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Abstract. Routine geodetic measurements are made 
at only a few dozen of the world's 600 or so active 
volcanoes, even though these measurements have 
proven to be a reliable precursor of eruptions. The 
pattern and rate of surface displacement reveal the 
depth and rate of pressure increase within shallow 
magma reservoirs. This process has been demonstrated 
clearly at Kilauea and Mauna Loa, Hawaii; Long Valley 
caldera, California; Campi Flegrei caldera, Italy; Rabaul 
caldera, Papua New Guinea; and Aira caldera and 
nearby Sakurajima, Japan. Slower and lesser amounts of 
surface displacement at Yellowstone caldera, Wyoming, 
are attributed to changes in a hydrothermal system that 
overlies a crustal magma body. The vertical and horizon- 
tal dimensions of eruptive fissures, as well as the amount 
of widening, have been determined at Kilauea, Hawaii; 

Etna, Italy; Tolbachik, Kamchatka; Krafia, Iceland; and 
Asal-Ghoubbet, Djibouti, the last a segment of the East 
Africa Rift Zone. Continuously recording instruments, 
such as tiltmeters, extensometers, and dilatometers, 
have recorded horizontal and upward growth of eruptive 
fissures, which grew at rates of hundreds of meters per 
hour, at Kilauea; Izu-Oshima, Japan; Teishi Knoll sea- 
mount, Japan; and Piton de la Fournaise, R6union Is- 
land. In addition, such instruments have recorded the 
hour or less of slight ground movement that preceded 
small explosive eruptions at Sakurajima and presumed 
sudden gas emissions at Galeras, Colombia. The use of 
satellite geodesy, in particular the Global Positioning 
System, offers the possibility of revealing changes in 
surface strain both local to a volcano and over a broad 

region that includes the volcano. 

INTRODUCTION 

Much has been learned about the physics of active 
volcanoes by recording the slight surface displacements 
that occur before and during eruptions. Away from the 
eruptive site the surface rises or falls with geometric 
regularity as magma shoves its way through the crust. 
The pattern and rate of surface displacement can often 
be matched by a model that consists of a few simple 
pressure sources embedded in an elastic material. The 
displacement pattern reveals such characteristics as 
depth and rate of magma accumulation. Near the erup- 
tive site, the crust exceeds its elastic limit, and the 
pattern of surface displacement is often chaotic as new 
faults and fissures form. Here it is difficult to interpret 
the action at depth because the displacement pattern 
depends partly on the sequence of ground breakage. 
Nevertheless, the net change in shape of the ground 
surface after an eruption reveals how magma was ac- 
commodated within the volcano. By multiplying the ef- 
fects of a single event a hundred or a thousand times, we 
begin to understand how volcanoes grow. 

In addition to rapid changes associated with individ- 
ual eruptions, long-term changes occur in the shape of 
volcanoes. Hydrothermal systems that lie over many 
shallow magma bodies can cause the ground surface to 

rise or drop slowly. In addition, slow subsidence can be 
caused by the downward pull of gravity, causing a large 
volcanic mountain to spread. The net result of internal 
hydrothermal alteration or the spreading of a high vol- 
cano may be sudden collapse of the volcano, unrelated 
to magmatic activity, which is the major hazard at some 
long dormant volcanoes. The buildup to such events may 
be recorded by long-term measurement of surface dis- 
placement. 

Historically, patterns of surface displacements were 
determined mainly by using high-precision land-survey- 
ing techniques, originally developed to make topo- 
graphic surveys. These techniques measure changes in 
elevation, distance, or angle among a set of reference 
points called bench marks. Recently, techniques of space 
geodesy, such as the Global Positioning System (GPS), 
have been used to measure surface displacement at 
active volcanoes. Regardless of the technique, the strat- 
egy in making field measurements is simple. The relative 
positions are measured of a network of bench marks 
scattered across the surface. Some time later, the same 
points are remeasured to determine changes in relative 
position since the previous survey. A balance is sought 
between infrequent measurements of a large number of 
bench marks and frequent measurements of a few 
benchmarks. The first approach gives a detailed view of 
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Figure 1. Locations of volcanoes are where measureable surface displacement has been reported. Geodetic 
measurements have been made at more volcanoes than shown here. 

the shape of surface displacement, and the second re- 
veals the timing of displacement. 

Surface displacement has been measured at several 
dozen volcanoes worldwide (Figure 1 and Table 1), 
though only a half dozen or so have been studied in- 
tensely for more than a few decades. Often, measure- 
ments do not begin at a volcano until a crisis has devel- 
oped, usually signaled by a shallow earthquake swarm, 
and so, in most cases, an unknown fraction of the total 
surface displacement associated with a volcanic event is 
recorded. It is at the half dozen or so volcanoes where 

measurements of surface displacement are routine that 
the most has been learned. Our discussion will concen- 

trate on those few volcanoes. Before we examine how far 

or how fast the surface of an active volcano moves or 

describe the types of models proposed for the source of 
surface displacement, we need to examine extinct volca- 
noes whose insides have been laid bare by erosion or 
tectonics. We need to perform an autopsy on dead 
volcanoes to understand what gives life to the active 
ones. 

VOLCANOES AS DYNAMIC LANDSCAPES 

In the southernmost Andes, Pleistocene glaciers once 
cut deeply into the crust, scraping away surface features 
and exposing in geologic form a record of the events that 
occurred long ago within a now static crust. At several 
locations just east of the north-south line defined by 
currently active volcanoes along the Andes, the exposed 

rocks tell of a former comingling of mafic and silicic 
magmas, a relationship common in many sections of 
continental crust. The relationship is particularly clear at 
Cordillera del Paine, where glaciers laid bare a 2-km 
vertical section of a pluton that may have once fed a 
volcano [Michael, 1991]. 

The lower portion of the exposed pluton at Cordillera 
del Paine is a complex of gabbroic rocks. The remainder 
of the exposure is granite capped in a few places by older 
sedimentary rocks, making up the roof of the pluton. 
The composition of granitic dikes that invaded the roof 
suggests that the pressure at the roof of the pluton was 
about 200 MPa, which indicates an emplacement depth 
of 6-8 km [Michael, 1984]. The Cordillera del Paine 
pluton once occupied a magma chamber in the upper 
crust. Perhaps the pluton was the root of a volcano, 
though if such a volcano ever existed, all trace of it has 
been removed by erosion. At Cordillera del Paine we 
can only guess how the pluton may be related to volcanic 
activity. The importance • this site to us is that the 
silicic bodies that make up the pluton were invaded from 
below by basalt. Such a relationship supports the claim 
that basalt is the ultimate heat source powering all 
magmatic, and hence all volcanic, systems [Hildreth, 
1981]. 

Magma Mixing 
Other examples of silicic bodies invaded from below 

by basalt exist at the eastern •xtreme of North America. 
At Neward Island, Labrador, a layered intrusion records 
the mixing of mafic and silicic magmas [Wiebe, 1988]. At 
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TABLE 1. Geodetic Measurements of Active Magmatic Systems 

Y•ar 

Measurements Most Frequent 
P'olcano Began Measurement 

Other Types of 
Measurements References 

Usu, Hokkaido 

Tarumai, Hokkaido 

Komagatake, Hokkaido 
Sakurajima, Honshu 

(Aira caldera) 

Yakedake, Honshu 
Asama, Honshu 
Teishi Knoll, Honshu 

Aso, Kyushu 
Miyakejima, Izu Islands 
Izu-Oshima, Izu Islands 
Iwo-Jima, Izu Islands 

Tolbachik, Kamchatka 

Klyuchevskoy, Kamchatka 
Karymsky, Kamchatka 

Mount St. Helens 

Yellowstone 

Medicine Lake 

Long Valley 

Socorro 
Kilauea 

Mauna Loa 

Colima 

Arenal, Costa Rica 
Poas, Costa Rica 
Pacaya, Guatemala 

Ruiz 

Galeras 

Soufrib. re, St. Vincent 

Krafla 

Askja 

Hekla 

Japan 
1910 leveling trilateration 

1971 trilateration spirit level tilt 

1929 leveling 
1891 leveling (annual) triangulation, 

trilateration, tide gage, 
tiltmeter, extensometer 

1977 spirit level tilt (annual) trilateration 
1934 tiltmeter (daily) leveling 
1968 leveling (annual) trilateration, tiltmeter, 

dilatometer, GPS 
1937 leveling (decade) trilateration 
1940 leveling (annual) tide gage 
1979 leveling (--•annual) trilateration 
1976 leveling (semiannual) trilateration 

Russia 

1975 triangulation, 
trilateration, leveling 

1978 leveling (annual) 
1972 leveling (annual) trilateration 

1980 

1976 

1988 

1975 

1911 

1919 

1965 

1982 

1976 

1987 

1979 

1985 

1989 

1977 

1974 

1966 

1968 

United States 

trilateration (annual), tiltmeter network 
crack measurements 

leveling (annual) 
leveling (semiannual) 
leveling (semiannual), 

tiltmeter, dilatometer 

trilateration 

trilateration 

leveling (--•20 years) 
summit tilt (daily) 

trilateration (annual) 

Mexico 

leveling (annual) 

leveling, spirit level tilt, 
trilateration, tiltmeter 
network, GPS 

spirit level tilt, leveling, 
GPS 

trilateration, spirit level 
tilt, tiltmeter, GPS 

Central Amedca • 

spirit level tilt (monthly) 
trilateration spirit level tilt, GPS 
leveling (annual) 

Colombia 

spirit level tilt (monthly), trilateration 
tiltmeter network 

tiltmeter 

Lesser Antilles 

spirit level (annual) 

Iceland 
electronic tiltmeter 

(continuous), summit 
tilt (daily since 1976) 

leveling (annual) 

leveling, spirit level tilt, 
trilateration 

trilateration, lake level 

leveling (semiannual) spirit level tilt, GPS 

Minakami et al. [ 1951], 
Yokoyama et al. [1981] 

Yamashita et al. [1984], Mori 
and Suzuki [1988] 

Mogi [1958] 
Yokoyama [1986], Tada and 

Hashimoto [1989] 

Kimata et al. [1982, 1989] 
Minakami [1942] 
Fujita and Tada [1983], Okada 

and Yamamoto [1991] 
Kubotera [1984] 
Tada and Nakamura [1988] 
Hashimoto and Tada [1990] 
Kumagai et al. [1989] 

Fedotov et al. [1980] 

Fedotov et al. [1990] 
Magus'kin et al. [1982] 

Iwatsubo and Swanson [1992], 
Iwatsubo et al. [1992], 
Dzurisin [1992] 

Dzurisin et al. [1994] 
Dzurisin et al. [ 1991] 
Savage and Clark [1982], 

Savage et al. [1987], 
Langbein et al. [1993] 

Larsen et al. [1986] 
Kinoshita et al. [1974] 

Lockwood et al. [1987] 

Murray [1993] 

Wadge [1983] 
Rymer and Brown [1989] 
Eggers [1983] 

Banks et al. [1990] 

Lockhart et al. [1990] 

Fiske and Shepherd [1990] 

Johnsen et al. [1980], 
Tryggvason [ 1994a] 

Tryggvason [1989], Rymer and 
Tryggvason [ 1993], Camitz et 
al. [1995] 

Tryggvason [ 1994b], 
Sigmundsson et al. [1992] 
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TABLE 1. (continued) 

Volcano 

Year 

Measurements 

Began 
Most Frequent Other Types of 
Measurement Measurements References 

Campi Flegrei 1819 
Vesuvius 1974 

Vulcano 1976 
Etna 1971 

Nyiragongo, Zaire 1977 
(Congo) 

Asal-Ghoubbet, Djibouti 1972 

Tangkuban Parahu, Java 1981 

White Island 1967 

Taupo 1979 
Ruapehu 1970 

Manam 1957 
Rabaul 1973 

Piton de la Fournaise 1980 

Italy 
leveling (monthly) 
leveling (semiannual) 
leveling 
leveling (semiannual) 

sea level, trilateration Berdno et al. [1984] 
trilateration, spirit level tilt Bonasia and Pingue [1981] 

Ferd et al. [1988] 
trilateration, spirit level Murray and Guest [1982], 

tilt, GPS Nunnari and Puglisi [1994] 

Africa 
trilateration spirit level tilt 

(semiannual) 
leveling (decade) trilateration 

Kasahara et al. [1982] 

Ruegg et al. [1979], Tarantola 
et al. [1980] 

Indonesia 

spirit level tilt trilateration 
(•-annual) 

Dvorak et al. [1990] 

New Zealand 

leveling (biannual) 
leveling (•-monthly) lake level 
trilateration (annual) 

Clark [1982] 
Otway [19861 
Otway [19791 

Papua New Guinea 
tiltmeter (daily) 
leveling (---annual), tide spirit level tilt 

gage, trilateration 

Mori et al. [1987] 
McKee et al. [1985],ArchboM 

et al. [ 1988] 

REunion 

tiltmeters (continuous), trilateration, spirit level 
extensometer tilt, leveling, 
(continuous) strainmeter 

Lenat et al. [1989a, b] 

the Isle au Haut Igneous Complex, Maine, a sequence of 
10 alternating units of gabbro and diorite may represent 
the successive invasions of an andesitic magma body by 
a compositionally uniform mafic magma [Chapman and 
Rhodes, 1992]. Because the solidus of basalt is higher 
than that of a more silicic magma, a pulse of basaltic 
magma would superheat a silicic magma and cause con- 
vection. Vigorous convection would induce vesiculation, 
increasing magma pressure, perhaps to such a degree 
that the surrounding rock begins to fracture. If the 
fracturing extends to the surface, an explosive silicic 
eruption may ensue [Sparks et al., 1977]. Such a basaltic 
trigger may have initiated the recent explosive eruption 
of Mount Pinatubo, Philippines [Pallister et al., 1992]. 

Because basaltic magma occurs in nearly all magmatic 
provinces and because many large nonbasaltic eruptions 
are derived from zoned reservoirs, it is proposed [Hil- 
dreth, 1981, p. 10,153] that "nearly all magmatic systems 
are 'fundamentally basaltic' in the sense that mantle- 
derived magmas supply heat and mass to crustal systems 
that evolve a variety of compositional ranges." In the 
case of a large, old system, such as the volcanic systems 
beneath Yellowstone or Long Valley, episodic invasion 
of mafic magma is an efficient way to maintain a liquid 
silicic magma body [Lachenbruch and Sass, 1978]. We 
suppose that such episodic events occur now and cause 

surface strain as the crust accommodates a basaltic in- 

trusion. The geologic record, however, does not indicate 
the frequency or duration of such episodic events. For 
that we rely on displacement measurements of active 
volcanic systems, such as those discussed in a later sec- 
tion, that may have recorded such events. 

Development of Large Intrusions 
The relation between large intrusive bodies and vol- 

canic activity has been debated throughout the history of 
geology. Specifically, how does the crust accommodate 
emplacement of a large intrusion, whether as a series of 
sheets or as a large ellipsoidal body [Pitcher, 1979; Pater- 
son and Fowler, 1993]? How might the emplacement 
affect the surface, even if the magma never erupts? 

L. von Buch was among the earliest proponents of a 
"craters of elevation" theory for the formation of high 
volcanic mountains. His ideas were based on a visit to 

the Canary Islands in 1815, after which he noted that the 
filling of large, ancient magma reservoirs exposed in the 
eroded walls of the Canary Islands could have raised the 
volcanic islands. Modern investigations of the Canary 
Islands amplify von Buch's basic conclusion. Such volca- 
noes are built by both intrusive and extrusive processes, 
in roughly equal proportions [Staudigel and Schmincke, 
1984]. At the island of La Palma, intrusions appear 
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mostly as sills, which raised the overlying material and 
formed steep fault scarps on the flanks of the volcano. 
Upheaval is evident also at the basaltic islands of Rhum 
[Brown, 1956], R•union [Upton and Wadsworth, 1969], 
and Saint Helena [Daly, 1927; Baker, 1968]. At these 
volcanic islands the large intrusive bodies consist of 
layered rocks that formed by episodic invasion of basalt 
[Emeleus, 1987]. At Saint Helena and R•union the in- 
trusive body is about 2 km thick and 10-20 km in 
diameter and lies about 2 km below the present surface. 
Around the edge of the body, individual intrusions form 
a plexus of crosscutting dikes and sills. 

A contemporary twist of the "craters of elevation" 
theory has been recognized in the evolution of silicic 
calderas. Such a caldera forms by collapse during erup- 
tion of a voluminous ash flow tuff from a shallow magma 
chamber, probably fed from a shallow pluton. Repeated 
eruption and collapse of a single silicic caldera or a 
cluster of such calderas is related to the sequential 
development of shallow plutons, which coalesce to form 
a batholith [Steven and Lipman, 1976]. The association 
of a batholith and a silicic caldera is inferred from large 
negative Bouguer anomalies, characterized by steep 
marginal gradients, that enclose Yellowstone [Eaton et 
al., 1975] as well as many other silicic calderas in the 
western United States [Lipman, 1984]. 

Growth of a batholith as a coalescence of individual 

plutons produces crustal uplift over two different scale 
lengths. The more easily recognized uplift is confined to 
the caldera floor and occurs within a few hundred thou- 

sand years after caldera collapse. The caldera floor may 
rise several hundred meters, a process called resurgence 
[Smith and Bailey, 1968]. Resurgence is most common at 
calderas larger than 10 km in diameter that formed in 
cratonic crust [Lipman, 1984], such as Valles caldera, 
New Mexico. Resurgence is less likely where the crust 
may be too weak to accumulate large volumes of magma, 
such as the Taupo volcanic zone, New Zealand [Wilson 
et al., 1984], and in Japan [Aramaki, 1984]. 

Growth of the batholith may also produce regional 
uplift, which may occur over an entire volcanic field and 
be larger than any individual caldera. Such uplift is 
evident at the San Juan volcanic field, Colorado, as (1) a 
regional topographic high, (2) a slight tilting of volcanic 
strata away from the central part of the field, and (3) 
development of extensional structures across the volca- 
nic field [Lipman, 1984]. In northern New Mexico, re- 
gional uplift is evident at the Sangre de Cristo Moun- 
tains, which are broadly arched over the granitic bodies 
associated with the Questa caldera [Lipman, 1983]. Such 
regional uplift involved the underlying batholith, which 
may continue to rise and intrude into the volcanic de- 
posits that were erupted earlier from the growing batho- 
lith. Such a relationship is evident at the Casto batholith, 
which has intruded into the Challis volcanic deposits, 
Idaho [Cater et al., 1973]. Because many batholiths are 
roofed by thin covers of their own volcanic ejecta [Ham- 
ilton and Myers, 1967], which obscure structural relation- 

ships in older rocks, field examples of regional uplift are 
difficult to notice. 

Regional uplift might occur also if a volcanic system is 
supplied by an upwelling mantle plume, which provides 
dynamic support for a raised lithosphere [Richards et al., 
1988]. Rising plumes have been inferred to exist beneath 
a few dozen areas of hot spot volcanism, including Ha- 
waii, Iceland, and Yellowstone [Crough, 1983]. 

Not all silicic calderas are associated with regional 
uplift. For example, regional subsidence occurred before 
formation of Long Ridge caldera, Oregon [Rytuba and 
McKee, 1984], and occurs now around Campi Flegrei 
caldera, Italy [Dvorak and Mastrolorenzo, 1991], and 
Medicine Lake caldera, California [Dzurisin et al., 1991]. 
In each case, subsidence may be a combination of re- 
gional extension, gravitational loading of the crust by 
erupted material and depressurization of a hydrother- 
mal system. 

Geophysical Evidence of Shallow Magma 
In this and the next subsection, we digress from a 

consideration of extinct volcanoes and consider what 

geophysical evidence indicates the presence today of 
magma in the shallow crust. Lipman [1984] noted that 
the large negative Bouguer gravity anomalies associated 
with many extinct silicic calderas probably indicate shal- 
low batholiths. Such a Bouguer anomaly is also associ- 
ated with Yellowstone caldera, where the anomaly may 
define a shallow cooling granitic pluton that still contains 
partial melt [Eaton et al., 1975]. The region beneath 
Yellowstone caldera has a lower seismic velocity than its 
surroundings and does not everywhere transmit shear 
waves; both seismic characteristics are possible evidence 
of a shallow body of partial melt. How much of the 
region beneath Yellowstone caldera does other geo- 
physical evidence indicate is molten today? 

