

















Historical Unrest at
Large Calderas of the World

By CHRISTOPHER G. NEWHALL and DANIEL DZURISIN

Volume 1

U.S. GEOLOGICAL SURVEY BULLETIN 1855



DEPARTMENT OF THE INTERIOR
DONALD PAUL HODEL, Secretary

U.S. GEOLOGICAL SURVEY
Dallas L. Peck, Director

Any use of trade names and trademarks

in this publication is for descriptive
purposes only and does not constitute
endorsement by the U.S. Geological Survey

Library of Congress Catalog Number 88-600541

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON

: 1988

For sale by the

Books and Open-File Reports Section
U.S. Geological Survey

Federal Center, Box 25425

Denver, CO 80225



CONTENTS

Volume 1.

Reference map of the world X
PART 1: Approach, Data Summary, and Conclusions 1
Abstract 1
Introduction 2
Acknowledgments 3
Definitions 4
Sources and quality of data 5
General remarks §
Data about calderas §
Data about unrest 7
Description of caldera unrest 10
Noneruptive unrest 10
Eruptive unrest 13
Prevalence and duration of caldera unrest 14
Distribution of unrest within individual calderas 16
Correlations between characteristics of calderas and their unrest 17
Temporal relations with regional earthquakes and earth tides 19
Processes of caldera unrest 20
Unrest and the structure of calderas and large magma reservoirs 23
Forecasting activity at restless calderas 24
Principal conclusions 26
References cited in Part 1 27
PART 2: Quick Reference to Parts 3 and 4: Historical Unrest at Large Calderas and Selected
Noncaldera Settings 31
PART 3: Historical Unrest at Large Quaternary Calderas: Details of Unrest 81
Region 1: Mediterrancan 82
Italy
Vulsini (Latera/Conca di Bolsena) 83
Alban Hills/Artemisio 87
Roccamonfina 92
Phlegracan Fields 95
Ischia 118
Cinque Denti (Monastero) and La Vecchia 124
Greece
Santorini (Thira) 129
Nisyros 135
Region 2: Africa 138
Ethiopia
Fantale 139
K’one (Gariboldi) 143
Awasa/Corbetti 146
The Barrier 150
Sudan
Deriba 152
Region 3: Indian Ocean 156
Réunion Island
Piton de la Fournaise 157

Contents VII



Region 4: New Zealand, Tonga, and Kermadec Islands 167
New Zealand
Haroharo/Okataina 168
Taupo 174
Rotorua 186
Tonga
Tofua 190
Niuafo’ou 193
Region 5: Melanesia 197
Papua New Guinea
St. Andrew Strait 198
Karkar 201
Long Island/Lake Wisdom 206
Dakatana 210
Witori 213
Lolobau Island 217
Rabaul 219
Unnamed, near Esa’ Ala, D’Entrecasteaux Islands 241
New Hebrides
GauaIsland 245
Aoba 248
Ambrym 251
Region 6: Indonesia 255
Toba 256
Maninjau 267
Ranau 276
Suoh 281
Krakatau 285
Sunda 292
Geger Halang 299
Prahu (Dieng) 302
Tengger/Ngadisari 311
Iien 315
Batur 320
Segara Anak 327
Tambora 330
Lobobuta/Badjawa 334
Sukaria 336
Banda Api 339
Tondano 345
Region 7: Philippines 352
Bulusan (Irosin) 353
Taal 358
Region 8: Japan and Marianas Islands 375
Japan
Kikai 376
Ata 380
Aira 386
Kakuto 416
Aso 429
Hakone 454
On-take 466
Onikobe and Narugo 478
Towada 481

VIl Contents









PART I: APPROACH, DATA SUMMARY, AND CONCLUSIONS

By Christopher G. Newhall and Daniel Dzurisin

Ang hindi marunong lumingon sa pinanggalingan, ay hindi makakarating sa paroro’ onan.

Tagalog proverb, meaning
"He who does not know how to look back cannot reach where he is going."

ABSTRACT

Historical seismicity, ground deformation, thermal activity, and eruptions at large Quater-
nary calderas of the world are common, spatially and temporally complex, and usually caused
by combinations of tectonic, magmatic, and hydrologic processes. Study of historical unrest
helps to define what is ordinary and what is extraordinary, and to document processes of un-
rest that act over periods of hours to millennia.

At least 1,299 episodes of unrest have occurred at 138 calderas 25 km in diameter during
historical time. The most commonly reported unrest includes local earthquakes or earthquake
swarms; volcanic tremor; uplift; subsidence; tilt; ground fissuring; changes in the temperature
of soil, water, or gas; changes in fumarolic activity; and eruptions. Of 94 well-reported episodes
of unrest within the past 30 years, 45 culminated in eruptions. However, at silicic calderas that
had not erupted for at least 100 years, only 10 of 60 episodes of unrest led to eruptions.

Most unrest involves interaction between the local tectonic stress field, subcaldera magma,
and ground water. In most unrest, the subcaldera environment gains or loses energy; often,
magma and volatiles also are added or lost. A few processes of unrest occur within a closed
subcaldera environment, with neither import nor export of energy or mass. We do not attempt
to prove that specific processes have acted in specific episodes of unrest. Instead, we
demonstrate the general plausibility of many processes and argue that any given episode of un-
rest likely involves a combination of these processes.

The subcaldera environment is dynamic and in delicate balance between quiet and unrest.
The stimuli for unrest need not be large; most often, they are everyday geologic processes such
as regional tectonic strain or small magmatic intrusions.

Many, perhaps most, episodes of unrest end without an eruption, and eruptions that do occur
are generally small. Nonetheless, caldera unrestis worrisome because the largesteruptions from
calderas devastate large areas and, in populous countries, could kill several million people.
Caldera systems are complex, and forecasting the outcome of unrest is more difficult than at
smaller volcanic centers. Residents of restless calderas will continue to be faced with difficult
uncertainties and must learn to cope with false alarms.

Publication authorized by the Director, U.S. Geological Survey, April 12, 1988.
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INTRODUCTION

Earthquakes, ground deformation, fumarolic and
hydrologic changes, and threats of eruptions are a part of life
for millions of people living in or near calderas. Some aspects
of caldera unrest are truly remarkable and unique to the caldera
setting. Where but at calderas does the ground rise and fall tens
or even hundreds of meters within decades, or several meters
within hours or days? Where else are millennia-old ar-
chaeological ruins now covered by the sea, or coral reefs of
equally young age now hundreds of meters above sea level?
Where else do earthquake swarms occur repeatedly in
response to stimuli as slight as earth tides or distant
earthquakes? And where but at calderas can tens of cubic
kilometers of magma accumulate in just a few millenia, or
hundreds to thousands of cubic kilometers of magma erupt
within a few days or weeks, devastating an entire region?

In a typical year some form of unrest (earthquakes,
anomalous ground deformation, changes in fumarolic activity,
other noneruptive unrest, or eruptions) occurs at about 18 large
calderas worldwide, and eruptions occur within or near at least
5 of them. During historical time, at least 1,299 episodes of
unrest have been reported at 138 restless calderas worldwide,
and many other episodes were unreported.

Recently, relatively intense unrest has occurred at Long
Valley Caldera, California (1978-present), the Phlegracan
Fields Caldera, Italy (1969-72, 1983-present), and Rabaul
Caldera, Papua New Guinea (1971-present). Each of these
three calderas has had a catastrophic eruption in the geolog-
ically recent past and now hosts a large human population.
Local residents have been threatened by both volcanic and
earthquake hazards and economic and social disruption related
to the geologic hazards. Various interpretations of each
episode have been advanced, but reliable forecasts of the out-
comes of the unrest have not been possible.

This report reviews geophysical and geochemical unrest at
large calderas of the world. More fundamentally, it compares
unrest in and above large magma reservoirs, as manifested by
calderas. We examine the nature, frequency, duration, out-
comes, and possible causes of caldera unrest, in much the same
way as epidemiologists examine the general occurrence and
possible causes and controls of a puzzling disease. This
"epidemiological” approach cannot conclusively identify the
cause of a specific episode of caldera unrest, but it can provide
information about what is common and uncommon, and ideas
about processes that might not otherwise have been con-
sidered. This report provides a context in which future
episodes of unrest can be interpreted.

We consider a large variety of calderas, from those on
basaltic shield volcanoes to those erupting rhyolite magma and
forming great volcano-tectonic depressions. Within this large
set, we distinguish between gross differences in magma com-
position and in the nature of unrest, and between differences
in caldera age, diameter, and hydrothermal activity. Our goal
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in considering a large and diverse set of calderas is to be able
to assess how differences between calderas affect unrest. For
example, Kilauea and Mauna Loa by themselves might not tell
us much about processes at silicic calderas, but we will learn
more about the effects of magma composition, density, and
viscosity on the nature of unrest by considering both mafic and
silicic magma bodies.

Our literature search has reached a variety of disciplines,
including geology, geochemistry, geothermics, limnology,
neotectonics, seismology, geodesy, and other subfields of geo-
physics—virtually all disciplines pertinent to large volcanic
systems. Phenomena reported within one discipline often are
related to those reported within another, but too often the con-
nection is not recognized. Too many changes at calderas have
been considered either unrelated to the caldera (for example,
"tectonic” earthquakes at or near a caldera) or purely volcanic
in origin, when in fact most changes reflect a combination of
tectonic, magmatic, and hydrologic processes. Because we
cast a wide net, we note some changes that others might con-
sider unrelated to calderas. We assume that changes that are
temporally and spatially close to each other are related, even
though we might not understand that relation.

Most of what we report is taken directly from the published
literature. However, in a few cases, we reinterpreted features
or events on the basis of our experience with the large number
of calderas covered in this report and our integration of data
from several disciplines. We offer some new inferences
regarding processes responsible for unrest in the "Comments”
sections of Parts 3 and 4. When published interpretations dif-
fered, we usually cited each interpretation without prejudice;
in a few cases we stated our preference. We hope that this
report provides a useful tool in coping with future unrest at
calderas. Most forecasts of geologic events have been based
on the geologic record and on the monitoring of contemporary
processes. Less reliance has been put on the historical past,
perhaps because historical information about past eruptions
and noneruptive unrest is sparse, scattered through a diverse
literature, and difficult to relate between calderas. However,
the historical record is the sole source for information about
eruptions and other unrest that occurred before recent
advances in monitoring but that were not preserved in the geo-
logic record. Historical reports contain the only available in-
formation about precursors to infrequent, relatively large
eruptions, or about the incidence of increased activity that does
not culminate in eruptions. Future crises will not likely have
exact analogues in this compilation, but partial analogues and
lessons about processes of unrest should help to narrow the list
of likely outcomes.

One of the most important tasks facing volcanologists
today is recognition of the precursors to what are potentially
the most devastating of all eruptions—explosive eruption of
tens, hundreds, or even thousands of cubic kilometers of
magma. Such eruptions have occurred at most of the volcanic
centers in this compilation, as evidenced by the calderas that



formed or were enlarged during or after these eruptions.
Similar huge eruptions could recur at most of these same
calderas. Most of the unrest described here may be minor com-
pared with that which will precede the next colossal, caldera-
forming eruption. Or is it? Simultaneous eruptions from
multiple ring-fracture vents or remarkable caldera-wide uplift
and seismicity around an entire ring-fracture system, as have
already occurred at some calderas, seem likely precursors to
future caldera-forming eruptions. This compilation offers a
chance to examine what little is known about precursors to his-
torical caldera-forming eruptions and about changes in similar
settings that did not culminate in caldera-forming eruptions.
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and novel explanations of geological phenomena. Where
many of us might try to limit the number of variables in a
problem, Kazu tried to relate all of those variables.

Several of Nakamura-san’s ideas have strongly influenced
our own thinking about processes of caldera unrest. Foremost
among these is his proposal that a magmatic system can act as
a volumetric strain gauge and an indicator of regional crustal
strain (as at Izu-Oshima Volcano). We believe many large
magma bodies beneath calderas act as volumetric strain
gauges. Another of his ideas concerned the importance of
ground water in stimulating seismicity and causing uplift, as
at Matsushiro. We agree, and think that the role of ground
water is underestimated in too many instances of unrest. Other
influential work included a classic volcano-stratigraphic study
of Izu-Oshima Volcano that recognized multiple episodes of
magmatic and phreatomagmatic explosions, an explanation of
how cinder cone alignments can indicate regional tectonic
stress directions, proposals concerning unconventional
mechanisms for generating a linear distribution of earthquake
epicenters, and an interpretation that pinching of the tip of the
Philippine Sea plate between the Sagami and Suruga Troughs
causes uplift of a central ridge and unrest on the Izu Peninsula.

If Nakamura-san were here he would tell us that we over-
estimate his contributions. If anything, we might be underes-
timating them.

DEFINITIONS

We consider only historical unrest that occurred at large,
Quaternary calderas, as defined below.

Historical—Events that occurred during the period of
recorded history. In some areas, such as Japan and the Mediter-
ranean, history has been recorded for more than a millennium;
elsewhere, as in the Aleutian Islands, history has been
recorded continuously for less than one century.

Unrest—Changes from the normal state at a caldera, in-
cluding its associated magmatic and hydrothermal systems.
Most changes are geophysical or geochemical events, such as
earthquake swarms or an increase in the sulfate content of
ground water. Often these events are precursory to specific
eruptions, but sometimes they cease without eruption or can-
not be related to any particular eruption. Indeed, we use the
term "unrest” as a deliberate alternative (o "precursor” because
not all changes at a caldera can be related to the next eruption
at that caldera. All eruptions are included as episodes of un-
rest, even if no other information on unrest associated with the
eruption is available. We distinguish three types of unrest:

Eruption only-—An eruption, without reported precursory
seismicity, uplift, or other anomalous geophysical or geo-
chemical activity.
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Broadly defined unrest—A significant change in seis-
micity or ground deformation, fumarolic activity, hydrologic
activity, and so on, sometimes culminating in an eruption.

Narrowly defined unrest—Increased seismicity and
uplift, sometimes culminating in an eruption. This category is
intended to highlight the type of unrest that has occurred
recently at the Phlegraean Fields, Rabaul, Aira (Japan), Long
Valley, and Yellowstone (U.S.) Calderas.

In many cases these distinctions are dictated by the quality
of available reports. Much of the unrest in the first two
categories might properly belong in the third if historical ob-
servations and reports were more complete.

Other necessary definitions are the following:

Episode of unrest—A period of unrest of unspecified
duration, preceded and followed by relative quiescence of
equal or longer duration. Typically, unrest lasts several weeks
to years and quiescence lasts several years to centuries.

Caldera-year of unrest (c-y)—A calendar year at one
caldera during which unrest is known to have occurred. The
duration is not considered; one day counts the same as 365
days. The purpose of this definition is to normalize observa-
tional data to a common, reproducible basis that does not
depend on whether the observer chose to report unrest as many
discrete events or as a smaller number of episodes of closely
related events. For example, we can refer to 10 caldera-years
of increased seismicity at Long Valley Caldera, from 1978 to
1987, without needing to distinguish between seismic swarms,
smaller seismic "flurries," and background activity. The same
principle applies to ground deformation: We can refer to ap-
proximately 8 caldera-years of uplift at Long Valley, from
1980 to 1987, without having to guess whether the uplift oc-
curred continuously or in several discrete episodes.

Large caldera—A closed volcanic depression with a
diameter of at least 5 km, many times the diameter of vent(s)
therein. The term "caldera” is further restricted to depressions
formed largely by collapse into a magma reservoir. This
restricted, genetic definition is adopted so that the diameter of
acaldera can be used as a rough guide to the size of the under-
lying magma body. Calderas formed as a result of large vol-
canic avalanches or erosion are excluded. A few calderas
smaller than 5 km in diameter (for example, Izu-Oshima) are
included to illustrate processes that probably act, but have not
been documented, at larger calderas.

