metals and enrichment of most rare-earth and incompatible
elements. With eruption of the 0.1-m.y.-01d rhyolites of the west moat, these
concentration and fractionation trends became further enhanced (Figs. 3 and
4d) and more clearly began to resemble the patterns of the Bishop Tuff magma
(Fig. 4a) just prior to its eruption 0.73 m.y. ago. These trends imply that
between 0.5 and 0.3 the upper part of Long Valley magma chamber attained a
state of chemical stagnation and probably began cooling and crystallizing from
the margins inward, but that beginning 0.28 m.y. ago, the chamber was
thermally rejuvenated, and convection, diffusion, and other physiochemical
processes akin to those that led to evolution of Bishop Tuff compositions
(Hildreth, 1977, 1979) dominated the chamber (Fig. 5). Whether these
processes have continued unabetted since then is difficult to assess, but the
fact that the 0.1-m.y.-old west-moat rhyolites are more crystal-rich than the
0.28-m.y.-old Hot Creek flow suggests that the processes may have slowed due
to cooling, perhaps until just recently (see below).

The heat for this thermal and physicochemical rejuvenation of the Long
Valley magma chamber 0.28 m.y. ago was most likely derived from renewed

injection of mafic magma from the mantle into the roots of the Long Valley
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magmatic system. Lachenbruch and others (1976) have pointed out that the
upper-crustal Long Valley magma chamber could not have remained molten to
produce the rhyolitic eruptions evident during the past 1 m.y. unless it were
repeatedly resupplied with heat from deep crustal or subcrustal magmatic
sources. Trachybasalt lavas associated with the Mono-Inyo Craters, which
erupted in part from numerous vents in the west moat of Long Valley caldera
between 0.20 and 0.06 m.y. ago, provide evidence for at least one such episode
of resupply. Although these mafic lavas reached the surface after the
initiation of changes observed in the moat rhyolites, the onset of mafic magma
injection at depth and its effects on the rhyolitic chamber must have preceded

eruption of trachybasalt at the surface.

Implications regqarding the current activity

These chemical changes in the Long Valley magma chamber and the basaltic
and rhyolitic eruptive events that occurred between 0.28 and 0.06 m.y. ago in
the southeast and west moat provide a model for interpretation of the current
seismicity and ground deformation in and near the caldera.

Evidence from reanalysis of focal mechanisms of the May 1980 Mammoth Lakes
earthquake sequence (Julian, 1983) suggests that fluid injection occurred
along faults in the Sierran block outside the caldera at the very onset of the
current seismic episode. Whether these fluids were aqueous solutions
migrating from the Long Valley hydrothermal system or were mafic magma from a
deeper source is not known, but in either case the addition of thermal energy
to the magmatic system would seem to be required. Evidence gained from
monitoring and other recent research studies in Long Valley leaves little
question that the continuing seismicity and ground deformation localized
within the caldera are in some way related to the residual rhyolitic magma

chamber beneath the resurgent dome.
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In this context, the current activity may be interpreted as having been
initiated by the injection of mafic magma into the roots of the Long Valley
magmatic system, possibly with magma injecting fissures outside, as well as
inside, the caldera. Alternatively, intracaldera mafic magma injection may
have affected the associated intracaldera hydrothermal system forcing aqueous
solutions laterally into fissures outside the caldera. Concomitant thermal
perturbation of the subcaldera rhyolitic chamber caused its expansion and
consequent uplift of the resurgent dome. The time response between deep
injection and thermal perturbation of the shallower chamber would appear to be
extremely short, in the order of a few years or less. The likelihood of
eruptions occurring as a consequence of these processes very likely depends on
the volume and frequency of mafic injections. If the 1980-83 episode
represents an isolated short-lived event, the potential for eruptions would
seem low, but if it is the first of many similar, closely spaced events yet to
come, the potential for eruptions is likely to increase. Only continued
Tong-term monitoring can distinguish between these alternatives.

Past eruptive history suggests that future eruptions in the currently
active south-moat seismic epicentral zone would most 1ikely be rhyolitic, but
the possibility of_basa]tic eruptions should not be entirely ruled out. Both
basaltic and rhyolitic eruptions occurred in the earlier 0.28- to 0.06-m.y.
episode. Furthermore, although the present seismic epicentral zone coincides
with the caldera ring-fracture system, which is most likely to tap the shallow
rhyolitic chamber beneath the resurgent dome, it also lies on the projection
of the Silver Lake fault, a major Sierran frontal fault, along which at least
eight basaltic vents erupted during the above-mentioned earlier episode.

Thus, in summary, the present seismic and deformational activity in Long
Valley caldera may be the result of injection of mafic magma from depth into

the roots of the shallower rhyolitic magma chamber, which, together with its
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associated hydrothermal system, may be in the initial stages of another
episode of thermal and physicochemical rejuvenation. Whether the current
activity will ultimately cuiminate in eruptions will depend on the magnitude
and frequency of future such disturbances of the magmatic system. Should
eruptions eventually occur, they could be either rhyolitic or basalitc.
Although the relationship between volcanism and tectonism in the region is not
well understood, the probable fundamental cause of such intermittent magmatic
disturbances at Long Valley is regional extension in the Basin and Range

province, as expounded by Lachenbruch and Sass (1978) and Lachenbruch (1979).
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Figure 3. Change of elemental concentration of Nb and Ta in postcaldera rhyolites

vs. age of lavas in millions of years. bt (open arrow): range of elemental
content from bottom to top of precaldera magma chamber (foot to head of
arrow) based on Bishop Tuff compositions (data from Hildreth, 1977);

e: early rhyolite; n: north-moat rhyolite; se: southeast-moat rhyolite;
hc: Hot Creek flow; w: west-moat rhyolite. Note little change from
early rhyolite through southeast-moat rhyolite (0.7-0.3 m.y.), then marked
increase from Hot Creek flow through west-moat rhyolite (0.28-0.1 m.y.)
toward values approaching those at top of precaldera caldera chamber (bt).
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Figure 4.

Comparison of elemental fractionation diagrams for the Bishop
Tuff and subsequent postcaldera moat rhyolites, showing change
in the concentration of elements near the roof of the Long
Valley magma chamber at successively younger times.

fractionation factors for the Bishop Tuff
(early-erupted/late-erupted) showing characteristic enrichment
of heavy rare-earth elements (HREE) and incompatible elements
and depletion of Ca, Sr, Ba, Eu, most transition metals, and
1ight rare-earth elements (LREE) toward the roof of the
chambers (after Hildreth, 1977).

fractionation factors for 0.3-m.y.-old, southeast moat
rhyolite, relative to 0.5-m.y.-old, north moat rhyolite,
showing only minor enrichments and depletions accompanying
probable cooling and crystallization of the chamber.

fractionation factors for 0.28-m.y.-old, Hot Creek flow
relative to 0.3-m.y.-old southeast moat rhyolite, showing
moderate enrichment of rare earth and incompatible elements and
depletion of transition metals, marking the onset of thermal
rejuvenation.

fractionation factors for 0.1-m.y.-o01d west moat rhyolite
relative to 0.3-m.y.-o0ld southeast moat rhyolite. Note the
general resemblance to the enrichment and depletion of elements
for the Bishop Tuff.
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ABSTRACT

Glass Mountain represents precaldera lavas of the Long Valley magma
system. It consists of more than 40 high-silica rhyolite lavas extruded in
two episodes, 2.1 to 1.3 and 1.1 to 0.8 Ma ago. The voluminous Bishop Tuff
erupted from the same magma system “0.1 Ma later; resultant caldera collapse
truncated the Glass Mountain complex. Early Glass Mountain lavas are more
evolved than later ones, as indicated by incompatible element contents, and
most are more evolved than the Bishop Tuff. Early lavas apparently were
cooler and less fluid than later ones; they contain ubiquitous biotite,
whereas some later ones contain pyroxene.

Small amounts of tuff are intercalated with the lavas. Pumice-fall
deposits, some of which have been found as far away as Ventura, California
and Beaver, Utah, can be correlated with specific lavas. Explosive activity
occurred throughout the eruptive history of Glass Mountain. There is no
apparent correlation of explosive activity with magma composition.