Magma has supplied eruptions of the Yellowstone 
volcanic system for at least the last 2 m.y., most recently 
75,000 years ago, and so magma is probably present now 
[Hildreth et al., 1991]. A three-dimensional model of 
seismic velocity beneath Yellowstone shows a large low- 
velocity zone about 100 km in diameter that extends 
from the surface to a depth of about 250 km [Iyer, 1988]. 
The velocity reduction is about 10% throughout most of 
the low-velocity zone, and the reduction is as much as 
30% in two small areas within 10 km of the surface 

beneath the northeast and southwest sections of the 

caldera [Lehman et al., 1982]. Major changes in temper- 
ature and composition across the caldera boundary, 
without the presence of magma, could account for the 
10% reduction of velocity [Lehman et al., 1982]. The 
30% velocity reduction, however, does require a partial 
melt at depths greater than about 2 km, with a melt 
fraction that ranges from 10 to 50% [O'Connell and 
Budiansky, 1977]. At depths shallower than 2 km, the 
velocity reduction is probably caused not by partial melt 
but instead by a large volume of steam in a highly porous 
material [Lehman et al., 1982]. 
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By analogy with Yellowstone, the 30% reduction of 
seismic velocity beneath Valles caldera, New Mexico, is 
also evidence of a body of partial melt [Roberts et al., 
1991]. The body is about 17 km across, is centered at a 
depth of 10 to 13 km, and must have a vertical height of 
at least 8 km. As at Yellowstone, in order for melt to still 
exist beneath Valles caldera and to account for the 

present heat flow, the Valles pluton must have been 
heated throughout most of its period of activity, proba- 
bly by intrusion of basalt. 

Elsewhere, geophysical evidence is not as compelling 
for the presence of shallow magma, even though contin- 
ued eruption of some volcanoes indicates that shallow 
magma must be present. An aseismic, low-velocity zone 
beneath the summit area of the basaltic volcano Kilauea, 
Hawaii, represents a zone of temporary magma storage 
[Thurber, 1984]. Because the velocity reduction is only a 
few percent, the zone of magma storage is mostly hot 
solid rock that contains pockets of magma. Clear iden- 
tification of magma storage is complicated by high-ve- 
locity zones within Kilauea, which represent dense in- 
trusions [Rowan and Clayton, 1993]. On the basis of the 
pattern of movement of Kilauea's south flank since a 
magnitude 7.2 earthquake in 1975, Delaney et al. [1990] 
proposed that a magma storage zone extends from 3 to 
9 km beneath the summit region and both of Kilauea's 
rift zones. The existence of deep magma storage beneath 
the rift zones based on geodetic data, however, is ques- 
tioned because Delaney et al. failed to consider the 
response of Kilauea to the magnitude 7.2 earthquake 
and the contribution to surface strain caused by a decade 
of aftershocks [Dvorak et al., 1994]. 

At Krafla, Iceland, another basaltic system, magma 
storage is inferred from attenuation of shear waves [Ein- 
arsson, 1978]. The attenuation zone is about 2 km wide, 
lies within 3 km of the surface, and extends no deeper 
than 7 km. A similar zone may represent magma storage 
less than 3 km beneath the basaltic volcano Plosky 
Tolbachik, Kamchatka [Balesta et al., 1978]. 

Beneath Long Valley caldera, California, the velocity 
reduction is only about 10 per cent [Steeples and Iyer, 
1976], and so is not an unambiguous indicator of a 
partial melt. Instead, attenuation of shear waves in two 
small zones [Sanders, 1984] and refraction of seismic 
waves [Hill, 1976] are better indicators of possible shal- 
low magma storage. 

Results of seismic reflection surveys are used to infer 
structures that could be the tops of small magma bodies. 
Such a body lies about 4 km beneath the floor of Campi 
Flegrei caldera, Italy, at the base of an intense zone of 
shallow earthquakes [Ferrucci et al., 1992]. A 20-km- 
deep body lies beneath Etna [Sharp et al., 1980]. Results 
of other reflection surveys reveal a sill-like body, about 8 
km wide and less than 0.5 km thick, about 20 km beneath 
Socorro, New Mexico, along the Rio Grande Rift Zone 
[Sanford et al., 1977; Ake and Sanford, 1988]. Continuous 
seismic profiles across several segments of the mid- 
ocean ridge system reveal the top of crustal magma 

chambers 1-2 km below the seafloor [Mutter, 1985; De- 
trick et al., 1987; Collier and Sinha, 1992]. 

No evidence of either low-velocity or attenuation 
zones has been found beneath isolated andesitic or dac- 

itic volcanoes in the Cascade Range, in particular Mount 
Hood, Oregon, and Mount Shasta and Mount Lassen, 
California [Iyer, 1988]. The lack of evidence means that 
magma rises from a deep source through narrow con- 
duits that are smaller than can be detected by seismic 
methods. A small magma body is inferred from seismic 
studies to lie about 5 km beneath the summit caldera of 

the mixed basaltic and rhyolitic Medicine Lake volcano 
in California [Evans and Zucca, 1988]. Seismic studies 
are also used to infer the presence of a shallow layer of 
boiling water at Medicine Lake [Evans and Zucca, 1988] 
and Newberry caldera, Oregon [Zucca and Evans, 1992]. 

In summary, except for bodies beneath Yellowstone 
and Valles calderas, geophysical evidence is consistent, 
but not conclusive, for the presence of magma in the 
upper crust beneath basaltic volcanoes. Nonetheless, 
small, shallow magma bodies are inferred to exist be- 
neath many volcanoes where eruptions are frequent and 
hydrothermal activity is conspicuous. We will show that 
the location of these bodies often corresponds to the 
location of buried pressure sources determined by mea- 
surements of surface displacement. 

Hydrothermal Systems 
Vigorous fumaroles, geysers, and boiling springs are 

often associated with an active volcanic system. At such 
a system the action of hydrothermal fluids may contrib- 
ute to the pattern of surface displacement, either ampli- 
fying or suppressing movement caused solely by mag- 
matic processes. The Yellowstone system is used as an 
example because scientific drilling and intensive geo- 
chemical and isotopic studies of hydrothermal fluids 
have characterized the detailed extent of that system. 

At Yellowstone, meteoric water circulates under hy- 
drostatic pressure to depths as deep as 5 km [White et al., 
1975; Fournier, 1989]. Below 5 km, hydrothermal circu- 
lation is choked off by reduced permeability because 
earthquakes are not frequent enough to reopen frac- 
tures that became clogged by mineral deposition. Thus a 
self-sealed layer develops that separates circulating wa- 
ter at hydrostatic pressure and deeper fluids at lithostatic 
pressure. The latter includes fluids released during cool- 
ing and crystallization of magma. The presence of a 
self-sealed layer near the hydrothermal-magma interface 
could confine temporarily a pressurized aquifer. The 
cyclic increase and release of pressure (the beginning of 
the latter signaled by an earthquake swarm) raises and 
then lowers the ground surface. 

The existence of such a self-sealed layer is confirmed 
by results of intensive drilling at the active caldera of 
Campi Flegrei, Italy, and into a fossil hydrothermal 
system associated with the Henderson porphyry molyb- 
denum deposit in north central Colorado. Drilling at 
Campi Flegrei encountered an impervious 1-km-thick 
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layer that formed by hydrothermal alteration [Rasi and 
Sbrana, 1987]. Below the layer is a confined aquifer at 
temperatures that exceed 250øC. 

In Colorado, drilling and underground geologic map- 
ping revealed a system of radial, mineral-filled fractures 
that surround a molybdenum deposit, which owes its 
existence to the upward flow of fluids from a former 
magma body [Carten et al., 1988]. The radial fractures 
formed when local pressure exceeded lithostatic pres- 
sure, perhaps caused by dilation as fluids exsolved from 
a crystallizing magma or as new magma intruded into a 
preexisting magma body. Such dilation almost surely 
raised the ground surface. The surface may lower if the 
self-sealed layer ruptures temporarily, fluids escape, and 
the pressure of the remaining fluids drops. 

Another indication that strain changes caused by a 
magmatic system can influence the circulation of ground 
fluids is the change in water level in deep wells. The 
water level of a 370-m-deep well 2 km east of Usu 
volcano, Japan, rose almost 40 m after the beginning of 
the August 1977 eruption [Watanabe, 1983]. The water 
level continued to rise for another year, approximately 
the duration of the eruption, then dropped and returned 
to its preeruption level 3 years later. The sudden rise 
during the yearlong eruption, when the amount of sur- 
face displacement was 100 m or more, suggests that the 
water level responded to compression of the aquifer as 
magma rose toward the surface. The subsequent drop in 
water level followed an exponential decay with a decay 
constant of 3 years, the slower diffusion of water driven 
by increased pore pressure. 

Water level responded in a similar way to strain 
pulses along the segment of the San Andreas fault sys- 
tem near Parkfield, California [Roelofts et al., 1989]. The 
strain pulses, recorded by creep meters, were sometimes 
accompanied by a sudden change in water level of a 
confined, 250-m-deep well. The water levels recovered in 
1-2 months and, as at Usu volcano, can be modeled as 
diffusion of water by increased pore pressure. These 
examples illustrate a possible way to distinguish mag- 
matic and hydrologic processes. A magmatic process can 
begin within a day or less. The hydrologic response to a 
strain change is more gradual, lasting months or even 
years. 

Sills, Laccoliths, Plugs, and Dikes 
So far, we have considered those processes that cause 

relatively slow surface displacements over periods of 
several months or longer. Sudden displacements, which 
may last less than an hour, are also recorded at many 
volcanoes, often immediately before an eruption. The 
geology of eroded volcanoes gives ample illustrations of 
features with discordant or chilled contacts that formed 

rapidly. A short encyclopedia of such geologic forms and 
structures is presented by Frankel [1967]. We review the 
dimensions of four general volcanic forms: sills, lacco- 
liths, plugs, and dikes. 

Sills are horizontal, sheetlike bodies, often injected 

along a well-defined geologic contact or between thinly 
bedded units. The thickness of a sill may be remarkably 
uniform across an exposure of 10 km or more. The range 
of thicknesses of different sills is from about a meter to 

a few hundred meters. A sill, like the other intrusive 
bodies described here, may form by successive injections 
of magma. Because the horizontal geometry of a sill 
does not intersect the surface, a sill is usually considered 
only as a means of storing magma, perhaps temporarily. 
The geometry of joints in a parallel set of sills at Katmai, 
Alaska, shows that sills are also a means of transporting 
magma horizontally [Lawenstem et al., 1991]. Horizontal 
transport via a sill may have occurred during simulta- 
neous eruptive activity at vents separated by 10 km 
during the 1912 eruption of Katmai that formed the 
Valley of Ten Thousand Smokes [Hildreth, 1987]. 

If horizontal extension of a sill is retarded, so that 
continued injection of magma causes vertical growth of 
the intrusive body and arching of overlying layers, then 
the sill evolves into a laccolith. Laccoliths are less com- 

mon than sills, though they are not rare; more than 600 
have been described in the United States [Carry, 1988]. 
Field observations suggest that sills are the forerunners 
of laccoliths, which form only after magma has spread 
far enough laterally to gain leverage to bend the overly- 
ing strata upward [Johnson and Pollard, 1973]. On the 
basis of cooling rate, the time required for a sill or 
laccolith to form within cold rock is less than a few years 
[Carry, 19881. 

A volcanic plug, also called a "volcanic neck," is a 
vertical, pipelike body of magma that may be the conduit 
of a former volcanic vent. Such a feature has no exposed 
or inferred floor. Instead, a plug connects to a lower 
magma body that was the source of eruptions. A clear 
example of this field relation is exposed near the Cloudy 
Pass batholith, Washington [Cater, 1960]. The southeast- 
ern end of the batholith plunges beneath older crust that 
is pierced by a line of plugs. 

A dike is a thin intrusive body with a vertical or nearly 
vertical orientation. Often, dikes are crowded in swarms, 
either as a radial pattern around a central point or along 
a long, linear system. Linear systems are considered 
separately in the next subsection. The central point of a 
radial pattern may be a complex of plugs or laccoliths, 
such as at Sunlight volcano, Wyoming [Parsons, 1939] 
and the island of Rhum [Brown, 1956]. Radial dikes on 
the dormant volcano Mount Rainier, Washington, radi- 
ate from the summit that overlies a central plug [Fiske et 
al., 1963]. A radial dike pattern may result from the 
tensions produced when pressure increases within a cen- 
tral conduit, such as a plug. The expansion causes the 
surrounding rock to split in vertical cracks that extend 
outward from the conduit [Iddings, 1914], a process 
analogous to hydraulic fracturing in oil wells [Hubbert 
and Willis, 1957]. A regional stress field or heteroge- 
neous crust may reorient a radial dike pattern into a 
broad, linear system far from the central point, such as 
Spanish Peaks [Ode, 1957]. 
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Other dike geometries are also possible, principally 
ring dikes or cone sheets, which have arcuate or closed 
circular outcrops. Ring dikes are vertical or inclined 
outward slightly from a central point. Cone sheets are 
inclined inward. From the different orientation with 

respect to a central point, which is the buried position of 
a large plug, ring dikes are the result of subsidence and 
cone sheets are the result of expansion [Anderson, 1936]. 
The emplacement sequence of cone sheets and ring 
dikes is usually complex, such as on the island of Rhum, 
which indicates repeated episodes of expansion followed 
by collapse over a central magma body. The association 
of ring dikes with an ash flow eruption of the Questa 
caldera, New Mexico [Lipman, 1984], suggests that some 
ring dikes may develop during the catastrophic events 
that form silicic calderas. 

[Takada, 1988], which suggests horizontal transport of 
magma of at least that distance at these central volcanic 
systems. During historical eruptions, simultaneous activ- 
ity along rift systems suggests horizontal magma flow 
over distances of at least 50 km in Iceland [Sigurdsson 
and Sparks, 1978] and Hawaii [Eaton and Murata, 1960]. 
Horizontal flow of hundreds to thousands of kilometers 

occurred during emplacement of dikes into the lower 
crust from large basaltic centers, such as the Mackenzie 
swarm, Canada [Ernst and Baragar, 1992], and the Mull 
swarm, Scotland [Macdonald et al., 1988]. Because an 
individual dike of these swarms was emplaced by a single 
pulse of magma, the horizontal growth rate of a dike 
must have been at least a few kilometers per hour 
[MacdonaM et al., 1988]. 

Linear Dike Swarms 

In Iceland, erosion has exposed thousands of dikes 
aligned parallel to the axis of the mid-ocean ridge sys- 
tem. In a survey of 700 basaltic dikes in eastern Iceland, 
Gudmundsson [1983] determined an average width of 
about 4 m and followed the longest exposed dike for 
more than 22 km. In Hawaii, basaltic dike widths mea- 
sured at the eroded Koolau volcano range from 0.05 m 
to 6.7 m; the average width is 0.7 m [Walker, 1987]. At 
Hakone volcano, Japan, the widths of andesitic dikes are 
mostly between 1 and 5 m, and the average thickness is 
about 3 m [Kuno, 1964]. These comparisons suggest that 
dike width is determined by factors other than magmatic 
composition. This is supported by field studies at sites 
where contemporary dikes of different compositions 
formed. For example, in the Lesser Antilles, basaltic and 
andesitic dikes of similar age and tectonic setting have a 
similar spectrum of dike widths [Wadge, 1986]. If all 
other factors are equal, fracture mechanics suggests that 
the average width of a dike increases with dike height or 
length and that the ratio of average width to length is 
proportional to the ratio of magma driving pressure to 
host rock stiffness [Pollard, 1987]. 

A comparison of recent volcanic activity at Krafla, 
Iceland, and Kilauea, Hawaii, suggests that more dikes 
reach the surface in Hawaii than Iceland [Rubin, 1990]. 
The difference may be caused by the steady regional 
extension across Iceland, while a relatively high magma 
supply to Kilauea maintains compressive stress on the 
flanks of Kilauea. Dikes in Hawaii that vent usually do so 
along only a part of their total length [Casadevall and 
Dzurisin, 1987]. 

Flow lineations of dikes show that magma moved 
outward and upward from a central plug at Spanish 
Peaks, Colorado [Smith, 1987], and Otoge volcano, Ja- 
pan [Takada, 1988]. Downward projection of lineations 
at Koolau volcano, Hawaii, indicate that magma rose in 
dikes from a center now 2-3 km below sea level, prob- 
ably the top of a magma reservoir [Walker, 1987]. 

Exposed dikes extend as far as 35 km from central 
plugs at Spanish Peaks [Smith, 1987] and Otoge volcano 

HOW FAR AND HOW FAST? 

Compared with familiar geologic standards, the 
amount and rate of surface displacement can be as- 
tounding at an active volcano. A meter or more of 
displacement recorded in a day or less is not unusual. 
Smaller amounts and rates are also common, sometimes 
over an area of a hundred square kilometers or more. 
Such a wide range of possible surface displacement 
illustrates the difficulty in making measurements. To 
make useful measurements, techniques must have (1) a 
broad range to ensure that an entire event is recorded, 
(2) sufficient sensitivity to record slight and slow 
changes, and (3) adequate spatial coverage to capture an 
event. A single technique cannot satisfy all three re- 
quirements, and so multiple techniques are often used. 
Detailed discussions of survey errors and accuracies and 
of the installation and stability of benchmarks are given 
by Ewert and Swanson [1992] and Murray et al. [1994]. A 
description of the installation and operation of tiltmeters 
is given by Toutain et al. [1994]. In this section we 
illustrate successful techniques by showing specific ex- 
amples of the amount and rate of displacement. 

Long-Term Displacements 
A history of displacement longer than a few decades 

is available for only a few volcanoes. We concentrate on 
the four examples that have the longest record of mea- 
sured surface displacement; three are calderas that 
formed by large explosions several thousand years ago 
and the fourth is an intraplate basaltic volcano. Two of 
the four have erupted since measurements of surface 
displacements were begun. We augment this discussion 
with examples from several other volcanoes where mea- 
surements were made at least a few years before an 
eruption. 

Sakurajima. Sakurajima is an andesitic-basaltic 
cone on the southern edge of Aira caldera, which forms 
Kagoshima Bay on Kyushu Island, Japan (Figure 2a). Of 
the many eruptions of Sakurajima during the 1200 years 
of historical records, one of the largest was the 1914 
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Figure 2. Long-term vertical movement at four active volcanic systems. Caldera outlines are shown on each 
map as thick solid lines. The time series plots to the right are relative elevation changes based on leveling 
surveys; bench mark locations are shown in the maps on the left. (a) Sakurajima. This andesitic-basaltic 
volcano, located on the southern rim of Aira caldera, has been the sole eruptive site of the caldera since at 
least the eighth century A.D. [Yokoyama, 1986]. The dashed line in the time series plot is an inferred history 
of vertical movement [Sassa, 1956]. The vertical scale of elevation change is twice that shown for the other 
three volcanoes because bench mark BM2474 is about 5 km from the presumed spot of maximum vertical 
movement in the caldera center (Figure 3a). Bench marks for the other calderas are within several hundred 
meters of the spot of maximum vertical movement. (b) Campi Flegrei. From at least 1820 until 1968, the 
caldera center subsided at an average rate of 14 mm yr -•. Since 1968, uplift of as much as 3 m has occurred 
in two distinct periods, the first ending in 1972 and the second lasting from mid-1982 to December 1984 
[Berrino et al., 1984]. (c) Long Valley. Though the last pre-1980 leveling survey was conducted in 1975, 
trilateration surveys across the eastern section of the caldera suggest that no significant ground movement 
occurred until after 1979. Since 1980, uplift rate has been continuous, though variable (as an example, see 
Figure 19b) [Langbein et al., 1993]. (d) Kilauea. Since 1919, bench mark SPIT subsided more than 4 m. A 
detailed history of vertical changes is inferred from daily tilt measurements, shown as a thin solid line. 
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eruption, when 2 km 3 of lava was erupted. Using the 
results of an 1891 leveling survey and a repeat survey in 
1914 after the eruption, Omori [1918] showed that the 
edge of the caldera subsided at least half a meter. The 
subsidence pattern had the shape of a shallow bowl 
(Figure 3a). Maximum subsidence was not centered 
around the 7-km-long eruptive fissure that formed 
across Sakurajima, but, instead, was located at the center 
of Aira caldera. The difference between triangulation 
surveys conducted before and after the eruption showed 
as much as 8 m of crustal extension across the eruptive 
fissure [Mogi, 1958]. 

A 1915 leveling survey showed that subsidence con- 
tinued at least a few months after the eruption 
[Yokoyama, 1986]. The caldera floor began to rise by at 
least 1918 and continued to rise until the next eruption 
in 1946 (Figure 2a). After a decade of dormancy, inter- 
mittent explosions began in 1955 from the summit crater 
of Sakurajima and continue today. About 0.2 km 3 of ash 
was erupted through 1982 [Yokoyama, 1986]. Frequent 
leveling surveys since 1961 show that the caldera floor 
rose slightly until about 1979, after which it subsided at 
a rate of a few millimeters per year [Tada and Hashi- 
moto, 1989]. 

Campi Flegrei. In contrast to the frequent erup- 
tions of Sakurajima, Campi Flegrei, on the west coast of 
southern Italy near Naples, has erupted only once in 
4000 years, an explosive eruption that lasted 10 days in 
A.D. 1538. Frequent leveling surveys since 1905 reveal a 
history of vertical displacements at Campi Flegrei that is 
different from that at Sakurajima and Aira caldera. 
Between 1905 and 1968 the center of the Campi Flegrei 
caldera subsided at a rate of 14 mm yr -• [Dvorak and 
Berdno, 1991] (Figure 2b), essentially the same as the 
average subsidence rate determined from sea level rise 
at Campi Flegrei since the 1820s [Berrino et al., 1984]. 
Between the summer of 1968 and January 1970, the 
caldera center rose almost a meter and continued to rise 

at a decreasing rate until mid-1972 [Berrino et al., 1984]. 
No earthquakes were widely felt during the uplift. The 
caldera subsided during the next 3 years, then showed no 
elevation changes until mid-1982. A second episode of 
uplift began in mid-1982 and continued at a steady rate 
until it ended suddenly in December 1984. The net uplift 
during the two episodes since 1968 was 3.0 m. The 
second episode was a period of intense earthquake 
swarms, which damaged many buildings and caused a 
temporary evacuation around the caldera center [Barberi 
et al., 1984]. The center of the caldera floor has subsided 
at a rate of 10-30 mm yr -• since December 1984. 