Quaternary caldera—A caldera listed in the "Catalogue
of Active Volcanoes of the World including Solfatara Fields"
(IAVCEI, 1951-present ), in the "Data Sheets of the Post-
Miocene Volcanoes of the World" (IAVCEI, 1973-present),
in "Volcanoes of the World" (Simkin and others, 1981) and
the unpublished Volcano Reference File on which that book
is based, and in various primary sources, unless there is posi-
tive evidence that the caldera formed more than 2.5 m.y. ago.
All historically restless calderas are probably Quaternary; the
distinction of Quaternary becomes important for identifying
quiet calderas of comparable age.



SOURCES AND QUALITY OF DATA
General Remarks

Data in this compilation come from many different
sources: Roman historians and philosophers, monks, priests,
and other clerics, explorers and colonizers, traders in seal furs
and spices, sea and airline captains, traveling naturalists, long-
time residents of communities near volcanoes, and scientists
from many disciplines. Many observations were made by ac-
cident—being in view of an eruption, fecling an earthquake,
noticing that bammacles were cleansed from one’s ship by hot
acidic waters, and so on. Beginning around the start of this
century and increasingly in the past few decades, instruments
have been used to systematically monitor a wide range of geo-
physical, geochemical, and geologic changes at many vol-
canoes, and remote satellite- and land-based cameras now
maintain a constant watch around the globe. Gaps in early
records resulted from infrequent observations and reliance on
visual sightings that are easily foiled by clouds. Gaps in recent
records have the same causes, plus instrument failures and
funding problems.

Sometimes even pertinent observations have not been
reported. Observers or intermediate links in a chain of report-
ing might judge an observation to be insignificant, especially
in the face of difficulties in communication or of other more
compelling events, such as an ensuing volcanic eruption or
war. Simkin and others (1981) and Simkin and Fiske (1983)
show a clear relation between the completeness of reporting
and various human events, such as establishment of
transoceanic telegraph links, world wars, severe economic
depression, or even fresh memories of another, major eruption
like that of Krakatau in 1883. Reporting of volcanic events
since 1960 has been greatly improved by the efforts of the Vol-
canological Society of Japan (Bulletin of Volcanic Eruptions),
joined in 1968 by the Smithsonian Institution’s Center for
Short-Lived Phenomena (SICSLP) and in 1975 by SICSLP’s
successor, the Scientific Event Alert Network (SEAN).

Clearly, incomplete recording and reporting of events dic-
tate great caution in interpreting what is known about caldera
unrest. In general, the following can be stated:

(1) Estimates of the frequency of unrest are underes-
timates,

(2) Estimates of the relative frequency of events, or correla-
tions of events, are strongly biased by differences in the ease
with which the events are detected, the human and scientific
interest they stir, and hence the likelihood that they will be
recorded. Easily detected, interesting events such as eruptions
and earthquakes are reported frequently, whereas subtle, less
spectacular events such as slight changes in level of the water
table are only rarely reported.

(3) Reports of precursors Lo eruptions or strong earthquakes
are sometimes exaggerated by observers who, after the major
event, attach significance to everyday events that occurred

shortly before the event. Studies of possibly anomalous animal
behavior before earthquakes are particularly noted for this bias
(Lott, 1976).

(4) Events that leave a trace for later discovery, such as
eruptions that leave deposits, are better reported than those that
leave subtle or no traces, such as swarms of small earthquakes
and indeed most aspects of caldera unrest. This and the second
and third factors suggest that subtle unrest is seriously under-
reported relative to eruptions, and that a great deal of unrest
that ends without an eruption is never reported.

(5) Apparent increases in the frequency of events through
time, both at single calderas and in the global sample, are most-
ly the result of changes in recording and reporting. The march
of telecommunications, not Armageddon, is at hand!

How can these difficulties be circumvented? One approach
is to consider only data from calderas that are intensively
monitored, and only for those periods in which systematic ob-
servations are reasonably assured. Another approach is to con-
sider only that unrest that is sufficiently strong, interesting, or
alarming to be completely recorded. Both approaches have
merit, depending on the purpose of the investigation. In
general, we consider only data from recent decades and well-
studied calderas to estimate the frequencies at which changes
occur, but we consider data from throughout historical time
for cumulative totals or averages that require a large sample
size. The few "statistics” we cite are based on an incomplete
data set, and we urge appropriate caution in their interpreta-
tion.

Data About Calderas

Caldera name and number

In general, caldera names used are listed in the "Catalogue
of Active Volcanoes of the World" (CAVW) (IAVCE]I, 1951-
present), "Data Sheets of the Post-Miocene Volcanoes of the
World" (IAVCEI, 1973-present), or "Volcanoes of the
World" (Simkin and others, 1981). Calderas not listed in these
publications are referred to by their most commonly used
name. Some calderas have the same name as that of their most
active vent. Where a group of closely related calderas lie
within a large volcano-tectonic depression (for example,
Karymsky, Akademii Nauk, and several other calderas within
the Zhupanovsky volcano-tectonic depression), all are
described together under the name of the largest feature.

Calderas are listed geographically in Parts 2 and 3 accord-
ing to the number assigned to their active vent(s) in the CAVW
or as modified by Simkin and others (1981). The order of
presentation, by region, is (1) Europe, (2) Africa, (3) the In-
dian Ocean, (4) New Zealand, Tonga and the Kermadec Is-
lands, (5) Melanesia (Papua New Guinea and Vanuatu), (6)
Indonesia, (7) the Philippines, (8) Japan and the Mariana Is-
lands, (9) the Kurile Islands, (10) Kamchatka and mainland
Asia, (11) Alaska, (12) western North America, (13) Hawaii,
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(14) Central America, (15) South America, (16) the Caribbean
Sea, (17) Iceland, (18) Atlantic islands (Azores, Canary, and
Cape Verde Islands), and (19) Antarctica (figs. 1, 1.1, 2-10,
10.8, 11-19). Figures pertinent to each caldera follow the
tabular and descriptive material for that caldera. The figures
are numbered sequentially by region, caldera number within
that region, and figure number for that caldera. Thus, figure
8.10.19 refers to the 19th figure for the 10th caldera in region
8. Figures 20.1.1 through 20.6.10 in Part 4 refer to selected
noncaldera settings from throughout the world.

Latitude and longitude

We have listed the latitude and longitude of the center of
each caldera or the coordinates of an active intracaldera or
caldera-rim vent. Thus the coordinates in this report are ade-
quate for locating a caldera on a regional map but not for relat-
ing the coordinates of a well-located local earthquake or bench
mark to the center of the caldera.

Caldera diameter

The diameters of most calderas can be easily measured, but
the diameters of others are poorly known or complicated. In
Parts 3 and 5, we list a single diameter for calderas that are
nearly circular and the length and width for calderas that are
elongate or irregularly shaped. For statistical purposes, we use
the average of length and width. We measure rim-to-rim dis-
tance rather than the diameter of the ring fault, because often
the position of ring faults is not known or else the caldera
formed by chaotic collapse without discrete ring faults. As a
result of mass wasting, the topographic diameter of a caldera
is usually greater than its structural diameter. For a few
calderas, neither a topographic nor structural boundary is ob-
vious, so we have used the distribution of vents and thermal
areas 1o estimate caldera diameter. Qur assumption in such
cases is that postcaldera vents and major thermal features lie
near or within the caldera rim.

Local tectonic setting

The regional tectonic setting is listed for those calderas
where local tectonic structure or the pattern of unrest at a
caldera is consistent with the regional tectonic setting. The
local, or both local and regional, tectonic settings are indicated
for those calderas where local tectonic features differ from
those of the regional pattern (for example, an extensional
graben along a regionally convergent plate margin, or local
shear in a region of tectonic extension).

Precaldera edifice

On the premise that processes beneath calderas might vary
according to the structure of the precaldera edifice(s), we have
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classed those edifices as strato (stratovolcano), shield (shield
volcano), LL-strat (low, lava-dominated stratovolcano), LP-
strat (low, pyroclastic-dominated stratovolcano), dome (one
or more volcanic domes), and none (no known preeruption
edifice). Information about some edifices has been inferred
from topographic or geologic maps if not given explicitly in
published literature.

Composition of products

Details of the petrography and petrochemistry of products
from caldera-forming and recent eruptions are beyond the
scope of this report. In general, we note only the silica content
of those products, a crude indicator of magma viscosity, den-
sity, and explosive potential. The alkali, volatile, and crystal
contents of magma also exert important controls on these
parameters, as do confining pressure and involvement of
ground water.

Our discussion distinguishes only between silicic (SiO2
>57 percent, water-free) and mafic (8i02<57 percent) com-
positions, because silica content is only a crude indicator of
magma properties, because a range of compositions can be
erupted during a single eruption, and because no chemical
analyses are available for the products of many eruptions in
this compilation. Specific rock names, including b=basallt,
a=andesite, d=dacite, and r=rhyolite, are given in the data
tables if they were originally reported without chemical anal-
yses.

Compositions of caldera-forming and postcaldera products
are indicated by C and R, respectively. We show the range of
compositions of compositionally zoned or heterogeneous
magmas and also note any dominant composition.

Age of latest collapse(s)

Collapse itself does not produce datable products. Ages
reported here are radiometric, fission-track, or other kinds of
absolute ages of eruption products (or charcoal within depos-
its) from caldera-forming eruptions. The products of caldera-
forming eruptions are usually so much more voluminous than
those of other eruptions that the correlation of eruption and
collapse is clear. At a few calderas, uncertainty about which
deposits correlate with collapse dictates corresponding uncer-
tainty about the age of collapse. Some ages of collapse are in-
ferred from geomorphic or stratigraphic relations with dated
glacial deposits; they are listed as preglacial or postglacial.
Other ages of collapse are constrained by stratigraphic rela-
tions with precollapse or postcollapse volcanic deposits of
known age; in such cases, the possible range in age is listed.
The few ages of collapse known from historical records are
listed exactly.



Data About Unrest

Dates of unrest

Estimates of starting and ending dates vary widely from
one report to another, even for modern episodes of unrest. No
standard convention is used worldwide. We try to define the
beginning and end of each episode of unrest as the dates en-
compassing all changes that are genetically related to a single
disturbance. For an unusually clear-cut magmatic intrusion
and eruption, unrest might begin with increased seismicity,
thermal changes, or ground deformation and end in an erup-
tion or series of eruptions. Another common scenario is an in-
trusion that causes anomalous changes that peak and gradually
decline to background levels without an eruption.

In general, we have considered one episode of unrest to
have ended and another to have begun if the period of quiet
between those episodes is longer than one year. Conversely,
unrest or eruptions within a single year are treated as single,
composite events unless, as at Kilauea, monitoring suggests a
logical, more detailed definition of episodes. We selected a
one-year period as a compromise between the value of resolv-
ing details of individual phases of unrest and the value of
showing closely related changes together. One year can be an
insignificant pause in unrest that is affecting a large silicic
caldera, but the same year is long in relation to unrest of most
stratovolcanoes associated with calderas. Coincidentally, in
the lay public’s perception of related events, unrest following
a year of quiet will probably be considered a new event.

Many episodes of unrest, especially from past centuries,
are defined solely on the basis of eruptions. For them we fol-
lowed the same one-year-of-repose criterion for distinguish-
ing episodes, unless some distinctive pattern of eruptions
suggested a more logical division. We also used caldera-years
of unrest in parts of our analysis owing to the ambiguities and
subjectivity inherent in defining the beginning and end of un-
rest.

Characteristics of unrest

The characteristics of unrest are summarized in coded form
in the tabular section for each caldera, followed by details (if
known) in the narrative text. In the tabular section, columns
headed by "ESTU STHF MGTF H" contain information
about the occurrence and duration of various types of unrest.
The columns refer to:

E, earthquakes (of probable local origin);

S, earthquake swarms;

T, volcanic tremor;

U, uplift;

S, subsidence;

T, tilt;

H, horizontal strain;

F, surface fractures, faults, or fissures;
M, magnetic changes;

G, changes in the gravitational field;

T, changes in the temperature of ground or
surface water, soil, or fumaroles;

F, changes in fumarolic intensity, area, or
composition;

H, changes in hydrologic parameters, including

discharge or composition of ground water or
springs, or water level (stage) in wells or lakes.
To find data about a particular type of unrest and to avoid
confusion from duplicate letters, look for the appropriate let-
ter within the appropriate set of four letters. For example, to
find data about subsidence, look for entries in the column
labeled S within the set labeled STHF.

Each type of unrest is coded according to its maximum
preeruption duration: A (lasted only minutes before an erup-
tion), B (hours), C (days), D (weeks), E (months), F (years),
or G (decades). Unrest that occurred at an unknown time rela-
tive to an eruption is coded as "x"; that which occurred during
an eruption as "Y"; and that which occurred after an eruption
as "Z." For those episodes of unrest that did not include an
eruption, the code letters refer to the total duration of that
aspectof the unrest. Where unrest occurred before, during, and
after an eruption, preeruption duration is indicated; where un-
rest occurred during and after an eruption, a "Y" is shown to
indicate that change during the eruption. Aspects of unrest that
were explicitly reported as not having occurred during a given
episode are coded "N"; those for which we found no data are
coded "-." Note that the latter designation does not indicate
that a certain aspect of unrest did not occur, but rather that we
found no mention of its occurrence or nonoccurrence during
a given episode.

The columns headed by "Te" contain information about
temporal relations between unrest and regional earthquakes
tens to hundreds of kilometers from the caldera, if the time be-
tween the earthquakes and unrest was short relative to the nor-
mal recurrence frequency of both phenomena. "UQ" indicates
unrest followed by an earthquake; "QU" indicates an
earthquake followed by caldera unrest; "UU," unrest, a large
earthquake, and then more unrest; and "QQ," an earthquake,
unrest, and then another large earthquake. No causal relations
are implied, although some of the events are almost surely re-
lated.

Seismicity

Until this century, almost all reports of seismic activity
dealt only with felt earthquakes, which generally indicated a
local magnitude of at least 2 and usually 3 or more. In remote,
sparsely populated areas, detection thresholds were much
higher, and even today the detection threshold of the World-
wide Network of Standard Seismic Stations (WWNSS; Oliver
and Murphy, 1971) is about magnitude 5 in remote areas.

Instrumental records of seismicity near calderas come from
regional seismic networks, most of which are designed to
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record large, regional earthquakes, and from local networks or
single seismometers operated for volcano-monitoring pur-
poses. Some local networks cover an entire caldera; an equal
or greater number are limited to, or focused on, an active
postcaldera vent.

The spatial resolution of seismic networks in volcanic areas
varies greatly. Most epicenters associated with caldera col-
lapse at Fernandina (Galadpagos Islands) in 1968 fall far out-
side the caldera rim because epicentral determinations are
based on the World-wide Network of Standard Seismic Sta-
tions, which affords wide coverage but limited spatial resolu-
tion (Filson and others, 1973). Even local networks sometimes
yield poor epicentral locations unless the network is carefully
designed and the local seismic velocity structure is well
known. Only the best local networks give reliable depth deter-
minations.

Earthquake counts are notoriously ambiguous because the
number of earthquakes detected depends strongly on the loca-
tion, detection threshold, and frequency response of seis-
mometers in the network. Thus, earthquake counts from two
episodes of unrest at the same caldera can be compared mean-
ingfully only if records from a single, unmodified station are
used; comparisons of earthquake counts from one caldera to
another are rarely meaningful. Earthquake counts also are
suspect when earthquakes become so closely spaced in time
that individual events no longer can be distinguished. Counts
of earthquakes above a specified magnitude threshold, or
records of seismic energy release, are better for most com-
parisons.

