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Summary

OnMay 25, 1980, the resort town of Mammoth
Lakes, California, was shaken by a remark-
able 48-hourlong earthguake sequence that
included four M=6, two M=5 and 300 M=3
quakes. The nature of the precursory seis-
micity plus the unusual character of the May
25-27 sequence itself suggested that it was
not typlcal of tectonic earthquakes in the re-
gion. Discovery of 25 cm of domical uplift
centred on the resurgent dome within Long
Valley caldera strongly implied that this ac-
tivity was accompanied, if not caused, by
Influx of magma into the Long Valley magma
chamber.

Prologue

On May 25, 1980, one week after the May 18
eruption of Mount St. Helans and following by
only a few hours its second major explosive
erupticn, the resort town of Mammoth |akes,
California, was shaken by a remarkable 48-
hour-long earthquake sequence that in-
cluded four M=6, two M=5, and 300 M=3
quakes (Sherburne, 1980). The largest of
these quakes were located on the southern
margin of Long Valley caldera and inthe High
Sierra immediately to the south. The known
recurrence interval of tectonic earthquakes
in this region, M=5.5 to 6 quakes every de-
cade or two, suggested that this sequence
was essentially tectonic in origin, yet the
nature of the precursory seismicity along the
entire length of the Sierra Nevada front dur-
ing the preceding three years, plus the un-
usual character of the May 25-27 sequence
itself, suggested that it was nol typical of
tectonic earthquakes in the region {Ryail and
Ryall, 1980). Discovery of 25 cm of domical
uplift centred on the resurgent dome within
Long Valley caldera during a levelling survey
in the summer of 1980 (Savage and Clark,
1982), together with the recognition of seis-
mic P- and S-wave attenuation at depths of
7-8 km beneath the resurgent dome (Ryall

175

and Ryall, 1981), strongly implied that this
activity was accompanied, if not caused, by
influx of magma into the Long Valley magma
chamber. This interpretation was strength-
ened by continuing unusual seismicity in
1980-82, wherein seismic swarms charac-
terized as spasmodic bursts were localized
in a 4-km-diameter epicentral ares in the
south moat of the caldera at depths from 8 to
& km (Ryall and Ryall, 1983). Spasmodic
bursts are commonly recognized in active
volcanic areas and are thought to be the
result of rapid-fire brittle rock fracture driven
by transient increases in local fluid (either
magma or water) pressure. One of the
strongest of these swarms, including a M=41
and several M=3 quakes, occurred on May 7,
1982, with hypocentres as shallow as 2 km.
This activity suggested the upward injaction
of magma or the expulsion of vapour under
high pressure from the magma chamber
(Ryall and Ryall, 1983), and it prompted the
United States Geological Survey tc issue a
"Notice of Potential Volcanic Hazard™ and to
mobilize an intensive monitoring effort in the
Long Valley area (Bailey, 1982; Hill, 1984).
The Notice, issued when visions of the dev-
astatlon of Mount St. Helens were still fresh
in the public’s mind, evoked from the media
and the public, particularly locally, the same
range of emotional responses previously en-
countered at Mount St. Helens (Peterson,
1990), varying from disbelief to anger, and
scientists were forced tc learn anew some
difficult lessons in public relations and tactful
information dissemination.

Nature and Chronclogy of

Continuing Activity

Since this initial 1980-82 activity, seismicity
and ground deformation in the vicinity of
Long Valley have waxed and waned to the
present time. After several months of rela-
tive quiescence in late 1982, the area was
again shaken on January 6, 1983, by an
intense earthquake sequence, which this
time included two quakes of M=5.3 and thou-
sands of lesser magnitude. This sequence,
beginning in the south moat of the caldera at
the 1982 main epicentral area, spread
rapidly eastward along an 8-km-long, steeply
dipping, planar zone, with hypocentres ex-
tending from 10 km depth nearly to the sur-
face. It was accompanied by 7 cm additional
rise of the resurgent dome and 22 cm right
lateral slip along a rupture surface beneath
the south moat. Modelling of the seismicity
and ground deformation suggested that, in
addition to influx of additional magma be-
neath the resurgent dome, magma also may
have been injected as a dyke along the cal-
dera ring fracture (Savage and Cockerham,
1983). This possibility increased concern for
an eruption of greater magnitude and extent
than was previously considered likely, and
appropriate emergency-response plans
were formulated by the California Office of
Emergency Services, in co-operation with
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the California Division of Mines and Geology,
the US Geological Survey and local officials.