An earlier record of vertical displacement is available 
at Campi Flegrei based on historical documents and on 
examination of Roman ruins. Three marble columns at a 

Roman marketplace built in the second century B.C. 
near the caldera center, which were above sea level when 
the marketplace was excavated in 1750, are perforated 
by marine shells. This is clear evidence that since the 
Roman Age the caldera center had subsided several 

meters, submerging the marketplace beneath the Med- 
iterranean Sea, then was raised by a similar amount 
[Dvorak and Mastrolorenzo, 1991]. Government docu- 
ments and eyewitness reports show that uplift of the 
caldera center began at least a few decades before the 
one historical eruption in A.D. 1538 and accelerated 
during the 2 days before the eruption. 

tong Valley. As at Campi Flegrei, sudden uplift 
occurred recently at Long Valley caldera, California. 
Long Valley is considerably larger, 17 by 32 km versus 12 
km, and older than Campi Flegrei. Long Valley caldera 
formed about 700,000 years ago, while Campi Flegrei 
formed about 32,000 years ago and had a second major 
collapse about 11,000 years ago. The most recent erup- 
tions of Long Valley and Campi Flegrei occurred several 
hundred years ago. The A.D. 1538 eruption of Campi 
Flegrei was near the caldera center, whereas a series of 
eruptions near Long Valley occurred in about A.D. 1200 
along the Mono volcanic chain, an alignment of dacitic 
domes and craters that intersects the western rim of 

Long Valley caldera. 
The results of leveling surveys at Long Valley show 

that little if any vertical displacement occurred between 
1932 and 1975 [Savage and Clark, 1982] (Figure 2c). 
Trilateration measurements across the south portion of 
the caldera suggest that no significant displacement had 
occurred by July 1979. In May 1980, four M > 6 earth- 
quakes beneath the southern caldera boundary may have 
signaled the beginning of unrest. The next leveling sur- 
vey in September 1980 showed that the caldera center 
had risen 0.25 m since 1975. Since 1980, results of 
frequent leveling and trilateration surveys indicate con- 
tinued rise of the caldera center at variable rates, the 
highest rate during January 1983 [Castle et al., 1984] and 
for several months beginning in October 1989 [Langbein 
et al., 1993]. The total uplift since 1980 now exceeds 
0.6 m. 

Other explosive calderas, where measurements have 
not been as frequent or do not have as long a history as 
the three already described, also have sudden episodes 
of inflation, indicated by distension or uplift. For exam- 
ple, Usu volcano on the southern edge of Toya caldera, 
Hokkaido, Japan, showed sudden horizontal extension 
of 0.24 m less than 2 hours before the start of the 1977 

eruption, though no comparable displacement rates 
were measured during the previous 22 years [Watanabe, 
1983]. The floor of Rabaul caldera, Papua New Guinea, 
rose almost 2 m between 1973 and 1984; uplift was 
steady until 1982, then increased suddenly and was ac- 
companied by intense swarms of shallow earthquakes 
[Archbold et al., 1988]. The floor of Yellowstone caldera 
rose 0.7 m between 1923 and 1975, though the history of 
this rise is unknown because no intervening surveys were 
conducted [Pelton and Smith, 1982]. Annual surveys 
since 1983, however, showed 1 year of slow uplift at a 
rate of about 20 mm yr -•, followed by 1 year of no 
elevation change, then several years of slow subsidence 
at an average rate of about 20 mm yr -• [Dzurisin et al., 
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Figure 3. Contours of vertical displacement for the same four volcanic systems shown in Figure 2. The amount 
of inferred maximum vertical displacement is given in brackets for each system. Contour interval of elevation 
changes is 200 mm. The plots on the right compare measured (dots) and computed (solid line) elevation 
changes. Computed changes are based on a point model for a pressure source, parameterized by the depth to 
the source [Mogi, 1958]. (a) Sakurajima. From the 10-km-deep point model, as much as 1400 mm of 
subsidence probably occurred in the center of Aira caldera between 1891 and 1914 [Hashimoto and Tada, 
1989]. (b) Campi Flegrei. A much shallower source is indicated, at a depth of 3 km, during a period of 
continuous uplift [Dvorak and Berrino, 1991]. (c) Long Valley. Since 1975, most of the vertical displacement 
can be reproduced by a single point source located at a depth of 9 km, so that there may have been as much 
as 520 mm of uplift by 1982 [Savage et al., 1987]. (d) Kilauea. A depth of 4 km to a point source is indicated 
for the 5-day-long summit subsidence that accompanied the January 3, 1983, eruption along the east rift zone. 
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1990]. A similar change from slow uplift to slow subsi- 
dence, both movements at an average rate of about 20 
mm yr -1, has been measured at Askja caldera, Iceland, 
since 1966 [Tryggvason, 1989; Rymer and Tryggvason, 
1993]. Except for Usu, none of these volcanoes has 
erupted since displacement measurements were begun. 

The uplift profile across Yellowstone is essentially a 
mirror image of the subsidence profile [Dzurisin et al., 
1990] (Figure 4). The same was noted for Campi Flegrei 
[Liter et al., 1987]. This means that the location of the 
source that gave rise to uplift is near the location of the 
source that caused subsidence, even though the rates of 
uplift and subsidence were very different at Campi 
Flegrei (Figure 2b). 

Kilauea. The fourth volcano with a long history of 
displacement measurements is Kilauea, Hawaii, a basal- 
tic shield that is supplied magma from a mantle plume. 
Accurate leveling surveys from a distant benchmark to 
the summit area were begun in 1919-1920 [Wilson, 
1935]. Frequent surveys of the summit area have been 
made since 1966 [Fiske and Kinoshita, 1969]. The summit 
area has subsided almost 5 m during the past 85 years 

Figure 4. (opposite) The Yellowstone region, including Yel- 
lowstone caldera and an adjacent fault zone. (a) Outline of 
Yellowstone caldera, Mallard Lake resurgent dome (ML), and 
Sour Creek resurgent dome (SC), plus locations and features 
mentioned in the text. Thin lines that connect Mammoth, 
Canyon Junction, Silver Gate, and West Yellowstone are 
routes for repeated leveling surveys. The entire network was 
measured in 1923, 1975-1976, and 1988; the traverse between 
Canyon Junction and Lake Butte was measured each year from 
1983 to 1993. Also shown are the locations of two large 
earthquakes (stars) and two bench marks (DA3 1934 and Bll 
1923) near the center of uplift and subsidence at Le Hardy 
Rapids. (b) Locations of M > 2.5 earthquakes for the period 
1959-1989 (triangles) and contours of crustal uplift (heavy 
lines, labeled in millimeters) for the period 1923-1976. The 
rectangle encloses earthquakes shown in cross section in Fig- 
ure 4c. (c) Northwest-southeast cross section showing a gen- 
eralized uplift profile for the period 1959-1993 and hypo- 
centers of earthquakes outlined in Figure 4b. Note the aseismic 
region beneath the caldera, where high temperatures result in 
ductile, rather than brittle, behavior of the crust. The uplift 
profile does not include coseismic movements associated with 
the M = 7.5 Hebgen Lake earthquake in August 1959. (d) 
Uplift and subsidence profiles between Lake Butte and Can- 
yon Junction measured in 1976 and each year from 1983 to 
1993. Le Hardy Rapids rose at an average rate of 22 mm yr -• 
during 1976-1984, stopped moving during 1984-1985, and 
started to subside during 1985-1986. Since then the subsidence 
rate has varied from about 10 mm yr -1 to 30 mm yr -1. (e) 
Average uplift and subsidence rates between Lake Butte and 
Canyon Junction for three intervals spanned by leveling sur- 
veys. The uplift and subsidence profiles are virtually mirror 
images of each other, indicating that the locations of the 
sources are likewise similar. (f) Elevation as a function of time 
at bench mark B ll near Le Hardy Rapids as measured by 
repeated leveling surveys. Note the large time intervals be- 
tween surveys before 1983. 

and is now at its lowest elevation since leveling surveys 
were begun (Figure 2d). During this same period, 
Kilauea has erupted a few dozen times, mostly since 
1952 [Decker, 1987]. 

Frequent activity at Kilauea has made this volcano a 
natural laboratory to develop and test techniques to 
record surface displacements. A useful technique has 
been the daily measurement of tilt made in an under- 
ground vault within 3 km of the point of maximum 
vertical movement. Between 1913 and 1961, such mea- 
surements were made using a mechanical seismograph 
[Jaggat and Finch, 1929]. Since 1956, more precise mea- 
surements have been made using a water tube instru- 
ment [Eaton, 1959]. In Figure 2d the daily tilt measure- 
ments are superimposed on the history of summit 
elevation changes. Though the tilt record of the mechan- 
ical seismograph is more erratic than the water tube 
instrument, the period of overlap from 1956 to 1961 
shows a similar response of each instrument. Because 
Kilauea has been very active, superposition of tilt and 
elevation changes makes it possible to identify from the 
tilt records which sudden volcanic events caused the 

elevation changes. 
The largest summit subsidence occurred from April 

to June 1924, when magma moved from a shallow sum- 
mit reservoir to the east rift zone [Jaggat and Finch, 
1929; Dvorak, 1992]. During the subsidence, steam ex- 
plosions occurred from Halemaumau, a summit pit cra- 
ter that enlarged during the 1924 activity. After 1924, 
summit tilt changes were slow and unrelated to a few 
small summit eruptions or to a shallow earthquake 
swarm in May 1938. In the spring of 1950, an increase in 
the rate of shallow earthquakes was concurrent with 
uplift of the summit region [Finch and Macdonald, 
1953]. Since 1950 a now familiar displacement pattern 
has recurred in the summit area. During a period be- 
tween successive rift zone eruptions, which may last 
from a few weeks to a few years, the surface rises at tilt 
rates of 1 p•rad or more per day. For the instrument sites 
used at Kilauea, these tilt rates correspond to uplift of as 
much as several millimeters per day. Eventually, the 
uplift is interrupted by a sudden subsidence, which may 
coincide with a rift zone intrusion and, possibly, erup- 
tion. Within a few hours the caldera floor may drop 
several tens to hundreds of millimeters. 

An almost identical and recurring pattern of relatively 
slow uplift at a rate of a few millimeters per day, inter- 
rupted by sudden subsidence and a rift zone intrusion or 
eruption, began in 1975 at Krafla volcano, Iceland 
[BjOrnsson, 1985]. Until 1975, Krafla had been dormant 
since the previous series of eruptions that occurred from 
1724 to 1729. A comparison of triangulation surveys 
made in 1938 and 1965 showed no significant displace- 
ments [BjOrnsson et al., 1979]. The next survey in 1971 
suggested slight contraction. Increased seismic activity 
around Krafla in early 1975 prompted another survey, 
which was conducted a month or so before an eruption 
in December 1975. The results showed significant expan- 
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Figure 5. Horizontal displacements associ- 
ated with three fissure eruptions. (a) The 
September 21-24, 1971, eruption along the 
southwest rift zone of Kilauea [Duffield et al., 
1982]. The trilateration network is shown as 
thin lines that connect station pairs; each 
station is represented as a small triangle. (b) 
The November 21, 1986, eruption of Izu- 
Oshima [Hashimoto and Tada, 1990]. (c) The 
January 12-13, 1914, eruption of Sakurajima, 
on the southern rim of Aira caldera. These 

displacements were determined from triangu- 
lation surveys conducted in 1895-1898 and 
1914 [Hashimoto and Tada, 1989]. 

sion. During the December 1975 eruption the surface of 
Krafla subsided as much as 2.5 m [BjOrnsson, 1985]. 
During the next half year, the surface rose at an average 
rate of 6 mm d-l, then subsided suddenly in September 
as magma moved from beneath the summit area north- 
ward along a subterranean conduit system. During the 
next 10 years the displacement pattern alternated be- 
tween relatively slow uplift and rapid subsidence. Many 
episodes of subsidence coincided with rift zone eruptions. 

A wide range of displacement rates has been re- 
corded at the few volcanoes where measurements span 
several decades. The range of rates suggests that differ- 
ent processes are important, not solely the sudden sup- 
ply of magma to feed an imminent eruption. Moreover, 
a change of displacement rate might signal a change in 
the dominant process causing surface displacement. In a 
later section we use displacement rate as a means of 
distinguishing among various processes that cause vol- 
canoes to deform. For the remainder of this section we 

concentrate on the largest and most rapid displacements 
recorded at active volcanoes: displacements related to 
development of fissures and central vents. 

Development of Fissures 
A basaltic eruption often begins from a long fissure, 

which may be discontinuous and extend several hundred 
meters to a few tens of kilometers in length. The elon- 
gated geometry of a fissure suggests that the magma 
conduit feeding such an eruption is a dike that wedged 
open the upper crust and reached the surface. 

Trilateration or triangulation measurements across 
basaltic fissures show that the surface opens perpendic- 
ular to the axis of a fissure. For example, horizontal 
displacements derived from trilateration measurements 

made across the southwest rift zone of Kilauea showed 

about 2 m of opening across the axis of the rift zone 
during the September 1971 eruption [Duffield et al., 
1982] (Figure 5a). This amount of opening is within the 
range of dike widths measured at eroded Hawaiian 
volcanoes [Walker, 1987]. Trilateration measurements 
made at other basaltic volcanoes show a similar pattern 
of crustal opening across fissures, for example at Izu- 
Oshima, Japan [Hashimoto and Tada, 1990] (Figure 5b); 
Etna, Italy [Murray and Pullen, 1984]; and Krafla, Ice- 
land [Sigurdsson, 1980]. The amount of opening mea- 
sured during the 1914 eruption of Sakurajima is the 
largest yet recorded, an average of 8 m along a 7-km- 
long fissure [Hashimoto and Tada, 1989] (Figure 5c). 

Though the maximum horizontal displacement dur- 
ing the 1914 eruption was associated with formation of 
the eruptive fissure that formed across Sakurajima, the 
maximum vertical displacement occurred over the cen- 
ter of Aira caldera (compare Figures 3a and 5c). Evi- 
dently, a reservoir beneath the caldera supplied magma 
that moved laterally about 10 km and, perhaps, was 
erupted. Such lateral movement of magma from a cen- 
tral reservoir is common, especially at basaltic volcanoes. 
Subsidence of the summit area and eruption along a 
flank have been concurrent at Mauna Loa, Hawaii 
[Lockwood et al., 1987]; at Piton de la Fournaise, R6- 
union [Delorme et al., 1989]; and at Tolbachik, Kam- 
chatka [Fedotov et al., 1980]. The largest distance re- 
corded between a flank eruption and concurrent summit 
subsidence was 50 km during the 1975 eruption of Krafla 
[BjOrnsson et al., 1979] and during the 1960 eruption of 
Kilauea [Eaton and Murata, 1960]. 

The pattern of vertical displacement associated with a 
fissure eruption is uplift on either side of the fissure and 
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subsidence along the axis of the fissure, sometimes called 
a ridge-trough-ridge structure [Pollard et al., 1983]. The 
surface on either side of the fissure rises in order to 

accommodate the volume of the intrusion. Directly over 
the fissure the sideways opening of the intrusion 
stretches the overlying rock and causes the surface to 
drop. If the amount of dilation is large enough to crack 
the surface, then normal faults develop on either side of 
the fissure and the central graben may drop a meter or 
more. This pattern has been measured at several basaltic 
volcanoes, notably Kilauea (Figure 6), Etna (Figure 7), 
and Krafla [Sigurdsson, 1980]. Also, it occurred along the 
short segment where the mid-ocean ridge system comes 
onto land in Asal-Ghoubbet, Djibouti [Ruegg et al., 1979] 
(Figure 8). 

Frequent geodetic measurements, such as from con- 
tinuously recording tiltmeters, show that fissures often 
grow almost to their final size in a day or less. Kilometer- 
long eruptive fissures formed within a few hours or less 
in the summit areas of Kilauea in April and September 
1982 (Hawaiian Volcano Observatory, unpublished 
data, 1982) and of Piton de la Fournaise in 1983 and 
1984 [Zlotnicki et al., 1990]. Longer fissures that form on 
volcano flanks reach most of their final lengths of 5-10 
km and maximum openings of 1-3 m within a day, for 
example at Kilauea in 1983 [Okamura et al., 1988], 
Krafla in September 1977 [Hauksson, 1983], and Etna in 
1989 [Bonaccorso and Davis, 1993]. If an eruption per- 
sists a week or more, a fissure may extend a few more 
kilometers in length and open an additional few tenths 
of a meter [Ferrucci et al., 1993; Dvorak et al., 1986]. 

One of the most complete recordings of the growth of 
an eruptive fissure was made in 1989 before an undersea 
eruption off the east coast of Izu Peninsula, Japan 
[Yamamoto et al., 1991] (Figures 9a and 9b). Okada and 
Yamamoto [1991] identified five phases of the develop- 
ment of the fissure during the first 2 weeks of July 1989. 
These phases were based on changes in displacement 
rate measured by a tiltmeter and by a dilatometer. The 
latter records volumetric strain changes. In addition to 
the automatic instruments, daily measurements were 
made of the relative position of two bench marks located 
across the eventual eruptive fissure using trilateration 
and the satellite-based GPS. These different techniques 
showed consistent displacements and strain changes dur- 
ing an intense shallow earthquake swarm that lasted 1 
week (Figure 9c). 

Development of Central Vents 
Compared with the broad displacement patterns re- 

corded at explosive calderas and basaltic volcanoes, pat- 
terns at stratovolcanoes are localized. At Mount St. 

Helens, displacements related to rock failure were re- 
corded only over an area of 4 km 2 on the north flank 
during the several weeks that preceded structural failure 
of the flank and the beginning of a Plinian eruption in 

1980 [Lipman et al., 1981]. The amount of horizontal 
displacement of the north flank, however, was several 
hundred meters prior to the eruption. Large, localized 
failure of the volcano occurred also before the 1956 

Plinian eruption of Bezymianny, Kamchatka [Gorshkov, 
1959]. Within explosive calderas, displacements may be 
large and localized and last a few years, such as those at 
Usu in 1910-1911, 1943-1945, and 1977-1982 [Omori, 
1913; Minakami et al., 1951; Yokoyama et al., 1981]. The 
large displacements at Mount St. Helens, Bezymianny, 
and Usu were caused by dacitic magma intruded within 
a few hundred meters of the surface, forming a 
cryptodome. At Usu, slight displacements of a few tens 
of millimeters were measured as far as 8 km from the 

uplifted dome. Comparable amounts of displacement 
have not been recorded several kilometers from the few 

stratovolcanoes where geodetic measurements have 
been made. 

The lack of measured displacements around strato- 
volcanoes may be due in part to the difficulty of making 
such measurements on the steep and unstable slopes 
that compose these volcanoes. Where intensive mea- 
surements have been made, however, the amount of 
displacement has been small. A decade of annual tilt 
measurements at Soufri•re of St. Vincent, Lesser Anti- 
lles, spanned a period of vertical explosions, eruption of 
pyroclastic flows and dome growth [Shepherd et al., 
1979]. Even though a major eruption occurred, tilt 
changes were 20 txrad or less at distances of 2-6 km 
from an eruptive vent in the summit crater [Fiske and 
Shepherd, 1990]. At most, the flanks of Mount St. Helens 
moved outward a few tens of millimeters before major 
magmatic explosions in July and August 1980 [Swanson 
et al., 1981]. Before episodes of nonexplosive dome 
growth within the crater, no displacements were mea- 
sured on the outer flanks; however, displacements of a 
meter or more were measured within the crater across 

thrust faults [Swanson et al., 1983]. 
The example of Mount St. Helens stresses the need to 

make measurements close to the central vent. This is 

also borne out at other stratovolcanoes. Annual leveling 
surveys begun in 1967 along a 1-km-long line at White 
Island, New Zealand, revealed relative displacements 
that were less than 10 mm at bench marks farther than 

100 m from the explosion craters [Clark, 1982; Clark and 
Otway, 1989]. Within 100 m, elevation changes were 100 
mm or more. Trilateration measurements across the 

summit crater of Ruapehu, New Zealand, showed that 
the summit extended only several tens of millimeters 
before steam explosions, even when measurements were 
made a few minutes before an explosion [Otway, 1979]. 
Unless the volcano slope fails and a major bulge forms, 
as at Mount St. Helens or Usu, measurements made 
more than 1 km from the vent must have a precision of 
1 cm or less in order to detect displacements associated 
with eruptions of most stratovolcanoes. 