The Glass Mountain sequence suggests that a potentially explosive magma
chamber may not have been present during the older eruptive episode. The
younger episode is thought to represent eruption from a large, integrated,
magma chamber, as evidenced by the smaller composition range displayed by
lavas of larger average volume that erupted at a greater volumetric rate per
unit time. Although eruption rates were higher during the younger episode,
apparently the eruptions were not large enough to depressurize the magma
chamber and initiate a major explosive eruption. Long Valley is a
tectonically active area, so depressurization of the magma chamber due to
fault rupture is proposed as a possible mechanism for triggering the

catastrophic eruption of the Bishop Tuff,
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INTRODUCTION

The triggering mechanism for large-velume, silicic, explosive eruptions
is as yet unknown. Build-up of volatile concentrations in a chemically
euoiuing magma chamber seems to be a necessary but not sufficient condition.
Pressure release caused by ring fractures penetrating the magma chamber
(Christiansen, 1984a; 1984b), unloading caused by voluminous eruptions
(Bacon, 1983a), and vapor saturation from crystallization-induced "second
beiling® (Burnham and Ohmoto, 1980) have been postulated as possible
triggering mechanisms. The current state of unrest at Long Valley has
focussed attention on a possible repetition of the violent explosive eruption
that produced the Bishop Tuff and formed the Long Valley caldera 0.73 Ma ago
(Dalrymple et al., 1965). The lavas and pyroclastic material erupted from
the Long Valley magma chamber prior to eruption of the Bishop Tuff are being
studied to see if they could have been used to predict the timing, violence,
and/or volume of the caldera-forming eruption. The only exposed material
vented from the mature Long Valley magma chamber prior to the Bishop Tuff is
the high-silica rhyolite complex of Glass Mountain (Fig. 1). In this paper
we describe the physical evolution of Glass Mountain. Data on the timing,
size, mineralogy, and explosivity of the different eruptive units are
integrated to characterize development of the magmatic system for the more
than 1 Ma prior to catastrophic eruption of the Bishop Tuff.

GEOLOGIC SETTING

Glass Mountain can be viewed as part of a continuum of volcanic activity
that began in the Long Qakley area “3.2 Ma ago (Bailey et al., 1976) and -
continues today. Early eruptions consisted of widespread basalts and

andesi tes that are exposed north, west, and south of the caldera. Quartz
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latites erupted "3 to 2.6 Ma ago on the southern margin of the caldera (R.A.
Bailey, personal communication), at Bald Mountain near the north margin of
the future caldera, and in the San Joaquin--Twe Teats area to the uwest
(Cﬁrry, 1971; Bailey et al., 1976). High-silica rhyolite lavas erupted in
the area that is now northeast of the caldera (Fig. 2) to form Glass Mountain
between 2.12 and 0.80 Ma b.p. Evacuation of Y600 kmS of magma}to form the
Bishop Tuff 0.73 Ma ago caused collapse of the Long Valley caldera and was
followed immediatelylby resurgent doming and postcaldera rhyolite eruptions
which continued until ~0.1 Ma ago (Bailey et al., 1976). Studies of the
cheﬁistry of these postcaldera rhyolites suggest that the 0.5 Ma and 0.3 Ma
erupiions were part of the Bishop Tuff cycle, whereas the youngest ones may
represent a new cycle of magma chamber differentiation (Bailey, 1983a;
1983b). Volcanic activity in the Long Valley area has continued with
eruption of basalts in the eastern part of the caldera and in Mono Lake
(Gilbert et al., 1968; Bailey et al., 1976; Bailey, 1980), the arc of
" rhyolitic Mono Craters (Kistler, 1966; Wood, 1977; Sieh et al., 1983), and
the Inyo Dome eruptions (Miller, 1983; 1984). While these younger eruptions
are-unlikely to be products of the Long Valley magma chamber, they probably
share the same heat source that localized the Long Valley system.
PREVIOUS WORK ON GLASS MOUNTAIN

Glass Mountain was first described by Gilbert (1941) who recognized it
as‘a complex of interbedded rhyolitic lavas and tuffs truncated by faulting
along its south side. The total volume of Glass Mountain was estimated as
215 km3 by Rinehart and Ross (1957). Sanidine separated from a lava on the
northeast shoulder of Glass Mountain yielded a K-Ar age of 0.9 + 0.1 Ma, or

0.92 Ma recalculated with new constants (Gilbert et al., 1968), and one from
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a sample at the base of Glass Mountain gave an age of 1.92 + 0.05 Ma, or 1.97
Ma recalculated with new constants (Bailey et al., 1976), defining a long
time span of preserved Glass Mountain eruptions.

Bailey et al. (1976) and Bailey and Koeppen (1977) mapped Glass Mountain
as part of a comprehensive study of the Long Valley caldera, but did not
differentiate separate eruptive units. Bailey et al. (1976) were the first
to state explicitly that the southern part of Glass Mountain was downfaulted
along ring faults, and therefore part of it is buried beneath caldera fill.

Rhyolite tuff from Glass Mountain overlies basalt and granite southeast
of the mountain and is in turn covered to the south by the Bishop Tuff
(Gilbert, 1941). The pumice-fall deposit on the east slope of the Benton
Range and the apron of Glass Mountain pyroclastic material that extends
- northward into Adobe Valley were designated the Tuff of Taylor Canyon by
Krauskopf and Bateman (1977).

GEOLOGY OF GLASS MOUNTAIN
General Description and Morphology

Glass Mountain is a complex of lava domes and flows with intercalated
pyroclastic material (Fig. 1) that covers "130 km2 and has a volume of >50
kms, not including pyroclastic deposits. At 3390 m, the top of Glass
Mountain is 1200 m above the floor of Long Valley caldera (Fig. 2). Caldera
collapse following eruption of the Bishop Tuff truncated Glass Mountain,
leéving a steep scarp on the south side. An unknown volume of Glass Mountain
lavas is buried beneath caldera fill.

It seems likely that Glass Mountain developed on a preexisting
topographic high; basement rock crops out at high elevations on all sides

(Fig. 2). Southeast of Glass Mountain the basement topography apparently was
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relatively flat Mesozoic granitic rock at elevations of 2438 to 2743 m.
Tertiary basalt with more variable topography is exposed on all sides of
Glass Mountain.

Glass Mountain does not appear to have been glaciated during the
Pleistocene. Although the north side of Glass Mountain peak is cirque-like,
preservation of pumiceous carapace on top of the peak (Fig. 3) suggests that
it was not glaciated. The Sierra Nevada had reached nearly its present
elevation before onset of Pleistocene glaciation (Christiansen, 1966; Bateman
and Nahfhaftig, 1966; Huber, 1981) and would have created a rain shadow,
cauéing higher glacier levels in the White Hountains and Glass Mountain than
in tﬁe Sierra Nevada. Glacier levels in the White Mountains were at >¥3300 m
{(Krauskopf and Bateman, 1977), making it unlikely that there would be much
glacier formation at Glass Mountain, which has a maximum elevation of 3390 m.
Physical Character of Lavas

Lavas generallQ are well preserved, but even the youngest units at Glass
Mountain have lost some of the youthful features, such as steep margins,
lobate morphology, and arcuate pressure ridges, that can be used as mapping
criteria. Criteria for identifying individu;l lavas include physical
continuity of exposures, degree of erosion, and phenocryst species and
abundance (although some variation in phenocryst content with position in
flows is seen). Vents (stars in Figs. 3 and 4) can be identified by
attitudes of flow banding, by alteration of the rock, and by coarse vesicles
lined with vapor-phase tridymite that commonly developed in vent areas.

The cooling zonation reflected in textural differences in the rocks also
was used as a criterion for mapping individual lava flows (Fig., 3). There is

a predictable progression from surface to interior of a flow or dome from
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pumiceous carapace, to perlitic obsidian, to dense black glass, to
lithophysal obsidian with cavities up to 1 m across, and finally to
devitrified rhyolite. For some units a lower obsidian layer is exposed.
Devitrified rhyolite and dense black glass are interlayered on a scale of
meters to millimeters. Devitrified rhyolite commonly is macroscopically flow
banded, and dense black glass may be. This cooling zonation differs from
that documented by Fink (1980) for the <1100-year-old Little Glass Mountain
flow of Medicine Lake Highland, California, in which the vertical zonation is
surficial autobreccia, finely vesicular pumice, obsidian, coarsely vesicular
pumice, and basal breccia (Fink, 1980; 1983). Little Glass Mountain is 15-60
m thick (Fink, 1983), whereas the lavas of Long Uall?y Glase Mountain
commonly are >100 m thick. The Little Glass Mountain lava may not have been
thick enough to develop a devitrified interior on cooling; alternatively, a
devitrified core may be present but not yet exposed. The Southern Coulee of
Mono Craters, California, is a 3.6-by-1.2-km rhyolite flow “7?5 m thick. The
internal structure was interpreted from drill cores: pumice becomes less
vesicular and obsidian becomes more abundant downward, and at a depth of 40
m the obsidian layers become spherulitic (Loney, 1968). This resembles the
sequence found at Long Valley Glass Mountain in that obsidian becomes more
abundant downward, and spherulitic obsidian is found near o center of
units.

Older units are best exposed in the steep caldera scarp on the southwest
side.- In other areas, they appear as eroded remnants consisting of
devitrified rhyolite, {ocally in conjunction with small amounts of hydrated
glass. The younger units form recognizable domes on the northwest side of

the mountain, but near the caldera margin to the southeast even younger units
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are deeply eroded and exposures are fragmentary (Fig. 3).