Throughout 1983, '84, '85 and '86, sporad-
ic earthquakes and occasional small swarms
continued in the south moat of the caldera,
as well as in the Sierran block to the south
(Figure 1); and deformation, both uplift on
the resurgent dome and extension across it,
continued, but at the relatively slow rate of
1 ppml/yr (Figure 2). During this time, two
major tectonic earthquake sequences oc-
curred southeast of the caldera at the mar-
gins of the Owens Valley rift: one in Novem-
ber 1984 on the west side of the rift near
Round Valley, and another in July 1986 on the
east side of the rift near Chalfant. Both of
these sequences included two or more
quakes exceeding M=5 and hundreds of
lesser aftershocks that continued for several

months, following patterns typical of tectonic
sequences in the region. They tended to
confirm the notion that the intracaldera ac-
tivity, although apparently magma-induced,
was part of a more regional tectonic
disturbance.

In the weeks following the Chalfant earth-
quake, seismicity in the caldera and in the
Sierran block to the south dropped to an
anomalously low level, butitreturned to 1985
levels through 1987 and 1988; deformation
within the caldera also continued at approxi-
mately the same 1 ppm/yr strain rate. In early
1989, seismicity within the caldera again
decreased noticeably, but, in May 1989,
earthquakes began occurring beneath
Mammoth Mountain, a dormant rhyodacite
cumulodome on the southwest rim of the
caldera (Hill et al., 1990). Although sporadic

small swarms had been recorded beneath
Mammoth Mountain since 1982, this activity
was unusual in its initial exponential-like in-
crease and in its persistence, peaking in
June and slowly declining toward the end of
the year. It was also unusual in including
numerous spasmodic bursts and occasional
low-frequency events. The hypocentres of
these swarms defined a vertically oriented,
NNE-trending, planar zone at depths of 9to 6
km. Focal mechanisms for many of the
quakes indicated NNW-SSE extension, con-
sistent with dyke injection parallel to the
trend of the 600-year-old Inyo Craters and to
the dykes that fed eruptions from them
(Miller, 1985; Eichelberger et al., 1985).

In September 1989, coinciding with a de-
cline in seismic activity beneath Mammoth
Mountain, extension across the resurgent
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dome, as measured by two-colour laser sur-
vays, began increasing dramatically (5times
the rate of the previous year) and, in Novem-
ber and December, this was accompanied by
increasing seismicity in the south moat, pe-
ripheral to the resurgent dome. The course of
these recent changes, both on Mammoth
Mountain and in the caldera, is being care-
fully monitored, as both suggest an in-
creased rate of magma influx at depth.

Geology

The geologic and geophysical basis for un-
derstanding the current activity at the Long
Valley and Mono-Inyo Craters chain was de-
veloped between 1972 and 1980 as a result of
efforts by the USGS Geothermal Research
Program to determine the origin and charac-
teristics of the hot-water geothermal system
within the Long Valley-Mono Basin KGRA
(Known Geothermal Resource Area) (Muffier
and Williams, 1976). Within the Long Valley-
Mono Basin area (Figure 3), there are two
distinct, but probably interrelated, active vol-
canic-magmatic systems (Bailey et al., 1976;
Bailey, 1988). The older system, centred on
Long Valley caldera, covers a 4000 km? area
straddling the eastern Sierra Nevada frontal
fault zone at the northern end of the Owens
Valley rift; it has evolved from basaltic

through rhyolitic magma compositions over
the past 3.6 m.y. The younger system, the
Mono-Inyo Craters volcanic chain, is lo-
calized along a2 narrow, 50-km-long, north-
trending fissure system that transects the
western part of Long Valley caldera and ex-
tends to Mono Lake; it has evolved through
similar compositions over the past 0.3 m.y.
Both systems appear to be Involved in the
current unrest.