358 ß Dvorak and Dzurisin: VOLCANO GEODESY 35, 3 / REVIEWS OF GEOPHYSICS 

Distance, km 

5 0 5 

• m'Vl,,,,I .... I SE 
I 

,.= ok• 

'= 0 

©1 21-24 Sep 1971 Distance, km 
.... NWu. I -:-.?:-.i?:i.:- W l i i • i I i 

, ..... '•----,. _.,•-m•'::,:--•. •' • 5o0 -,•-'2:q'.-•: .... -• •_,'.:- ø ' 'q' •::,.•'.:.,:'•*-• •' s•..': -• • • 0.3• 
. •.?.;•-:.• ., -•. .. • 3 •/o 

:.... _..•.., :.: ,•. • 0• • [ -5• 

•.?• ' ,:.., • 

(• :- ,. •)•,.. •"•' .':' :i.:,. I ..-:•i-:!!,'•:,.• ..: •" Distance, km 
5 0 E 

• 200W, I .... I 
--i • 4km 

o 

22-26 Jun 1982 I -2o0 

•: l• • 0 
ß , 

.... -•. - .. ,•...• .::• , .. •. 

•1• I•ill•l I 10 
5 0 

Disrace, • 

Figure 6. Three rifting events along the southwest rift zone of Kilauea. (a) Location map showing the major 
Hawaiian Islands and the location of Kilauea. (b) (left) Epicenters of earthquakes (plus symbols) recorded 
during the September 21-24, 1971, eruption along the southwest rift zone. The extent of the eruptive fissure 
is indicated as a thick, segmented line [DuJfield et al., 1982]. Locations of bench marks along a short leveling 
route are shown as small dots that cross the southern region of the summit caldera. (right) Measured (circles) 
and computed (solid line) elevation changes along the leveling route shown to the left [Dvorak, 1990]. (c) (left) 
Epicenters of earthquakes recorded during the August 10-12, 1981, intrusion into the southwest rift zone. 
Locations of bench marks along a leveling route that crosses the southwest rift zone are shown as small dots. 
(right) Measured and computed elevation changes and earthquake hypocenters projected onto a vertical plane 
perpendicular to the rift axis. The distance between the two maxima in the elevation profile suggests that the 
dike rose to within a few hundred meters of the surface. The thick line segment, superposed on earthquake 
hypocenters, shows the vertical extent of the pressurized crack used to compute elevation changes [Pollard et 
al., 1983]. (d) (left) Epicenters of earthquakes recorded during the June 22-26, 1982, intrusion into the 
southwest rift zone. The leveling route is the same as that in Figure 6c. (right) Measured and computed 
elevation changes and earthquake hypocenters projected onto a vertical plane perpendicular to the rift axis. 
Compared with the results in Figure 6c, the greater distance between maxima in the elevation changes for June 
1982 suggests a deeper source [Dvorak et al., 1986]. 
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Figure 7. (a) Location map of Etna, Sicily, Italy. 
(b) Location of two leveling routes, one near the 
summit (Vulcarolo) and one near the 2500-m el- 
evation (Piccolo Rifugio). The lava flows of 
March-June 1983 are indicated by a stippled pat- 
tern. A fractured zone formed between the sum- 

mit and the March 1983 eruptive vent. (c) Mea- 
sured (circles) and computed (solid line) elevation 
changes along the two leveling routes located in 
Figure 7b. The depth to the top of the dike is given 
in each plot. (d) Cross section of the dike that 
grew horizontally from a column of magma be- 
neath the summit area and intersected the south 

flank of Etna just below the 2500-m elevation. 
(Modified from Murray and Pullen [1984, Figures 
1-4]; copyright Springer-Verlag.]) 

VISUALIZING THE SOURCE OF GROUND 

MOVEMENT 

The simple displacement patterns shown in Figures 
3-8 might seem to be at odds with the internal complex- 
ity evident at eroded volcanoes. The many intrusive 
bodies exposed at an eroded volcano, however, are the 
culmination of many hundreds, or even thousands, of 
events, whereas the displacement patterns reflect one 
event or a few events. Moreover, even though an indi- 
vidual dike or sill may show abrupt irregularities, the 
scale of an irregularity is usually small in comparison 
with the dimensions of a dike or sill. Therefore, as was 

pointed out by Pollard et al. [1983], a mechanical inter- 
pretation of displacement patterns in terms of buried 
sources can make use of Saint-Venant's principle. The 
principle states that the irregularities of a pressure 
source have a negligible effect on the resultant displace- 
ment pattern at distances large compared with the scale 
of the irregularities [Love, 1944]. In essence, rocks sur- 
rounding a source act as a low-pass filter on the details 

of the source. Thus surface displacement patterns can be 
interpreted in terms of simple source geometries that 
represent sills, dikes, or plugs. The derived dimensions 
and subsurface displacements are average values of the 
source. 

A second concern is whether it is valid to assume that 

the mechanical behavior of a volcano is elastic. Open 
cracks, fault scarps, layers of erupted deposits, and 
heated ground would seem to invalidate the assumption. 
The effect of a crack or discontinuity alters the elastic 
constants but does not change the fundamental elastic 
behavior [Jaeger and Cook, 1977]. The creation of a new 
crack, such as the formation of a dike, is enigmatic in 
that a new discontinuity is introduced on which the shear 
stress vanishes and hence would be expected to produce 
large changes in the stress field [McKenzie et al., 1992]. 
Observations show that this is not the case. For example, 
dike patterns that represent dozens of events, such as 
Spanish Peaks, Colorado, can be described by elastic 
theory, even though multiple dikes formed [Muller and 
Pollard, 1977]. Because the theory provides a good basis 
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Figure 8. (a) Location map of Asal-Ghoubbet, Djibouti. (b) Location of a leveling route that crosses the East 
Africa rift system (dots). Normal faults, indicated as thin lines, are aligned along the axis of the rift system. 
A small lava flow, shown as a black patch, erupted during extension of the rift system on November 7, 1978. 
(c) Elevation changes along the leveling route shown in Figure 8b associated with the 1978 eruption and rift 
extension. (d) Horizontal displacemen• associated with the 1978 eruption and rift extension. Displacements 
are shown as vectors; trilateration stations as small triangles. The trilateration network is shown by thin lines 
that connect station pairs. The two thick line segments are the location and horizontal extent of pressurized 
cracks that can reproduce the measured horizontal displacement. (Modified from Ruegg et al. [1979].) 

to describe many observations, it is used here to under- 
stand the causes of surface displacement in terms of 
magma bodies of simple geometries. Though a compo- 
nent of displacement at many active volcanoes is prob- 
ably anelastic, the limited coverage and precision of 
displacement measurements seldom warrant the use of 
an inelastic model. 

Point Source of Dilation 

A few field experiments have been conducted in 
which a slurry of material was injected forcefully into the 
ground, an experiment analogous to the forceful injec- 
tion of magma within a volcano. During one such exper- 
iment, 2500 m 3 of a sand-water mixture was injected 
repeatedly at the bottom of a driil hole at depths of 
265-290 m [de Laguna et al., 1968]. After the first two 
injections, drilling at a dozen closely spaced holes 
showed that the sand-water mixture formed two 10-mm- 

thick sills that extended as much as 30 m outward from 

the injection points. Measurements of surface displace- 
ment showed that the injections raised the surface 20 
mm near the drill hole, and the amount of displacement 
decreased smoothly with distance from the drill hole. 

The uplift pattern that resulted from this experiment 
can be modeled as the dilation of a point source embed- 
ded in a homogeneous, isotropic, elastic half-space. This 
model represents pressurization of a spherical cavity in 
which the cavity diameter is much smaller than the depth 

of burial. Simple analytic equations of surface displace- 
ment caused by dilation of a point source were published 
by Mogi [1958] and Okada [1985]. (An extended source 
that represents the sill could also reproduce the uplift 
pattern, though the measurements did not require this 
more complicated model.) The resultant uplift pattern 
of a point source is a simple, bell-shaped curve that is 
characterized by two parameters: (1) depth of the source 
and (2) volume of uplift. In the few injection experi- 
ments that have been reported, the volume of uplift was 
within 20% of the volume of injected material [Davis, 
1983]. Within the uncertainty of computing an uplift 
volume and the volume change caused by possible com- 
paction of the sand-water mixture, the injected and 
uplifted volumes were equal. For the experiments de- 
scribed above, the uplift pattern was reproduced by a 
dilatational point source at a depth of 270 m, within the 
depth range of the injection experiments. 

An unintended field experiment that was converse to 
the injection experiments has also been reported: mea- 
surement of surface displacements caused by 35 years of 
pumping of the Lacq gas field, France [Maury et al., 
1992]. The gas reservoir has a thickness of about 500 m, 
and its top is located 3 km below the surface. In these 
withdrawal experiments the subsidence pattern was a 
simple, inverted bell shape that could be reproduced as 
a contracting point source at a depth of 3 km. 

The relation between these field experiments and 
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Figure 9. (a) Location of Izu Peninsula, Japan. (b) Teishi Knoll, an undersea volcano located a few kilometers 
off the east coast of Izu Peninsula. Earthquake epicenters recorded from May through July 1989 are shown 
as small dots. The locations of different geodetic stations and instruments are indicated by the square and 
triangles. (c) May-July record of geodetic changes and earthquake counts. The records of the two-component 
tiltmeter at KWN were sensitive enough to record earth tides. Model calculations, based on two vertically 
growing dikes and strike-slip displacement of a M = 5.5 earthquake, are indicated by the two smooth lines. 
The record of the dilatometer at HIZ is indicated by a thick line; model calculations are indicated by the thin 
line. The net change in baseline length, determined by frequent trilateration measurements between KSM and 
HTE, was about 200 mm of extension. Frequent GPS measurements revealed the three-dimensional relative 
movement of KWN relative to HTS. Hourly earthquake counts are at the bottom. Note that no major ground 
displacement or earthquake swarm was coincident with the explosive submarine activity on July 13. (Modified 
from Okada and Yamamoto [1991].) 

active volcanoes is obvious. The injection experiments 
are similar to intrusion of a small magma body; the 
pumping of a gas field has characteristics that are similar 
to withdrawal of magma from a shallow reservoir. 
Though the injected body and the gas reservoir are not 

point sources, such a model did locate the centroid of 
the actual source and, at least for the injection experi- 
ments, show an equivalence between injected volume 
and uplifted volume. 

As applied to active volcanoes, several alterations 
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have been made to the dilatational point source de- 
scribed by Mogi [1958] so that the model is a more 
realistic approximation of a pressurized magma body. 
Davis [1986] derived equations of surface displacement 
for a pressurized ellipsoidal cavity. He suggested that the 
pattern of vertical and horizontal displacements of 
Kilauea was better explained by pressurization of a ver- 
tically elongated ellipsoid than by pressurization of a 
sphere. Dieterich and Decker [1975] used a finite-element 
method and assumed homogeneous elasticity through- 
out a half-space to compute surface displacements of 
axisymmetric magma bodies represented by a sphere, 
ellipsoid, or thin disk. The various assumed geometries 
were not distinguished by the patterns of vertical dis- 
placement; horizontal displacements were needed to 
determine the basic geometry of a body. Bianchi et al. 
[1987] used a finite-element method to determine the 
effect of inhomogeneous elasticity that surrounds the 
pressurization of a proposed magma body beneath 
Campi Flegrei. The inhomogeneities were assumed to 
arise either from heating of rock by the magma body or 
from extensive fractures created by intense earthquake 
swarms above the magma body. Bianchi et al. [1987] 
showed that reasonable values for magma pressure 
could produce'the few meters of uplift recorded recently 
at Campi Flegrei. 

Though these and other proposed alterations to the 
point source model are more realistic, they introduce 
more complexity and hence more model parameters. 
The limited extent of geodetic measurements available 
for most volcanoes cannot distinguish between a point 
source of dilation and a more complex model for a 
shallow magma reservoir. Even for the most intensively 
studied volcanoes, such as Kilauea, Long Valley, Campi 
Flegrei, and Sakurajima, geodetic measurements are 
seldom sufficiently dense and diverse to distinguish be- 
tween a point source model and a more complex model. 
For these reasons we consider only point source models 
in the remainder of this subsection. Later, we consider 
other geometries when a measured pattern of surface 
displacement clearly indicates an extended body, such as 
a dike or sill. 

The point source model successfully reproduces the 
patterns of vertical displacement at many volcanoes d•r- 
ing either uplift or subsidence, for example, the four 
volcanoes in Figure 3. In addition, the model reproduces 
tilt patterns at Izu-Oshima [Oikawa et al., 1991], Piton de 
la Fournaise [Lenat et al., 1989b], and Tangkuban 
Parahu, Indonesia [Dvorak et al., 1990] and patterns of 
horizontal strain at Rabaul [ArchboM et al., 1988], Long 
Valley [Denlinger and Riley, 1984], and Kilauea [Dvorak 
et al., 1983]. For the latter two volcanoes an additional 
source of horizontal strain is needed. At Long Valley the 
addition is displacement of a normal fault near the south 
caldera rim. At Kilauea, permanent north-south exten- 
sion is caused by emplacement of elongated dikes that 
strike east-west and seaward movement of the south 

flank. In the few cases where tilt or trilateration surveys 

were conducted at the same time as leveling surveys, the 
same depth was computed for a point source model 
regardless of which type of survey results were used (for 
Kilauea [Dvorak et al., 1983], Krafla [Tryggvason, 1986] 
and Mauna Loa [Decker et al., 1983]). 

Depth of a dilatational point source has been deter- 
mined at more than a dozen volcanoes (Table 2). Some 
shallow sources, less than about 2 km below the surface, 
might be related to pressure increase or release of a 
hydrothermal system, such as at Tangkuban Parahu, 
Indonesia [Dvorak et al., 1990]. At a volcano where 
magmatic eruptions are frequent, such as Piton de la 
Fournaise [Lenat et al., 1989a, b], Etna [Murray and 
Guest, 1982], and White Island [Clark and Otway, 1989], 
a shallow point source is attributed to intrusion of a 
small magma body that later fed an eruption. 

At basaltic shield volcanoes in Hawaii and Iceland, 
where frequent leveling surveys have allowed the deter- 
mination of dozens of point source solutions, most 
sources lie at a depth of about 3 km. At these volcanoes 
this depth corresponds to the level of neutral buoyancy, 
where the density of basaltic magma equals the density 
of the surrounding rock [Ryan, 1987]. If magma rises 
through the crust by buoyancy, then it should accumu- 
late at this level. Further rise requires pressurization of 
a magma body in excess of lithostatic pressure or a 
decrease in density of the magma body, perhaps by 
exsolution of dissolved gases and retention of the result- 
ing bubbles within the magma. 

Often the position of the point source is at the top of 
an aseismic region that is capped and partially sur- 
rounded by earthquakes. Notable examples are Kilauea 
[Tilling and Dvorak, 1993], Mauna Loa [Decker et al., 
1983], Campi Flegrei [Dvorak and Berrino, 1991], and 
Izu-Oshima [Hashimoto and Tada, 1990]. The aseismic 
region may coincide with a region of low seismic velocity 
or, in the case of Campi Flegrei, be defined by an abrupt 
change of velocity structure. The coincidence at the 
same zone within a volcanic system of low velocity, lack 
of seismicity, and location of a pressure source is strong 
evidence of magma storage. 

Reliable point source solutions deeper than 6 km 
have been determined only at large calderas. In these 
cases the source lies beneath the caldera center (Table 
2). These sources are capped and partially surrounded 
by regions of intense seismicity and are located within 
resurgent calderas, such as Yellowstone (Figure 4) and 
Long Valley [Langbein et al., 1993]. At these two 
calderas the deep point source lies within the upper 
portion of a low-velocity region interpreted as a partially 
molten pluton [Lehman et al., 1982; Steeples and Iyer, 
1976]. A shallow point source located at depths of 3-6 
km has also been estimated for Yellowstone [Vasco et 
al., 1990]. 

At least two point sources, each representing a sepa- 
rate magma body, are needed to explain the 1975-1982 
pattern of vertical displacements at Aira caldera 
[Sakurajima Volcanological Observatory, 1989]. One body 
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TABLE 2. Depth of Pressure Centers 

Volcano 
Depth, * 

Time Period km Measurement Reference 

Piton de la Fournaise, R6union 
Krafia, Iceland 

Askja, Iceland 
Izu-Oshima, Japan 
Mauna Loa, Hawaii 
Tangkuban Parahu, Indonesia 
Etna, Italy 
Campi Flegrei, Italy 
Kilauea, Hawaii 

Miyakejima, Japan 
Klyuchevskoy, Kamchatka 
White Island, New Zealand 
Aira and Sakurajima, Japan 

Dec. 1983 to Jan. 1984 1.3 

March 1976 to Ju• 1977 3 
1975-1985 2-4 
1986-1987 2.5 
1986-1987 4 
1977-1981 3 

1981-1986 1.5 

July 1975 to Sept. 1977 1.6 
Jan. 1982 to June 1984 3 

1920-1927 3 
1966-1967 2-4 

1959-1983 2-6 

1982-1986 
1981-1988 [3-10] 
1973-1976 0.5 
1891-1932 10 
1891-1914 10 

1975-1982 4 and 10 

Rabaul, Papua New Guinea 1981-1982 

Vulcano, Italy 
Medicine Lake, California 
Yellowstone, Wyoming 

Long Valley, California 

Karymsky, Kamchatka 
Colima, Mexico 

1-2 

1.2 

March 1980to Sept. 1981 [6.5] 
1954-1989 9 
1923-1976 3-6 
1985-1987 10 

1975-1980 11 
1980-1983 5 and 8 
1982-1983 13 

1989-1991 7 

1979-1980 [1.5] 
1990-1991 2-4 

spirit level tilt 
leveling 
leveling 
leveling 
tiltmeters 

leveling 
spirit level tilt 
leveling 
leveling 
leveling 
leveling 
tilt and leveling 
leveling 
leveling 
leveling 
leveling 
leveling 
leveling 

spirit level tilt 
tilt and leveling 
leveling 
leveling 
leveling 
leveling 
leveling 
leveling 
leveling 
trilateration 

leveling 
leveling 

Lenat et al. [1989a, b] 
BjOrnsson et al. [1979] 
Ewart et al. [1991] 
Tryggvason [1989] 
Oikawa et al. [1991] 
Decker et al. [1983] 
Dvorak et al. [1990] 
Murray and Guest [1982] 
Berrino et al. [ 1984] 
Mogi [1958] 
Fiske and Kinoshita [1969] 
Tilling and Dvorak [ 1993] 
Tada and Nakamura [1988] 
Fedotov et al. [1990] 
Clark and Otway [ 1989] 
Mogi [1958] 
Yokoyama [1986] 
Sakurajima Volcanological 

Observatory [1989] 
McKee et al. [1985] 
ArchboM et al. [1988] 
Ferri et al. [1988] 
Dzurisin et al. [1991] 
Vasco et al. [1990] 
Dzurisin et al. [1990] 
Savage and Clark [1982] 
Rundle and Whitcomb [1984] 
Denlinger et al. [1985] 
Langbein et al. [1993] 
Magus'kin et al. [1982] 
Murray [ 1993] 

*Depths given in brackets are uncertain because of limited coverage of geodetic network. 
?Tada and Nakamura [1988] report 8 km; our reanalysis of only preeruption data suggests 5 km. 

lies 10 km beneath the caldera center. The other body is 
4 km beneath Sakurajima, the basaltic-andesitic volcano 
on the south caldera rim and the site of all historic 

eruptions. Presumably, a large magma body that lies 
beneath the caldera center supplies magma to the shal- 
lower body, and the shallower body supplies magma to 
Sakurajima. During the several months after the end of 
the 1914 eruption, magma continued to move upward 
and laterally from the deep body to the shallow body. 

Multiple point sources that represent magma storage 
have been identified at other volcanoes. At Kilauea, 
point sources are used to infer magma storage beneath 
the summit area and along the east rift zone [Tilling and 
Dvorak, 1993]. In some cases, summit subsidence and 
uplift of the rift zone are concurrent, suggesting that 
magma from the summit reservoir moved laterally and 
filled a reservoir along the east rift zone [Jackson et al., 
1975]. At Long Valley the location of two point sources 
beneath the resurgent dome may represent shallow cu- 
polas of a partially molten pluton [Rundle and Whit- 
comb, 1984; Langbein et al., 1993]. 

Plane Strain 

The bilateral symmetry of horizontal displacements 
associated with fissure eruptions (Figure 5) argues that 

the underlying source is greatly elongated and cannot be 
considered as a point source. Most likely, such a source 
is actually a dike, and so an appropriate mathematical 
model would be a vertical, thin pressurized sheet. Pat- 
terns of horizontal displacement, however, are usually 
too sparse to develop an intuitive feeling of how the 
pattern changes for different dike parameters, such as 
dike height or depth of burial. A better means is to 
consider profiles of vertical displacement across a fis- 
sure. 

Except near the ends of a dike, such profiles approx- 
imate the condition of plane strain, so that displace- 
ments are only perpendicular, not parallel, to the fissure. 
Using that approximation, Pollard et al. [1983] showed 
that the profile of vertical displacement depends on 
three parameters: (1) height of the dike, (2) depth to the 
top of the dike, and (3) dip angle. 