K-Ar Dating of Lavas

K-Ar dating of glass, devitrified rhyolite matrix, and sanidine has been
used to calibrate the stratigraphy developed from field mapping. Because
most sample yield large proportions of radiogenic argon, estimated 10
precisions for these dates are typically 0.03 Ma (Table 1). The 35 dates
demonstrate that all the lavas erupted in two discrete episodes, 2.12 to 1.35
and 1.10 to 0.80 Ma ago (Table 1; Fig. 6). Twelve eruptive units are undated
and at least half of these cannot be dated, apparently because of
incdrporation of atmospheric argon at the time of efuption. These 12 units
are éssigned to eruptive groups on the basis of stratigraphic position and/or
degree of erosion with respect to adjacent dated units. The more than 40
- identified eruptive units are shown schematically in Figure 4., Others must
lie beneath the surface of Glass Mountain (Fig. S5) and buried within the
caldera. Although each lettered unit in Figure 4 is a separate mappable
lava, several may comprise a single eruptive pulse. Eruptions appear to have
occurred along an incipient ring fracture zone, but there is no correlation
of vent location with age of eruptive units (Fig. 4).

Sizes and Volumes of lavas

Two well-exposed domes on the western part of Glass Mountain (A and B in
Figs. 4 and 5) have been used to calculate the relative proportions of
deQitrified rhyolite (40%), dense black glass (“30%), and pumiceous carapace
(“30%) for Glass Mountain units. Using these figures, magma equivalent

3 to 2 km3. These are

volumes of Glass Mountain lavas range from <0.01 km
minimum estimates as pre-erosion volumes were greater; the eroded material

would have been highly inflated pumiceous carapace with porosity >40%.
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Identified eruptive units range in rock volume from <0.01 to >3 km3. The
southeast end of Glass Mountain seems to be made up of a large number of
smaller units; flow units cannot be traced as far as in the northeast. Even
when allowances are made for disruption by faulting and increased erosionAin
the faulted areas, this difference seems to be real. The smallest exposed
flow unit at Glass Mountain (R in Fig. 4) is a plug of obsidian that utilized
the same conduit as an earlier, larger dome. The pumiceous carapace has been
eroded away, but the total volume probably never was much more than the

3. In contrast, the largest unit (C in Fig. 4) has

currently exposed <0.01 km
a rock volume of ~3 kma, and an estimated magma volume of "2 kmS. It is the
youngést and most fluid of the Glass Mountain eruptions, and covers an area
1;9-X 2.6 km, with a thickness of “120 m.
TEMPORAL CHEMICAL AND PHYSICAL TRENDS IN GLASS MOUNTAIN LAVAS
All of the Glass Mountain lavas are high-silica rhyolites containing

76.9 to 77.4 wt. % Si02 (calculated on an anhydrous basis). Al 03, Mg0, and

2
TiO2 show a small range, and variations in Na20 can largely be attributed to
mobility during devitrification and hydration. There are, however,
pronounced differences in abundances of K20, Fe0, Ca0, MnO, and trace
elements such as Rb, Y, and Nb, which make it possible to chemically
distinguish different lava units. Plots of any two of the elements Fe, Ca,
K, Na, Rb, Mn, Nb, Y, and Zr separate units of the older and younger eruptive
episodes with reasonable accuracy (Fig. 7). When the undated units are
plotted in the same way, most of them fall within the same groups as
indicated by field evidence. The earliest Glass Mcuntain lavas are the most

evolved, and most of them are more evolved than the Bishop Tuff (Fig. 8).

Both a long-term trend toward less-evolved compositions and short-term
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fluctuations are present. The younger eruptive group shows a smaller range
of abundances.

Older eruptive units tend to contain more phenocrysts than younger ones.

A few of the oldest units contain up to 15-20% phenocrysts of quartz,
sanidine, plagioclase, biotite, and titanomagnetite + ilmenite; most contain
£10%. Apatite and zircon are found mainly as inclusions in biotite. A
1.35-Ma-old dome on the westernmost edge of Glass Mountain contains “30%
phencerysts, including strongly-zoned plagioclase. Eruption of this unit was
followed by a period of quiescence before eruption of the younger lavas.
Youhger units contain 0-3% phenocrysts, Salic species are the same as in the
older units, but mafic assemblages are more variable and consist of biotite,
pyroxene, both, or neither (Fig. 6).

Flow and dome morphologies record a change to more fluid magmas with
time. At least five units formed areally extensive flows rather than
steep-sided domes. They are shown by arrows indicating flow direction in
Figure 4. Flow G is 1.6 X 0.8 km and has a maximum exposed thickness of “125
m. The flow that forms the top of Glass Mountain peak (H in Fig. 4; Fig. 3)
is "60 m thick and flowea about 1 km to the north, banking against an older
unpit (0 in Fig. 45 Fig. 3). Four of these flows belong to the younger
eruptive episode, and include the most voluminous, youngest, eruptive unit.
The fifth is one of the youngest units of the older eruptive episode. The
change in morphology can be attributed at least in part to hotter magma;
Fe-Ti oxide analyses suggest that early Glass Mountain lavas were cooler than
later ones:

The older eruptive episode lasted for 0.77 Ma and produced 18 eruptions,

whereas the 0.3-Ma-long younger episode produced 25 eruptions. Calculated
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total volumes for the episodes are “3.5 and ~10.5 km3, respectively. Because
the older units are both more poorly exposed and more deeply eroded, the real
magni tude of this difference may be less.

EXPLOSIVE ACTIVITY

Pyroclastic deposits associated with Glass Mountain lavas include tuffs
intercalated with lavas, poorly exposed ash-flow tuffs peripheral to the
mountain, and pumice-fall deposits found as far as 400 km from the mountain.
Exposures of pyroclastic rocks within the main mass of Glass Mountain are
rare. Their presence is inferred from the distribution of an ashy,
light-colored soil with restricted occurrence and the presence of exotic
cobbles of granitic rock or basalt in areas that lack outcrop. The
southeastern end of Glass Mountain has the greatest abundance of these
features. Tuff deposits are inferred to vomprise “10% of the mountain (Fig.
3.

Southeast of Glass Mountain is an area of low, rolling hills which
largely consist of reworked material, possibly debris flows, from Glass
Mountain. Subangular to subrounded cobbles of all textural varieties of
Glass Mountain rhyolite are present throughout. A few small hills appear to
be devitrified rhyolite extrusions, as noted by Gilbert (1941). They are
badly preserved; pumiceous carapace and dense black glass are lacking. 1In
the northwestern part of this area, which is nearest Glass Mountain, there
are two small outcrops of ash-flow tuff as well as ashy soils that probably
are derived from ash-flow tuffs.

Thick pumice-fall deposits are exposed in quarries along the west side
of Benton Valley, approximately 12-20 km northeast of Glass Mountain.

Individual pumice falls commonly are 1-2 m in thickness, and may be up to 5Sm
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thick. Maximum pumice clasts in these deposits range from 2-19 om. Lithics
consist of felsite, obsidian, basalt, and granitic clasts <(6.5 to 5 om in
size. The total volume of tephra deposits in the Benton Valley exposures is
estimated to be “20 km3, or ~10 km3 of magma.

Pumice deposits attributed to a Glass Mountain source on the basis of
trace element abundances‘include ashes from as far away as Ventura,
California (Sarna-Wojcicki et al., 19803 lzett, 1981; 1982), and Beaver
County, Utah (lzett, 1981; 1982). Sarna-Wojcicki et al. (1980) ascribe six
ashes, ranging in age from 0.90 toc >2.0 Ma, to a Glass Mountain source. The
K-Ar ‘age of the oldest is 2.3 Ma, but this age is believed by them to be too
old as an underlying ash is correlated with the 2.0 ﬁa-old Pearlette B ash.
Sarna-Wojcicki et al. noted temporal compositional trends in the Glass
Mountain ashes, with younger ashes having lower Mn and higher Ca and Fe
concentrations. Sarna-Wojcicki and Izett used different names for the same
ashes in some cases; the correspondence of their samples is shown in Table 2,
along with our tentative correlations of these ashes with Glass Mountain
lavas. An important result of the tephra-lava correlations is documentation
that explosive activity occurred throughout the eruptive history of Glass
Mountain, implying that it was not restricted to association with lavas of a
particular time period or degree of chemical evolution.

Correlative distal ashes are lacking, or have not yet been identified,
for some of the pumice-fall deposits in Benton Valley that we have correlated
with lavas at Glass Mountain. Izett (1981; 1982) correlated several ashes
22.1 Ma old with _a Glass Mountain source, but preliminary correlations with
Glass Mountain lavas suégest that these ages may be tooc old (Table 2). The

Bailey ash (Table 2), dated at 1.2 Ma, is tentatively correlated with an
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unsuccessfully dated lava, unit JJ (Fig. 4). If this correlation and the age
of the ash are both correct, theré was at least one eruption during the
supposed hiatus between the older and younger eruptive groups.