Long Valley caldera. The Long Valley sys-
tem evolved through a precaldera stage which
included successive extrusion of (1) wide-
spread basalts and andesites (3.6-2.2 Ma),
(2) rhyadacites and quartz latites localized in
the vicinity of the later site of Long Valley
caldera (31-2.5 Ma), and (3) high-silica
rhyolites at Glass Mountain northeast of the
site of the later caldera (21-0.8 Ma). This
sequence culminated in (4) cataclysmic
eruption of 600-750 km? of high-silica
thyoclite magma, resulting in deposition ofthe
widespread 730-ka Bishop Tuff and collapse
of the roof of its source chamber to form the
2-3 km deep, 17x32 km oval depression of
Long Valley caldera. Subsequent volcanism
was confined to the caldera with successive
eruption of two distinct lava types:
{5} aphyric to sparsely porphyritic early
rhyolite extruded concomitantly with resur-
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gence of the caldera floor (700-600 ka), and
(8) coarsely porphyritic hornblende-biotite
moat rhyolite extruded at 200,000-year in-
tervals at 500, 300, and 100 ka in clockwise
succession around the resurgent dome. The
100-ka lavas appear to be the youngest that
can be related petrologically to the Long
Valley magma chamber (Bailey, 1984).
Mono-inyo Craters. The notth-trending
Mono-Inyo Craters volcanic chain has
evolved through stages resembling those of
the precaldera sequence at Long Valley,
erupting (1) basalts and andesites mainly in
the west moat of Long Valley (300-60 ka) and
later in Mono Basin (40-13.3 ka), {2)
rhyodacites and quartz latites at Mammoth
Mcountain (200-50 ka) and later in Mono
Basin (1007 ka), and (3) high-silica rhyolites
at Mono Craters (40-0.6 ka) and low-silica
rhyolites at Inyo domes (5-0.6 ka). During the
last 3,000 years the Mono-Inyo rhyolites have
erupted at about 500-year intervais. Pe-
trologic evidence (Kelleher and Cameron,
1990) and teleseismic data (Achauer et al,
1986) Indicate that these rhyolites probably
originated from small discrete magma bodies
located directly beneath the vents rather than
from a large subcaldera magma chamber.

Geophysics

There is abundant evidence that a sizeable
thermally anomalous body underlies Long
Valley caldera. The existence of the Long
Valley geothermal field itself is indicative, but
S-wave altenuation studies, teleseismic
P-delay studies, and gravity studies all iden-
tify approximately coincident anomalous
bodies of low-density material at 7 to 15 km
depth that can reasonably be interpreted as
partly molten; see Hill ef al. {1985) and
Rundle and Hill (1988) for summaries con-
taining additional references; see also Hill {in
prass), outlining the subcaldera brittle-duc-
tile transition.

Probable Causes of Unrest
The Long Valley and Mono-Inyo magmatic
systems have been alternately and occa-
sionally simultaneously active, suggesting
that the two are intimately related. A major
thermal and geochemical rejuvenation of the
Long Valley system coincided with the basal-
tic episode that initiated the Mono-Inyo sys-
tem at about 300 ka (Bailey, 1984). Geologic
evidence indicates that significant addition-
al uplift of the resurgent dome preceded or
accompanied eruption of the 300-ka rhyolite
in the southeast moat (Bailey et a/., 1989), but
the exact timing, magnitude, rate, and dura-
tion of uplift are not known. Little or nothing is
known of the precursory seismicity and
ground deformation that preceded other,
more recent prehistoric rhyolitic eruptions at
Long Valley, but it is likely that most episcdes
were preceded by seismicity and deformation
not unlike that underway at present.
Evidence in the form of fluid basaltic inclu-
sions in a number of the Long Valley and
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Mono-Inyo rhyolites (Bailey, 1984; Varga et al,,
1988; Kelleher and Cameron, 1980} suggests
that some of the rhyolitic eruptive episodes
were accompanied and possibly triggered by
injection of mafic magma into the roots of the
rhyolitic charmbers (see Sparks et al, 1977).
This accords with thermal calculations by Lac-
henbruch et al. (1976) indicating that the re-
sidual Long Valley magma chamber must
have been repeatedly rejuvenated thermally
in order to have remained volcanically active
over the past 500,000 years. Given the region-
al tectonic setting and the local structural and
petrologic history, it is likely that the current
seismicity and ground deformation reflact a
new episode of thermal rejuvenation brought
about by accelerated regional extension ac-
companied by influx of mafic magma from the
mantle into the roots of the Long Valley cham-
ber (Figure 4), in a manner similar to that
suggested by Lachenbruch and Sass {1978)
for the Basin and Range province.