As an illustration, the profiles of three dikes intruded 
into the southwest rift zone of Kilauea are compared in 
Figure 6. The top profile is across an eruptive fissure' 
The dike reached the surface, and so a single maximum 
occurs in the profile. The lower two profiles are across 
dikes that did not reach the surface, and so each profile 
has two maxima separated by a trough. For the 1981 
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TABLE 3. Dimensions of Dikes 

Volcano Date of Event 
Depth of Height, Length, Width, 
Top, km km km m Reference 

Piton de la Fournaise, 
R6union 

Krafla, Iceland 

Etna, Italy 

Tolbachik, Kamchatka 
Kilauea, Hawaii 

Dec. 4, 1983, and 0.3 
Jan. 18, 1984 0.3 

Dec. 20, 1975 ... 
Jan. 7, 1978 0.5 
July 10-12, 1978 1 
Sept. 4, 1984 0 
March 17, 1981 0 
March 28, 1983 0-0.5 
Sept. 28 to Oct. 2, 1989 0.2 
Dec. 14, 1991 0.45 
July-Dec. 1976 0 
May 15-16, 1970 0.4 
Sept. 24-29, 1971 0 
Aug. 10, 1981 0.25 
Jan. 2, 1983 0 
June 22-26, 1982 4 

Aira and Sakurajima, Jan. 12, 1914 0 
Japan 

Izu-Oshima, Japan Nov. 21, 1986 0 
2 

Teishi Knoll, Japan July 1-11, 1989 1 
Miyakejima, Japan 1940 0 
Asal-Ghoubbet, Nov. 6, 1978 0 

Djibouti 0 

1.0 1.8 1.0 
1.0 2.2 1.0 

...... 1.5 
5.5 ... 2 
3 10 1 

2.5 9 1 

O.3 5 1 
0.3-0.9 4 2 

1 7 1 

0.6 3.5 1.3 
ß .. 10 1.1 

0.4 3 0.8 

1.5 14 1.9 
3 -.. 1 

2.4 11 3.6 

6 10 2 

2 7 8 

2 4 1 

10 12 2.7 
6 3 1.2 

...... 

4.5 4.5 2 

4.5 8 4 

Zlotnicki et al. [1990] 

Sigurdsson [1980] 
Pollard et al. [1983] 
Tryggvason [1980] 
Tryggvason [1986] 
Sanderson et al. [1983] 
Murray and Pullen [1984] 
Bonaccorso and Davis [1993] 
Murray [ 1994] 
Fedotov et al. [1980] 
Pollard et al. [1983] 
Dvorak [1990] 
Pollard et al. [1983] 
Dvorak et al. [1986] 
Dvorak et al. [1986] 
this paper 

Hashimoto and Tada [1990] 

Okada and Yamamoto [1991] 
Earthquake Research Institute [1941] 
Tarantola et al. [1979, 1980] 

intrusion the asymmetry of the two maxima indicates 
that the dike dips 85 ø west [Pollard et al., 1983]. The 
amount of separation between the two maxima indicates 
the depth to the top of the dike. For the 1981 intrusion 
the dike rose to within a few hundred meters of the 

surface. In 1982 the dike rose to within about 4 km of the 

surface. A greater depth to the top of the 1982 dike is 
supported also by a deeper earthquake swarm that ac- 
companied formation of that dike. 

A single eruption of Etna illustrates the different 
displacement patterns produced by variable distance to 
the top of a dike [Murray and Pullen, 1984]. Earthquake 
locations suggest that the March 1983 eruption was fed 
by a radial dike that grew from a central magma core 
toward the south flank (Figure 7b). Two leveling routes 
crossed the dike, one near the summit at the 3000-m 
elevation and the other at the 2500-m elevation, the 
latter immediately upslope of the eruptive fissure. The 
profile of vertical displacement across the upper route 
indicates that the dike reached within 500 m of the 

surface (Figure 7c). The profile across the lower route 
indicates that the dike was within 100 m of the surface, 
as if the top of the radial dike was nearly horizontal and 
the eruptive fissure formed where a radial dike growing 
from a central column of magma within Etna intersected 
the south flank just below the leveling route (Figure 7d). 

Three-Dimensional Sheet Models 

At only a few volcanoes do geodetic networks extend 
beyond the surface limits of recently formed dikes, and 
so it is possible to determine the finite size of a dike in 

three dimensions. In these cases an appropriate model 
for a dike is a rectangular sheet. An analytic solution has 
been derived for the case of a sheet of any dip angle and 
constant opening across the entire sheet [Okada, 1985]. 

The dimensions of about two dozen dikes have been 

determined using the sheet model (Table 3). For the 
cases listed in Table 3 that have one or more parameters 
missing, a plane strain model was used to compute dike 
dimensions. This restriction was necessary because the 
network for those events did not extend far enough that 
all dimensions of the dike could be computed. 

Each event in Table 3 is interpreted as the sudden 
emplacement of a single dike. An eruption occurred in 
those events in which the top of the dike is listed as 0 km. 
For most events a single dike thickness was determined. 
The exceptions are Izu-Oshima, Teishi Knoll, and Asal- 
Ghoubbet, in which the dike was subdivided into con- 
tiguous segments, each of which had a different width. 
The computed widths in Table 3 are within the range of 
1- to 7-m dike widths revealed at eroded volcanoes 

[Kuno, 1964; Gudmundsson, 1983; Walker, 1987]. 
In a few cases it is necessary to model both the 

formation of a dike and the nearby subsidence over a 
shallow magma reservoir that supplied magma to the 
dike. The computed position of the top of a vertical 
sheet, representing the dike that supplied the east rift 
zone eruption of Kilauea in January 1983, coincided with 
the eruptive fissure if a point source model was also 
computed for subsidence of the summit area of Kilauea 
[Dvorak et al., 1986]. Without the point source model the 
computed position of the sheet was 100 m north of the 
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eruptive fissure. The simultaneous determination of a 
point source subsidence and a vertical sheet has been 
computed for several summit eruptions of Kilauea [Yang 
et al., 1992]. 

When an eruption occurred, the computed dike 
length was often slightly longer than the eruptive fissure. 
For example, the 1983 eruptive fissure along the east rift 
zone of Kilauea was 8 km, and the computed dike length 
was 11 km. An extreme case was the November 1978 

eruption along the Asal-Ghoubbet portion of the mid- 
ocean rift system. The length of the eruptive fissure was 
less than 1 km; however, the pattern of horizontal dis- 
placement showed that 2 to 4 m of opening had occurred 
over two segments of the rift system (Figure 8d). Pre- 
sumably, magma was intruded beneath the entire seg- 
ment, but it reached the surface along only a short part 
of the segment. Field observations of eroded dikes show 
that they erupt along only a part of their total length 
[Casaderail and Dzurisin, 1987]. 

Another application of the rectangular sheet model is 
the emplacement of a sill. Ryan et al. [1983] proposed 
that the elliptical shape of vertical displacement in the 
summit area of Kilauea might be caused by repeated 
filling, then withdrawal, of an elongated sill. For two 
periods of uplift in 1972 and 1973, they derived an aspect 
ratio of three for the horizontal dimensions of two 

separate sills, one located at a depth of 2 km and the 
other at 3 km. For both 6-month periods the amount of 
vertical opening was about 1 m. 

A sill has also been proposed for the magma body 
that lies about 20 km beneath the Rio Grande rift near 

Socorro, New Mexico. If the body covers an area of 1200 
km 2 [Sanford et al., 1977] to 2000 km 2 [Hartse and 
Sanford, 1992] and if it is being supplied magma at the 
rate of 1-2 km 3 yr-• [Reilinger et al., 1980], then the sill 
has increased in thickness at a rate of 5-15 mm yr -•. 
Leveling surveys suggest that the average uplift rate has 
been constant since 1912 [Larsen et al., 1986]. If so, then 
the sill beneath Sorroco would have increased in thick- 

ness 0.4 to 1.2 m since the first leveling survey. Geomor- 
phic evidence suggests that the average uplift rate has 
been constant for at least the last 20,000 years [Ouchi, 
1983], which would correspond to an increase in thick- 
ness of 100-300 m. 

WATCHING VOLCANOES GROW 

The events described in this section illustrate some of 

the ways in which volcanoes grow and evolve via ground 
displacement. All possible ways have probably not yet 
been recognized because only a dozen or so volcanoes 
have been watched closely for a long period. Further- 
more, the full range of possible volcanic activity revealed 
in the geologic record has not occurred at volcanoes 
where geodetic measurements have been conducted. For 
example, surface displacements have not yet been re- 
corded during a major caldera-forming event, when ring 

dikes may form, or during the buildup to a major explo- 
sive eruption of a stratovolcano, such as the formation of 
Crater Lake, Oregon. Nevertheless, many patterns of 
surface displacement are common to the few volcanoes 
studied so far, and so we emphasize the common threads 
that link these volcanic systems. 

Shallow Basaltic Reservoirs 

The cycles of slow uplift followed by sudden subsi- 
dence recorded at the summit areas of the basaltic 

volcanoes Kilauea, Mauna Loa, and Krafla are evidence 
that magma repeatedly fills and then withdraws from a 
shallow reservoir beneath the summit of each volcano. 

The inferred cluster of point sources at each of these 
volcanoes locates a reservoir at a depth of about 3 km, 
the level of neutral buoyancy for a basaltic volcano 
[Ryan, 1987]. That depth corresponds to the top of 
ancient magma reservoirs revealed by deep erosion of 
intraplate volcanoes at Rdunion [Upton and Wadsworth, 
1969] and Saint Helena [Daly, 1927; Baker, 1968]. Such 
conformance suggests that the summit magma reservoirs 
in Hawaii and Iceland are active examples of the ex- 
posed intrusive bodies, which consist of layered basaltic 
intrusions surrounded by cross-cutting dikes and sills. 
The layered structure means that only part of the intru- 
sion beneath a Hawaiian or Icelandic volcano is molten 

at any time. The surrounding dikes and sills explain the 
occasional horizontal migration of uplift and subsidence 
centers at these three volcanoes [Fiske and Kinoshita, 
1969; Tryggvason, 1980] and the systematic filling and 
draining of the shallow reservoir beneath the summit 
area of Kilauea [Waesche, 1940]. 

Much of the elevation of the dissected volcanoes 

results from upheaval caused by intrusions. Though net 
upheaval is not evident in displacement measurements 
made at active basaltic volcanoes, vertical displacement 
of many tens of meters has been recorded within some 
explosive calderas, such as Usu, Japan [Minakami et al., 
1951; Yokoyama et al., 1981]. In particular, during the 75 
years that such measurements have been made at 
Kilauea, the summit region has had a net subsidence, 
mostly caused by a phreatic eruption in 1924 and the 
current eruption which began in 1983 (Figure 2d). 

As the height of a volcano increases by continued 
eruption of lava flows, the magma reservoir grows up- 
ward, so that it remains at the level of neutral buoyancy 
[Ryan, 1987]. This is most strikingly revealed in Hawaii, 
where there is a 3-km difference in the summit eleva- 

tions of Kilauea and Mauna Loa, but the depth below 
the summit of each magma reservoir is still about 3 km. 

The summit areas of some large basaltic shield vol- 
canoes subside slowly, sometimes without eruptions. No- 
table examples are Poas [Rymer and Brown, 1989], 
Colima [Murray, 1993], and Etna [Murray et al., 1994]. 
Such slow subsidence might be caused by spreading of 
the volcano under gravity [Borgia, 1994] or loading of the 
crust by erupted lava [Murray et al., 1994]. 

Further confirmation that magma accumulates at the 
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level of neutral buoyancy is provided by exploration of 
the mid-ocean ridge system. Relative to the top of the 
oceanic crust, the level of neutral buoyancy along the 
mostly submarine segments of this volcanic system 
should be shallower than at on-land systems, such as 
Kilauea and Mauna Loa, because of the additional 
weight of the ocean over the submerged ridge system. 
Three kilometers of seawater is equivalent in weight,to 1 
km of rock, so the level of neutral buoyancy along a 
3-km-deep segment of the ridge system should be about 
1 km shallower than at Kilauea. This is confirmed by 
seismic imaging of the East Pacific Rise, where the top 
of a melt lens lies 1-2 km beneath the seafloor [Detrick 
et al., 1987]. 

The lack of a large reservoir within a few kilometers 
of the summit of either Piton de la Fournaise [Lenat et 
al., 1989b] or Etna [Murray and Guest, 1982; Chester et 
al., 1985] is cited by those researchers as the reason for 
a fundamental difference in the behavior between these 

two basaltic volcanoes and the Hawaiian or Icelandic 

volcanoes. Several eruptions have occurred at both Piton 
de la Fournaise and Etna since intensive programs were 
started to measure surface displacements. The results 
revealed only small summit displacements, except in 
areas where displacements could be associated with em- 
placement of a radial dike. 

On the other hand, the difficulty of measuring gradual 
summit uplift before recent eruptions of Piton de la 
Fournaise could be the result of a relatively low magma 
supply rate. If the rate is gauged by the volume of 
erupted lava, then since about 1950 the rate at Piton de 
la Fournaise has been only a tenth of the rate at Kilauea 
[Lenat and Bachelery, 1988]. Hence uplift rates might 
also be reduced by a tenth, even if the two volcanoes 
have summit reservoirs that are similar. 

Furthermore, since 1979, when a geodetic program 
was started at Piton de la Fournaise, only one eruption 
occurred outside the summit area. When a summit erup- 
tion occurs at Kilauea, surface displacements are slight 
except around the eruptive fissure. The same has been 
true at Piton de la Fournaise. The sudden summit-wide 

subsidence recorded at Kilauea occurred during flank 
eruptions. During the only flank eruption monitored at 
Piton de la Fournaise, a 12-day eruption in March 1986 
when 14 million cubic meters of lava was erupted, tilt 
changes were as large as 60 I•rad [Delorme et al., 1989]. 
The tilt pattern, however, indicated a pressure source 
within 1 km of the surface, significantly shallower than 
the 3-km-deep sources determined beneath the summits 
of Kilauea, Mauna Loa, and Krafla. 

Summit earthquakes at these three volcanoes are 
within 3 km of the surface and cap magma reservoirs. At 
Piton de la Fournaise the maximum depth of summit 
earthquakes is also 3 km. By inference, the lack of 
deeper summit earthquakes could mean that a summit 
reservoir is present. Perhaps, when another major flank 
eruption occurs at Piton de la Fournaise comparable to 
those in 1931 or 1977, when the volume of erupted lava 

flows was 100 x 10 6 m 3 or more, the pattern of surface 
displacement might reveal a substantial magma reservoir 
located 3 km beneath the summit area of Piton de la 

Fournaise. 

After more than 20 years of measurements at Etna, 
which spanned three voluminous eruptions of 79 x 10 6 
m 3 in 1983, 62 x 10 6 m 3 in 1989, and more than 100 x 
10 6 m 3 in 1991 [Ferrucci et al., 1993; J. B. Murray, written 
communication, 1996], the patterns of surface displace- 
ment showed no evidence of a 3-km-deep reservoir. The 
axisymmetric patterns of slight uplift or subsidence 
around the summit area are evidence that only small 
magma volumes of the order of 0.1 x 10 6 m 3 are stored 
within a few kilometers of the surface [Murray and 
Guest, 1982]. Seismic tomography suggests a magma 
reservoir large enough to supply the volumes of recent 
eruptions at depths greater than 10 km [Cardaci et al., 
1993]. Earlier analyses of seismic signals suggested a 
large magma reservoir at a depth of 20 km [Sharp et al., 
1980]. If so, the removal of 100 x 10 6 m 3 from a 
10-km-deep reservoir, based on a point source model, 
would produce a relative elevation change of only 20 mm 
between the summit of Etna and the reference bench 

mark located about 4 km from the summit. Such a small 

elevation change is difficult to measure using standard 
leveling techniques on the steep slopes of Etna. A sig- 
nificant difference between Etna and seafloor volcanoes 

is that Etna sits atop a 27-km-thick section of continental 
crust [Sharp et al., 1980], which has a lower density than 
the oceanic crust that lies beneath Hawaii and Iceland. 

The radial dikes that formed recently at Etna, most 
notably in April 1983 (Figure 7d), are features common 
at many eroded volcanoes, such as Sunlight volcano, 
Wyoming, and Mount Rainier, Washington. At Etna the 
radial dikes grew horizontally from a central magma 
core within the volcano. By inference, the central plugs 
at Sunlight and Rainier were also molten during growth 
of radial dikes at these volcanoes. 

Rate of Magma Movement 
The lack of a magma reservoir within or at the base of 

Etna means that the eruptive rate is a direct indicator of 
the magma flow rate through this volcano. From 1868 to 
1950 the average rate was 0.005 km 3 yr-•, after which it 
rose abruptly to 0.018 km 3 yr -• [Murray, 1990]. A pre- 
sumed 10-km-deep reservoir far beneath the volcano is 
beyond the sensitivity of the present geodetic networks, 
and so we do not know how the rate into or out of the 

reservoir may vary. 
In Hawaii and Iceland, rates of magma movement 

into and out of shallow magma reservoirs can be deter- 
mined from the amount and rate of surface displace- 
ment. After a sudden subsidence of the summit area of 

Kilauea or Krafla, the area rises at a relatively high rate, 
which decreases as the uplift progresses for a few weeks 
to a year or longer (Figure 10). Apparently, after sudden 
removal of magma from a reservoir, the rate of magma 
supply to the reservoir is fast initially and then decreases 
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Figure 10. Change in uplift rate as magma enters shallow summit reservoirs at Krafla and Kilauea. (a) 
Location map of Krafla, showing an outline of the summit caldera as stippled lines and the location of the 
main uplift center and of bench mark FM5596. (b) Elevation change of FM5596 relative to a bench mark 
located 12 km to the south (modified from Hauksson [1983]). The timing of intrusions is indicated by vertical 
arrows. (c) Location map of Kilauea. (d) West-east tilt component of the water tube instrument in the 
Uwekahuna vault. The timing of eruptions along the east rift zone is indicated by solid arrows. 

in a regular manner. The same change in displacement 
rate occurs during subsidence, when subsidence rate is 
high initially and then decreases (Figure 11). Similar 
variations in magma flow rate occurred during and after 
the 1984 eruption of Mauna Loa [Lockwood et al., 1987]. 

The decrease of displacement rate can be approxi- 
mated as an exponential decay, whether magma flows 
into or out of a reservoir. Such a response can be 
explained by assuming that the rate of magma flow is 
controlled by pressure difference between a summit res- 
ervoir and, during uplift, a magma source beneath the 
volcano or, during subsidence, supply of magma to a rift 
zone where it may be erupted [Tryggvason, 1986; Dvorak 
and Okamura, 1987]. A relationship between the amount 
of summit subsidence and the elevation difference be- 

tween the site of the flank eruption and the summit area 
is further evidence that pressure of the summit reservoir 
controls magma movement. During a rift zone eruption 
of Kilauea, the volume of summit subsidence, and hence 
the volume of magma withdrawn from the summit res- 
ervoir, is generally larger when an eruption occurs at a 
lower elevation [Epp et al., 1983]. A similar, though less 
well defined, relation between larger subsidence vol- 
umes and lower elevation of eruptions occurs at Krafla 
[Bj6rnsson et al., 1979; Bj6rnsson, 1985]. 

Resurgent Domes 
At many large silicic calderas, such as Yellowstone, 

Long Valley, Campi Flegrei, and Rabaul, geologic evi- 
dence indicates that a substantial amount of uplift has 

occurred near the center of each caldera since the 

caldera formed. The central parts of Yellowstone and 
Long Valley are occupied by resurgent domes (two at 
Yellowstone and one at Long Valley) that rise 100 m or 
more above the caldera floors [Christiansen, 1984; Bailey 
et al., 1976]. At Campi Flegrei and Rabaul, oceano- 
graphic reflection surveys show that the caldera centers 
are arched upward in a similar way [Pescatore et al., 1984; 
Greene et al., 1986]. In addition, three marine layers, as 
old as 8400 years, are uplifted as much as 40 m at the 
center of Campi Flegrei [Cinque et al., 1985]. 