GLASS MOUNTAIN COMPARED WITH PRECALDERA ERUPTIONS IN OTHER SYSTEMS

Glass Mountain appears to be unusual among precaldera complexes in that
it erupted over 3 long period of time, is voluminous, and is chemically more
evolved than the succeeding ash-flow tuff, although the small amount of data
available on other precaldera lavas makes this conclusion tentative. A
number of caldera-forming systems are now well-studied, but there is little
documentation in the literature of the physical or chemical evolution of
preéaldera lavas.

Pfecaldera volcanism associated with voluminous silicic systems
generally begins with widespread andesitic + basaltic eruptions that span
millions of years (e.g9., Valles, Sierra la Primavera, Los Humeros, and the
San Juan volcanic center in Table 3). This mafic to intermediate volcanism
apparently provides the heat necessary for development of a high-level
silicic magma chamber. In the classic model of resurgent cauldron-formation
(Smith and Bailey, 1968a), broad doming of an area over a magma chamber may
be accompanied by eruptions from incipient ring fractures. Preservation of
these early lavas during an explosive climactic eruption clearly is a matter
of chance. The ea;ly lavas that leak from the ring fractures commonly are
rhyodaci te and/or quartz latite in composition (e.g., Valles and Twin Peaks
in Table 3). Rhyolite or high-silica rhyolite eruptions that commonly are of
small volume and short duration may occur after or instead of the
rhyodaci te/quartz latite lavas (e.9., Sierra la Primavera, Los Humeros, Mount

Belknap, Yellowstone, and Timber Mountain-Oasis Valley). Precaldera lavas
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commonly are more mafic than the first erupted portion of the caldera-forming
tuff, and may show a progression toward more silicic compositions (e.g.,
Emory, Valles, and Questa). The less silicic precaldera eruptions may
represent a base-level magma composition from which a more differentiated cap
may evolve (Smith, 1979),

Magmatic systems such as those at Mono Craters and Coso, California
(Table 3) have not produced caldera-forming eruptions, but it has been
proposed that they may do so in the future (Bailey, 1980; Bacon et al.,
1981). The Mono Craters chain is slightly arcuate in plan, giving rise to
the'speculation that it ma§ lie on a developing ring fracture zone (Bailey,
1980§, although geophysical evidence for high-level magma chambers is lacking
for both these fields (Hermance, 1983; Bacon et al., 1981)., The Coso
rhyolites are evolved high-silica rhyolites (Bacon et al., 1981), making them
compositienally analogous :to Glass Mountain. Mono Craters is chemically
virtually identical to the lavas of Glass Mountain (Jack and Carmichael,
1968). These systems may be good analogues for the older eruptive episode at
Glass Mountain.

SUMMARY AND DISCUSSION

The high-silica rhyolite lava domes and flows preserved at Glass
Mountain erupted in two episodes, 2,12 to 1.35 and 1.10 to 0.80 Ma ago. The
volumetric eruptive rate and total volume erupted were smaller for the older
eruptive episode. Despite this, the older episode shows a much wider range
of compositions and greater fluctuations with time (Fig. 8). Phenocryst
contents also vary irregularly with time, with the youngest of the lavas of
the older eruptive group having the highest proportion of phenocrysts at

Glass Mountain. Taken together, these observations suggest that an
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integrated, high~level magma chamber was not present during the older
eruptive episode. A case in point are two lavas from opposite ends of Glass
Mountain dated at 1.92 Ma that have strikingly different compositions (Fig.
8). This indicates that either there was not a single magma chamber, or that
the volume of the reservoir was so small that the eruptive rate exceeded the
rate at which highly evolved magmas were formed. Silicic magma chambers do
not arrive at high levels in the crust full-blown; they must form
incrementally through addition of partial melts of the crust and of crystal
fractionation products of hybridized intermediate rocks. The older eruptive
episode at Glass Mountain may record this period of construction of the
mature Long Valley magma chamber. |

The lavas of the younger eruptive episode seem to record higher magma
temperatures near the roof of the reservoir: they flowed farther, have fewer
phenocrysts, and contain pyroxene at the expense of biotite. The few
analyses of coexisting Fe-Ti oxides support this, with temperatures of
690-715" for the oclder period and 710-780° for the younger episode. One
plausible explanation for the higher temperatures of the younger eruptive
group is a higher heat input into the chamber, in the form of crustal partial
melts or mantle-derived mafic magmas. An increasing supply of heat may be
responsible for the overall trend toward less evolved compositions from the
first Glass Mountain lavas to the Bishop Tuff, by the addition and
incorporation of higher temperature partial melts into the chamber.

By chemically correlating pumice falls with lava domes we have shown
that pyroclastic activity occurred throughout the eruptive history of Glass
Mountain and that there is no obvious correlation with magma chemistry or

phenocryst assemblage. Thus we do not have any positive evidence for a
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secular increase in volatile abundances that might have eventually led to the
explosive Bishop Tuff eruption. Long Valley caldera is in a tectonically
active area so it is possible that the triggering mechanism for the Bishop
Tuff eruption was earthquake-induced pressure release of a volatile-rich but

not volatile-saturated magma.
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FIGURE CAPTIONS

Figure 1. Glass Mountain as seen from the north.

Figure 2. Distribution of Glass Mountsin lavas snd pyroclastic

deposits. Top of Glass Mountain peak = filled triangle; lavas = light

stipple; pyroclastic deposits = heavy stipple; basement rocks = diagonal

ruling; Holocene cover = unpatterned; caldera margin = heavy dashed
line. Contours are shown for 2438 m (8000’) and 2804 m (9200’). Inset
shows location of Glass Mountain on the margin of Long Valley caldera
and location of pyroclastic deposits attributed to a Glass Mountain

" source by Sarna-Wojcicki et al. (1980) and Izett (1981; 1982).

Figure 3. Geoloqic map of Glass Mountain. Unpatterned = Holocene cover;

light stipple = pumiceous carapace; heavy stipple = dense glass;

horizontal ruling = devitrified rhyolite; wvertical ruling

intercalated tuff; heavy dashed line = caldera margin.

Figure 4. Schematic diagram of lavas and vent locations. Vent = starj

heavy dashed line = caldera marginj units of the older eruptive episode
= stippled pattern; units of the younger episode = unpatterned. Units
T, GG, and FF may be multiple lobes of a single eruptive pulse; AA and
BB may be the same uvnit. A-A’is line of section shown in Figure 3,

Figure S. Schematic cross section through Glass Mountain. No vertical

exaggeration. Units of older eruptive episode = dark stippled pattern;
units of younger episode = unpatterned; tuff = light stippled pattern.

Figure 6. Histogram of dated lavas versus age. Patterns indicate presence

of mafic phenocrysts; stipple = biotite; horizontal ruling = pyroxene;

unpatterned = neither.

Figure 7. Variation diagqrams. Lavas of older eruptive group = filled
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= filled squares. Undated lavas assigned to

circles; younger lavas
= open circles; assigned to

older group on basis of field evidence

younger group on field evidence = open squares.

Element abundances versus age for dated Glass Mountain lavas.

Figure 8.
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Holocene eruptions at the Inyo Yolcanic chain, California--Implications for

possible eruptions in Long Valley Caldera
C. Dan Miller U.S. Geological Survey, Denver, Colorado 80225

ABSTRACT

The 11-km-long Inyo volcanic chain consists of 6 magmatic and more than 15
phreatic eruptive centers alined along a north-trending fracture. About 0.8
km3 of rhyolitic magma erupted along the chain during at least three eruptive
episodes. Pyroclastic deposits comprise about 40 percent of this volume. The
earliest eruptive episode produced rhyolitic lava domes at Glass Creek and
north of Deadman Creek. Although ages of the domes are poorly known,
weathering characteristics suggest the dome north of Deadman Creek is more
than several thousand years old. The second episode began with explosive
eruptions of rhyolite at Wilson Butte about 1,350 14¢ yrs ago; these eruptions
produced air-fall and pyroclastic-surge deposits near the vent and a 9-km long
pyroclastic flow deposit. Subsequent emplacement of the Wilson Butte dome
occurred prior to about 1,200 14¢ yrs ago. Rhyolite again erupted explosively
during a third episode 600-500 yrs ago. Eruptions at South Deadman, Obsidian
Flow, and Glass Creek vents produced lobes of pumiceous air fall that range in
length from 20 to 190 km and cover areas of 100-9,000 km2. Pumiceous
pyroclastic flows from each vent covered areas of a few square kilometers to
more than 15 km2. Rhyolitic lava flows with volumes of about 0.1-0.2 km3
erupted at the vents soon after explosive activity ended. Tephra erupted from
the South Deadman and Glass Creek vents are overlain by phreatic deposits

erupted at the nearby Inyo Craters about 550 14¢ yrs ago.
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The chemical similarities, timing of eruptions, and alinement of magmatic
and phreatic vents suggest that the third eruptive episode occurred when a
vertical, tabular, silicic magma body was emplaced at a shallow depth. Other
manifestations of this body include a north-trending graben and extensional
fissures associated with some vents. A similar dikelike intrusion has
recently been suggested to explain an increase in seismicity and deformation
in the south moat of Léng Valley Caldera. Events about 600-500 yrs ago at the
Inyo chain provide a model for possible events during future eruptions in the

south moat of the caldera.