Based on the 200,000-year periodicity of
the Long Valley moat-rhyolite episodes and on
the 100-ka age of the youngest episode, an
eruption from the Long Valley magma cham-
ber would seem remote, not to be expected for
another 100,000 years. Statistically, the more
likely site for future eruptions is along the
Mono-Inyo Craters chain, where eruptions
have occurred every 500 years or so and the
maost recent occurred only 500-600 years ago.
The 1989 seismicity and evidence for dyking
beneath Mammoth Mountain, at the southern
end of the Mono-Inyo chain, would tend to
favour eruptions from the Inyo source, but with
the recent acceleration of uplift on the resur-
gent dome, possible eruptions from the Long
Valley source cannet be ignored. However, an
eruption from either source is not neces-
sarily inevitable in the near future; a survey
of historical unrest at calderas worldwide
shows that most such episocdes of unrest do
not culminate in eruptions (Newhall and
Dzurisin, 1988).

Nature of Possible Eruptions

Over the past 700,000 years, only rhyclite has
erupted from the Long Vailey source, hence
rhyolite eruptions would seem most likely in
the future. These eruptions would probably
consist of pyroclastic showers followed by
dome extrusion. Eruptions from the seis-
mically active southern end of the Mono-Inye
chain have been dominantly phreatic, basal-
ti¢, or rhyodacitic. Past basaltic eruptions
have produced large cinder cones and exlen-
sive lava flows; Mammoth Mountain

Flgure 3 (right, upper) Generalized geclogic map
of Long Valley caldera and Mono-inyo Craters
vodcanic chain. (From Hill et al., 1985).

MLF, Mono Lake fault; HSF, Hartley Springs fault;
SLF, Silver Lake fault: LCF, Laurel-Convict fault;
HCF, Hitton Creek faull; WCF, Whaeler Cres! faull.
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was built by repeated extrusion of thick,
steap-sided lava domes and flows, preceded
by minor phreatic and pyroclastic activity.
Debris-avalanches and block-and-ash flows
have sometimes accompanied dome extru-
sion. More detailed summaries of the kinds
of eruptive activities to be expected are pre-
sented by Miller et af. (1982).
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Summary

About 110 well-dated and 70 poorly dated
eruptive periods less than 15,000 years old at
individual volcanoes in the Cascade arc con-
stitute a data set for ldentifying spatial and
temporal patterns of eruptive activity. Key fea-
tures of the record include: (1) the mean fre-
quency of eruptive periods during the past
4,000 years is approximately two per century;
howaver, the variance about the mean may be
large; {2) at most major centres, episcdes of
activity lasting several thousand years are
defined by groups of eruptive periods sepa-
rated by apparent dormant intervals of roughly
similar duration, (3) arc-wide clustering of
eruptive activity may exist at 0-4 ka, 6-8 ka,
and 10-14 ka. Such clustering would be re-
markable in light of significant along-arc
changes in crustal structure, stress field, and
subduction-zone geometry.

Introduction

Studies of the eruptive history of individual
volcanic centres provide important informa-
tion about patterns of activity and repose,
variations in magma-extrusion rate, petro-
logic evolution, and changes in eruptive be-
haviour. With sufficient details about the
eruptive history of the centres in an arc, one
can look for arc-wide patterns that might re-
flect arc segmentation, changing tectonic
conditions, or differing processes of magma
genesis. Of course, the length of time for
which activity is reconstructed governs the
degree of detail obtainable and the types of
questions that can be addressed. Thus,
eruptive patterns over time scales of mil-
lions of years are needed to discern the
effects of major changes in plate convergence
rates (e.g., Verplanck and Duncan, 1987) or
shifts in vent distribution {e.g., Guffanti and
Weaver, 1988).