Magnitude, a measure of the strength of an earthquake and
the strain energy released by it, is a single value that does not
vary with the observer’s location relative to an earthquake. In-
tensity, a measure of the local effects of an earthquake,
generally decreases with distance from an earthquake and
varies with local ground conditions. Most recent reports indi-
cate Richter magnitude M of earthquakes, and a few cite the
Russian energy class K (K=5.2 + 1.6M). Many older reports
give only intensity, for which the most common scale is the
12-point Modified Mercalli Intensity (MMI) scale. Other in-
tensity scales in use are the Rossi-Forel (10 point), IMA (Japan
Meteorological Agency) (8 point), and MSK (Medvedev,
Sponheuer, and Karnik) (12 point) scales. The approximate
relations among various intensity scales are shown below.

The terminology of seismic events differs from one country
toanother and from one era to the next. Exceptin direct quota-
tions, we have translated "tremors” as "earthquakes” to refer
to discrete events. For continuous tremor, we usually have
avoided the term "harmonic" unless the signal was clearly har-
monic in nature; in most cases, "volcanic tremor” is a more
suitable, less specific term that includes continuous signals
caused by overlap of frequent discrete earthquakes (Finch,
1949; S. McNutt, oral commun., 1987). The most widely used
categories of volcanic earthquakes are the A-type, B-type, and
C-type categories of Minakami (1960) and Minakami and
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others (1951, 1969). A-type earthquakes occur between 1 and
10 (sometimes 20) km depth; B-type earthquakes occur <1 km
beneath a volcano; and C-type earthquakes, also shallow and
similar to the B-type, occur repeatedly during viscous dome
emplacement. Other descriptive terms, such as "low-" or
"high-frequency earthquakes,""surface events,""volcano-tec-
tonic," and "tectonic earthquakes” have been included as
originally reported.

Many events in or near calderas that have been termed vol-
canic earthquakes differ from tectonic earthquakes only by
their occurrence in swarms. Conversely, many events in or
near calderas that have been termed tectonic would not have
occurred were it not for volcanic processes. We suspect that
many earthquakes in or near calderas are hybrid volcano-tec-
tonic events, but we have not attempted to change terminol-
ogy from the original reports. Minakami (1960), Shimozuru
(1971), Latter (1979), and Malone (1983) discussed these and
other complexities of terminology for volcano-related seismic
events.

Indescriptions of seismic unrest, we included several items
of information whenever they were reported. These items are,
foreach episode, total seismic energy release (ergs), maximum
rate of seismic energy release (ergs/day), magnitude of the
strongest earthquake ("Mmax"), maximum hypocentral depth
(km), and maximum reported intensity (usually "MMImax").

et



Ground deformation

Occasionally, ground deformation at calderas is so
dramatic that it can be noticed and measured by laymen, such
as fishermen who note that docks are rising out of the sea,
farmers who realize that fields are bulging, or highway crews
who discover offsets in roadways. Normally, however, ground
deformation is subtle and can be detected only by precise sur-
veying (Decker and Kinoshita, 1971). Vertical displacement
is often measured in millimeters or centimeters, and horizon-
tal strain rarely exceeds 100 parts per million (100 ppm = 10
cm/km). Ground tilts are commonly a few microradians to a
few hundred microradians, and the noise level in tilt measure-
ments can easily be several tens of microradians. We have in-
cluded information about maximum measured uplift,
subsidence, tilt, strain, and the maximum rate of change of
these parameters whenever such data are available.

Magnetic and gravity changes

Magnetic changes are reported as changes in total field
strength, strength of one component of the magnetic field,
declination or inclination of magnetic north, or the difference
in any of these parameters between a reference station and a
field station. Most of the magnetic changes are presumably of
piezomagnetic or thermomagnetic origin; we list a specific
mechanism only on the basis of original reports.

Gravity changes are reported as changes in the strength of
the gravitational field at a particular point or, less commonly,
in the contours of a gravity anomaly map. Such changes are
the result of uplift, subsidence, or changes in the density of
nearby rock (for example, intrusion of magma into country
rock of different density).

Thermal changes

Thermal changes are easily detected and can be described
simply as increases or decreases from the norm. Most am-
biguities in thermal measurements are caused by infrequent
measurements (some changes are not detected until months or
even years after they occur) and by inconsistencies in
measurement technique, such as the depth to which a probe is
inserted in a fumarole. Temperatures of hot springs, crater
lakes, soil, and low-temperature fumaroles are easily and
reproducibly measured. Published temperatures of fumaroles
above a few hundred degrees Celsius are in some instances
minimum temperatures, limited by equipment, protective
clothing, or changes in the orifice of a fumarole. The inter-
pretation of thermal changes is often complicated by uncer-
tainties in the role of ground water in buffering temperatures
measured at the surface.

Temperatures within long-standing hydrothermal systems
at calderas and other geothermal areas commonly reach 200—
400 °C. Temperatures above 400 °C usually indicate recent
magma intrusion. Temperatures near 100 °C (less at higher

elevations) may be buffered by ground water and therefore
might not indicate a change in heat input.

Fumarolic and hot-spring changes

Commonly, changes are noted in fluid composition or flux
of fumaroles or hot springs, level and composition of ground
water, or water level in crater lakes. The most commonly
measured chemical species at volcanoes are CO2, CO, CHy,
SOz and H3S (or S or SO4), HCI (or Cl), HF (or F), Rn, and
Hg. The sampling and analysis of volcanic waters are essen-
tially the same as for other naturally occurring waters. In
samples of fumarolic gases, atmospheric contamination can
introduce large differences between individual samples, but
corrections can be applied after analysis to eliminate most con-
tamination effects. Perhaps the greatest shortcoming of most
chemical studies at calderas is that sampling is done monthly,
annually, or even less frequently—not often enough to detect
rapid changes during caldera unrest. Recent technological ad-
vances, such as the correlation spectrometer (COSPEC) for
measuring SO2 flux and a fuel-cell sensor for monitoring the
reducing capacity of volcanic gases (mostly H2), make fre-
quent measurement of chemical parameters more practical.

In most reports, information about the flux or intensity of
fumarolic activity is based on visual inspection, supplemented
inrecent years by COSPEC measurements of SO2. Visual ob-
servations are nonquantitative, reports vary among observers,
and appearances depend on atmospheric conditions. Measure-
ments of water level in wells and flow rates of hot springs are
straightforward, though for maximum precision the effects of
earth tides must be considered.

Eruptions

This compilation emphasizes noneruptive unrest and gives
few details of eruptions beyond the dates of their occurrence.
Readers who seek details of specific eruptions are referred to
papers cited under each caldera, to the CAVW (IAVCEI,
1951-present), and to Simkin and others (1981).

For this compilation, we have adopted a few simple terms
for eruptions and associated phenomena. Three types of ex-
plosions are distinguished: (1) phreatic explosions, driven by
the flashing of hot ground water to water vapor and ejecting
fragments of country rock (pex); (2) "normal" explosions of
unspecified type, including magmatic explosions (ex); and (3)
demonstrably hybrid phreatomagmatic explosions (p-ex). The
first two categories are from the CAVW; we have added the
third to note explosions driven by explosive magma-ground
water interaction. Unfortunately, few reports distinguish be-
tween phreatic and magmatic activity, and many reportedly
"normal” explosions have phreatic as well as magmatic com-
ponents. Other phenomena noted are pyroclastic flows (pf),
lava flows (If), lava lakes (11), domes of viscous lava (dm),
cryptodomes (cdm), landslides (landsl), submarine eruptions

PART 1: Approach, Data Summary, and Conclusions 9



(sub), subglacial eruptions (subgl); cinder cones (cc),
mudflows (mf), and debris avalanches (da).

We use a scale of explosive activity that follows the Vol-
canic Explosivity Index of Newhall and Self (1982), an index
defined in several ways to make use of whatever information
is available. Defined by the volume of pyroclastic ejecta, the
VEI scale is as follows:

VEI8  1000-10000 km3 (bulk volume)
VEI7  100-1000 km (bulk volume)
VEI 6 10-100 km (bulk volume)
VEI 5 1-10 km® (bulk volume)
VEI 4 0.1~-1.0 km (bulk volume)
VEI3  0.01-0.1 km (bulk volume)
VEI2 0.001-0.01 km> (bulk volume)

VEI1 0.0001-0.001 km® (bulk volume)
VEI 0 nonexplosive—no pyroclastic debris.

We have adopted a modified system in this report in order
to accommodate generalized reports of individual explosions
("large,""small," and similar descriptors), to make the scale of
explosions more readily understandable to nonvolcanologists,
and to simultaneously specify the type of explosion where
known. VEI magnitudes 1-8 are reduced to three, and mag-
nitude is indicated by upper- and lower-case letters (for ex-
ample, EX=major explosion (VEI 4 and above);
Ex=moderate-size explosion (VEI 3); ex=small to moderate-
size explosion (VEI 1 or 2)). A similar convention is used for
phreatic explosions (PEX, Pex, and pex), phreatomagmatic
explosions (P-EX, P-Ex, and p-ex), and lava flows (LF, Lf,
and If). Lava flows were assigned magnitudes based on arela-
tive scale for each caldera (large, average, or small for that
caldera); lava-flow magnitudes at different calderas are not
necessarily comparable.

In summary, the code

E F H
FEBF YD-Y - - XX Z QU pexEx,dm
contains the following information about a hypothetical
episode of unrest: An eruption (see description below) was
preceded by several years of local earthquakes (F), months of
earthquake swarms (E), hours of volcanic tremor (B), and
years of uplift (F). Subsidence occurred during the eruption
(Y), but horizontal strain was not reported (-); ground tilt
preceded the eruption by several weeks (D), and surface frac-
tures, faults, or fissures formed during the eruption (Y). No
magnetic or gravity changes were reported (--), but thermal
and fumarolic changes occurred at some unspecified time dur-
ing the unrest (xx). Hydrologic changes followed the eruption
after an unspecified interval (Z). Unrest was preceded by a
large tectonic earthquake (QU) and culminated with a small
phreatic explosion (pex), a moderate explosion of unspecified
type (probably magmatic) (Ex), and extrusion of a small dome
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{dm). Additional information might be included elsewhere in
the tabular material for the caldera (for example, composition
of erupted products, if known) or in the text under the heading
"Historical Activity."

DESCRIPTION OF CALDERA UNREST

Our summary description of caldera unrest is organized
around the questions, What, When, Where, and in What As-
sociations? Section headings are as follows: Noneruptive Un-
rest; Eruptive Unrest; Prevalence and Duration of Caldera
Unrest; Distribution of Unrest Within Individual Calderas;
Correlations Between Characteristics of Calderas and Their
Unrest; and Temporal Relations With Regional Earthquakes
and Earth Tides. Details of unrest at specific calderas are given
in Part 3.

Noneruptive Unrest

Unrest is often a composite of many different types of
changes—seismic, geodetic, thermal, fumarolic, hydrologic,
and others—and of course eruptions. First, we consider char-
acteristics of each type of noneruptive unrest observed at
calderas.

1. What types of seismicity are observed at calderas?

Most seismic events within or near calderas are discrete,
relatively small earthquakes, with magnitudes typically less
than 3 and rarely greater than 6. Some result from brittle failure
of country rock in response to magma intrusion; other events
reflect release of regional tectonic stress, shear of viscous
magma along the walls of a conduit, explosions in magma, or
collapse as magma is erupted or drains laterally into arift zone.

Calderas develop in regions that are already seismically
active (for example, above subduction zones, midocean
ridges, and hotspots). Focal-mechanism studies indicate that
most earthquakes in caldera settings, including those as-
sociated with magma intrusion, are similar in character to tec-
tonic earthquakes—that is, they reflect sudden frictional
sliding in response to shear stress across a fracture surface.
Some volcano-tectonic earthquakes occur outside caldera
boundaries but in swarms or with signatures or focal
mechanisms resembling those of volcanic origin (for example,
swarms at Ontake, Japan, in 1976-84 and earthquakes near the
south margin of Long Valley Caldera, California, in 1980-83).
Abroad group of earthquakes at calderas probably results from
both tectonic and volcanic processes. Atleast at some calderas,
failure is facilitated by high pore pressures within a hydrother-
mal system (for example, at Hakone, Japan).

Volcanic tremor is another common feature of seismicity
at restless calderas. Some harmonic tremor occurs when
magma or gases are flowing through constricted space; other
tremor may result from bubble implosions and other



mechanisms. Much tremor consists of earthquakes that are so
closely spaced on seismograms as to be indistinguishable from
one another. One notable pattern is bursts of tremor lasting a
few minutes to a few tens of minutes, alternating with com-
parable or longer periods of quiet. The result on a seismogram
is arhythmically banded pattern. McKee and others (1981) at
Karkar, Kieffer (1984) at Yellowstone, and McNutt (1987) at
Pavlof noted a correlation of banded tremor with hydrother-
mal and geyser activity.

In some unrest, the number of earthquakes per unit time
increases steadily and then decreases either suddenly or
gradually until quiet returns. In many other episodes,
earthquakes occur in short, hour- to week-long bursts (seismic
swarms), separated by longer periods (weeks, months) of rela-
tive quiet. Eruptions can occur at any stage in the waxing or
waning of seismic energy release. One common pattern is for
an eruption to begin at the peak of rapidly increasing seismic
energy release; another less common but notable pattern is for
an eruption to begin hours to days after a sudden decrease of
previously increasing seismic energy release. However, pat-
terns are too varied and too poorly understood to conclude that
any specific pattern will lead to an eruption. The intensity of
precursory seismic activity is not always proportional to the
size of associated eruptions.

A few remarkably strong earthquakes have occurred near
calderas in close temporal association with caldera unrest.
These include magnitude 7+ earthquakes near Kilauea
Calderain 1868 and 1975; a "strong" tectonic earthquake near
Rabaul Caldera in 1940 and a magnitude 7 earthquake there
in 1941; amagnitude 7 earthquake near the rim of Aira Caldera
during the 1914 eruption of Sakurajima; and a magnitude 7.3
carthquake about 25 km northwest of Yellowstone Caldera in
1959. Other notable examples include a magnitude 6.1
earthquake along the northern rim of Yellowstone Caldera in
1975 and four magnitude 6+ earthquakes within and just south
of Long Valley Caldera in 1980. Each of these large
earthquakes was at least partly tectonic in origin, and each
bears a different relationship to eruptions or other aspects of
caldera unrest. At Kilauea, large earthquakes reflect lateral
spreading and gravitational collapse of part of the volcano’s
south flank, caused by repeated intrusions of basaltic magma
into shallow rift zones. At Rabaul, the cause of the 1940 and
1941 earthquakes may have been regional tectonic stress, but
the earthquakes also occurred during the 1937-41 episode of
unrest at Rabaul Caldera (see Part 3). The earthquake at Aira
occurred 8 hours after a major eruption of Sakurajima began
but before the largest volume of lava was extruded. This erup-
tion may have caused a relaxation of regional stress, which in
turn triggered the earthquake. The primary cause of the 1959
and 1975 earthquakes at Yellowstone was probably regional
tectonic stress, but both earthquakes triggered dramatic
hydrothermal changes within Yellowstone Caldera and may
have temporarily influenced the rate of crustal uplift within
the caldera.

2. What types of ground deformation are observed?

All types and scales of ground deformation occur at
calderas. The most commonly reported changes are uplift,
horizontal strain, and resulting tilt around a postcaldera vent
as magma intrudes beneath that vent. Such inflation usually is
measurable on and a short distance away from the postcaldera
vent structure. During or following an eruption, correspond-
ing deflation typically occurs.