The caldera centers are also the points where maxi- 
mum uplift has been measured in recent years. The 
coincidence of past and present uplift near the caldera 
centers suggests a relationship between recent activity 
and the activity that formed the central uplifts, in par- 
ticular, formation of resurgent domes. The relationship, 
however, is not direct. The profile of recent uplift is 
broader; it cannot be multiplied a hundred times or so to 
produce the topographic profile of the resurgent domes 
at Yellowstone (Figure 4) or Long Valley (Figure 12) or 
the local disturbances that are central to Rabaul or 

Campi Flegrei. How can this difference be explained? 
Our explanation of recent uplift rests primarily on the 

abrupt start or end of some uplift episodes. In particular, 
episodes began within a month or less at Campi Flegrei 
in June 1982 [Barberi et al., 1984], at Rabaul in 1983 
[McKee et al., 1985], and at Long Valley in October 1989 
[Langbein et al., 1993]. For Campi Flegrei and Rabaul, 
those episodes ended in less than a month, perhaps in as 
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Figure 11. Change in subsidence rate as magma withdraws from shallow summit reservoirs at Krafla and 
Kilauea. (a) Location map of Krafla, showing outline of the summit caldera as stippled lines, the July 1978 
subsidence center, and position of the Powerhouse electronic tiltmeter. (b) Tiltmeter record (solid line) and 
exponential decay curve (dashed line) for the July 10-12, 1978, intrusion into the north rift system [Tryggvason, 
1980]. The slight difference between the tiltmeter record and the decay curve might be caused by a slow 
horizontal migration of the subsidence center. (c) Location map of Kilauea, showing the outline of the summit 
caldera as stippled lines, the August 1981 subsidence center, and position of the Uwekahuna vault, where a 
3-m-long water tube tiltmeter is located. (d) Tilt readings (solid circles) and exponential decay curve (dashed 
line) for the August 10-11, 1981, intrusion into the southwest rift zone [Dvorak and Okamura, 1987]. 

little as a few days. For the following reasons, such rapid 
changes in displacement rate rule out the possibility that 
either internal pressurization of a hydrothermal system 
or a change in regional strain, for example by a large 
nearby earthquake, is the primary cause of uplift. 

A hydrothermal system may be pressurized internally 
either by addition of magmatic fluids to a confined 
aquifer or by heating of fluids within a confined aquifer. 
The heat, ultimately derived from magma, is transferred 
by a combination of conduction and upward circulation 
of deeper and hotter fluids. Both the addition of fluids 
and the transfer of heat are diffusive processes, and so 
pressurization begins gradually, reaches a maximum 
rate, then decelerates. How fast are the transitions at the 
beginning and the end? The transitions are limited by 
the ability of fluids to change circulation patterns within 
the crust. The response of the levels of water wells to 
strain impulses suggests that these transitions occur over 
months or years [Roelofts et al., 1989; Watanabe, 1983], in 
contrast to the abrupt start or end of recent uplift 
episodes at Campi Flegrei, Rabaul, and Long Valley, 
which lasted less than a week. 

Tectonic earthquakes have occurred months to years 
before the start of some, but not all, recent uplift epi- 
sodes. Nineteen months before the beginning of uplift in 

June 1982, a M = 6.9 earthquake occurred 100 km 
south of Campi Flegrei; no comparable earthquake oc- 
curred before the uplift episode that began in about 
1969. A M = 5.7 earthquake occurred 5 km south of 
Long Valley in October 1978. This was within 2 years of 
the first measurements that showed uplift of the caldera 
center. A M = 7.6 earthquake occurred 200 km east of 
Rabaul in March 1983, 6 months before uplift acceler- 
ated. These comparisons are suggestive but not conclu- 
sive, especially in the case of Campi Flegrei, where the 
first uplift episode was not preceded by a tectonic earth- 
quake but the second episode was. Furthermore, no 
uplift episode at any of these three calderas began or 
ended within a month or so of the occurrence of a large 
tectonic earthquake, and so we doubt that such an earth- 
quake was directly responsible for uplift. 

Magmatic intrusion is the only known mechanism 
that could produce the abrupt start and end of the recent 
uplift episodes at these resurgent calderas. The ability of 
magma to move in a sudden manner is illustrated by the 
daily summit tilt record of Kilauea. Magma may intrude 
at a wide variety of rates, which include starting or 
stopping within a week or much less. Furthermore, we 
suggest that the proposed intrusions beneath the active 
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Figure 12. (a) Long Valley region, including Long Valley 
caldera, its resurgent dome, Mono Craters and Inyo Craters 
volcanic chains, and features mentioned in the text. Stars 
mark large earthquakes. (b) Locations of M > 2.5 earth- 
quakes for the period 1980-1991 (triangles) and uplift con- 
tours (heavy lines, in millimeters) for 1975-1992. The rect- 
angle encloses earthquakes shown in Figure 12c. (c) Uplift 
cross section along Highway 395 between Lee Vining and 
Toms Place for 1980-1992, plus hypocenters of earthquakes 
outlined in Figure 12b. Note the aseismic region beneath the 
caldera as in Figure 4c. Uplift is centered on the resurgent 
dome near Casa Diablo, with localized subsidence due to 
fluid withdrawal for geothermal power production. (d) Dis- 
placement between Lee Vining and Toms Place as measured 
by repeated leveling surveys. Bench mark W911, near Casa 
Diablo, is just outside the subsidence bowl; CASA AZ is in 
the subsiding area. (e) Elevation at bench mark W911 as 
measured by repeated leveling surveys. Uplift probably 
started about May 1980, when four M > 6.0 earthquakes 
occurred. The 1980 and 1983 earthquake swarms were be- 
neath the south moat of the caldera, near Casa Diablo; the 
1989 swarm was beneath Mammoth Mountain and was ac- 

companied by increased uplift within the caldera. 
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resurgent calderas were basaltic magma injected into the 
bottom of silicic magma bodies. 

In an earlier section of this paper, we recounted the 
view of many others that basaltic magma intrudes be- 
neath silicic calderas. Specifically, intrusion of basaltic 
magma was invoked as the most efficient means of 
maintaining silicic magma beneath Yellowstone and 
Long Valley for periods of several hundred thousand 
years [Lachenbruch and Sass, 1978]. Also, basaltic lava 
flows have erupted peripheral to both Yellowstone and 
Long Valley [Christiansen, 1984; Bailey et al., 1976]. 
Basaltic magma lies beneath Rabaul, as indicated by 
eruption of basalt since the most recent caldera-forming 
eruption 1400 years ago. The presence of basaltic 
magma beneath Campi Flegrei is problematic because 
volcanic activity since the formation of the caldera 
32,000 years ago can be explained as the progressive 
crystallization of an isolated silicic magma system [Ar- 
mienti et al., 1983]. Trachybasalt, however, has erupted 
from the two volcanoes nearest Campi Flegrei, Ischia 
and Vesuvius, and so it is possible that basaltic magma 
rises also beneath Campi Flegrei. 

The point source solutions to the uplift patterns at 
Campi Flegrei and Rabaul suggest basaltic magma rises 
to within a few kilometers of the surface (Table 2), a 
level that may be the point of neutral buoyancy, compa- 
rable to that beneath basaltic volcanoes. Beneath the 

larger calderas of Yellowstone and Long Valley, if in- 
trusion of basaltic magma is the cause of uplift, then that 
magma stalls at depths deeper than about 5 km (Table 
2), slightly shallower than the estimated depth that ba- 
saltic magma rose into the Cordillera del Paine granite 
[Michael, 1984]. Basaltic magma stalls because it en- 
counters a large silicic magma chamber of lower density 
[Eichelberger and Gooley, 1977] or, perhaps a transition 
occurs from transport via magma fracture to basaltic 
fluid flow through a viscous silicic magma [Valentine, 
1993]. 

Because the profile of a resurgent dome is narrower 
than the recent uplift profile at either Yellowstone or 
Long Valley, a resurgent dome forms by a process that 
acts at a shallower level in the crust than our proposed 
intrusions. Dome growth may be episodic, as indicated 
by marine layers exposed in a sea cliff in the center of 
Campi Flegrei. The uppermost and youngest marine 
layer was uplifted at least 40 m during a 2500-year period 
of dormancy [Cinque et al., 1985]. 

A resurgent dome may grow by slow arching of the 
top of a large silicic magma chamber, evident at eroded 
explosive calderas such as in the San Juan volcanic field 
[Steven and Lipman, 1976]. The arching may be caused 
by upward movement of a silicic magma body, which 
could be episodic if it is heated by occasional deeper 
basaltic intrusions that are fed magma at variable rates. 
An example of such episodic movement is a resurgent 
dome within the explosive caldera at Iwo Jima, where 
shoreline terraces and results of leveling surveys show 
uplift rates have varied from 100 mm yr -• to almost 500 

mm yr- • during at least the last 700 years [Kaizuka et al., 
1983, 1985]. 

Long-Term Subsidence of Calderas 
Some calderas that formed over shallow basaltic res- 

ervoirs or over silicic magma chambers subside at rela- 
tively slow rates for long periods of time. Examples are 
Campi Flegrei [Berrino et al., 1984], Askja [Camitz et al., 
1995], Aira [Tada and Hashimoto, 1989], Yellowstone 
[Dzurisin et al., 1990], and Medicine Lake [Dzurisin et al., 
1991]. Only at Aira has long-term subsidence occurred 
during lateral magma movement from beneath the 
caldera to feed intermittent eruptions of Sakurajima. 
The other examples have no clear evidence of concur- 
rent magma withdrawal from beneath the caldera. Such 
evidence might have been shallow earthquake swarms or 
simultaneous uplift over a nearby area of the presumed 
magmatic intrusion. 

Subsidence may persist for a few years or may last a 
thousand years or longer, interrupted by uplift that may 
presage an eruption. Patterns of vertical displacement 
show that maximum subsidence occurs near the caldera 

center at rates of 10 to 40 mm yr-•. At the two examples 
where uplift has also occurred recently, Yellowstone 
(Figure 4) and Campi Flegrei [Dvorak and Berrino, 
1991], the profiles of uplift and subsidence are mirror 
images. This suggests that the source of subsidence is 
located at or very near the source of uplift. 

If magma bodies have persisted beneath each of these 
calderas at least since formation of the caldera, then the 
subsidence rates are too high to be caused solely by 
cooling and crystallization of magma, for example at 
Campi Flegrei [Dvorak and Mastrolorenzo, 1991]. 

Most calderas that subside slowly lie within areas of 
regional extension, and so some subsidence might be 
caused by thermal weakening of the crust by a magma 
body beneath the caldera, for example at Yellowstone 
[Dzurisin et al., 1990] and Medicine Lake [Dzurisin et al., 
1991]. The alternative, however, can explain neither the 
accelerated subsidence rate at Campi Flegrei after both 
recent episodes of rapid uplift nor the onset of subsi- 
dence at Yellowstone during 1985-1986. 

While local contraction by cooling and regional ex- 
tension may contribute to subsidence, the dominant 
factor is probably slow removal of magmatic fluids as the 
magma body cools and releases fluids to the overlying 
hydrothermal system. Both uplift episodes since 1968 at 
Campi Flegrei were followed by subsidence at a rate that 
was larger than the average rate during the previous 140 
years [Berrino et al., 1984; Barberi et al., 1984]. The 
increased subsidence rate slowly decayed, so that after a 
few years it had returned to the long-term rate. A similar 
response was recorded by leveling surveys across a pre- 
sumed magmatic intrusion in 1966 during an earthquake 
swarm beneath Matsushiro on the Izu Peninsula, Japan. 
(An alternative explanation is that the event was the 
result of dilation related to slip along a horizontal fault 
[Nur, 1974].) The rate of surface water flow increased 
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during and after the event; the volume of water outflow 
after the end of the intrusion was about equal to the 
volume of subsidence [Kisslinger, 1975]. 

Growth of Eruptive Fissures 
Most patterns of surface displacement presented so 

far were obtained by resurveys of extensive geodetic 
networks. Because each survey required at least several 
days, and often several weeks, to complete, the results 
yield only a net change in displacement after an erup- 
tion. No information can be gleaned about how the 
eruption developed and progressed, in particular the 
rate at which an eruptive fissure formed. This has 
changed in the last 20 years, so that by using automatic 
instruments, such as tiltmeters and strain meters, it has 
been possible to record formation of eruptive fissures, 
and surface displacements during dangerous explosive 
eruptions. The latter will be considered in the next 
subsection. 

The growth of the January 1983 eruptive fissure of 
Kilauea was recorded by six tiltmeters located along the 
axis of the east rift zone. During a 24-hour period the 
epicenters of shallow earthquakes expanded along the 
axis of the east rift zone at a rate of 0.6 km hr -• 

[Koyanagi et al., 1988]. Also, a migration was noted of 
the timing of initial surface displacement recorded by 
the tiltmeter network [Okamura et al., 1988]. The tilt 
records can be used to determine the amount and rate of 

rifting that occurred within the volcano before the erup- 
tion. As an example, consider the complete record of the 
Kamoamoa tiltmeter. 

The Kamoamoa tiltmeter was located about 300 m 

north of the growing east-west dike that would feed the 
eruption (Figure 13a). The tilt record is shown as a 
component perpendicular to the rift axis and another 
component parallel to the rift axis (Figure 13b). The 
beginning of the shallow earthquake swarm and the 
onset of the eruption 24 hours later are indicated as 
vertical dashed lines. 

The growing dike is modeled as a vertical sheet that 
begins at a point at a depth of 2 km, then grows hori- 
zontally at a constant rate of 0.5 km hr -•, about the 
same as the earthquake migration rate, and vertically at 
a constant rate of 0.08 km hr -• (Figure 13b). The width 
of the sheet is always 2.5 m. In this model the sheet 
continues to grow until it intersects the surface at the 
onset time of the eruption. The model reproduces the 
basic features of the tilt record, such as the delayed and 
slow turnover of both tilt components, the amount of tilt 
change of both components, and the transient change of 
the parallel tilt component. The large difference be- 
tween computed and recorded tilt for the perpendicular 
component, which begins about 3 hours before the erup- 
tion, may indicate inelastic displacement or a rapid 
change in dip as the top of the dike nears the surface. 

The complexity of the Kamoamoa tilt record can be 
understood better by viewing the evolving pattern of 
cumulative elevation change that occurred as the sheet 
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Figure 13. Growing pressurized dike, used to model the tilt 
changes that occurred as an 8-km-long eruptive fissure devel- 
oped along the east rift zone of Kilauea on January 2, 1983. (a) 
Diagram showing location of the tiltmeter about 300 m from 
the eventual eruptive fissure. The model assumes that the dike 
grows at constant rates vertically and horizontally and takes the 
shape of a vertical, rectangular sheet. (b) Comparison of mea- 
sured (solid lines) and computed (dashed lines) tilt changes for 
the growing dike. (Modified from Okamura et al. [1988].) 

continued to grow. Again, the sheet is assumed to begin 
at a point at a depth of 2 km (Figure 14a). After 3 hours, 
two ridges are apparent in the pattern, separated by a 
trough above the growing sheet (Figure 14b). During the 
next 15 hours the two ridges grow in amplitude, elongate 
parallel to the rift axis, and move closer to the rift axis 
(Figures 14c, 14d, and 14e). Finally, as the sheet touches 
the surface, the ridges merge, and the eruptive fissure 
forms along the crest of a single long ridge, which, in this 
example, was uplifted a maximum of 0.5 m (Figure 14f). 

Besides Kilauea, the horizontal growth rate of dikes 
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Figure 14. Elevation changes during the 
growth of a dike and eruptive fissure along 
the east rift zone of Kilauea on January 2, 
1983. (a) Onset of dike growth. The dike is 
assumed to begin at a point, then grow at a 
constant rate of 80 m hr -• vertically and a 
constant rate of 500 m hr- • horizontally. (b) 
Three hours after the onset of dike growth. 
Two maxima form on either side of the axis 

of the rift zone, and a small trough forms 
along the axis, over the growing dike. As the 
dike nears the surface, these maxima will 
move closer until they finally merge when 
the dike reaches the surface (f). (c) Six 
hours after onset. (d) Twelve hours after 
onset. (e) Eighteen hours after onset. (f) 
Twenty-four hours after the onset of dike 
growth. The dike has reached the surface, 
and an eruptive vent has formed across the 
crest of the uplifted surface. 

has been measured at a few other basaltic volcanoes and, 
recently, along a section of the Juan de Fuca ocean ridge 
(Table 4). All such determinations, whether from tilt 
records, earthquake migration rates, or actual observa- 
tion of the rate at which surface cracks open, yield about 
the same rate of several hundred meters per hour up to 
2 km hr -1. These rates are much slower than the few 

kilometers per second associated with seismic velocities 
or the growth rate of cracks in ceramics and other brittle 
material. Therefore the rate of dike growth is not con- 
trolled by the rate at which a crack can form, but by the 
ability of viscous magma to keep up with a growing crack 
[Spence and Turcotte, 1985]. 

Explosive Eruptions 
Measurements of surface displacement during explo- 

sive eruptions is among the most difficult tasks to per- 
form around active volcanoes. Obviously, in view of the 
fatal disaster at Galeras, Colombia, in January 1993, one 
difficulty is the danger of people being too close and thus 

at high risk. Even when automatic instruments are used, 
a remaining problem is to locate an instrument close 
enough to record surface displacements but not so close 
that it will not survive an eruption. For these reasons, 
records of explosive eruptions have been made at only a 
few volcanoes, but these records reveal important char- 
acteristics about the physical nature of those explosions. 

As an example, the tilt records and the histories of 
tremor amplitude are shown in Figure 15 for two explo- 
sive eruptions of Mount St. Helens in 1980. For each 
example the timing of the major explosion is indicated as 
a vertical line. The tilt records are shown as a component 
radial to the volcano, such that an increase in radial tilt 
represents uplift of the volcano, and a component tan- 
gential to the volcano. 

In both cases, when tremor amplitude increased sud- 
denly, the volcano subsided for an hour or two, then 
recovered to the original level during the next several 
hours. Apparently, magma from a shallow source was 
erupted suddenly, causing the initial subsidence, then 
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TABLE 4. Growth Rate of Dikes 

Volcano Date of Event Method 

Horizontal 

Distance, 
km 

Rate, km h- • 

Horizontal Vertical Reference 

Piton de la Fournaise, 
R6union 

Kilauea, Hawaii 

Mauna Loa, Hawaii 
Krafla, Iceland 

Miyakejima, Japan 
Teishi Knoll, Japan 
Juan de Fuca Ridge 

April 18, 1990 

Sept. 21-24, 1971 
Jan. 2, 1983 

March 25, 1984 
Sept. 8, 1977 

July 10, 1978 

Sept. 8, 1977 
March 16, 1980 
Oct. 3, 1983 
July 13, 1989 
June 26, 1993 

changing tilt directions 

opening ground fissures 
earthquake migration 
tiltmeter curve 

opening ground fissures 
earthquake migration 

opening ground fissures 
earthquake migration 

extensometer network 
extensometer network 

opening ground fissures 
earthquake migration 
earthquake migration 

4 0.7 ... Toutain et al. [1992] 

12 0.6-4.0 ... Du•eld et al. [1982] 
10 0.6 ... Koyanagi et al. [1988] 

0.7 0.07 Okamura et al. [1988] 
20 1.2 ... Lockwood et al. [1987] 
10 1.8 ... Brandsd6ttir and 

Einarsson [1979] 
1.8 ... Bj6rnsson et al. [1979] 

30 1.6 ... Einarsson and 

Brandsd6ttir [1980] 
10 2.1 ... Hauksson [1983] 
7 1.7 ... Hauksson [1983] 
3 1.5 ... Aramaki et al. [1986] 

...... 0.01-0.4 Ueki et al. [1993] 
20 1 C. Fox (oral communi- 

cation, 1994) 

was replaced within several hours by magma from a 
deeper source. No net surface displacement resulted 
after an explosive eruption. A similar result of no net 
displacement has been recorded at two other exploding 
volcanoes. 

The tilt and strain records during small explosions of 
Sakurajima show a transient change but no net change 
(Figure 16c). Surface strain changes occurred no more 
than a fraction of an hour before an explosion, offering 
no reasonable time to forewarn people around the vol- 
cano. A similarly short precursory time before explo- 
sions was also observed at Galeras, Colombia. 

A tiltmeter was located within a kilometer of the 

explosion crater at Galeras (Figure 17b). For three-and- 
a-half months in 1989, the tiltmeter recorded two dozen 
spikes (Figure 17c), each with a rapid beginning and 
slower recovery, and no net change in ground tilt (Figure 
17d). Each event is thought to be caused by sudden gas 
emission. As at Sakurajima, precursory strain occurred a 
fraction of an hour before an eruption, and no net 
change was observed a few hours after the explosion had 
occurred. 

At Sakurajima and Galeras the tilt records might be 
the result of the sudden release of gas, which expanded 
rapidly as it rose the last several hundred meters to the 
surface and then was released as the ground surface 
returned to its preexplosion position. No significant vol- 
ume of magma was involved. For Mount St. Helens, 
magma was erupted, so the transient change in ground 
displacement was not caused solely by gas release. 
Magma from a deeper level must have moved up rapidly 
to replace magma just erupted from a shallow reservoir. 
The rapid replacement of magma has made measure- 
ments of net surface displacements of limited use in 
predicting explosive activity at stratovolcanoes. Besides 
the three stratovolcanoes already mentioned, a similar 

result of no measured surface displacement after an 
explosive eruption has been noted during the 1986 erup- 
tions of Nevado del Ruiz [Banks et al., 1990] and the 
1992 eruption of Manam [McKee et al., 1993]. Adequate 
tracking of ground displacements at volcanoes such as 
these requires continuous measurements by tiltmeters, 
strain meters, or GPS instruments. 

Predicting Volcanic Activity 
Though measurements of surface displacement be- 

fore explosive eruptions have been difficult to obtain, 
such measurements, along with earthquake patterns, 
have been very successful indicators of other types of 
eruptions. One of the best records of successful predic- 
tions has been at Mount St. Helens after the cataclysmic 
eruption of May 18, 1980 (Figure 18) [Swanson et al., 
1983]. 