INTRODUCTION

The Inyo volcanic chain consists of 6 magmatic and more than 15 phreatic
eruptive centers alined along a north-trending 16-km-long fracture located
east of the Sierra Nevada in central eastern California (Fig. 1). The Inyo
vents extend from the south end of the Mono Craters (Fig. 1) into the
northwest corner of the Long Val]ey Caldera (Fig. 2), a large elliptical
depression formed by eruption of the Bishop Tuff about 700,000 yrs ago (Bailey
et al., 1976). The Mono Crgters are an arcuate chain of late Pleistocene and
Holocene rhyolitic domes and lava flows that extends from the Inyo volcanic
chain north about 17 km to the south shore of Mono Lake. During Holocene
time, about 0.8 km3 (dense-rock equivalent) of rhyolitic to rhyodacitic magma
erupted along the Inyo chain in at least three eruptive episodes; pyroclastic
deposits comprise about 40 percent of this volume. This paper describes the
age, nature, and sequence of Holocene magmatic and phreatic eruptions at the

Inyo volcanic chain and discusses the implications
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of these data with regard to possible future eruptions in the south moat of
Long Valley Caldera, where seismicity and deformation increased‘i931980-83.

FIGURES 1 and 2 NEAR HERE

HOLOCENE ERUPTIONS

The location and alinement of vents in the Inyo volcanic chain i;
apparently due to repeated injection of magma into north-trending fractures at
the base of the Sierra Nevada escarpment. The Inyo vents form an 11-km-long
north-south line that coincides with a 16-km-long north-trending zone of
faults and cracks (Fig. 2) resulting féom east-west crustal extension. Many
Inyo vents are within small grabens a few hundred meters wide; the chain as a
whole is within a broad, shallow, poorly defined graben 2-3 km wide. North-
trending fissures near several vents, and others west of Mammoth Lakes
(Fig. 2), are tens to hundreds of meters long and vary in width from less than
one to several meters wide. Many fissures are draped with thick pyroclastic
debris in which elongate sags and sinkholes have developed. Field relations
" between deposits of the last eruptive episode and ground cracks suggest that
crustal extension preceded and probably accompanied the rise of magma and
resulting eruptions. ' |

At lTeast three episodes of Holocene eruptions have been identified at the
Inyo volcanoes. Eruptions more than several thousand years ago producéd
rhyoclite domes at Glass Creek and north of Deadman Creek. A second eruptive
episode‘began about 1,350 14¢ yrs ago with pyroclastic eruptions and
culminated prior to about 1,200 14¢ yrs ago with extrusion of a rhyolite dome
at Wilson Butte. Most recently, between about 600 and 500 yrs ago, rhyolitic

pyroclastics erupted at three vents, followed by phreatic explosions at
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several locations along the Inyo chain; eruptive activity culminated in

extrusion of rhyolite flows at three vents.

Early Eruptions

The earliest eruptions at the Inyo chain occurred when rhyolite domes were
emplaced at two vents about 3 km apart. The dome at Glass Creek is about
700 m across, has an explosion crater at the top, and a volume of about 0.002
km3; the dome north of Deadman Creek has a volume of about 0.04 km3. No
explosive magmatic activity has been correlated with these eruptions.

The ages of the domes are poorly known, but both domes are morphologically
more subdued than 1,200~ to 1,350-yr-old Wilson Butte, have thick mantles of
younger tephras, and are thought to be at least several thousand years old.
The dome north of Deadman Creek is overlain by tephra erupted from a vent in
the Mono Craters chain that has been dated at 1,190:+80 14¢ yrs (tephra 2:
Wood, 1977). Comparison of obsidian-hydration data of Wood (1983) for the
déme north of Deadman Creek with other volcanic deposits dated during this

study suggests that this dome is about 6,000 yrs old.

Wilson Butte Eruptions

The Wilson Butte vent (Fig. 2) erupted rhyolite at the north end of the
Inyo chain about 1,350-1,200 14¢ yrs ago. Initial explosive eruptions
produced near-vent pyroclastic-fall and -surge deposits several meters thick
and a thin widespread pyroclastic-flow deposit. The pyroclastic-flow deposit
can be traced 9 km to the northeast and covers an area of at least 60 km2.
Assuming their average total thickness is 1 m and porosity is 35 percent, the
pyroclastic-flow and near-vent deposits represent a combined hagma volume of

about 0.04 km3. Charcoal samples collected from the pyroclastic-flow deposit
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at two localities have radiocarbon ages of 1,380+70 (W-4598) and 1,330+50 (W-
4600) yrs B.P. Wilson Butte, a rhyolite dome with a volume of about 0.05 km3,
was emplaced after the explosive activity. Wilson Butte and the Wilson Butte
pyroclastic-flow deposit are overlain by the 1,190t80 14C~yr-o1d tephra 2 of
Wood (1977). No weéthering or erosion are apparent at the contact of the
tephra and pyroclastic flow. The dome was thus erupted after about 1350 14¢
yrs ago and prior to 1,190+80 14¢ yrs ago. Wilson Butte 1ies within a broad
young graben and is adjacent to at least one north-trending fissure (Fig. 2);
these relations suggest that the Wilson Butte eruptions were associated with

active east-west extension.

Most Recent Eruptions

Explosive eruptions of rhyolite, phreatic eruptions, and extrusion of.
rhyolite flows occurred along the Inyo chain about 600-500 yrs ago. Explosive
magmatic eruptions at the South Deadman, Obsidian Flow, and Glass Creek vents
(Fig. 2) produced thick blankets of near-vent py;oc1astic-fa11, -flow, and
-surge deposits (Table 1). One or more lobes of air-fall tephra, deposited
downwind from each vent, consist of varying proportions ofnjuvenile pumice,
crystals, glass, denser microvesicular rhyolite, and accidental 1lithic
fragments. A1l explosive products from the most recent Inyo eruptions overlie
the 1,190+80 14C-yr-old tephra 2 of Wood (1977).
TABLE 1 NEAR HERE

Explosive magmatic activity at these vents occurred during a short time
interval and was followed closely by multiple phreatic explosions at sites
along Glass Creek, south and west of Deer Mountain, and on the north and

northeast flanks of Mammoth Mountain (Fig. 2). After explosive
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magmatic and phreatic activity stopped, rhyolite flows were extruded at the

South Deadman, Glass Créek, and Obsidian Flow vents.

South Deadman Eruptions

Eruptions of the most recent episode began at the South Deadman vent
(Fig. 2) and deposited a lobe of rhyolitic tephra more than 20 km long toward
the northeast (Fig. 3A). The tephra is more than 2 m thick near the vent,
covers an area of more than 80 kmZ, and assuming a porosity of 35 percent,
represents a magma volume of about 0.01 km3. Pumiceous pyroclastic-flow
deposits immediately overlie the tephra deposit near the source (Fig. 3A).
The pyroclastic-ffow deposits are more than 10 m thick along Deadman Creek,
where they consist of multiple flow units with interbedded surge deposits.
The deposits extend 6 km to the northeast and several km to the west, cover an
area of about 15 kmz, and represent a magma volume of about 0.05 km3.-
FIGURE 3 NEAR HERE |

The second fephra lobe produced by the South 6eadman vent trends south-
southwest (Fig. 38). This tephra is more than 4 m thick near the vent and
extends more than 25 km to the south into the High Sierra. -The minimum area
covered by the deposit is 140 kmZ s and the volume of magma represented is
about 0.04 km3. Lack of erosion between strata and results of dating suggest
that the south-southwest lobe was emplaced soon after the northeast lobe.

Radiocarbon dates on charcoal collected from fragmental deposits erupted at
the South Deadman vent during the two eruptive pulses range from <200 (W-4595)
to 750+60 (W-4604) yrs B.P. Jeffrey Pine stumps rooted in pyroclastic flows
of this episode have as many as 604 rings (David Yamaguchi, written commun.,
1983), which indicates a minimum calendar age of A.D. 1380 for these

eruptions. These tree-ring counts are thought to approximate the age of the
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deposits, because their fine-grained matrix should have allowed rapid

establishment of seedlings.

Obsidian-Flow Eruptions

Eruptions soon after those at South Deadman, at the Obsidian-Flow vent
about 5 km to the north (Fig. 2), began with an explosive eruption that
deposited a lobe of rhyolitic tephra to the northeast (Fig. 3C). The lobe can
be traced more than 25 km, covers an area of more than 140 kmz, and represents
a magma volume of about 0.02 km3. Thin, small-volume pyroclastic-flow and-
-surge deposits overlie the tephra near the vent.

No radiocarbon dates have been obtained on these fragmental deposits. They
overlie the north-northeast¥trending tephra lobe from the South Deadman vent,
and Jeffrey Pines growing on them have as many as 525 rings (David Yamaguchi,

written commun., 1983).