Calderas in the summit regions of large shield volcanoes
have a distinctive deformation pattern. The entire summit
areas of Kilauea and Mauna Loa inflate until lava is intruded
or erupted in the summit caldera or along a rift zone. Summit
deformation is readily tracked by tiltmeters on the caldera rim,
by measurements of selected EDM (electronic distance meter)
lines spanning the caldera, and by leveling surveys before and
after episodes of inflation or deflation.

Occasionally, localized but dramatic ground deformation
occurs directly above a volcanic conduit. Two examples il-
lustrate the range of such activity. Ascent of viscous magma
at Usu Volcano, on the south margin of Toya Caldera, Japan,
pushes the ground surface as much as 300 m skyward, form-
ing cryptodomes (hidden domes) (Minakami and others, 1951;
Yokoyama and others, 1981). Ascent of fluid basaltic magma
in the central conduit of Oshima Volcano (Izu Islands, Japan)
raises the crusted crater floor as much as 400 m over the course
of several decades, but upon release of regional tectonic stress
by great earthquakes, the magma in the conduit and the crater
floor suddenly drop by a few hundred meters (Yamashina and
Nakamura, 1978). Other episodes of dramatic local deforma-
tion and fissure formation have occurred above shallow dike
intrusions (for example, in rift zones radiating from Kilanea
and Mokuaweoweo (Mauna Loa) Calderas, and from Krafla
Caldera).

One of the most intriguing types of ground deformation is
subtle, caldera-wide uplift and subsidence (and associated
horizontal strain and tilt). Such uplift and subsidence are noted
only where precise leveling surveys, gravity surveys, a tide
gauge, or a changing shoreline permits their recognition.
Broad, subtle, years-to-decades-long uplift has occurred
within at least 10 of 14 large calderas where adequate surveys
have been made. Calderas known to show such uplift (alter-
nating in most cases with subsidence) are the Phlegracan
Fields, Rabaul, Aira, Iwo-Jima, Long Valley, Yellowstone,
Kilauea, Mauna Loa, Askja, and Krafla. The most rapid sus-
tained uplift is at Iwo-Jima, where the caldera floor has risen
15 to 20 cm/yr for at least the past 200 years. Most caldera-
wide uplift and subsidence have been modeled as inflation or
deflation of "point sources" at depths of 5 to 15 km (for ex-
ample, Yellowstone and Long Valley); in afew instances such
as Rabaul and the Phlegracan Fields, modeling suggests
sources as shallow as 2-3 km. In at least two calderas, rapid
uplift and subsidence have been superimposed on slower,
longer term uplift and subsidence: 4 to 6 m of uplift occurred
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one to two days before historical eruptions of the Phlegracan
Fields and Rabaul Calderas.

Other calderas that have been carefully surveyed show ir-
regular changes. Leveling surveys around the margin of Toya
Caldera several years before and after eruptions show only
minor caldera-wide deformation, but broad uplift may have
occurred immediately before an eruption in 1910. Surveys
spanning only a few years at Taupo and Kakuto show sub-
sidence or irregular deformation. The important point is that
even where dramatic or sustained deformation is not occur-
ring, at least some caldera-wide deformation usually is occur-
ring. Subtle, caldera-wide deformation is more the rule than
an exception.

Only a few calderas are known to have formed in histori-
cal time, and even fewer collapses have been observed. The
best-documented collapse occurred at Fernandina Caldera
(Galépagos Islands) in 1968 (Simkin and Howard, 1970; Fil-
son and others, 1973). At that time, a hinged, trapdoor-like
piece of a preexisting caldera floor collapsed by as much as
350 m in about 9 days.

3. What other types of geophysical changes are observed?

The strength and orientation of the Earth’s magnetic field
are known to vary slightly through time near some volcanoes,
inresponse to thermal demagnetization of country rock or tec-
tonic strain (Yokoyama, 1971, 1974). Both increases and
decreases in field strength have been reported, over periods of
a few hours to a few months. However, the number of reports
is too small to generalize about these changes.

Gravity measurements at calderas show secular and spa-
tial variations in response to vertical displacements or chan-
ges in subsurface density (Yokoyama, 1971, 1974). Most
changes relate directly to uplift or subsidence and closely fol-
low the free-air gradient (0.3086 mGal/m). In some episodes,
however, the gravity gradient differs from the free-air gradient
owing to changes in the subsurface distribution of mass, usual-
ly caused by magmatic intrusion or changes in ground water
level. Reported examples include Kilauea (Dzurisin and
others, 1980; Johnson, 1987), Rabaul (McKee and others,
1987), the Phlegracan Fields (Corrado and others, 1977, 1983;
Berrino and others, 1984), Krafla (Johnsen and others, 1980),
Amatitldn (Pacaya Volcano) (Eggers, 1983, 1987), Poas
(Rymer and Brown, 1987), and Long Valley (Jachens and
Roberts, 1984).

For the case of magmatic intrusion, the density contrast be-
tween country rock and intruding magma can be calculated
from the observed gravity gradient. However, uncertainty
arises because the roof rocks of large magma reservoirs (that
is, the floors of calderas) are structurally complex and magma
is a compressible fluid (Johnson, 1987). The first complica-
tion means that newly intruded magma might be accom-
modated within newly created extension space at shallow
depth without causing proportionate uplift. The compres-
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sibility of magma adds a similar complication, because the
relationship between intruded mass and surface uplift depends
on density changes (expansion or compression) within the in-
truding magma.

Geoelectrical changes occur at some calderas as a result of
ground water heating, magma movement, or tectonic stress
changes. However, the number of reported instances is small,
so we have not included them in Part 3.

4. What changes occur in fumaroles or hot springs?

Several calderas in this compilation have major thermal
areas on their floors or along their rims (for example, Yel-
lowstone and Uzon-Geyzernaya). Fumaroles and hot springs
in these areas typically change in discharge, temperature, or
composition during episodes of caldera unrest. The most com-
mon changes are increases in total discharge, in the discharge
and proportion of acid gases (SO2, H2S, HC], and HF), and in
CO2 emission. Several workers also have reported increases
in H2 and Rn gases derived from country rock, hydrothermal
systems, or magmatic sources. Hot springs have also changed
their discharge during caldera unrest in relation to changes in
the water table or opening of cracks. For example, hot springs
have flowed profusely just before eruptions of Sakurajima
(Aira Caldera) and Monte Nuovo (Phlegraean Fields Caldera),
and geyser activity at Yellowstone increased dramatically
after the 1959 M=7.3 Hebgen Lake earthquake.

Temperatures of hot springs and crater lakes are never
above and are usually well below the boiling temperature of
water. Temperature changes have been reported for several
caldera lakes, such as Batur’s, but these changes have for the
most part been localized near hot springs or fumaroles.
Temperatures of fumaroles range from <100 °C to >950 °C,
and temperature changes of several hundred degrees are not
uncommon during unrest. Examples include fumaroles at
Tavurvur (Rabaul) in 1941 (300 °C increase), Poas (870 °C in-
crease), and Karkar in 1978-79 (>900 °C increase).
Remarkably, temperatures have risen above 500 °C at a num-
ber of calderas, but only a few eruptions have ensued.

Crater lakes also exhibit changes in color (usually reflect-
ing algal blooms or changes in the amount of finely dissemi-
nated sulfur in the lake water) and in density stratification.
Surface and bottom temperatures at tropical caldera lakes and
at lakes in temperate zones near times of seasonal lake over-
turn differ only slightly. Unusually high winds, cool surface
temperatures, or heating through the caldera floor can destabil -
ize them and cause overturn (Newhall and others, 1987).
During overturn, oxygen-poor, H2S-rich bottom water rises to
the surface, displacing oxygenated surface water and often
leaving a telltale sign of dead fish (for example, several instan-
ces at Lake Ranau). Overturn can also release dangerous
amounts of CO2 gas, as at Lake Nyos (Kling and others, 1987)
and Lake Monoun (Sigurdsson and others, 1987).



Eruptive Unrest

1. What proportion of unrest includes an eruption?

The percentage of episodes of specified unrest that cul-
minated in an eruption, together with sample size N, is given
in tables 1a—c. For example, the first column and second row
of table 1a show that at mafic calderas, 83 percent of 107
episodes of broadly defined unrest culminated in eruptions.

Table 1a. Proportion of unrest that included eruptions

[Sample size N in parentheses; values given in percent]

Type of unrest Magma of caldera-forming eruption
Mafic Silicic  Unknown Total
Eruptiononly _ __ __ 100(193)  100(468) 100(75) 100(736)
Broadly defined
unrest. 83(107) 52(327)  T1(52) 61(486)
Narrowly defined
unrest. 77(30) 69(42)  100(5) 74(77)
Total _ _______ 92(330) 80(837) 89(132) 84(1299)

The apparent implication is that a large proportion (84 per-
cent) of all caldera unrest includes eruptions. However, this
conclusion is surely biased by underreporting of unrest that
does not include an eruption. In fact, noneruptive unrest is rela-
tively common at most well-monitored calderas (table 1b)

Unrest at mafic calderas includes an eruption more often
than deos unrest at silicic calderas. In the subset of rows 2 and
3 (table 1a), eruptions occurred in 82 percent of 137 episodes
of unrest at mafic calderas versus 54 percent of 369 cases at
silicic calderas. This conclusion is not seriously affected by
underreporting; indeed, underreporting is less of a problem at
well-monitored mafic calderas, such as Kilauea, Mauna Loa,
and Piton de la Fournaise, than at many remote, poorly
monitored silicic calderas.

Another interesting conclusion from table la is that ap-
proximately 1,090 eruptions have occurred at calderas during
historical time, or 18 percent of the roughly 6,000 eruptions
known from all types of volcanoes worldwide throughout his-
torical time (Simkin and others, 1981).

2. What proportion of recent unrest included eruptions?

To answer this question, we considered only unrest during
the past 30 years at well-studied calderas: the Phlegracan
Fields, Taupo, Okataina/Haroharo, Karkar, Rabaul, Krakatau,
Sunda, Tengger, Taal, Aira, Kakuto, Aso, Izu-Oshima, Toya,
Shikotsu, Kutcharo, Akan, Long Valley, Yellowstone,
Kilauea, Mauna Loa, Krafla, and Askja. The criteria for selec-
tion were that (a) all significant unrest with or without erup-
tion is likely to have been reported, and (b) no incompletely
reported, "eruption only" unrest was reported within this
period. The results are shown in table 1b.

Table 1b. Proportion of unrest at well-studied calderas that included
eruptions

[Sample size N in parentheses; values given in percent]

Type of unrest Magma of caldera-forming eruption
Mafic Silicic  Unknown Total
Broadly defined
unrest. 53(19) 34(35)  100(4) 45(58)
Narrowly defined
unrest. 57(21) 43(14)  100(1) 53(36)
Total _ _ _____ 54(39) 38(50)  100(5) 48(94)

Eruptions occurred during 54 percent (21 of 39 episodes)
of unrest at well-monitored mafic calderas, and during 38 per-
cent (19 of 50 episodes) of unrest at well-monitored silicic
calderas.

Unrest at long-quiet silicic calderas usually does not lead
to eruptions. Six of the above-mentioned, well-studied silicic
calderas have not erupted within the past century (Phlegracan
Fields, Taupo, Okataina/Haroharo, Kutcharo, Long Valley,
and Yellowstone), yet during this period they collectively have
had 28 episodes of unrest, including 17 within the past 30 years
of relatively better reporting. For all silicic calderas with un-
rest in the past 100 years, at least 60 episodes of unrest oc-
curred after repose of more than 100 years, and 50 of these did
not lead to an eruption. Episodes that led to eruption were at
Suoh in 1933, Geger Halang in 1937, Kikai in 1934, Ontake
in 1979, Onikobe/Kurikoma in 1944, Akan in 1927, Nemo in
1906, Rasshua in 1957, Semisopochnoi in 1987, and Las
Caiiadas in 1909. Episodes that did not lead to eruption were
at the Phlegraean Fields (6), Ischia (1), Taupo (6), Toba (4),
Geger Halang (1), Ata (3), Hakone (10), Kutcharo (9), Opala
(1), Long Valley (4), Yellowstone (1), Apoyo (1), Miravalles
(1), Qualibou (1), and Agua de Pau (1). Some of this unrest
was minor, but we believe that the data nonetheless indicate
that unrest at long-quiet silicic calderas usually does not lead
to an eruption.

3. What proportion of each unrest type is followed by an erup-
tion?

At mafic calderas, 84 percent of 90 cases of local seis-
micity, 81 percent of 37 cases of uplift, and 73 percent of 44
fumarolic changes were associated with eruptions. However,
as in table 1a, unrest that does not lead to eruptions is under-
reported. Given this underreporting, the result from table 1c
that much unrest at silicic calderas is not associated with erup-
tions is especially interesting. At silicic calderas, only tremor,
uplift, and ground fracturing seem to be strong indicators of
an impending eruption, and even these, individually, are im-
perfect indicators.
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Table 1c. Proportions of various aspects of unrest associated with erup-
tions
1]

[Sample size N in parentheses; values given in percent]

Aspect of Unrest Magma of caldera-forming eruption
Mafic Silicic Unknown

Local seismicity _ _ _ __ ______ 84(90) 55(264) 86(29)
Earthquake swarms _ _ _ _ __ _ __ 84(44) 39(113) 88(8)
Tremor __ __ __ __ ____ ___ 93(44) 88(16) 100(2)
Uplift ___ _ _ _ _ _ _ _______ 81(37) 75(60) 93(15)
Subsidence _ _ __ _________ 79(52) 53(55) —1)
T __ _ o _____ 85 (40) 42(19) 75(4)
Horizontal strain _ _ ___ _ _ _ __ 86(22) 53(15) ©)
Ground fracturing _ _ _ __ _ __ __ 90(42) T1(47) 83(6)
Magneticchanges _ _ __ _ ____ __ 86(7) () —0)
Gravity changes _ _ __ __ __ __ __ 83(6) 17(6) —1
Thermal changes _ _ _ ___ __ __ 67(15) 52(75) 69(13)
Fumarole, gas changes _ ___ __ _ 73(44) 58(156) 69(36)
Spring, lake changes _ __ __ _ __ 67(12) 55(67) 54(13)

4. What types of eruptions have occurred recently at large
calderas?

Lava-flow and lava-lake activity are predictably common
during eruptions at mafic calderas (table 2a); explosions, lava
flows, and dome growth are common during eruptions at
silicic calderas.

Table 2a. Types of historical explosive eruptions
[Data for past 100 years only]

Type of eruption® Magma of caldera-forming eruption
Mafic  Silicic Unknown Total
"Normal” explosions 87 225 50 362
(includes all explosions
not reported as phreatic).
Phreatic explosions _ ___ _ _ _ _ 8 72 22 102
Phreatomagmatic explosions _ __ 3 2 1 6
Lavaflows ___________ 124 73 11 208
lavalakes _ _ _ ___ ______ 22 0 3 25
Domes (including) 0 25 1 26
cryptodomes).
Submarine, subglacial _ _ _ _ __ 10 13 3 26
Unknown 12 13 2 27

*Note: Two or more of these types may occur during a single eruption.