The successful predictions had three key ingredients: 
(1) a volcano that had a series of eruptions, which over 
a few years changed in a systematic way from dramatic 
explosions to quiet dome extrusions, (2) ability to pro- 
cess seismic signals immediately, and (3) intensive field- 
work, usually done daily or weekly, during which simple, 
repeated measurements were made of surface displace- 
ment. The predictions of explosive eruptions relied on 
seismic data alone. Later, predictions of episodes of 
dome growth took advantage of the development of 
structural features around the growing dome, in partic- 
ular the development of radial cracks and concentric 
thrust faults near the base of the dome. 

Movement of thrust faults around the base of the 

dome accelerated a few days to weeks before an extru- 
sive episode [Chadwick et al., 1983]. Tilting of the crater 
floor also accelerated before several episodes [Dzurisin 
et al., 1983]. Before each episode a prediction window 
was announced to the public. As measurements contin- 
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Figure 15. Ground movement and tremor amplitude during 
explosive eruptions of Mount St. Helens. Records of ground 
movement are from an electronic tiltmeter 7 km south-south- 

west of the eruptive vent [Dvorak et al., 1981]. Tilt components 
are either radial or tangential to the vent. Records of tremor 
amplitude are from a seismic station located 16 km from the 
eruptive vent [Scandone and Malone, 1985]. The thin vertical 
line indicates the beginning of a major explosive column. (a) 
May 25, 1980. (b) May 12, 1980. Note that little, if any, net tilt 
change occured several hours after each explosive eruption. 

ued to be made, the window was revised and narrowed. 
In this manner, seven successive dome-building erup- 
tions were predicted between 3 days and 3 weeks in 
advance (Figure 18) [Swanson et al., 1983]. 

Another example of how a repeated pattern of sur- 
face displacement is related to episodic eruptions is the 
four dozen eruptions that occurred along the east rift 
zone of Kilauea from 1983 to 1986. Most episodes, which 
lasted about 1 day each, were preceded by a few weeks 
of decreasing uplift rate in the summit area, indicated by 
a continuously recording tiltmeter [Wolfe et al., 1987], 
and an increase in the rate of shallow summit earth- 

quakes. Often, the start or end of an eruption along the 
east rift zone occurred within a few hours of the start or 

stop of summit subsidence. Immediately after an erup- 
tion, uplift of the summit area resumed; then over the 
next few weeks, an increase in shallow earthquakes oc- 
curred, and eventually another eruption began. The sim- 
ple, repetitive curves of summit tilt during subsidence at 
both Kilauea and Krafla (Figure 11) suggest that the 
ability to predict the maximum duration and magnitude 
of a subsidence event at these volcanoes is possible. 

The familiar sequence of initial ground movement 
followed by the start of shallow earthquakes has also 

been observed at other volcanoes. For example, uplift at 
Campi Flegrei that began in about June 1982, as mea- 
sured by a tide gage, preceded by about 9 months the 
onset of a series of damaging earthquake swarms be- 
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Figure 16. Sudden ground movement at Sakurajima, Japan. (a) 
Location map of Sakurajima, on the southern rim of Aira 
caldera. (b) Location of continuous recording instruments 
(HAR), about 2 km northwest of the explosion crater. (c) 
Continuous records of ground movement associated with a 
small explosion at 0643 LT on October 14, 1985. (Modified 
from Ishihara [1990]. Copyright John Wiley and Sons Ltd. 
Reproduced with permission.) A small uplift and radial exten- 
sion of the volcano occurred 1-2 hours before the explosion. 
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neath the caldera center (Figure 19a) [Barbed et al., 
1984]. Both the uplift and earthquake swarms stopped in 
December 1984. A recent increase in surface strain rate 

at Long Valley was followed 2 months later by an in- 
crease in rate of shallow earthquakes (Figure 19b) 
[Langbein et al., 1993]. Such a sequence is easy to un- 
derstand. First, the crust starts to expand as magma 
intrudes beneath the volcano; then when the amount of 
strain exceeds a threshold value, of the order of tens to 
hundreds of parts per million, the crust starts to fracture, 
and earthquakes occur. If the process continues, a frac- 
ture eventually forms between the magma body and the 
surface, and an eruption ensues. 

The relation between the onset of ground displace- 
ment and seismicity, however, is at other times unclear. 
The uncertainty may represent a lack of accurate and 
frequent measurements of surface displacements rather 
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Figure 17. Sudden ground movements at Galeras, Colombia. 
(a) Location map of Galeras. (b) Location of Pelas electronic 
tiltmeter, installed within 1 km of the explosion crater on May 
10, 1989. (c) Four-month record of tilt changes recorded by the 
Pelas tiltmeter. North or east down corresponds to uplif[ of the 
volcano. The event on May 20 was coincident with Sudden 
emission of sulfurous gas. Other transient events are possibly 
related to gas emission. (d) Twenty-four-hour record of one 
transient tilt event, presumably related to sudden gas emission 
from the explosive crater [Lockhart et al., 1990]. 
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Figure 18. Increasing surface strain rate before periods of 
dome growth at Mount St. Helens (modified from Swanson et 
al. [1983]). Shown here are changes in distance across thrust 
faults near the dome. Vertical dashed lines indicate the timing 
of episodic dome growth. The bars at the top show the windows 
of predictions issued publicly before eruptive activity. The 
arrows show when the prediction was issued. Two predictions 
were issued in March 1982; the narrower predicted window 
was an update issued a few days before activity. 

than a different volcanic pattern. As an example, con- 
sider the tantalizing result recorded during the last 30 
years when two eruptions occurred at Mauna Loa in 
Hawaii (Figure 19c) [Lockwood et al., 1987]. After 10 
years of no significant ground displacement, a series of 
shallow earthquake swarms began in December 1974, 7 
months before the July 1975 eruption. Extension across 
the caldera began at least by February 1975 and perhaps 
as early as November 1974. Before the next eruption in 
March 1984, the rate of shallow earthquakes increased 
gradually during the few years before the eruption, then 
dramatically an hour before the eruption. Extension 
across the caldera was also gradual a few years before 
the 1984 eruption. A tiltmeter in the summit area 
showed that rapid changes began an hour before the 
eruption, when the rate of shallow earthquakes also 
increased. This is an example in which the dual tech- 
niques of seismic and geodetic studies yielded a quanti- 
tative way to follow the buildup and predict the 1984 
eruption [Decker et al., 1983]. 

THE COMING REVOLUTION 

The buildup of volcanic deposits by eruption of lava 
does not completely explain the growth of all volcanoes. 
In some cases, such as recent activity at the explosive 
calderas of Iwo-Jima and Usu and along the portion of 
the mid-ocean ridge at Asal-Ghoubbet, volcanic systems 
are growing faster by intrusion than by extrusion. 
Though basaltic volcanoes, such as those in Hawaii and 
Iceland, are composed of thousands of thin lava flows, 
the structure of a basaltic volcano is controlled not by 
the distribution of lava flows, but by magma accumula- 
tion in shallow reservoirs and by repeated dike intru- 
sions. The cumulative effect of many dike intrusions 
alters the strain distribution within the volcano, which 
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Figure 19. Time relation between start of ground movement and shallow seismicity. (a) Campi Flegrei. A tide 
gage record (thick line ) near the point of maximum uplift shows that uplift began in June 1982 and ended in 
December 1984, followed by subsidence at a slower rate. Seismic energy release and earthquake rate began 
in March 1983 and ended in December 1984. (Modified from Barberi et al., [1984].) (b) Long Valley. Daily 
measurements by a two-color laser instrument of changes in line length acrogs the resurgent dome indicate 
that the rate of uplift increased in October 1989 and remained nearly constant for at least 3 years. The 
cumulative seismic moment and earthquake rate increased in December 1989. (Modified from Langbein et al. 
[1993].) (c) Mauna Loa. Yearly trilateration measurements across the summit caldera recorded about 200 mm 
of extension before the last two eruptions, in 1975 and 1984. The sudden extension during an eruption is 
caused by the spreading open of the surface as an eruptive fissure and dike formed. The sudden contraction 
after the start of the 1984 eruption records summit-wide subsidence. Dashed horizontal lines are average 
values of the line length during periods of no activity before each eruption. Significant changes in line length 
were measured in February 1975, about 7 months before the 1975 eruption and in September 1982, about 2 
years before the 1984 eruption. The earthquake rate increased noticeably in April 1974 and dramatically in 
December 1974. The 1984 eruption was preceded by 4 years of gradual increase in earthquake rate; a dramatic 
increase did not occur until a few hours before the eruption. The thin line shows the cumulative number of 
shallow ear,thquakes that could be located. (Modified from Lockwood et al. [1987].) 

changes the likelihood that a dike will reach the surface 
and feed an eruption, and eventually may lead to a large 
landslide, as at Kilauea [Decker, 1987]. These internal 
contributions to growth of an active volcano are best 
revealed by the patterns of surface displacement. 

Besides surface displacement that is local to a vol- 
cano, displacement may also occur on a regional scale, a 
result of activity of a broad magmatic system that feeds 
several individual volcanoes. For example, the upward 
growth of a batholith may raise an entire volcanic field, 
such as the San Juan field [Lipman, 1984]. Also, perma- 
nent uplift may result by accumulation of a broad basal- 
tic intrusion at the base of th e crust (a process called 
underplating) such as one proposed along a segment of 
the trace of the Hawaiian hot spot [Watts et al., 1985] or 
another beneath the Basin and Range province of the 
western United States [Jarchow et al., 1993]. Underplat- 
ing may have raised the Colorado Plateau [McKenzie, 

1984] or eastern Australia [Wellman, 1989], both areas of 
ancient volcanism. The passage of a tectonic plate over 
a hot spot may raise and then lower a broad region. For 
example, the passage of the North American plate over 
the Yellowstone hot spot was invoked to explain a re- 
versal of regional drainage patterns in Montana [Fritz 
and Sears, 1993]. The various components of regional 
displacement that are suggested by geologic evidence 
have not been measured yet using geodetic techniques, 
with one notable exception. The 40-year record of a tide 
gage on the island of active volcanoes in Hawaii has 
indicated continuous and slow subsidence. The subsi- 

dence may be an isostatic adjustment of the crust as the 
volcanoes continue to erupt and grow [Moore, 1987]. An 
alternative explanation is that the tide gage is located at 
a point that is drifting away from the maximum uplift of 
the crust caused by the Hawaiian hot spot. In essence, 
according to the second explanation, movement of the 
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Pacific plate causes the tide gage to "slide down" the hot 
spot swell. 

These examples illustrate the need to expand the 
current coverage of geodetic measurements to many 
other volcanoes and show that the action of individual 

volcanoes cannot be divorced from regional activity. Just 
as astronomers succeeded in understanding the evolu- 
tion of stars by the study of thousands of stars, instead of 
the few dozen that are nearest to us, earth scientists will 
better understand the evolution of magmatic systems 
when hundreds of active volcanoes are studied intensely, 
instead of the few dozen studied now. Such a major 
advance requires the use of new techniques that are able 
to make more frequent and more exact measurements of 
surface displacement than are possible with conven- 
tional techniques. 

One new technique suited especially well to the study 
of active volcanoes relies on the satellite-based Global 

Positioning System. The advantages of GPS over con- 
ventional high-precision geodetic techniques is that GPS 
can be used in remote and rugged terrain and can record 
displacements of a few millimeters across baselines of a 
few kilometers to hundreds of kilometers [Dixon, 1991]. 
Already GPS surveys recorded displacements at Izu- 
Oshima [Okada and Yamamoto, 1991], Etna [Nunnari 
and Puglisi, 1994], and Kilauea [Dvorak et al., 1995]. 
Permanent GPS stations that send data to a central 

collecting site offer another way to make continuous 
measurements of displacement, which are important for 
recording the development of a volcanic vent immedi- 
ately before an eruption. Already such stations are used 
to record daily tectonic strain in southern California 
[Bock, 1993] and British Columbia [Dragert et al., 1993] 
and continuous uplift and horizontal displacement at 
Long Valley [Webb et al., 1995]. 

Another technique for making continuous measure- 
ments is the use of borehole strain meters, which are 
able to record strains as small as one part in 10 -•2. A 
network of such strain meters recorded the simultaneous 

growth of an eruptive fissure and withdrawal of magma 
f•,•m a shallow reservoir beneath Hekla [Linde et al., 
1•,93]. Because borehole strain meters have an ultrahigh 
sensitivity, the wider use of these instruments could 
reveal events at distant volcanoes, such as the event near 
Matsushiro, Japan, in 1966 [Stuart and Johnston, 1975] and 
beneath Efate Island, New Hebrides, in 1986 [Mellors et al., 
1991], which were interpreted as magmatic intrusions. 

Radar interferometry, either from an airplane or a 
satellite, offers the possibility to measure the two-dimen- 
sional pattern of vertical displacement caused by mag- 
matic or seismic activity, instead of the scattered point 
measurements made by GPS. Radar interferometry suc- 
ceeded in measuring the pattern of coseismic displace- 
ments of the magnitude 7.3 Landers earthquake of 1992 
[Massonnet eta!., 1993]. The current resolution of verti- 
cal displacement of 30 mm, however, is much less than 
that of conventional techniques. The promise of this 
technique is that measurements conducted by a dedi- 

cated satellite could bring under surveillance hundreds 
of volcanoes every few weeks. 

Almost all efforts in volcano geodesy have been di- 
rected at subaerial volcanoes, e,,'en though most volcanic 
activity occurs along the mid-ocean ridge system. Pro- 
posed techniques for work!ng under the sea are natural 
extensions of successful techniques used on land, such as 
development of an ocean bottom tiltmeter [Staudigel et 
al., 1991] and measurement of horizontal distances 
across the ridge [Chadwick et al., 1990; Spiess et al., 
1994]. Because the tops of magma reservoirs are within 
1-2 km of the seafloor and less than 3 km wide [Detrick 
et al., 1987; Collier and Sinha, 1992], instruments will 
have to be placed within a few kilometers of the axis of 
the ridge system. If the 1978 event at Asal-Goubbet is 
typical of events along the undersea portion of the 
mid-ocean ridge system, the instruments must be spaced 
about every 5 km along a 500-km length of the ridge 
system in order to have a reasonable chance of detecting 
an event in 5 years [Stein et al., 1991]. The probability of 
detecting an event, however, rises dramatically with 
spreading rate. Also, a higher chance of detection is 
possible if initial efforts are concentrated at seamounts 
along the mid-ocean ridge system, which may be loci of 
activity. For example, an ocean bottom pressure sensor 
that was operated for 15 months on Axial seamount, 
Juan de Fuca Ridge, recorded a 150-mm subsidence 
coincident with a sudden change in water temperature 
and an increase in speed of ocean bottom currents, 
activity consistent with a sudden outburst of confined hot 
seawater within the oceanic crust [Fo:•. 1990]. 

The purpose of volcano geodesy ':•as advanced far 
beyond the initial objective of recording the rise and fall 
of the surface as magma rose beneath, then erupted 
from, a volcano. The results are beginning to yield esti- 
mates of magma supply rate to volcanoes and to record 
the size and growth rate of intrusions. In some cases the 
rate of displacement has been used to predict the start of 
an eruption, though this goal has not been achieved in 
every case. In the future, such measurements may 
achieve the equally important goal of determining when 
an eruption is about to end. 

ACKNOW[EDGMENIS. Hundreds of people have con- 
tributed to the growing science of volcano geodesy. Unfortu- 
nately, only a few can be acknowledged here. Robert Decker 
serves as a mentor who continues to pose questions about the 
nature of ground displacement around active volcanoes. We 
have tried to answer many of his questions in this paper. The 
professional acumen of Don Swanson and Richard Fiske im- 
pressed us to delve farther into the field. In part, this paper was 
inspired by their accomplishments and skepticism. The capable 
staffs of the Hawaiian and Casacades Volcano Observatories 

taught both of us how to conduct field measurements and set 
us to wondering what was the cause of the displacement 
patterns that were revealed. This paper has benefited greatly 
from the thorough comments and additions suggested by John 
B. Murray and Paul Davis. 



378 ß Dvorak and Dzurisin: VOLCANO GEODESY 35, 3 / REVIEWS OF GEOPHYSICS 

Peter Molnar was the editor responsible for this paper. He 
would like to thank John Murray and Paul Davis for their 
technical reviews. He would also like to thank Roberta John- 

son for her cross-disciplinary review. 

REFERENCES 

Ake, J.P., and A. R. Sanford, New evidence for the existence 
and internal structure of a thin layer of magma at mid- 
crustal depths near Socorro, New Mexico, Bull. SeismoL 
Soc..Am., 78, 1335-1359, 1988. 

Anderson, E. M., The dynamics of the formation of cone 
sheets, ring dykes and caldron-subsidences, Proc. R. Soc. 
Edinburgh, 56, 128-157, 1936. 

Aramaki, S., Formation of the Aira caldera, southern Kyushu, 
-22,000 years ago, J. Geophys. Res., 89, 8485-8501, 1984. 

Aramaki, S., Y. Hayakawa, T. Fuji, K. Nakamura, and 
T. Fukuoka, The October 1983 eruption of Miyakejima 
volcano, J. Volcanol. Geotherm. Res., 29, 203-229, 1986. 

Archbold, M. J., C. O. McKee, B. Talai, J. Mori, and P. de 
Saint Ours, Electronic distance measuring network moni- 
toring during the Rabaul seismicity/deformational crisis of 
1983-1985, J. Geophys. Res., 93, 12,123-12,136, 1988. 

Armienti, P., F. Barberi, H. Bizouard, R. Clocchiatti, F. Inno- 
centi, N. Metrich, M. Rosi, and S. Sbrana, The Phlegraean 
Fields: Magma evolution within a shallow chamber, J. Vol- 
canol. Geotherm. Res., 17, 289-311, 1983. 

Bailey, R. A., G. B. Dalrymple, and M. A. Lanphere, Volca- 
nism, structure, and geochronology of Long Valley caldera, 
Mono County, California, J. Geophys. Res., 81,725-744, 1976. 

Baker, I., Compositional variation of minor intrusions and the 
form of a volcano magma chamber in Saint Helena, Q. J. 
Geol. Soc. London, 124, 214-217, 1968. 

Balesta, S. T., A. A. Kargopoltsev, and G. B. Grigoryan, 
Seismic data on magma chambers of the large Tolbachik 
eruption, Bull. Volcanol., 41,473-479, 1978. 

Banks, N. G., C. Carvajal, H. Mora, and E. Tryggvason, De- 
formation monitoring at Nevado del Ruiz, Colombia-- 
October 1985-March 1988, J. Volcanol. Geotherm. Res., 41, 
269-295, 1990. 

Barberi, F., G. Corrado, F. Innocenti, and G. Luongo, Phle- 
graean Fields 1982-1984: Brief chronicle of a volcano emer- 
gency in a densely populated area, Bull. Volcanol., 47, 
175-185, 1984. 

Berrino, G., G. Corrado, G. Luongo, and B. Toro, Ground 
deformation and gravity changes accompanying the 1982 
Pozzuoli uplift, Bull. Volcanol., 47, 187-200, 1984. 

Bianchi, R., A. Coradini, C. Federico, G. Giberti, P. Lancian, 
J.P. Pozzi, G. Sartoris, and R. Scandone, Modeling of 
surface deformation in volcanic areas: The 1970-1972 and 

1982-1984 crises of Campi Flegrei, Italy, J. Geophys. Res., 
92, 14,139-14,150, 1987. 

Bj6rnsson, A., Dynamics of crustal rifting in NE Iceland, J. 
Geophys. Res., 90, 10,151-10,162, 1985. 

Bj6rnsson, A., G. Johnsen, S. Sigurdsson, G. Thorbergsson, 
and E. Tryggvason, Rifting of the plate boundary in north 
Iceland 1975-1978, J. Geophys. Res., 84, 3029-3038, 1979. 

Bock, Y., Permanent GPS geodetic array: Continuous mea- 
surements of active tectonics in S. California (abstract), Eos 
Trans. AGU, 74(43), Fall Meet. Suppl., 59, 1993. 

Borgia, A., Dynamic basis of volcanic spreading, J. Geophys. 
Res., 99, 17,791-17,804, 1994. 

Bonaccorso, A., and P.M. Davis, Dislocation modelling of the 
1989 dike intrusion into the flank of Mount Etna, Sicily, J. 
Geophys. Res., 98, 4261-4268, 1993. 

Bonasia, V., and F. Pingue, Ground deformation on Mt. Ve- 
suvius from 1977 to 1981, Bull Volcanol., 44, 513-520, 1981. 

Brandsd6ttir, B., and P. Einarsson, Seismic activity associated 

with the September 1977 deflation of the Krafla center 
volcano in northeastern Iceland, J. Volcanol. Geotherm. 
Res., 6, 197-212, 1979. 

Brown, G. M., The layered ultrabasic rocks of Rhum, Inner 
Hebrides, Philos. Trans. R. Soc. London, Set. B, 240, 1-53, 
1956. 