Glass Creek Eruptions

The next vent to erubt, sohth of Glass Creek and about 1.5 km south of the
Obsidian-Flow vent, produced a rhyolitic tephra that is more than 10 m thick
near the vent (Fig. 3D). This deposit can be traced for more than 190 km to
the south, covers an area of more than 9,000 kmz, and'represents a magma

volume of about 0.1 km3 (Wood, 1977).

Poorly sorted pumiceous flowage deposits, at least one unit of which is
incipiently welded, are exposed along Glass Creek. These deposits have an
aggregate thickness of as much as 25 m near the source vent, and can be traced
for several kilometers downvalley. Although they resemble deposits of

pumiceous pyroclastic flows, these strata were probably generated from thick,
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near-vent accumulations of Glass Creek tephra that avalanched down steep
slopes west of the vent.

The Glass Creek tephra was first described by Wood {1977) who named it
tephra 1; he determined its age to be 720160 14¢ yrs B.P. and suggested that
it was erupted from the South Deadman vent, based on its trace-element
composition. Its distribution, and a detailed isopach map (fig. qg} indicates
that the tephra erupted from the Glass Creek vent, and it is here renamed the
Glass Creek tephra, after its source; new 140 dates obtained during this study
suggest it is somewhat younger than thought by Wood.

The Glass Creek tephra overlies fragmental deposits erupted from both the
South Deadman and Obsidian-Flow vents and killed a forest west of its source
vent. A wood sampie from the forest yields a date of 530t50 l4¢ yrs B.P. (W-
4603), and Jeffrey Pines growing on Glass Creek tephra have as many as 468
rings (David Yamaguchi, written commun., 1983). Thus, the calender age of the
Glass Creek tephra is somewhat older than 468 yrs and may be several tens of
years older, because the coarse, matrix-poor deposit at the site of the oldest
dated tree would be expected té bé colonized by seedlings only after a period

of decades or longer.

Phreatic Eruptions

Soon after explosive magmatic activity ceased at the Inyo volcanoes,
phreatic eruptions occurred along the north-south alinement of vents
(Fig. 2). Three phregtic craters along Glass Creek, between the Glass Creek
and Obsidian-Flow vents, formed in tephras erupted at nearby vents and thus
nostdate the youngest explosive Inyo magmatic activity; at least one crater

predates extrusion of Obsidian Flow.
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Following explosive magmatic activity at the South Deadman and Glass Creek
vents, at least three phreatic eruptions occurred south of South Deadman Flow
to form the Inyo craters; three additional phreatic craters that appear to be
similar in age formed west of the Inyo craters (Fig. 2). The explosion
craters lie within two small, complex grabens, one of which is alined north-
south and lies directly on the trend of the magmatic vents (Fig. 2).

Deposits from the phreatic eruptions overlie tephras from South Deadman and
Glass Creek vents. Radiocarbon dates on uncharred wood in phreatic debris
from south Inyo crater suggest that at least one eruption occurred about
550:60 l4c yrs ago (Wood, 1977). Huber and Rinehart (1967) noted that Jeffrey
Pines and firs growing within the Inyo craters have as many as 400 rings.

Phreatic explosion craters on the north and northeast flank of Mammoth
Mountain (Fig. 2) were recognized by Huber and Rinehart (1967). Debris from
one 6f these was dated (Bailey and Koeppen, 1977; R. A. Bailey, written
comnun., 1983) at 500:200 14C yrs B.P. (W-3686).

Effusive Eruptions

After all explosive magmatic activity and all or most phreatic activity
stopped, extensive rhyolite flows issued from the South Deadman, Glass Creek,
and Obsidian Flow vents and covered areas of 1-2 km? with volumes of 0.1-0.2

m3
km® (Table 1). No magmatic or phreatic tephra have been found on any of the
rhyolite flows; all explosive activity along the chain had apparently ceased

before eruption of any of the flows. This suggests that the entire eruptive
episode occurred within a short time because effusive eruptions often begin
soon after explosive activity stops.

No radiocarbon or closely limiting tree-ring dates have been obtained for

the Inyo rhyolite flows. Previous attempts to date the flow rocks by K/Ar-
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dating techniques (Dalrymple, 1968) have yielded ages that greatly exceed the
radiocarbon ages of fragmental deposits that preceded eruption of the flows.

Attempts to use paleomagmatic secular-variation techniques to date the flows

are underway, but so far have yielded poor results because of post-cooling

rotation of surface blocks of the flows.

Timing of the Most Recent Eruptive Episode

Several types of evidence suggest that the most recent eruptive episode
occurred between about 600 and 500 yrs ago. Although radiocarbon dates for
the episode range from <200 to 750160 l4¢ yrs B.P., several radiocarbon dates
cluster between about 650 and 500 yrs B.P. Minimum ages derived from tree-
ring counts range from about 600 yrs for the earliest eruption, to about
470 yrs for the youngest explosive magmatic activity. Extrusion of the three
lava flows after all explosive activity had ceased suggests a short time
iqterva1 for the entire eruptive episode. Finally, there is no evidence for

erosion, or weathering between any of the strata deposited in this episodef

GEOMETRY OF FEEDER CONDUIT

Characteristics of the most recent eruptions suggest that events about 600-
500 yrs ago resulted when a vertical dikelike body was emplaced into a zone of
crustal extension. Evidence includes (1) alinement of vents, (2)
"simultaneous" eruptions along a chain of vents, (3) chemical similarities of
alined-vent magmas (Bailey et al., 1983), (4) paired zones of tensional cracks
(Fink and Pollard, 1983), and (5) graben structures (Fink and Pollard, 1983).
~ Magmatic and phreatic vents active during the most recent episode form a
north-south 1ine 8-km long from Obsidian Flow south to the Inyo Craters; a 13-

km-long Tine exists if phreatic vents on the northeast side of Mammoth
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Mountain are included.

Radiocarbon and tree-ring dating, absence of tephra on rhyolite flows, and
lack of weathering and erosion of succeésive deposits suggest that numerous
vents along the chain were active during a "short" time interval, perhaps no
more than a few years or a few decades.

Studies of the petrology and chemistry of the Inyo flows and domes by
Bailey et al. (1983) suggest that magmas erupted during the last eruptive
episode, and probably earlier episodes as well, came from a single chemically
zoned magma chamber. They noted that rhyolite magmas erupted at the Obsidian
Flow, Glass Creek, and South Deadman vents are chemically and petrographically
heterogeneous; each flow typically includes a silicic, aphyric marginal facies
and a more mafic, coarsely porphyritic core. From Obsidian Flow vent
southward to the South Deadman flow, the proportion of the coarsely
porphyritic facies increases. These data suggest that magma erupted during
the last series of Inyo eruptions was supplied by a single elongate conduit
system, and that two magmatic phases were suppliéd in different proportions
within the dikelike feeder.

Paired zones of tensional cracks and fissures and grabeﬁ structures,

(Fig. 2), are similar to surface deformation related to dikelike feeder
conduits and alined-vent eruptions elsewhere (e.g., Medicine Lake Highland,
Fink and Pollard, 1983; South Sister, Scott, 1983).

Nearly "simultaneous" eruption of Inyo volcanic vents and their association
with parallel-trending grabens and extensional features implies the existence
of a dike or a set of subparallel dikes that acted as feeders for the last
series of magmatic eruptions and as a heat source for associated phreatic
explosions. Surface extensional cracks that continue south of the Inyo

craters along the so-called "Earthquake Fault" (Fig. 2) suggest that
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subsurface dike(s) extend south of the South Deadman vent to an area just west
of the town of Mammoth Lakes; thus, the Inyo volcanoes may be underlain by a

dikelike feeder system as long as 13 km.

IMPLICATIONS FOR CURRENT ACTIVITY IN LONG VALLEY CALDERA

Events about 600-500 yrs ago in the Inyo volcanic chain provide a model for
possible future eruptions in the south moat of Long Valley Caldera. Ground-
surface extension, uplift of a resurgent dome, and increased seismicity in
Long Valley Caldera during 1980-83 (Ryall and Ryall, 1982; Miller et al;,
1982; Miller and Newhall, 1983; Cockerham and Savage, 1983) have increased the
concern about possible future eruptions in that area.

Cockerham and Savage (1983) recently interpreted the seismicity and ground-.
surface deformation southeast of Mammoth Lakes during 1983 as due to intrusion
of a dike into the south ring fracture of the caldera. They proposed that
magma may be intruding along a near-vertical plane that is 8.5 km long in a
northwest-southeast direction and extends from the ground surface to a depth
of 8 km. The geometry of a northeast-southwest extension across the area of
earthquake hypocenters suggests (Cockerham and Savage, 1983) that a dike may
have intruded to within 3 km of the surface.