Most explosive eruptions at calderas are relatively small
(table 2b), and the relative proportions of VEI’s in the caldera
sample for the past 100 years (column labeled "Total") are
similar to those for the worldwide historical sample (in paren-
theses). Large calderas hold a greater potential for catastrophic
eruptions than do small centers, but most eruptions at calderas
are no larger than eruptions at other volcanic centers.
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Table 2b. Explosive magnitude of eruptions, past 100 years

[Number of eruptions of each volcanic explosivity (VEI) during past 100
years; values in parentheses are numbers of eruptions of each VEI in histori-
cal time]

Size of explosions Magma of caldera-forming eruption
Mafic  Silicic Unknown Total
Maximum VEL:
4+(EX,PEX,P-EX) _______ 1 10 1 12(183)°
3 (Ex,Pex,P-Ex) ________ 16 43 6 66(720)
1,2 (ex,pex,p-ex) ________ 81 230 59  370(3,469)
0 (non-explosive) _ _ __ _ ___ 73 11 0 84(443)
Unknown 12 13 2 27

*Volcanic Explosivity Index (Newhall and Self, 1982); values correspond
roughly to the bulk volume of tephra erupted. VEI 0, less than 10*m>; VEI 1,
10°-10°m®; VEI 2, 10°10" m® VEI 3, 107-10° m®; VEI 4, 10%10° m®.

YNumbers in parentheses are totals for all historical eruptions, including
those associated with calderas (from Simkin and others, 1981; T. Simkin,
1988, written commun.). They are probably biased toward larger eruptions by
poor early reporting of small eruptions.

The magma of postcaldera eruptions need not resemble that
of the caldera-forming eruption. In fact, most postcaldera
eruptions at silicic calderas are of relatively mafic magma
(table 2¢).

Table 2¢. Composition of postcaldera and caldera-forming products

Minimum SiO2 of most Magma of caldera-forming eruption

recently erupted magma Mafic  Silicic Unknown Total,
Mafic (< 57 percent) _ _ _ __ _ 297 377 75 749
Silicic (257 percent) ___ _ ___ 7 255 32 294
Unknown _ ____________ 1 33 16 50
Total 305 665 123 1,093

Data of table 2¢ are biased toward lower silica contents be-
cause we used the minimum of any range in reported silica
values. However, use of the maximum for any range in
reported silica values leads to the same conclusion: Mafic
magmas prevail in postcaldera eruptions, even at silicic
calderas.

Prevalence and Duration of Caldera Unrest

1. What proportion of the world’ s large Quaternary calderas
are reported to have been restless in historical time? In the
past 100 years?

More than half of our sample of 225 large Quaternary
calderas have experienced unrest within historical time (tables
3a, 3b). Of these 225 calderas, 138 had reported unrest within
historical time (61 percent), and at least 120 of these have been
restless within the past century (53 percent of total).



Table 3a. Numbers of quiescent and restless calderas in historical time

Number of large Magma of caldera-forming eruption

calderas with® Mafic  Silicic ~ Unknown Total
No historical unrest _ _ _ _ _ _ _ 14 60 13 87
Eruptiononly __ _________ 1 22 2 25
Broadly defined unrest 13 52 15 80
(with or without eruption).
Narrowly defined unrest 8 22 3 33
(with or without eruption).
Total 36 156 33 225

Table 3b. Numbers of quiescent and restless calderas in past 100 years

Number of large Magma of caldera-forming eruption

calderas with® Mafic Silicic  Unknown Total
No unrest in past 100yr ____ 16 75 14 105
Emptiononly _ ______ ____ 1 13 2 16
Broadly defined unrest 10 49 17 76
(with or without eruption).
Narrowly defined unrest 8 18 2 28
(with or without eruption).
Total 35 155 35 225

*Restless calderas were counted as having narrowly defined unrest, broad-
ly defined unrest, or eruption only, in the first applicable category in that order
of consideration.

The proportion of restless calderas in the set of all large
Quaternary calderas (known and unknown) might be higher
or lower—raised because quiet calderas are less likely to be
discovered, or lowered because calderas with frequent erup-
tions fill themselves with postcaldera eruptive products and
are therefore unrecognized.

2. How many calderas are restless in a typical year?

The average number of restless calderas per year in the past
100 years is the number of caldera-years of unrest in that
period divided by 100. In a typical year, some form of unrest
occurs at approximately 19 calderas (1,906 c-y/100 yr), in-
cluding narrowly defined unrest at approximately 4 calderas
(436 c-y/100 yr) (table 4). Eruptions occur at more than 5
calderas (558 c-y of "eruption only" unrest/100 yr) and per-
haps at as many as 14 calderas (1,404 c-y of eruptive un-
rest/100 yr).

Table 4. Number of caldera-years of unrest in the past 100 years
[Values in parentheses are caldera-years of unrest that included an eruption]

Type of unrest Magma of caldera-forming eruption
Mafic  Silicic Unknown Total
Eruptiononly _ ______ ___ 147 368 43 558
(147)  (368) (43) (558)
Broadly defined unrest _ _ _ _ _ 195 619 98 912
(160)y  (353) (66) (579)
Narrowly defined unrest _ __ _ 81 344 11 436
(72) (184) 1) (267)
Total 423 1331 152 1906

(379)  (905)  (120) (1404)

3. How often, and for how long, does each type of unrest occur
as a potential eruption precursor?

The average duration and corresponding sample size for
each main type of unrest are shown in table 5. The sample sizes
give arough idea of the frequency with which each type of un-
rest is reported. However, reporting of most geophysical and
geochemical activity is so incomplete, even within the past
100 years, that the actual number of episodes of unrest must
be several times greater than shown. Apparent differences in
the relative frequency of each type of unrest mean little.

Table 5. Average duration of various types of unrest during the past 100
years

[Sample size in parentheses]

Type of unrest Magma of caldera-forming eruption
Mafic Silicic Unknown
Local earthquakes Weeks Weeks Days-weeks
(60) (108) (11)
Earthquake swarms Days-weeks Weeks-months Days
37N (62) ©
Tremor Hours-days Days-weeks —
(23) U @)
Uplift Months-years Months-years Years-decades
(22) (31 (13)
Subsidence Weeks Months-years —
18) 27 0
Tilt Weeks-months Months —
(36) (14) ©)
Horizontal strain Months Months-years —_
M &) ()
Ground fracturing Days-weeks Weeks —
¥ 20 0}
Magnetic changes — — —
)] 2 ©
Gravity changes — Years —
2 &) ©)
Thermal changes Months Months Months
@ (40) (6)
Fumarole, gas changes Months Wecks-months Months
(13) 7 (13)
Spring, lake changes Months Wecks-months —_

O (36) (€)
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We excluded from table 5 unrest that occurred during or
after eruptions, so what is shown may be considered precur-
sory or potentially precursory to eruptions. In order to supple-
ment quantitative information about the duration of unrest
with semiquantitative information (for example, earthquakes
lasting "a few days"), we assigned numerical values to each of
the duration codes A-G. A (minutes) became 1, B (hours) be-
came 2, C (days) became 3, and so on. We then calculated a
weighted average duration for each type of unrest. For ex-
ample, 3 episodes of local earthquakes at mafic calderas lasted
minutes (3x1=3), 8 episodes lasted hours (8x2=16), 10
episodes lasted days (10x3=30), 15 episodes lasted weeks
(15%x4=60), 20 episodes lasted months (20x5=100), and 4
lasted years (4x6=24). The aggregate count for 60 episodes of
seismicity at mafic calderas was 233, or 3.9 per episode, which
corresponds most closely to an average duration of weeks (as-
signed value 4).

Most types of unrest last weeks or longer before they cul-
minate in an eruption or otherwise stop. The fact that caldera
unrest typically lasts for months, years, or even decades makes
socially useful, short-range forecasts difficult. The most con-
sistently short indicator of an impending eruption is volcanic
tremor, especially at mafic calderas.

Unrest lasts marginally longer at silicic calderas than at
mafic calderas. Factors may include a relatively lesser fluidity
of silicic magma, which slows any response to disturbance,
and the density shadow effect of silicic magma on mafic
magma (Smith, 1979; Hildreth, 1981).

4. What are the average and maximum durations of whole
episodes of unrest?

Some unrest at large calderas, such as the Phlegraean
Fields and Iwo-Jima, lasts for centuries, millennia, or longer.
Uplift and subsidence at Aira Caldera have been occurring at
least since measurements began in the 1890’s. Other episodes
of broad, caldera-wide unrest lasted several years or several
decades (for example, several episodes of unrest at Rabaul
Caldera within the past 150 years).

A list of (a) sample size and average duration (c-y) of all
reported episodes of unrestin each compositional category (in-
cluding episodes that lasted less than one year, which are
counted as 1 caldera-year), (b) sample size and average dura-
tion of those episodes that lasted more than one year, and (c)
maximum duration of unrest in each category is given in table
6. The first average overestimates the true duration of unrest,
because episodes that lasted less than one year are counted as
a full caldera-year. The second average is more nearly correct
for those episodes that lasted more than one year.
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Table 6. Average and maximum durations of unrest

[Values given in caldera-years (c-y)]

Duration of unrest (c-y) Magma of caldera-forming eruption

Mafic Silicic Unknown
Average (all) _ ____ __ 1.9 2.1 1.7
Sample size __ __ _ 315 785 124
Average (>1year) ____ 4.7 5.0 3.4
Sample size _ _ _ __ 75 218 32
Maximum (yr) _ _ _ __ _ 4?2 100+ 19
Calderaname _ _ _ _Masaya Yellowstone, Nevados
Phlegraean de Chillan
Fields,
Iwo-Jima

No significant difference is apparent between the average
durations of unrest at mafic and silicic calderas, although the
longest episodes at silicic calderas are probably longer than
those at mafic calderas. The calculated durations are affected
by several biases and complications. These include a bias
toward longer average durations introduced by counting each
episode as at least 1 caldera-year in duration; a bias toward
shorter average durations caused by underreporting of non-
eruptive unrest; and an ambiguity because some observers
report many short episodes of unrest while others report fewer,
longer episodes. Improved reporting would show a longer
duration of unrest at most calderas, but in a few cases (for ex-
ample, Kilauea), improved reporting suggests a short duration
of individual episodes of unrest within a background of per-
sistent activity.

5. Is unrest typically continuous or intermittent?

During an episode of unrest, activity may wax or wane
several times before culminating in an eruption or a shallow
intrusion or before returning to quiescence. Seismicity often
occurs in repeated swarms rather than in a continuous pattern,
and uplift often alternates with subsidence (for example, sub-
sidence at Yellowstone during 1985-87 following decades of
net uplift, or uplift at the Phlegracan Fields Caldera alternat-
ing with decades to centuries of subsidence). Ground defor-
mation can be episodic too, as suggested by the existence of
multiple terraces at Toba and Iwo-Jima. The intermittent na-
ture of most unrest at calderas poses a particularly difficult
challenge for eruption forecasting, because "successful”
forecasts must distinguish between short lulls and long periods
of quiescence in order to be socially useful.

Distribution of Unrest Within Individual Calderas

1. Does unrest usually affect an entire caldera?

Most documented unrest is limited to parts of calderas,
most often beneath an active, postcaldera vent. Much of the



documented seismicity in this compilation is beneath such ac-
tive vents. Likewise, most of the reported geodetic changes
are on the slopes or in the crater regions of postcaldera vents,
and most fumarolic changes are at active postcaldera vents.

However, seismic studies that deliberately look at a whole
caldera commonly find seismic activity around caldera mar-
gins and elsewhere within the caldera. Similarly, geodetic net-
works that extend all the way to stable bench marks outside a
caldera usually record some deformation throughout the
caldera. Ten of fourteen large calderas for which precise
geodetic measurements were available showed significant
caldera-wide uplift and subsidence over the course of decades,
and an additional three showed significant but irregular defor-
mation, such as block faulting as part of regional extension at
Taupo.

2. Are caldera seismicity, ground deformation, thermal
changes, and eruptions typically concentric?

Seismicity, uplift, increased thermal activity, and eruptions
at a given caldera do not always share a common center. Fur-
thermore, centers of each may shift from one episode of un-
restto the next, or even within a single episode. Contemporary
uplift in Rabaul Caldera bears only a crude spatial relation to
eruption sites, which are structurally determined by the
caldera’s ring fractures (McKee and others, 1984, 1985). Seis-
mic swarms preceding the 1979 eruption of On-take Volcano
were 7-15 km southeast of On-take, so far away that they were
not considered at the time to be related (see details in section
on On-take, Part2). Uplift at Long Valley Caldera has centered
on the resurgent dome, but most seismicity has occurred
within the south moat of the caldera or even farther south, in
the Sierran tectonic block. Seismicity and ground deformation
at Katmai were not monitored in 1912, but the lateral migra-
tion of magma suggested by Hildreth (1987) would surely
have created acomplex pattern of changes in those parameters.

3. How prevalent is unrest near but outside calderas?

Magma reservoirs beneath some summit calderas feed
magma outward into rift zones; examples are at Hawaiian,
Ethiopian, and Icelandic volcanoes, and at Izu-Oshima,
Kakuto, Ambrym, and others. Unrest affects areas outside
such calderas whenever magma is intruded into the rift zones.
Caldera-wide uplift at Kilaunea, Mauna Loa, and Krafla is
usually followed by eruptions many kilometers downrift.

A related process also occurs, in which regional extension
allows (or initiates?) dike intrusion into areas previously lack-
ing such intrusions. Examples include the emplacement of a
silicic dike and domes in and north of Long Valley Caldera
(Miller, 1985; Eichelberger and others, 1985; Sieh and Bur-
sick, 1986) and the Cordén Caulle lava flows in and near the
Cordillera Nevada caldera in Chile (Katsui and Katz, 1967;
Moreno Roa, 1977).

Even where no rift zone or new dike is present,
earthquakes, ground deformation, and thermal, fumarolic, or
hydrologic changes occur outside some calderas. This obser-
vation is biased by our convention of including all changes
that occur in or near calderas, but the level of tectonic unrest
in areas north and northwest of Yellowstone, south of Long
Valley, north of Taupo, west and northwest of Aso, southwest
of On-take, west and northwest of Izu-Oshima, south of
Kutcharo, southeast of Toba, and both southwest and north-
cast of Taal is higher than in surrounding regions. We suspect
that some of this unrest near calderas occurs because regional
stresses are concentrated at weaknesses in the crust, and
calderas act like weak holes in crustal plates (see "Processes
of Caldera Unrest" below; also Lekhnitskii, 1968).

4. What is the vertical distribution of caldera unrest?

Strictly speaking, unrest reaches from a caldera down to
the zone of magma generation beneath that caldera. In a few
instances, earthquakes as deep as 60 km have preceded, ac-
companied, and followed shallow-seated unrest, as at Kilauea
in 1959 (Eaton and others, 1987). More commonly,
earthquakes around calderas are <15 km deep, and deforma-
tion can be modeled with point sources at depths of <15 km
and usually <10 km. Seismic imaging and other geophysical
studies of the crust beneath several large calderas indicate that
the tops of large magma reservoirs lie 5-15 km below the sur-
face (for example, Aira, Aso, Long Valley, Yellowstone, and
Krafla) (Eaton and others, 1975; Ono and others, 1978;
Einarsson, 1978; Hirata and Uchiyama, 1981; Sanders, 1984;
Sudo, 1987; Rundle and Hill, 1988).

5. Does unrest ever affect most or all of a caldera ring-fault
system?

Earthquakes at Rabaul from 1983 to 1985 were con-
centrated along steeply outward-dipping ring faults of an
inner, relatively young caldera (Mori and McKee, 1987).
Simultaneous eruptions from multiple vents along ring faults
are known from Deception Island (1967, 1969) and Niuafo’ou
(1853, 1867), as are simultaneous eruptions on opposite sides
of Rabaul in 1878 and 1937. At Tondano Caldera, eruptions
occurred at two or more ring vents in 1952, 1958-59, 1971,
1973, 1985, and 1987. Similarly, eruptions occurred at four
different vents of Bayonnaise during 1915. In the Gal&pagos
Islands magma rising along circumferential fissures around
caldera rims fed simultaneously active vents at Sierra Negra
in 1979 and at Fernandina in 1981 (Simkin, 1984).

Correlations Between Characteristics of Calderas
and Their Unrest

1. Does unrest differ from silicic to mafic centers?
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Unrest is equally common at silicic and mafic calderas
(tables 3a, 6). However, unrest at silicic centers leads to erup-
tions much less consistently than does unrest at mafic centers
(tables 1a—<), and eruptions at silicic centers are more ex-
plosive than those at mafic centers (table 2b). In addition,
precursors to eruptions last marginally longer at silicic centers
than at mafic centers (table 5).

2. Do systematic differences exist between unrest at calderas
of various diameters?

Judging from the number of caldera-years of unrest per
caldera during historical time and during the past 100 years,
calderas with diameters greater than 15 km are slightly more
restless than smaller calderas (table 7). No consistent trends
are apparent in the average repose between eruptions or the
average duration of unrest as a function of caldera diameter.
We expected that average repose periods and durations of un-
rest would be longer at large calderas than at small calderas,
but available information does not support this idea.

Table 7. Relation between caldera diameter and unrest

[Sample size in parentheses]

Caldera diameter

Un-

59 10-14 15-19 20-24 25+ known

Historically 37 18 5 5 4 18
quiet
calderas.

Historically 63 33 17 9 7 0
restless
calderas.

Caldera-years 10 13 19 16 20 —
of unrest
per caldera
in past
100 yr.

Average 28 27 26 26 8 56
repose (yr) (381) (227) (160) (106) (49) (16)
between
postcaldera
eruptions.”

Average Weeks Weeks  Wks-mo
duration (48) (40) 21
of seismic
unrest.

Days Months —
a8 1o (©

*Does not include reposes that are longer than the span of historical time.
Low value for calderas with diameter 25 km is further influenced by frequent
eruptions at Tondano Caldera and the Zhupanovsky complex.

3. Does unrest differ between older and younger calderas?

All calderas eventually become quiet over geologic time.
Indeed, 73 percent (41/56) of the calderas in table 8 are less
than 50,000 yr old, implying that most older Quaternary
calderas are quiet, unrecognized, or both. However, if judged
by the number of caldera-years of unrest per caldera, younger
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restless calderas are neither more nor less active than older
restless calderas. The average repose between eruptions pos-
sibly increases with increasing caldera age, but the data are not
compelling. Actual reposes might be longer or shorter than
shown here, because this table does not include potentially
long reposes preceding the first historically recorded eruption
nor potentially shorter reposes that could be revealed by bet-
ter monitoring and reporting.

Table 8. Caldera age® and unrest

[Sample size in parentheses]

Age of most recent collapse (ka)

0-9 10-49 50-99 100+
Caldera-years of unrest 21 14 3 19
per caldera in past 100 yr. (25) (16) 5) (10)
Average repose (yr) 27 27 160 32
between postcaldera (234) (125) (15) (101)
eruptions.”
Average duration of Weeks Months Weeks Wks-mo
seismic unrest. 63) (31) @ (22)

“Caldera age is taken as the age of the most recent major collapse and is
given in thousands of years before present (ka).

Many calderas in our compilation first formed hundreds of
thousands of years ago, have had multiple episodes of collapse
since then, and still show evidence (from historical unrest or
geophysical studies) that a large volume of magma remains
beneath them. Some of the oldest calderas in this compilation
are among the most restless (for example, Yellowstone and
Long Valley). Even if we consider only the most recent col-
lapse at each caldera, 10 of 138 restless calderas are at least
100,000 yr old, and at least 3 are more than 500,000 yr old
(Long Valley, Yellowstone, and those of the Daisetsu-Tokachi
area). If earlier calderas at the same or a nearby site are also
included, the oldest still-restless calderas are at least 11-12
million years old (Atitldn). As above, aging does not neces-
sarily result in decreasing activity; other factors, perhaps the
contemporary rate of supply of basaltic magma from depth and
the rate of regional tectonic strain, counterbalance or override
the effects of age.

4. Do earthquakes or uplift show any correlation with the ex-
tent of surficial hydrothermal activity at calderas?

We distinguished three qualitative degrees of surficial
hydrothermal activity: minor, moderate, and extensive.
Calderas with few or no hot springs or fumaroles have "minor”
hydrothermal activity, calderas with thermal areas in two or
three parts of the caldera have "moderate” hydrothermal ac-



tivity, and calderas with numerous vigorous thermal areas
have "extensive" hydrothermal activity. Examples are Kilauea
and Tengger (minor), Aso and Okmok (moderate), and Yel-
lowstone and Haroharo (extensive).

Calderas with extensive hydrothermal activity have no
greater number of caldera-years of unrest (per caldera) than
do calderas with minor hydrothermal activity (table 9).
However, calderas with extensive hydrothermal activity may
have more frequent seismic unrest than calderas with little or
no hydrothermal activity. A positive correlation of hydrother-
mal activity and seismicity could result from high pore pres-
sures and hydrofracting; from easy ascent of hydrothermal
fluids along active faults (Mase and Smith, 1987); from
magma intrusions; or from the fact that people like to live near
thermal springs and report changes in their natural environ-
ment, including earthquakes. Historical uplift seems equally
prevalent in each of the three classes of hydrothermal activity.
The average durations of seismic unrest and uplift at calderas
seem to increase with increasing hydrothermal activity, but the
reporting bias noted earlier might apply here too.

Table 9. Seismicity, uplift, and hydrothermal activity
[Sample size in parentheses; percentage in brackets]

Surface hydrothermal manifestations

Minor Moderate Extensive

Number of caldera-years 24 12 15
of unrest per caldera (19) (58) (29)
in past 100 years.

Episodes of seismic unrest 78 151 117
and percentage of [60] [69] [90]
restless calderas in
each group with
historical seismicity.

Average duration of Weeks Wecks Wks-mo
seismic unrest. (68) (63) (56)

Episodes of uplift and 32 42 23
percentage of [35) [31} [29]
restless calderas
in each group with
historical uplift.

Average duration of Months-yrs Years Years
uplift. @) @) 19

Temporal Relations with Regional Earthquakes
and Earth Tides

Caldera unrest occurred at least 79 times in close temporal
association with regional earthquakes or, in a few instances,
with swarms of regional earthquakes (table 10). By close tem-
poral association we mean within a timespan that is short in
relation to the usual recurrence intervals of both the regional
earthquakes and the unrest, usually within a few months or
less.

Table 10. Temporal relations between unrest and regional earthquakes

Temporal relation Number of cases
Regional earthquake, thenunrest _ __ _ __ ___________ 50
Unrest, then regional earthquake _ _ _ _ __ _ ____ ______ 17
Unrest, regional earthquake, thenmore unrest _ __ _ _ __ _ _ _ 12

Total 79

Fifty regional earthquakes (most M>6) were followed
within hours to months by unrest at nearby calderas. Notable
examples include Askja, 1875; Krakatau, 1880(?); Kakuto,
1913, 1961, 1966-67; Rabaul, 1910, 1916, 1919, 1971; Suoh,
1933; Akan, 1933, 1982; Zhupanovsky-Karymsky, 1940,
1952, 1960-67; Zhupanovsky-Maly Semiachik, 1952; Tao-
Rusyr, 1952; Yellowstone, 1959, 1975; Cordillera Nevada,
1960; Batur, 1963; and Daisetsu-Tokachi, 1962, 1968. Twen-
ty-seven of these episodes culminated in eruptions, and three
others are continuing without eruptions as yet (Rabaul, Wran-
gell, and Yellowstone). Some of the eruptions followed a
strong earthquake by only a few days (for example, the Suoh
eruption in 1933, the Tao-Rusyr, Karymsky, and Maly Semi-
achik eruptions in 1952, and the Cord6n Caulle - Cordillera
Nevada eruption of 1960). Other, less certain examples could
be added, such as the renewed unrest at the Phlegraean Fields
in 1982 less than two years after the 1980 Naples (Calabria)
earthquake, and unrest at Rabaul beginning about a month
after two large, distant earthquakes in 1971.

Even earth tides and ocean loading can disturb caldera sys-
tems. Eruptions at Kilauea and several Japanese calderas show
positive correlations with fortnightly earth tides (Mauk and
Johnston, 1973; Dzurisin, 1980; Shimozuru, 1987), as did vol-
canic earthquakes at llopango during 1879-80 (Golombek and
Carr, 1978). Ocean unloading directly atop a caldera with ring
fractures can trigger earthquakes, as at Rabaul in 1983-84
(Lowenstein, 1986), or eruptions, as perhaps at Kikai in 1934
(Tanakadate, 1936) or at Pantelleria over periods of millennia
(Wallmann and others, 1987). In these cases, the compressive
stress acting normal to ring fractures might decrease in
response to unloading. Conversely, seasonal ocean loading
outside and adjacent to a caldera and magma reservoir, as at
Pavlof on the Alaska Peninsula, can apparently increase the
frequency of eruptions (McNutt and Beavan, 1987). At Pav-
lof, ocean loading may squeeze magma up the conduit.

At least 27 regional earthquakes occurred within 100 km
of a restless caldera during or shortly after caldera unrest.
Notable examples include Rabaul, 1938-43; Aira, 1913-15;
Izu-Oshima, early 1920’s, 1950-51, 1986-87; Akan, 1973,
1982; Kutcharo, 1959; Kilauea and Mauna Loa, 1868, 1975;
Poas, 1910; Nevados de Chillan, 1906; and Krafla, 1975-76.
Unrest at Izu-Oshima may foreshadow large earthquakes in
the Sagami Bay-Tokyo area, as discussed in the sections on
Izu-Oshima in Part 3 and the Izu Peninsula in Part 4.
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We conclude that magma bodies beneath young calderas
often react to changes in regional tectonic strain, and that un-
rest at calderas is sometimes a general, long-range precursor
to regional earthquakes. To our knowledge, only a few
workers (Yamashina and Nakamura, 1978) have attempted to
test this premise. We doubt that caldera unrest is by itself a
reliable indicator of an impending regional earthquake, but
suggest that if a strong earthquake is imminent, careful
monitoring at nearby calderas would likely detect changes that
might aid future earthquake prediction.

PROCESSES OF CALDERA UNREST

Caldera unrest reflects tectonic, magmatic, and hydrologic
processes. For the purposes of this discussion, we define tec-
tonic processes as those that occur in country rock and
dominantly involve changes in mechanical energy with little
or no movement of mass into or out of the subcaldera environ-
ment. Magmatic processes are those that occur within a
magma reservoir, and in which thermal energy, magma, and
magmatic volatiles can (though need not) move into or out of
the subcaldera environment. Hydrologic processes are those
involving movement of subcaldera ground water or in which
the physical or chemical state of subcaldera ground water is
changed. Probably no episode of unrest is purely tectonic,
purely magmatic, or purely hydrologic, because tectonic and
magmatic changes invariably influence a ground water system
and vice versa, and magma (if present) invariably interacts
with the local tectonic stress field.

One possible classification of subcaldera processes is as
follows:

1. Predominantly tectonic processes:

(a) strain that is uninfluenced by the presence of a
caldera or magma body (that is, strain that occurs
only coincidentally at a caldera);

(b) strain that is focused at a caldera because the caldera
and the underlying magma body act as a weak hole
in a plate;

(c) strain that causes constant-volume deformation of a
magma body; and

(d) decrease of lithostatic confining pressure.

2. Predominantly magmatic processes:

(a) intrusions into the base of a subcaldera magma
TesServoir;

(b) intrusions outward or upward from a subcaldera
magma reservoir;

(c) in situ expansion or contraction of magma, from ex-
solution of volatiles (vesiculation), heating, or cool-
ing; and

(d) partial melting (assimilation) of country rock.

3. Predominantly hydrologic processes:

(a) convective heating of country rock;

(b) changes in pore-water pressures; and
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(c) changes in the discharge/recharge balance of a
ground water system.
Below, we discuss observational evidence and other argu-
ments that each of these processes is not only plausible but also
likely to be involved in caldera unrest.

(1) Predominantly tectonic processes:

(a) Unrest caused by regional strain, uninfluenced by the
presence of a caldera

Two observations from this compilation support the idea
that some unrest at calderas is of primarily regional tectonic
origin, uninfluenced by the presence of a caldera or large
magma reservoir,

(i) Seismicity and ground deformation similar to
that which occurs at calderas also occurs in non-
caldera and even nonvolcanic settings (see Part
4 of this compilation). For example, most
Japanese workers interpret seismic swarms and
uplift at Matsushiro, Japan, in 1897, 194144,
and 1965-68 as responses to regional tectonic
strain and ground water movement without any
clear involvement of the small, old volcanic sys-
tems of the area (Ichikawa, 1969; Kasahara,
1970; Nakamura, 1971; Ohtake, 1974, 1976)
(see section on Matsushiro in Part 4 for alterna-
tive interpretations). Similar unrest of probable
tectonic or tectono-magmatic origin has oc-
curred on the Izu Peninsula, Japan, in 1930 and
1974-present (Tsumura, 1977; Tsumura and
others, 1978; Thatcher and Savage, 1982; Fujita
and Tada, 1983; Mogi, 1985), and on the Kii
Peninsula, Japan, in the 1920°s and in 1952-53
(Kanamori, 1972; Wakita and others, 1987).

(ii) Many episodes of unrest do not culminate in
eruptions, and some have patterns of seismicity
and deformation that parallel regional patterns
and crosscut a caldera without obvious influence
from the caldera. For example, seismic swarms
near On-take Caldera, Japan (Fujii and Aoki,
1985), and Apoyo Caldera, Nicaragua
(Shepherd, 1986), are thought to reflect regional
tectonic processes and to be largely
uninfluenced by the nearby caldera.

(b) Unrest caused by regional strain focused by the

presence of a caldera

As is well known to structural engineers, stress is con-
centrated around a hole or other flaw in a plate subjected to
external forces (Lekhnitskii, 1968, p. 157-216). At the Tim-
ber Mountain caldera in Nevada, bending of regional Basin
and Range faults near the northern and southern margins of
the caldera can be explained in this way (Christiansen and
others, 1965; Cummings, 1968). If, for example, extensional
stress is applied in an east-west direction in the vicinity of a
caldera, the extension will be amplified at the northern and



southern margins of the caldera, and lesser north-south com-
pression will result at the western and eastern margins of the
caldera.

Focusing of regional strain as a cause of caldera unrest is
suggested by at least three observations:

(i) Some episodes of caldera unrest show no ob-
vious relation to magmatic or volcanic proces-
ses (for example, earthquake swarms and
extension near Taupo).

(ii) The intersections of calderas and regional faults
tend to be areas of high seismicity (see list under
"Distribution of Unrest Within Individual
Calderas" (question 3, above)).

(iii) Some periods of caldera unrest are also periods
of increased regional unrest, such as near Long
Valley Caldera from 1978 to the present.

Regional tectonic strain also contributes to the ultimate in
caldera unrest, caldera formation itself, by focusing magma
supply from depth and by creating a structural environment in
which collapse can readily occur. Volcano-tectonic depres-
sions such as Toba, Taupo, and Ilopango are clear examples
of this influence, and many calderas intersect regional faults
or fault zones.