If a dike is intruding under the south moat of Long Valley Caldera, events
600-500 yrs ago at the Inyo volcanoes provide insights into tectonic and
eruptive events that might occur if a dike moves toward the surface. Past
events at the Inyo chain suggest that dikelike conduits, such as the one
postulated under the south moat, could produce extensive surface faulting and
both explosive magmatic and phreatic eruptions closely spaced in time at many
vents. The sequence of activities expected would be (1) surface deformation

above a rising dike, (2) phreatic eruptions as a dike approaches the surface,
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(3) a series of magmatic and phreatic eruptions at several to many points
along the trend of a dike, and (4) extrusion of lava at magmatic vents.

The analogy between past volcanic events in the Inyo chain and recent
changes in the south moat of Long Valley Caldera is discussed here mainly
because, at both locations, injection of magma is postulated to take place
into elongate zones undergoing crustal extension or deformation. Ié must be
emphasized, however, that the size and nature of future eruption(s) in the
Long Valley epicentral zone-wi11 depend on such factors as the nature of magma
being injected, including its volume, composition, volatile content, and other
physical characteristics. These are all unknown, and thus, a wide range of
activity--eruptive and noneruptive--is possible within the epicentral area at

Long Valley Caldera.
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FIGURE 2.--Map of Inyo volcanic chain and western part of Long Valley Caldera
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explosion debris (after Bailey and Koeppen, 1977) shown by stipple
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FIGURE 3.--Distribution of products from magmatic eruptions at Inyo volcanoes
about 600-500 yrs ago. (A) Isopach map of tephra and distribution of
pyroclastic flows from the first eruption at South Deadman vent. (B)
Isopach map of tephra from second eruptive pulse at South Deadman vent.
(C) Isopach map of tephra erupted at the Obsidian-Flow vent. (D) Isopach
map of the near-vent eastern part of the Glass Creek tephra lobe.
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TABLE 1.

CHARACTERISTICS OF DEPOSITS FROM ERUPTIONS ABOUT 600-500 YRS AGO

AT THE GLASS CREEK, OBSIDIAN FLOW, AND SOUTH DEADMAN VENTS

Vent Tephra Pyroclastic flows Domes
Length Area Volume Length Area Volume Area Volume
(km) (km2)  (km3) (km)  (km2) (km3)  (km2) (km3)
Glass Creek vent >190 >9,000 0.10 - -—- ---- 1.0 0.10
Obsidian Flow vent >25 >140 0.02 <2 -—- --—-- 1.8 0.17
South Deadman vent
SSW 1obe >25 >140 0.04
NE Tobe >20 >80 0.01 6 >15 0.05 1.1 0.13
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ABSTRACT

The Mono Craters in eastern central California constitute an arcuate
17-km~-long edifice of late Pleistocene and Holocene rhyolitic domes and flows.
Radiocarbon analyses indicate that the latest subplinian to plinian eruptive
episodes within this chain of volcanoes occurred in about 705 + 55 A.D. and
1395 + 50 A.D. Stratigraphic and sedimentologic studies reveal that the
products of the most recent episode emanated from several aligned vents along
the crest of the northernmost 5 km of the chain. The oldest products of this
eruption are several subplinian tephras. These are overlain locally by
pyroclastic flow and surge deposits. Tephra rings, domes and coulees were
constructed near the vents during the waning stages of the eruption.

The eruption was preceded by formation of a 1-2 km-long graben along the
range crest. Isopach and other data demonstrate that the basal tephra layer
was erupted from aligned vents within this graben. This white pumiceous layer
has a maximum measured thickness of 56 cm and a dispersal index >200 kn?. The
dispersal axis trends NNE from the vents and across Mono Lake. Stratigraphy
of the tephra near the lake margin suggest that lake level was about 29 feet
higher at the time of the eruption than its present (1983) elevation of 6377
feet. Subsequent pyroclastic fall deposits are similar to the basal layer in
extent and thickness and have dispersal axes trending NNW to NE. At least one
of the these beds originated from a vent about 1 km north of the initial vents
and graben. Pyroclastic flow deposits rest upon the fall deposits at
distances up to about 4 km from the vents. One blocky pyroclastic flow
emanated from the site of Panum Dome and flowed NW into Rush Creek and Mono
Lake, causing spectacular liquefaction and decollement within the substrate.
The final stages of the eruption involved relatively passive but complex
construction of several tephra rings and the extrusion of Panum dome, Cratered

dome, North Coulee, and two other unnamed intervening domes.
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INTRODUCTION

The Mono and Inyo craters and the volcanoes of Mono Lake (all shown in
black in Fig. 1) constitute a chain of late Quaternary silicic volcanic
edifices that extends 40 km northward from the Long Valley Caldera to Mono
Lake, along the eastern frontal faults of the Sierra Nevada (Russell, 1889,
Putnam, 1949; Mayo et al., 1936; Kistler, 1966; Huber and Rinehart, 1967;
Bailey et al., 1976). Most of all of these volcanic domes, flows and craters
appear to be less than about 40,000 years old (LaJoie, 1968; Wood, 1977, as
modified by Wood and Brooks, 1979). These and associated pyroclastic flow and
fall deposits that blanket the region represent more than two dozen major
silicic eruptive episodes. Hence, the chain is one of the most active
volcanic sources in the western U.S.

I am interested in helping to characterize that hazard, and have begun by
studying the nature and distribution of the products of the most recent
eruptive episode of the Mono Craters.

The abutting and overlapping domes, flows and craters of the Mono Craters
(Fig. 2) constitute the largest part_of the volcanic chain and appear to plug
the vents of most of the latest Quaternary (<40,000 years B.P.) eruptions
(LaJoie, 1968). All of these rocks are high-silica rhyolites with markedly
similar bulk chemistry and trace-element chemistry (Carmichael, 1967, Table 5;
laJoie, 1968, Fig. 23, Table 4; Loney, 1968). Texturally, the rocks are much
more variable. Those domes, flows and pyroclastic deposits erupted prior to
about 2,000 years ago are porphyritic glassy rhyolites, whereas younger
erupted products are aphyric or very sparsely porphyritic.

Most of the aphyric ryolitic domes and flows (that is, Panum Dome,

Cratered Dome, Upper Dome, North Coulee and South Coulee) are not mantled by
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pyroclastic flow or fall deposits. The other domes and flows are thickly
mantled with pyroclastic debris.

In the region surrounding these unmantled edifices, the youngest volcanic
deposit consists of the pyroclastic fall and flow beds illustrated and
discussed below. This series of beds rests upon various older beds of
lacustrine, marsh, aeolian and volcanic origin. In most cases, the older,
underlying units exhibit bioturbation and higher organic content in their
upper portions (see for example, the bed indicated by an arrow in the photo of
site "BB" Fig. 3). This indicates that the pyroclastic deposits blanketed a
ground surface which had undergone mild pedogenic processes and bioturbation
between the two most recent eruptions.

The basal part of the youngest pyroclastic blanket consists of several
well-sorted, widespread, distinctive beds which are illustrated in the seven
photographs of Figure 3. The basal beds are composed of white lineated pumice
(W), light gray non-vitreous glass (G), and black obsidian (B), in percentages
that differ from bed-to-bed.

The basal bed (1) at all localities is about 80 to 95% white lineated
pumice (W). In all exposures, the bed is normally graded in its upper
portion. This indicates a gradual diminishing of the energy of this initial
phase of the eruption. At sites where the bed is very thick (for example,
see photo of site "BB" Fig. 3), the lower part of the bed is rich in gray
non-vitreous glassy clasts and accessory and accidental clasts that are
commonly much larger than the white pumice clasts. This suggests that the
initially erupted juvenile material (W) entrained materials from the walls of
the volcanic conduit.

Figures 4a and 4b show the distribution and thickness of bed "1" in the

area. Figure 4b is a blow-up of the near-source portion of 4a. Sites at which
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data were collected are shown as black dots. Those localities illustrated by
the photos of Fig. 3 are also labelled. Bed "1" is the most broadly
distributed of the products of this latest eruption. It covers more than 500
square km and its dispersal index is at least 200 kmz, which puts it in the

" subplinian or plinian category of Walker. The thickest (and coarsest)
portions of bed "1” are near North Coulee; this indicates a source or sources
under and immediately northwest of the southwest portion of North Coulee. The
next bed in the series is labelled bed "2" and is composed of W, G and B
clasts typically in the ratio of about 4:3:3. The black obsidian clasts (B)
are concentrated in the lower 40% of the bed (for example, see the photos of
sites "AX" and "Z" Fig. 3). The NNW trend of the dispersal axis (Figs. 5a and
5b) indicates that the plume from which the pyroclasts of this bed fell was
blown NNW, over Mono Lake. The thickest and coarsest part of this bed is
immediately NW of Upper Dome. This indicates that the pyroclasts composing
this bed were ejected from a vent under Upper Dome, not from the same vent or
vents of bed "1".

The third eruptive pulse of the latest eruption is represented by bed "3"
(Fig. 3). It is also composed of nearly equal amounts of W, G, and B
pyroclasts. Concentrations of W occur at the base of the bed at near-source
sites. The dispersal axis of bed "3" trends NNW near the source (Figs. 6a and
6b) but bends to the NNE about 10 km from the vents. This probably indicates
that low level winds were blowing NNW at the time of the eruption and higher
level winds are blowing NNE.