(c) Strain that causes constant-volume deformation of a

magma body

Horizontal compression of a magma body ("squeezing")
causes uplift of its roof and/or lateral intrusion of magma, and
extension causes subsidence of the roof. If a conduit of rela-
tively small diameter rises from a reservoir of much larger
diameter, small horizontal strain at depth may cause large ver-
tical movements in the conduit—ijust as slight squeezing of a
carton of milk or juice causes that fluid to rise rapidly through
astraw. A large block of crust that has collapsed into a magma
reservoir to form a caldera may act as a piston with a diameter
roughly equal to that of the magma reservoir. Horizontal strain
in this case may cause an approximately equal vertical strain.
Observations supporting constant-volume deformation in-
clude the following:

(i) Nakamura (1971, 1975) and Yamashina and
Nakamura (1978) inferred that a narrow conduit
and crater floor at Mihara Volcano, within the
Izu-Oshima Caldera, act as a volumetric strain
gauge for regional compression in the Sagami
Bay area just south of Tokyo. More than 400 m
of piston-like rise of the crater floor from 1933
to 1950 corresponded to approximately one
microstrain of regional compression, and com-
parable subsidence of the floor followed stress
release during the 1953 Boso-Oki earthquake.
Similarly, McNutt and Beavan (1987) inferred
that Pavlof Volcano behaves as a volumetric
strain gauge and erupts more frequently during
seasonal ocean loading.

(ii) Some episodes of uplift are followed by com-

parable amounts of subsidence, without eruption
or other explanation for the reversal. For ex-
ample, uplift at Yellowstone Caldera recently
changed to subsidence, a change that we tenta-
tively attribute to recent dominance of regional
extension over continued but slow supply of
basaltic magma into the system.
(d) Decrease of lithostatic confining pressure
Magma is generally buoyant and will tend to rise through
most crustal rock unless it is confined by overlying rock
(lithostatic pressure). Massive landslides of several cubic
kilometers or more, melting of ice cover, or major changes in
ocean loading may trigger unrest. Observations consistent
with unrest caused by decreased lithostatic pressure include
the following:

(i) Pantelleria was unusually active during low
Pleistocene stands of eustatic sea level
(Wallmann and others, 1987).

(ii) A passing storm surge in 1934 might have trig-
gered an eruption of Kikai Volcano
(Tanakadate, 1936).

(iii) Even weak semidiurnal ocean tides bear an in-
verse relation to shallow earthquakes at Rabaul
(Lowenstein, 1986).

(2) Predominantly magmatic processes:
(a) Magmatic intrusions into a subcaldera reservoir
Observations and calculations consistent with magmatic
intrusion into subcaldera magma reservoirs include the fol-
lowing:

(i) Models of caldera-wide deformation often sug-
gest inflation of a large, 5 to 15-km-deep sub-
caldera reservoir (see sections on Aira, Long
Valley, Yellowstone, and Krafla in Part 3).

(ii) Deep, lower crust or mantle carthquakes accom-
panied inflation of the shallow reservoir of
Kilauea from 1955 through 1959 (Eaton and
others, 1987), suggesting gradual resupply of
magma over that period.

(iii) Eruption of relatively undifferentiated basaltic
magma from many calderas in this compilation
implies historical supply of that magma from
depth (see sections on Kilauea and Krafla in Part
3).

(iv) Mixed mafic and silicic pumice, disequilibrium
mineral assemblages, and other evidence of
magma mixing suggest intrusions of mafic
magma into large silicic reservoirs (see sections
on Krakatau, Batur, Long Valley/Inyo Craters,
Atitlan, Askja, Torfajokull, Agua de Pau, among
others, in Part 3).

(v) Periodic resupply of basaltic magma is essential
to maintain subcaldeara reservoirs in a molten
state for more than 10%-10° yr, as some are
known to have existed, and to replenish magma
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that has been erupted. Calculations by Smith
and Shaw (1975) and Lachenbruch and others
(1976) show that silicic magma reservoirs
beneath calderas solidify in 10 _10° yr unless
they have a continuing source of heat, probably
in the form of basaltic intrusions from depth.

(b) Intrusion of magma upward or laterally from a sub-
caldera reservoir

Observations suggesting intrusion of magma upward or

laterally from a subcaldera reservoir include the following:
(i) Many cases of unrest culminate in magmatic
eruptions.

(ii) Some earthquake swarms have migrated upward
or outward from a several-kilometers-deep
magma reservoir and have then been followed
by magmatic eruptions (see sections on Aira,
Toya, Kilauea, and Krafla in Part 3).

(iii) Some deformation can be modeled as shallow,
relatively small intrusions of magma upward
from a presumed larger reservoir (see sections
on Rabaul, Kilauea, and Krafla in Part 3).

(iv) Some unrest occurs along linear chains of vents
or fissures, clearly situated above a dike (see sec-
tions on Haroharo, Cordillera Nevada, and all
calderas with associated rift zones in Part 3).

(v) Dike swarms can be seen in the walls of many
calderas (for example, Hakone).

(¢)In situ expansion or contraction of magma

Magma expands if it is heated or exsolves a separate fluid
phase (gas or liquid). Coefficients of volumetric thermal ex-
pansion are on the order of 107 t0 10°3/°C for silicate melt(s),
and on the order of 20-40x10°%/°C for typical minerals of crys-
tallizing magma (Skinner, 1966). Thus, a 10 °C heating of
magma could cause 0.1 percent expansion and 1 m of uplift
above a 1-km-thick lens of magma. Larger reservoirs can pro-
duce the same amount of uplift with an even smaller percent
expansion. Hot basaltic magma that underplates or intrudes a
relatively cool magma reservoir is the most likely source of
new heat, though frictional heating may be important along
fault zones. Cooling, by itself, will result in comparable con-
traction and subsidence.

Thermal expansion of magma occurs only, and automati-
cally, as a result of magmatic intrusion. The corresponding
parameters of unrest are therefore the same as those of mag-
matic intrusions. Whenever a relatively cool magma is in-
truded by a hotter magma, the cooler magma must undergo
some amount of thermal expansion.

Exsolution begins whenever magma becomes saturated
with respect to a volatile component, principally H2O or CO».
The exsolved phase will exist as a gas at depths of a few
kilometers and less, and as a liquid at greater depths (Green-
land, 1987a,b). Primary causes of exsolution are decreasing
lithostatic pressure, upward migration of volatiles through a
magma column, absorption of meteoric ground water into
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magma (Hildreth and others, 1984), and second boiling, a
process in which cooling and crystallization concentrate
volatiles in a diminishing volume of residual melt until satura-
tion is reached (Bowen, 1928; Burnham, 1979). Vesiculation
by any means increases the volume of magma and decreases
its density; exsolution of a liquid phase has a similar but less
pronounced effect.

The following observations suggest exsolution and
vesiculation as processes of caldera unrest:

(i) The occurrence of fumarolic emissions at
calderas indicates that at least the tops of many
subcaldera magma reservoirs are saturated with
H20, COz2, and other species.

(ii) Comparison of fumarolic gas compositions to
calculated equilibrium compositions in magma
suggests pre-eruption saturation of at least CO2
and sulfur gases (Harris and Anderson, 1984;
Gerlach and Graeber, 1985; Greenland, 1987a,
b).

(iii) Volatile contents of glass inclusions in
phenocrysts (Anderson, 1975) indicate that
magma at Kilauea and probably other calderas
in this compilation is volatile saturated before
eruption.

(iv) Separation of a CO2-rich fluid phase can begin
at pressures as high as 10 kbar (40 km) (Gerlach
and Graeber, 1985), and this fluid phase can be
degassed from depths of 2—6 km in mafic magma
(Greenland, 1987a,b). Separation of a fluid
phase results in a small volume increase; trans-
formation of that fluid into a gas results in a sub-
stantial volume increase. At high lithostatic
pressures, a separated fluid phase can hydrofrac-
ture country rock as it seeks to rise.

(v) Transient fluctuation of gravity without con-
comitant vertical displacements at Po4s Caldera
(Rymer and Brown, 1987) and at Pacaya Vol-
cano on the rim of Amatitlan Caldera (Eggers,
1987) has been interpreted by those authors as
vesiculation or flashing of ground water to
steam.

(d) Parti . o
Partially melted xenoliths and elevated 85Sr%:?’lSr ratios

suggest that many subcaldera magmas assimilate country
rock. The phase transformation from solid to melt is accom-
panied by a volume increase of 5-10 percent (Skinner, 1966).
Although most geologists think of assimilation as a process
that occurs over many thousands of years, recent experimen-
tal work suggests that by a process of heat exchange between
convecting layers of mafic and silicic melt, a cubic kilometer
of anatectic melt can form within a few months to a few
decades (R.S.J. Sparks, oral commun., 1987).

(3) Predominantly hydrologic processes:

(a) Convective heating of country rock



Heat is transferred from magma through a hydrothermal
convection system to country rock. Heated country rock ex-
pands linearly on the order of 8-10x10%°C for typical
country rock between 20 °C and 100 °C (Skinner, 1966). Thus,
a10 °C heating of country rock could cause 0.01 percent linear
expansion or 0.1 m of uplift above a 1-km-thick body of heated
country rock. Babbage (1847) postulated heating of country
rock as the cause of uplift in the Phlegracan Fields Caldera;
we doubt that such heating is the sole cause of uplift, but think
that heating may well contribute to uplift in this and other
calderas.

(b) Changes in pore-water pressure

Any mechanism that increases pore-water pressure will
cause subtle uplift above a hydrothermal system (Oliveri del
Castillo and Quagliariello, 1969; Grindley, 1976), lubricate
faults, and permit regional strain release in small increments,
as in earthquake swarms rather than main shock-aftershock se-
quences. Heating of ground water will cause pore pressures to
increase if permeabilities are relatively low and prevent free
escape of heated water. Grindley (1976) suggested that "* * *
even a 10 °C heating of a 3 km column of [water-saturated]
rock with 20 percent porosity would lead to a gradual rise in
ground level of 2 metres, assuming one third of the stresses
were relieved upwards.” Self-sealing (precipitation of silica
and other solutes in the pores and cracks of a hydrothermal
system) or tectonic closure of cracks will also reduce per-
meability and increase pore-water pressures.

Pore-water pressures decrease by cooling, breaking of
self-sealed rock or opening of cracks, or by excessive fluid
withdrawal by man. Subsidence and microearthquakes occur
during significant decreases in pore-water pressure.

(c) Changes in the discharge/recharge balance of a ground

Changes in the balance of discharge and recharge of
ground water may be reflected by changes in the temperature
or discharge of thermal springs and fumaroles. Factors in-
fluencing discharge and recharge include changes in fracture
and matrix permeability, changes in precipitation, and man’s
withdrawal of geothermal fluids.

The following observations suggest that hydrologic -

processes contribute to unrest:

(i) Many eruptions at calderas begin as phreatic
eruptions, and some never progress beyond
phreatic activity.

(ii) Shallow seismicity and ground deformation are
common in areas of known hydrothermal sys-
tems. Seismic swarms have been reported in
many geothermal areas and interpreted as
focused release of regional strain in small incre-
ments, lubricated by high pore pressures
(Minakami, 1960; Ward and Bjornsson, 1971;
Hiraga, 1972; Hill and others, 1975). Some
hypocentral volumes correspond to high-
temperature parts of hydrothermal systems, as at

Hakone Caldera (Hiraga, 1972; Oki and others,
1978). Geothermal fields subside as a result of
excessive fluid withdrawal and at least partially
recover upon reinjection. For example, fluid
withdrawal caused subsidence at Kakuto
Caldera and lowered ground water temperatures
at Hakone Caldera (Oki and others, 1978).
Remarkable subsidence owing to geothermal
fluid withdrawal is occurring at Wairakei, New
Zealand, near Taupo Caldera; cumulative sub-
sidence at Wairakeiexceeded 8 m by 1982 (Allis
and Barker, 1982). Matsushiro is a classic ex-
ample (in a cool, noncaldera environment) of in-
teraction between ground water pore pressures
and regional tectonic strain; during 1965-68,
pore pressures apparently increased in response
to tectonic strain, lubricated a fault, and were the
major cause of uplift (Ichikawa, 1969; Kasahara,
1970; Nakamura, 1971; Ohtake, 1974, 1976)
(see also the section on Matsushiro in Part 4).

(iii) Many episodes of seismic or deformation unrest
include an increase in the temperature of
fumaroles and thermal waters, or development
of artesian hot springs. For example, hot ground
water was expelled shortly before eruptions at
the Phlegraean Fields in 1538, Aira and
Sakurajima in 1914, and Tokachi in 1962. At
Yellowstone, the M=7.3 1959 Hebgen Lake
earthquake severely disturbed the hydrothermal
system, cracked self-sealed caps, and brought
deep, hot water into shallow zones where it
heated shallow country rock and increased pore
pressures and hot spring discharge (Marler,
1964). These hydrologic changes were initially
in response to tectonic or magmatic processes,
but they also contributed to continued unrest at
those calderas.

(iv) Some uplift reverses to subsidence without any
obvious tectonic or magmatic explanation (for
example, at the Phlegraean Fields in 1972 and
1985).

UNREST AND THE STRUCTURE OF CALDERAS
AND LARGE MAGMA RESERVOIRS

Patterns of unrest at calderas give information about the
depth, size, and shape of large magma bodies, attitudes of ring
faults, and the process of resurgent doming. Most of the
caldera earthquakes noted in this compilation occurred above
15 km depth, and most uplift that has been modeled implies
point sources at 10 km depth or less. Magma reservoirs
presumably lie beneath or are surrounded by zones of seis-
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micity, at or below the levels indicated by the point-source
modeling.

Details of unrest suggest complex structures in magma
reservoirs. Not all unrest at calderas is concentric., Seismicity
may occur in one part of a caldera, uplift in another, and erup-
tions in yet another. Some of this complexity reflects different
processes in different parts of a caldera—for example, strike-
slip faulting along the southern moat of Long Valley and
simultaneous inflation of a magma reservoir beneath the resur-
gent dome of that caldera. Other complexity is predicted by
theoretical models—for example, parallel ridges of uplift and
a central zone of subsidence that are expected on either side
of a rising dike (Dieterich and Decker, 1975; Pollard and
others, 1983). We suspect that much of the remaining com-
plexity reflects the complex geometry and plumbing of large
magma reservoirs. Geologic mapping of the dissected roots of
ancient volcanoes has shown that magma reservoirs beneath
large calderas commonly had irregular tops or cupolas (Lip-
man, 1984). Seismic studies also suggest complexity in the
structure of large magma reservoirs (Hill, 1976; Ryall and
Ryall, 1981; Sanders, 1984). We envision that large magma
reservoirs consist of more molten and less molten parts with
some interconnection of the more fluid parts. A disturbance in
any one part of a magma reservoir by shaking, squeezing, or
injection of melt may eventually be distributed in complex
ways throughout the entire reservoir. Judging from the long
duration of unrest at silicic calderas, it may take years to
decades fora disturbance to propagate through a viscous silicic
magma body and its overlying hydrothermal system.

One long-standing debate in volcanology is whether
caldera ring faults dip inward or outward and, if inward, how
collapse can occur. Earthquakes along the southern boundary
of Long Valley in 1983 define a vertical plane (Savage and
Cockerham, 1984), and earthquakes at Rabaul define a ring
fault that dips about 80° outward (Mori and McKee, 1987).
Collapse at Fernandina in 1968 occurred along a steeply in-
ward-dipping ring fault (Simkin and Howard, 1970). Ring
faults in older calderas of the Western United States dip ver-
tically or steeply inward (Lipman, 1984). Simultaneous erup-
tions from multiple vents around the rims of calderas, as at
Niuafo’ou, Deception Island, and Rabaul, also imply the ex-
istence of ring dikes but do not indicate their dip. No histori-
cal collapse at a small Krakatau- or Crater Lake-type caldera
has been sufficiently well documented to show the existence
or dip of ring faults.

Some unrest noted in this compilation is related to struc-
tural doming at young calderas. Historical uplift of several-
hundred-thousand-year-old resurgent domes at Long Valley
and Yellowstone has been too rapid to have been continuous
for the entire lifetimes of those domes. Episodic uplift (and
subsidence) are likely, and we doubt that those domes are still
growing. In contrast, progressively uplifted coral reefs and ter-
races, geodetically measured uplift, and accompanying seis-
micity at Iwo-Jima suggest that a resurgent dome in that
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caldera is still growing. Resurgent blocks at 75,000-yr-old
Toba Caldera also might be rising, but present data are inade-
quate to judge the rate of any current uplift.

FORECASTING ACTIVITY AT RESTLESS
CALDERAS

Unrest at calderas and in large magma reservoirs can lead
totruly devastating eruptions and therefore requires particular-
ly careful monitoring. However, calderas are complex sys-
tems, so critical forecasts are among the most difficult to make.
Lessons from this compilation that bear on forecasting are
listed below.

1.Can one tell whether a particular episode of unrest will lead
to an eruption?

Slightly more than half of the episodes of unrest at mafic
calderas are followed by an eruption within one year or less
(table 1b); fewer than half of the episodes of unrest at silicic
calderas are followed by an eruption within one year or less.
Within the past 100 years at silicic calderas that had not
erupted for at least 100 years, only 10 of 60 episodes of unrest
led to eruptions.

Characteristics of a specific episode of unrest rarely signal
a unique outcome. Dramatically accelerated uplift of a large
area of caldera floor, to a rate of several meters per day, is the
only change in this compilation that has always been followed
by an eruption. Between 4 and 5 m of uplift occurred in the
second and third days before the 1538 eruption of Monte
Nuovo in the Phlegraean Fields; 6 m of uplift occurred in 2
days before the 1878 eruption of Rabaul; and 2 m of uplift oc-
curred in 8 hours before the 1937 eruption of Rabaul. In each
of this admittedly small number of instances, an eruption
began within 3 days of rapidly accelerating uplift.

No other set of changes is known to always or never lead
to an eruption. A few changes and combinations of changes
usually lead to eruptions, generally within hours to days after
the changes are noted. Among the more diagnostic signs of an
impending eruption are the following:

« volcanic tremor;

« anexponentially escalating rate of seismic energy release

or a sudden, pronounced drop in seismic energy release;

« a sudden increase in the rate of uplift (to tens of cen-

timeters per day or more) or sudden subsidence after an
extended period of uplift;

« opening of, and intense fumarolic emissions from, new

fissures; or
« asudden, sharp increase in hot-spring discharge.

A pronounced increase in the discharge of sulfur gases is
a good indication that magma is near the surface and could
easily erupt; however, an absence of change in gas discharge
or composition at the surface does not imply that magma is
still deep and unlikely to erupt, because buffering by ground



water and other processes can mask such changes. Minor seis-
mic swarms, changes in the apparent volume of steaming, ther-
mal changes, and several other changes are poor indicators of
an eruption and occur many times without subsequent erup-
tions. At silicic calderas, only tremor, uplift, and ground frac-
turing seem to be strong indicators of an impending eruption,
and even these, individually, are imperfect indicators.

2. What is the minimum level of precursory activity that can
be expected before an eruption?

Probably none of the eruptions in this compilation occurred
entirely without precursors, but the intensity and character of
precursors varied greatly. Many eruptions have occurred
without reported precursors and a few reportedly occurred
without precursors, but such instances are probably at-
tributable to inadequate monitoring or failure to recognize the
significance of changes that did occur. No eruption at a well-
monitored caldera has occurred without precursors.

To design a monitoring and forecasting program where lit-
tle risk can be accepted, the question of minimum expectable
change might be reworded as, "What are the smallest changes
that led to any eruption at a caldera? Are those changes at a
microscale (strainof 1 partin 106, and earthquakes no stronger
than M=0), or are the changes larger?" Precursors to individual
phases of an ongoing eruption can be very small—for ex-
ample, tenths of a microradian of tilt before recurring ex-
plosions of Sakurajima (Kamo and Ishihara, 1986). Precursors
to other eruptions have also been subtle or brief. Some phreatic
eruptions were preceded only by changes that are common
during noneruptive periods and therefore do not seem excep-
tional or worrisome. Precursors to some other eruptions were
recognized only with hindsight, such as seemingly unrelated
changes in hot springs at one site and mild earthquake swarms
at another, both located many kilometers from the eventual
eruption site (as occurred at Tarawera and the Haroharo
Caldera in 1886 and at On-take in 1976-84). Except for the
above-mentioned special cases, we know of no eruptions that
occurred after a repose of months or longer without precursors
substantially above the microlevel. Historically, failures in
forecasting eruptions have been failures to monitor even large
changes, or else failures in the interpretation rather than the
measurement of small changes.

However, two cautions are required. First, most eruptions
occur where there is no microlevel monitoring. Although we
do not know of any eruptions that demonstrably occurred after
repose of months or longer with only microlevel changes, the
possibility remains that some such eruptions have occurred.
The data are simply too sparse to ignore that possibility.
Second, precursors to large regional earthquakes in non-
caldera settings are thought to be at the microlevel, and we
noted earlier that some large regional earthquakes have ap-
parently triggered dike intrusion and eruptions within hours.

We suspect that calderas will show above-microlevel changes
before a regional earthquake but caution that the available data
barely show, much less guarantee, that possibility. Further-
more, it may be many years before accumulated experience in
earthquake prediction near calderas permits confident inter-
pretation of such changes.

Where higher levels of risk are acceptable or the conse-
quences of false alarms are unacceptable, the question of min-
imum expectable unrest can be reworded, "What are the
thresholds in rates of seismic energy release, rates of uplift,
and similar measures, above which an eruption is likely?"
Such thresholds for the entire set of calderas are high and
dominated by unusual cases. A few large volcano-tectonic
earthquakes and earthquake swarms have not been followed
by eruptions, so the critical threshold in seismic energy release
would be very high. Similarly, a few examples of rapid uplift
(such as the cryptodome intrusion at Usu in Toya Caldera, or
the rise of the crater floor at Mihara-yama in Izu-Oshima
Caldera) have not been followed by eruptions, so a general-
ized threshold would be meaningless. One could exclude ex-
treme cases and then search for threshold values among the
remaining examples; alternatively, and we believe more
defensibly, one can define critical thresholds for each caldera
individually.

The minimum level of precursory unrest is by no means
the norm. In fact, most magmatic eruptions from new or long-
inactive vents at calderas were preceded at least by
pronounced seismicity and ground deformation, and usually
by thermal and hydrologic changes too.

3. What is the minimum expectable duration of precursors to
an eruption within a caldera?

Precursory unrest begins a few hours to a few decades
before eruptions at calderas (for example, 32 hours before the
Usu eruption of 1977 and about 38 years before the Phlegracan
Fields eruption of 1538). The minimum duration of precursory
unrest is probably longer at a volcano that has been in repose
for centuries or millennia than at a volcano that erupts every
few years. However, after a repose of 102 years, Masaya
Caldera erupted in 1772 within minutes of the first reported
precursory earthquakes. In 1704-5 after a repose of 212 years,
new vents at Las Cafiadas Caldera erupted after only a few
hours to a few days of seismicity. After a repose of 365 years,
the 1727 eruption of Oraefajékull was preceded by only 1 day
of precursory seismicity (as felt 9 km from the summit). Other
caldera volcanoes that have erupted on short notice after long
(but imprecisely known) repose periods include Suoh (1933,
14 days after aregional earthquake and 13 days after increased
steaming), Kikai (1934, about 5 days after the first reported
earthquakes), and On-take (1979, after 6 hours of immediate
seismic precursor and 3 years of related, regional seismicity).
Periods of a few days are inadequate for civil defense prepara-
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tions in most communities and are especially short where resi-
dents are not accustomed to volcanic threats.

4. Can one tell whether an impending eruption will be of
caldera-forming magnitude?

Recognition of precursors to a caldera-forming eruption
remains as difficult as ever, if not more so. This compilation
includes events that we might once have considered good in-
dicators of an impending caldera-forming eruption, such as
simultaneous eruptions from multiple ring-fracture vents,
pronounced caldera-wide uplift, and seismicity along entire
ring-fracture systems, but none of these events led to a caldera-
forming eruption. Similarly, we find events from the small
sample of historical caldera-forming eruptions that alerted ob-
servers that the caldera was restless but were not sufficiently
distinctive or intense to indicate that a caldera-forming erup-
tion was imminent. For example, increased steaming and
phreatic eruptions at Tambora from 1812 to 1815 clearly
showed that the volcano was restless but did not suggest the
imminent caldera-forming eruption.

5.Can one tellwhen a particular episode of unrestis finished?

This is one of the most important and difficult questions
posed in this study. Residents of a caldera may be well aware
of when unrest begins, even without advice from scientists. A
greater challenge is to know when unrest is finished, because
in the meantime social and economic disruption is almost in-
evitable.

Much of the unrest described in this compilation, especial-
ly at silicic calderas, is intermittent—a little activity, then a
pause, then more activity, and so on. Intermittent seismic
swarms are a good example; intermittent ground deformation
is also known (such as the uplift at Iwo-Jima), and fumarolic
activity can probably be intermittent also. The obvious ques-
tion during intermittent unrest is, "Which event is the last of a
series?"

In principle, unrest can be deemed finished when the
causes of that unrest have been removed or greatly reduced.
For example, unrest resulting from magmatic intrusion is
finished when all of the eruptible magma has been erupted and
resulting changes in other parameters have diminished to
preeruption levels. In practice, very few instances of unrest
end as cleanly as this.

The next simplest indicator of the end of unrest is the ces-
sation of changes. However, an apparent end of unrest is not
always a good sign, especially if it occurs suddenly after along
buildup. Some intrusions pause after the magma has reached
a shallow depth. It may then be simply a matter of time before
volatile accumulation in the magma, a strong earthquake, or
other factors allow the magma to make a rapid final ascent to
the surface with few additional precursors.

Another good indicator of the end of unrest is a gradual
reversal of those changes that can be reversed—elastic ground

26 Historical Unrest at Large Calderas of the World

deformation, magnetic and gravity changes, thermal changes,
and fumarolic and hydrologic changes. Local subsidence may
occuraround a vent immediately before an eruption, but other-
wise a reversal from uplift to subsidence is generally a good
indicator of a lessening of unrest, especially if the original
changes are fully recovered. Reversals of other changes are
equally diagnostic. One particularly interesting reversal was
noted at the Phlegraean Fields from 1982-85, in which Ha,
CHa, and S gases began to decrease before seismic energy
release slowed and before uplift reversed to subsidence (Grup-
po Nazionale per la Vulcanologia, 1986). We do not know if
similar gas changes always occur, but volcanologists would
be wise 10 look for them in the absence of other definitive in-
dicators of the end of unrest. One exception to reversals as an
indicator of lessening unrest is if two processes of unrest with
opposite symptoms alternate in dominance—for example, al-
ternating uplift (from magma intrusion?) and subsidence (from
tectonic extension?) at Yellowstone.

6. Are false alarms at calderas likely and, if so, more or less
likely than at smaller volcanic centers?

The task of forecasting eruptions at calderas is more dif-
ficult than at smaller volcanic centers because the complexity
of magmatic and hydrothermal systems beneath calderas in-
creases the likelihood that influxes of magma into those reser-
voirs might not be erupted immediately. Precursors at small
volcanic centers usually intensify as the eruption nears and
culminate within a period rarely longer than a few months. Un-
rest at large calderas, in contrast, often proceeds intermittent-
ly and may continue for years or decades, so it is very difficult
to know whether any particular increase in activity will soon
lead to an eruption. Earthquakes and other changes at calderas
are large, owing in part to the large size of many calderas.
Thus, residents and scientists are faced with a difficult
problem: Unrest is abundantly clear but hard to interpret and
more likely than not to subside rather than lead directly to an
eruption. On the other hand, the potential always exists for a
truly devastating eruption to occur with little additional warn-
ing. Worrisome changes that do not lead to an eruption are
likely, and the public must be willing to accept false alarms if
they wish to receive timely warning of an eruption.

PRINCIPAL CONCLUSIONS

1. The most common processes causing seismic swarms,
uplift, and other elements of caldera unrest are regional
tectonic strain, magmatic intrusion and processes within
magma reservoirs, and hydrologic processes, as listed in
the section on "Processes of Caldera Unrest."

2. Unrest resembling that at calderas occurs in noncaldera
and even nonvolcanic settings, calling special attention to



10.

11.

the role of regional tectonic and hydrothermal processes
as agents of unrest.

Most unrest is a hybrid of several processes acting simul-
taneously or in sequence, and in many instances interact-
ing with each other. Because of feedback mechanisms
between processes, it is rarely possible or meaningful to
classify specific unrest as purely tectonic, magmatic, or
hydrothermal.

Calderas are dynamic and delicately balanced systems,
and they can be disturbed by even small stimuli. Most un-
rest at silicic calderas occurs in response to routine, rela-
tively minor tectonic strain or small-volume basaltic
underplating of silicic reservoirs.

Different processes with different implications for
hazards produce similar symptoms of unrest. Even a well-
understood hybrid of processes can lead to many different
outcomes.

The most common types of unrest (for example, scismic
swarms and thermal, fumarolic, and hydrologic changes)
are not reliable indicators of impending eruptions.
Changes that are more diagnostic of impending eruptions
are harmonic tremor; an exponentially escalating rate of
seismic energy release or a sudden, pronounced drop in
seismic energy release; a sudden, pronounced increase in
the rate of uplift or sudden deflation after an extended
period of inflation; opening of, and intense fumarolic
emissions from, new fissures; or a sudden, sharp increase
in hot-spring discharge.

. Although large calderas hold a greater potential for

catastrophic eruptions than small centers, most eruptions
at calderas are relatively small.

Caldera unrest is likely to persist for months to years,
sometimes even for decades to centuries, and to be inter-
mittent rather than to show a systematic increase until cul-
mination.

Much unrest does not culminate in an eruption, but erup-
tions are likely enough that many persons will choose to
take precautionary measures. The choice of such
measures is complicated by the long periods over which
unrest can persist and the wide range of scales of poten-
tial eruptions, from minor to colossal eruptions that
change the course of human history.

The outcome of a specific episode of unrest cannot and
should not be forecast solely on the basis of patterns of
unrest at other calderas, given the uncertainties in
generalizing from one caldera to another or from this en-
tire compilation to a single restless caldera. Rather, we
suggest that this compilation can (@) show what is ordi-
nary and extraordinary (qualitatively and in a few
instances semiquantitatively), (b) suggest multiple inter-
pretations of unrest, and (c) suggest new investigations to
constrain interpretations of unrest.

The delicate equilibrium of calderas may cause them to
become restless if regional stress increases, as in advance

of major regional earthquakes. Calderas should be

monitored for unrest that might forewamn of strong

regional earthquakes.

There is no simple solution to the interpretation and
forecasting of complex events at calderas. However, the rich
record of historical caldera unrest is important for basic re-
search and crisis response alike. Processes that last millennia
and longer are recorded in the geological record, and day-to-
day or year-to-year processes are recorded by modemn
monitoring. Many of the processes in large magma reservoirs
and hydrothermal systems, as seen at large calderas, operate
over periods of months to millennia. The historical records in
this study are a bridge between classical geology and modern
volcano-tectonic monitoring. We recommend the fascinating
walk across this bridge, before and during future crises at
calderas.
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PART 2: Quick Reference to Parts 3 and 4

Readers may use this section as a supplement to the table of contents to compare sum-
mary tabular data for two or more calderas, or to scan for specific patterns of unrest. Narra-
tive details of unrest are given in Parts 3 and 4.
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