The source of bed "3" is not as well-defined as for "1" and "2", but at
least one vent had to lie to the south of Upper Dome, judging from the trend

of the isopach contours southwest of Upper Dome.
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Younger pyroclastic fall beds composed principally of W, G, and B clasts
overlie beds 1, 2 and 3, but these are not yet well correlated between
sites. 1In general, however, it is clear that the dispersal axes of most of
these beds trend northerly to easterly and originated from vents in the
vicinity of Upper Dome and North Coulee.

Following the initial outbursts that resulted in deposition of the W, G
and B-rich pyroclastic fall deposits, a series of pyroclastic flows emanated
from vents in the vicinity of Upper Dome and North Coulee. We have been able
to map only three of the several individual flows (A, B, and C in Fig. 7).
Figure 7 gives a crude picture of distribution of these and the remaining
undistributed pyroclastic flow deposits. Fig. 8 is a photo of site "X", 1 km
southeast of Panum Dome, where a flow deposit overlies the airfall deposits.
This flow probably emanated from the Panum vent, but is compositionally quite
similar to flow deposits that emanated from Upper Dome and North Dome.

The region labelled "A" on Fig. 7 encompassed a geomorphologically
well—-defined flow deposit that originated from vents now buried by North
Coulee. The deposit extends about 4-1/2 km westward from its source. It is
characterized by an abrupt, lobate flow front and distinct ridges and troughs
aligned parallel to the direction of the flow.

The region labelled "D” includes a broad area extending up to 9 km from
the North Coulee vents. Most excavated exposures within this region reveal
one or more massive poorly sorted pale pink to pale orange pumiceous beds
ranging in thickness from 70 mm at distal sites to more than 3 m at a site
immediately south of North Coulee and 1.5 m at a site northeast of Upper
Dome. In the region between North Coulee, Upper Dome and Cratered Dome and
the 300-year-old shoreline of Mono Lake, these deposits exhibit ridges and

swales that trend perpendicularly to topographic contour. The extent of the
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flow deposits north of the 300-year shoreline of the lake is unknown.

In the vicinity of Panum Dome, this unit consists of undifferentiated
flow deposits from the vent underlying Panum Dome. These and the flows
labelled "C" and "B" post-date the flows that emanated from the region of
North Coulee and Upper Dome and are discussed below.

Vents for the various erupted products of the latest eruption of the Mono
Craters are shown in Figure 9. Dots outline the several domes and coulees.
Vents labelled "1" are based upon geomorphologic interpretation of the surface
of North Coulee. Vents 2 and 4 are currently exposed craters. Vent 5 is
based upon geomorphologic interpretation of the surface of Upper Dome and the
existence of a small satellite dome and a tephra ring on its south flank.
Vent 6 is Cratered Dome and vent 7 is the axial fissure through which Panum
Dome was extruded.

The heavy hachured lines are normal faults with tens of meters of slip.
These are cut by craters 2, 4 and 5 and appear to be draped by the basal
pyroclastic fall deposits. These faults probably indicate that a 1 to 2 km-
long "keystone” dropped down over the rising magma body prior to its initial
eruption.

Exposures in the vieinity of Panum Dome are particularly good, due to
quarrying of the Pumice Pit Dome and erosion by Rush Creek. Hence, the
sequence of events has been studied more completely there than elsewhere.
Figure 10 is a generalized, composite columnar section which displays the
pyroclastic products emanating from the Panum vent in about 1400 A.D.

The basal airfall deposits of the 1400 A.D. eruption that emanated from
vents near Upper Dome and North Coulee underlie all of the Panum deposits.
There exists no evidence of a bioturbated or organic-accumulation layer

between these airfall deposits and the deposits from Panum. Thus, the opening
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of the Panum vent must have followed the airfall deposition by no more than a
few years or decades.,

Within a half-kilometer radius of Panum, a "throat clearing breccia”
overlies the airfall tephra and ranges up to several meters in thickness.
Overlying the breccia near the vent is a white to pale pink pumiceous
pyroclastic flow bed of quite variable thickness. In excavations 1.1 and
1.7 km southwest of Panum, this pebbly, cobbly bed forms 500-mm-high pebbly
dunes aligned northwest-southeast. On figure 11, the light lines in the
quadrant southwest of Panum represent the crests of those dunes apparent on
aerial photographs. In Figure 7, the dune field is labelled "B". Although
white, pumiceous pyroclastic flow deposits are present in excavations in all
quadrants from Panum, for some reason dunes are apparent only in the
southwestern quadrant. Amplitude of the dunes ranges up to about 1 m and
wavelength varies from about 10 to about 100 m. Slope angles of 20-25° are
common. The dunes appear to be concentric about a point about 1000 m south of
the center of Panum Dome, but the Panum vent, beneath Panum Dome , is the only
plausible source for the dunes, because Pumice Pit Dome is blanketed by the
basal airfall beds, throat-clearing breccia and the flow deposit. The
pyroclasts of the dune bed must have been "bed load” at the base of a very hot
radially expanding, southwesterly moving cloud.

Charred twigs of chapparal are common within the dune bed and yield a
reservoir-corrected lé4c age of 530 + 60 years B.P. (& 20). This is
indistinguishable from an age of 550 + 80 years B.P. on charred twigs within
and just below the basal airfall tephra at another locality and an age of 580

+ 60 years b.p. on charred twigs within a pyroclastic flow in Rush Creek,
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northwest of Panum. The averaged and dendrochronologically corrected age of
these samples is 555 + 50 years B.P. (or 1395 % 50 A.D.).

Excavations within 1-1/2 km of the Panum vent expose cross—laminated
silty beds overlying the white pyroclastic flow bed. These pyroclastic surge
beds are about a meter thick and display several sets of planar- and cross-
laminated beds in the Pumice Pit Dome Quarry (Fig. 12). Ripples that climb
away from the source are dominant and erosional contacts are rare. Bomb-sags
are common at several horizons. In Fig., 12 a local airfall bed and coarse
cross—-bedded layers overlie the principal surge deposit.

In the quadrant northwest of Panum a very coarse block breccia (labelled
"C” in Fig. 7) overlies the surge and flow beds described above. At site "t"
(Fig. 7), it is more than 6-1/2 m thick. Angular light-colored aphyric blocks
up to several meters in diameter are common. These and smaller blocks show
abundant white percussion marks that resulted from collisions with other
blocks as the breccia was being emplaced. About 10% of the blocks are black,
banded obsidian and pumice. Breadcrust texture is common and numerous light-
colored clasts are pressed into the surface of the black obsidian and pumice.
Apparently the light-colored clasts were cool and brittle when the breccia was
emplaced, but the black clasts were hot and ductile. The breccia may well -
represent a collapsed dome.

In Figure 7, the block breccia is shown in a paler pattern where it
underlies younger lacustrine deposits of Mono Lake. Fluvial deposits of Rush
Creek that post-date the emplacement of the breccia are labelled "E" in
Fig. 7. 1In the walls of Rush Creek Gorge, one can see spectacular evidence
that sudden emplacement of the breccia resulted in liquefaction of and
decollement within the lacustrine substrate and basal airfall beds onto which
it flowed. Space, however, does not allow illustration of this chaotic folded

and faulted assemblage.
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Panum Dome, itself, and its associated tephra ring are very late and
relatively passively erupted products of the latest eruption of the Mono
Craters. The tephra ring, which rises as much as 60 m above the surrounding
plain, rests upon the latest pyroclastic flow deposits that emanated from the
Panum vent. Panum Dome is composed of four structurally and texturally
distinct domes, the largest and youngest of which is called North Dome
(Fig. 13). 1t consists of a light gray banded rhyolite surrounded by a collar
of breadcrusted light gray pumiceous rhyolite and bisected by a north-south
fissure. A slightly older and much smaller feature, South Dome, lies south of
and is intruded by North Dome. This dome is cored by banded rhyolite and has
a 10 m thick carapace of concentrically foliated pumice topped by a
discontinuous shell of black structureless obsidian.

Southwest and east domes are remnants of domes older than South and North
Dome. East Dome rocks bear the closest resemblance to rocks of the block
breccia.

The latest eruption of the Mono Craters appears to have resulted from
the intrusion of a rhyolite dike along at least a 6-km length of the chain.
Figure 14 depicts an eruptive sequence consistent with the data outlined

above.
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Figure 3a. Exposure of tephra from latest eruption of the Mono Craters. This
exposure i1s near Rush Creek, west of Panum Crater and shows beds 1, 2 and
3 referred to in text. Pencil for scale.
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Figure 3b. Exposure of airfall beds from latest eruption. Beds 1, 2 and 3 are
labelled. This site is on the south shore of Mono Lake near Panum Crater.
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Figure 3c. Exposure in lake beds of Mono Lake at County Boat Launch on west
side of lake, north of Lee Vining. 0nly bed 2 of the basal three beds was
deposited at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>