Camitz, J., F. Sigmundsson, G. Foulger, C.-H. Jahn, C. Volk- 
sen, and P. Einarsson, Plate boundary deformation and 
continuing deflation of the Askja volcano, north Iceland, 
determined with GPS, 1987-1993, Bull. Volcanol., 57, 136- 
145, 1995. 

Cardaci, C., M. Coviello, G. Lombardo, G. Patane, and 
R. Scarpa, Seismic tomography of Etna volcano, J. Volca- 
nol. Geotherm. Res., 56, 357-368, 1993. 

Carten, R. B., E. P. Geraghty, B. M. Wlaker, and J. R. Shan- 
non, Cyclic development of igneous features and their re- 
lationship to high-temperature hydrothermal features in the 
Henderson porphyry molybdenum deposit, Colorado, 
Econ. Geol., 83, 266-296, 1988. 

Casadevall, T. J., and D. Dzurisin, Intrusive rocks of Kilauea 
caldera, in Volcanism in Hawaii, vol. 1, edited by R. W. 
Decker, T. L. Wright, and P. H. Stauffer, U.S. Geol. Surv. 
Prof. Pap., 1350, 377-394, 1987. 

Castle, R. O., J. E. Estrem, and J. C. Savage, Uplift across 
Long Valley caldera, California, J. Geophys. Res., 89, 
11,507-11,516, 1984. 

Cater, F. W., Chilled contacts and volcanic phenomena asso- 
ciated with the Cloudy Pass batholith, Washington, U.S. 
Geol. Surv. Prof. Pap., 400-B, B471-B473, 1960. 

Cater, F. W., D. M. Pinckney, W. B. Hamilton, R. L. Parker, 
R. D. Weldin, T. J. Clase, and N. T. Zilka, Mineral re- 
sources of the Idaho primitive area and vicinity, Idaho, U.S. 
Geol. Surv. Bull. 1304, 431 pp., 1973. 

Chadwick, W. W. Jr., D. A. Swanson, E. Y. Iwatsubo, C. C. 
Heliker, and T. A. Leighley, Deformation monitoring at 
Mount St. Helens in 1981 and 1982, Science, 221, 1378- 
1380, 1983. 

Chadwick, W. W. Jr., R. W. Embley, and H. B. Milburn, 
Acoustic extensometer: A new instrument array to measure 
horizontal deformation for rapid deployment at mid-ocean 
ridges (abstract), Eos Trans. AGU, 71, 1609, 1990. 

Chapman, M., and J. M. Rhodes, Composite layering in the 
Isle au Haut Igneous Complex, Marine: Evidence for peri- 
odic invasion of a mafic magma into an evolving magma 
reservoir, J. Volcanol. Geotherm. Res., 51, 41-60, 1992. 

Chester, D. K., A.M. Duncan, J. E. Guest, and C. R. J. 
Kilburn, Mount Etna: The Anatomy of a Volcano, 400 pp., 
Stanford Univ. Press, 1985. 

Christiansen, R. L., Yellowstone magmatic evolution: Its bear- 
ing on understanding large-volume explosive volcanism, in 
Explosive Volcanism: Inception, Evolution, and Hazards, pp. 
84-95, Natl. Acad. Press, Washington, D.C., 1984. 

Cinque, A., G. Rolandi, and V. Zamparelli, L'estensione dei 
depositi marini olocenici nei Campi Flegrei in relazione all 
vulcano-tettonica, Boll. Soc. Geol. Ital., 194, 327-348, 1985. 

Clark, R. H., Surveillance of White Island volcano 1972-1977: 
Volcanic events and deformation of the crater floor, N. Z. 
J. Geol. Geophys., 25, 317-324, 1982. 

Clark, R. H., and P.M. Otway, Deformation monitoring asso- 
ciated with the 1976-1982 White Island eruption sequence, 
N. Z. Geol. Surv. Bull., 103, 69-84, 1989. 

Collier, J. S., and M. C. Sinha, Seismic mapping of a magma 
chamber beneath the Valu Fa Ridge, Lau Basin, J. Geophys. 
Res., 97, 14,031-14,053, 1992. 

Corry, C. E., Laccoliths; mechanics of emplacement and 
growth, Spec. Pap. Geol. Soc. .Am., 220, 1988. 

Crough, S. T., Hot spot swells,.Annu. Rev. Earth Planet. Sci., 11, 
165-193, 1983. 

Daly, R. A., The geology of Saint Helena, Proc. Am. Acad. Arts 
Sci., 62, 31-92, 1927. 



35, 3 /REVIEWS OF GEOPHYSICS Dvorak and Dzurisin: VOLCANO GEODESY ß 379 

Davis, P.M., Surface deformation associated with a dipping 
hydrofracture, J. Geophys. Res., 88, 5826-5834, 1983. 

Davis, P.M., Surface deformation due to inflation of an 
arbitrarily oriented triaxial ellipsoidal cavity in an elastic 
half-space, with reference to Kilauea volcano, Hawaii, J. 
Geophys. Res., 91, 7429-7438, 1986. 

Decker, R. W., Dynamics of Hawaiian volcanoes: An overview, 
in Volcanism in Hawaii, vol. 2, edited by R. W. Decker, T. L. 
Wright, and P. H. Stauffer, U.S. Geol. Surv. Prof Pap., 1350, 
997-1018, 1987. 

Decker, R. W., R. Y. Koyanagi, J. Dvorak, J.P. Lockwood, 
A. T. Okamura, K. M. Yamashita, and W. R. Tanigawa, 
Seismicity and surface deformation of Mauna Loa volcano, 
Hawaii, Eos Trans. AGU, 37, 545-547, 1983. 

de Laguna, W., E.G. Struxness, T. Tamura, W. C. McClain, 
H. O. Weeren, and R. C. Sexton, Engineering development 
of hydraulic fracturing as a method for permanent disposal 
of radioactive wastes, Rep. ORNL-4259, 257 pp., Oak Ridge 
Natl. Lab., Oak Ridge, Tenn., 1968. 

Delorme, H., P. Bachelery, P. A. Blum, J. L. Cheminee, J. F. 
Delarue, J. C. Delmond, A. Hirn, J. C. Lepine, P.M. 
Vincent, and J. Zlotnicki, March 1986 eruptive episodes at 
Piton de la Fournaise volcano (Rdunion Island), J. Volca- 
nol. Geotherm. Res., 36, 199-208, 1989. 

Delaney, P. T., R. S. Fiske, A. Miklius, A. T. Okamura, and 
M. K. Sako, Deep magma body beneath the summit and rift 
zones of Kilauea volcano, Hawaii, Science, 247, 1311-1316, 
1990. 

Denlinger, R. P., and F. Riley, Deformation of Long Valley 
caldera, Mono County, California, from 1975 to 1982, J. 
Geophys. Res., 89, 8303-8314, 1984. 

Denlinger, R. P., R. S. Riley, J. K. Boling, and M. C. Carpen- 
ter, Deformation of Long Valley caldera between August 
1982 and August 1983, J. Geophys. Res., 90, 11,199-11,209, 
1985. 

Detrick, R. S., P. Buhl, E. Vera, J. Mutter, J. Orcutt, 
J. Madsen, and T. Brocher, Multichannel seismic imaging 
of a crustal magma chamber along the East Pacific Rise, 
Nature, 326, 35-41, 1987. 

Dieterich, J. H., and R. W. Decker, Finite element modeling of 
surface deformation associated with volcanism, J. Geophys. 
Res., 80, 4094-4102, 1975. 

Dixon, T. H., An introduction to the Global Positioning System 
and some geological applications, Rev. Geophys., 29, 249- 
276, 1991. 

Dragert, H., X. Chen, and J. Kouba, GPS monitoring of crustal 
strain in southwest British Columbia with the Western 

Canadian Deformation Array (abstract), Eos Trans. AGU, 
74(43), Fall Meet. Suppl., 60, 1993. 

Dutfield, W. A., R. L. Christiansen, R. Y. Koyanagi, and D. W. 
Peterson, Storage, migration, and eruption of magma at 
Kilauea volcano, Hawaii, 1971-1972, J. VolcanoL Geotherm. 
Res., 13, 273-307, 1982. 

Dvorak, J. J., Geometry of the September 1971 eruptive fissure 
at Kilauea volcano, Hawaii, Bull. Volcanol., 52, 507-514, 1990. 

Dvorak, J. J., Mechanism of explosive eruptions of Kilauea 
volcano, Hawaii, Bull. Volcanol., 54, 638-645, 1992. 

Dvorak, J. J., and G. Berrino, Recent ground movement and 
seismic activity in Campi Flegrei, southern Italy: Episodic 
growth of a resurgent dome, J. Geophys. Res., 96, 2309- 
2323, 1991. 

Dvorak, J. J., and G. Mastrolorenzo, The mechanisms of 
recent vertical crustal movements in Campi Flegrei caldera, 
southern Italy, Spec. Pap. Geol. Soc. Am., 263, 47 pp., 1991. 

Dvorak, J., and A. T. Okamura, A hydraulic model applied to 
variations in tilt rate during summit subsidence events at 
Hawaiian volcanoes, in Volcanism in Hawaii, vol. 2, edited 
by R. W. Decker, T. L. Wright, and P. H. Stauffer, U.S. 
Geol. Surv. Prof Pap., 1350, 1281-1296, 1987. 

Dvorak, J., A. Okamura, C. Mortensen, and M. J. S. Johnston, 

Summary of electronic tilt studies at Mount St. Helens, 
Washington, in The 1980 Eruptions of Mount St. Helens, 
Washington, edited by P. W. Lipman and D. R. Mullineaux, 
U.S. Geol. Surv. Prof Pap., 1250, 169-174, 1981. 

Dvorak, J., A. Okamura, and J. H. Dieterich, Analysis of 
surface deformation data, Kilauea volcano, Hawaii, Octo- 
ber 1966 to September 1970, J. Geophys. Res., 88, 9295- 
9304, 1983. 

Dvorak, J., A. T. Okamura, T. T. English, R. Y. Koyanagi, J. S. 
Nakata, M. K. Sako, W. R. Tanigawa, and K. M. Yamashita, 
Mechanical response of the south flank of Kilauea volcano, 
Hawaii, to intrusive events along the rift zones, Tectono- 
physics, 124, 193-209, 1986. 

Dvorak, J., J. Matahelumual, A. T. Okamura, H. Said, T. J. 
Casadevall, and D. Mulyadi, Recent uplift and hydrother- 
mal activity at Tangkuban Parahu volcano, west Java, In- 
donesia, Bull. Volcanol., 53, 20-28, 1990. 

Dvorak, J., F. W. Klein, and D. A. Swanson, Relaxation of the 
south flank after the 7.2-magnitude Kalapana earthquake, 
Kilauea volcano, Hawaii, Bull. SeismoL Soc. Am., 84, 133- 
141, 1994. 

Dvorak, J., A. T. Okamura, M. Lisowski, W. Prescott, and 
J. Svarc, GPS measurements on the island of Hawaii: 1987 
to 1990: U.S. Geological Survey Bull., 2092, 81 pp., 1995. 

Dzurisin, D., Electronic tiltmeters for volcano monitoring: 
Lessons from Mount St. Helens, U.S. Geol. Surv. Bull., 
1966, 69-83, 1992. 

Dzurisin, D., J. A. Westphal, and D. J. Johnson, Eruption 
prediction aided by electronic tiltmeter data at Mount St. 
Helens, Science, 221, 1381-1383, 1983. 

Dzurisin, D., J. C. Savage, and R. O. Fournier, Recent crustal 
subsidence at Yellowstone caldera, Wyoming, Bull. Volca- 
nol., 52, 247-270, 1990. 

Dzurisin, D., J. M. Donnelly-Nolan, J. R. Evans, and S. R. 
Walter, Crustal subsidence, seismicity, and structure near 
Medicine Lake volcano, California, J. Geophys. Res., 96, 
16,319-16,333, 1991. 

Dzurisin, D., K. M. Yamashita, and J. W. Kleinman, Mecha- 
nisms of crustal uplift and subsidence at the Yellowstone 
caldera, Wyoming, Bull. Volcanol., 56, 261-270, 1994. 

Earthquake Research Institute, Results of re-triangulation in 
Miyake-sima (in Japanese), Bull. Earthquake Res. Inst. Univ. 
Tokyo, 19, 544-547, 1941. 

Eaton, G. P., R. L. Christiansen, H. M. Iyer, A.M. Pitt, D. R. 
Mabey, H. R. Blank Jr., I. Zietz, and M. E. Gettings, 
Magma beneath Yellowstone National Park, Science, 188, 
787-796, 1975. 

Eaton, J.P., A portable water-tube tiltmeter, Bull. SeismoL 
Soc. Am., 49, 301-316, 1959. 

Eaton, J.P., and K. J. Murata, How volcanoes grow, Science, 
132, 925-938, 1960. 

Eggers, A. A., Temporal gravity and elevation changes at 
Pacaya volcano, Guatemala, J. Volcanol. Geotherm. Res., 19, 
223-237, 1983. 

Eichelberger, J. C., and R. Gooley, Evolution of silicic magma 
chambers and their relationship to basaltic volcanism, in 
The Earth's Crust--Its Nature and Physical Properties, Geo- 
phys. Monogr. Set., vol. 20, edited by J. G. Heacock, pp. 
57-77, AGU, Washington, D.C., 1977. 

Einarsson, P., S-wave shadows in the Krafla caldera in NE- 
Iceland, Evidence for a magma chamber in the crust, Bull. 
Volcanol., 41, 187-195, 1978. 

Einarsson, P., and B. Brandsd6ttir, Seismological evidence for 
lateral magma intrusion during the July 1978 deflation of 
the Krafla volcano in NE-Iceland, J. Geophys., 47, 160-165, 
1980. 

Emeleus, C. H., The Rhum layered complex, Inner Hebrides, 
Scotland, Origins of Igneous Layering, edited by I. Parsons, 
pp. 263-286, D. Reidel, Norwell, Mass., 1987. 

Epp, D., R. W. Decker, and A. T. Okamura, Relation of 



380 ß Dvorak and Dzurisin: VOLCANO GEODESY 35, 3 / REVIEWS OF GEOPHYSICS 

summit deformation to east rift zone eruptions of Kilauea 
volcano, Hawaii, Geophys. Res. Lett., 10, 493-496, 1983. 

Ernst, R. E., and W. R. A. Baragar, Evidence from magnetic 
fabric for the flow pattern of magma in the Mackenzie giant 
radiating dyke swarm, Nature, 356, 511-513, 1992. 

Evans, J. R., and J. J. Zucca, Active high-resolution seismic 
tomography of compressional wave velocity and attenuation 
structure at Medicine Lake volcano, northern California 
Cascade Range, J. Geophys. Res., 93, 15,016-15,036, 1988. 

Ewart, J. A., B. Voight, and A. Bjornsson, Elastic deformation 
models of Krafla volcano, Iceland, for the decade 1975 
through 1985, Bull. Volcanol., 53, 436-459, 1991. 

Ewert, J. W., and D. A. Swanson (Eds), Monitoring volcanoes: 
Techniques and strategies used by the staff of the Cascades 
Volcano Observatory, 1980-90, U.S. Geol. Sur•. Bull., 1966, 
223 pp., 1992. 

Fedotov, S. A., V. B. Enman, Yu. P. Nikitenko, M. A. Ma- 
guskin, V. E. Levin, and S. V. Enman, Crustal deformations 
related to the formation of New Tolbachik volcanoes in 

1975-1976, Kamchatka, Bull. Volcanol., 43, 35-45, 1980. 
Fedotov, S. A., N. A. Zharinov, and V. I. Gorel'chik, Defor- 

mation and seismicity at Klyuchevskoi, A model for its 
activity, Vulcanol. Seismol., 10, 165-225, 1990. 

Ferri, M., M. Grimaldi, and G. Luongo, Vertical ground de- 
formation on Vulcano, Aeolian Islands, southern Italy: Ob- 
servations and interpretations 1976-1986, J. Volcanol. Geo- 
therm. Res., 35, 141-150, 1988. 

Ferrucci, F., A. Hirn, G. De Natale, J. Virieux, and L. Mirabile, 
P-SV conversions at a shallow boundary beneath Campi 
Flegrei caldera (Italy): Evidence for the magma chamber, J. 
Geophys. Res., 97, 15,351-15,359, 1992. 

Ferrucci, F., R. Rasa, G. Gaudiosi, R. Azzaro, and S. Imposa, 
Mt. Etna: A model for the 1989 eruption, J. Volcanol. 
Geotherm. Res., 56, 35-56, 1993. 

Finch, R. H., and G. A. Macdonald, Hawaiian volcanoes dur- 
ing 1950, U.S. Geol. Surv. Bull., 996-B, 89 pp., 1953. 

Fiske, R. S., and W. T. Kinoshita, Inflation of Kilauea volcano 
prior to its 1967-1968 eruption, Science, 165, 341-349, 1969. 

Fiske, R. S., and J. B. Shepherd, Twelve years of ground-tilt 
measurements on the Soufrib•re of St. Vincenl, 1977-1989, 
Bull. Volcanol., 52, 227-241, 1990. 

Fiske, R. S., C. A. Hopson, and A. C. Waters, Geology of 
Mount Rainier National Park, Washington, U.S. Geol. Surv. 
Prof. Pap., 444, 93 pp., 1963. 

Fournier, R. O., Geochemistry and dynamics of the Yellow- 
stone National Park hydrothermal system, Annu. Rev. Earth 
Planet. Sci., 17, 13-53, 1989. 

Fox, C. G., Evidence of active ground deformation on the 
mid-ocean ridge: Axial seamount, Juan de Fuca Ridge, 
April-June 1988, J. Geophys. Res., 95, 12,813-12,822, 1990. 

Frankel, J. J., Forms and structures of intrusive basaltic rocks, 
in Basalts: The PoMervaart Treatise on Rocks of Basaltic 
Composition, vol. 1, edited by H. H. Hess and A. Polder- 
vaart, pp. 63-102, Wiley-Interscience, New York, 1967. 

Fritz, W. J., and J. W. Sears, Tectonics of the Yellowstone 
hotspot wake in southwestern Montana, Geology, 21,427- 
430, 1993. 

Fujita, N., and T. Tada, Anomalous crustal uplift in the north- 
easter part of the Izu Peninsula, central Honshu, Japan, 
Tectonophysics, 97, 147-152, 1983. 

Gorshkov, G. S., Gigantic eruption of the volcano Bezymianny, 
Bull. Volcanol., 20, 77-112, 1959. 

Greene, H. G., D. L. Tiffin, and C. O. McKee, Structural 
deformation and sedimentation in an active caldera, 
Rabaul, Papua New Guinea, J. Volcanol. Geotherm. Res., 
30, 327-356, 1986. 

Gudmundsson, A., Form and dimensions of dykes in eastern 
Iceland, Tectonophysics, 95, 295-307, 1983. 

Hamilton, W., and W. B. Myers, The nature of batholiths, in 
U.S. Geol. Surv. Prof. Pap., 554-C, C1-C30, 1967. 

Hartse, H. E., and A. R. Sanford, A new map of the Socorro 
magma body, Seismol. Res. Lett., 63, 69, 1992. 

Hashimoto, M., and T. Tada, Crustal movements associated 
with the 1914 eruption of Sakurajima volcano, Kagoshima, 
Japan, in Kagoshima International Conference on Volcanoes, 
Proceedings, pp. 288-291, Natl. Inst. for Res. Adv. Tokyo, 
1989. 

Hashimoto, M., and T. Tada, Crustal deformations associated 
with the 1986 fissure eruption of Izu-Oshima volcano, Ja- 
pan, and their tectonic significance, Phys. Earth Planet. 
Inter., 60, 324-338, 1990. 

Hauksson, E., Episodic rifting and volcanism at Krafla in north 
Iceland: Growth of large ground fissures along the plate 
boundary, J. Geophys. Res., 88, 625-636, 1983. 

Hildreth, W., Gradients in silicic magma chambers: Implica- 
tions for lithospheric magmatism, J. Geophys. Res., 86, 
10,153-10,192, 1981. 

Hildreth, W., New perspectives on the eruption of 1912 in the 
Valley of Ten Thousand Smokes, Katmai National Park, 
Alaska, Bull. Volcanol., 49, 680-693, 1987. 

Hildreth, W., A. N. Halliday, and R. L. Christiansen, Isotopic 
and chemical evidence concerning the genesis and contam- 
ination of basaltic and rhyolitic magma beneath the Yel- 
lowstone Plateau volcanic field, J. Petrol., 32, 63-138, 1991. 

Hill, D. P., Structure of Long Valley caldera, California, from 
a seismic refraction experiment, J. Geophys. Res., 81,745- 
753, 1976. 

Hubbert, M. K., and D. G. Willis, Mechanics of hydraulic 
fracturing, Trans. Am. Inst. Min. Metall. Pet. Eng., 210, 
153-168, 1957. 

Iddings, J.P., Problems of Volcanism, Yale Univ. Press, New 
Haven, Conn., 1914. 

Ishihara, K., Pressure sources and induced ground deforma- 
tion associated with explosive eruptions at an andesitic 
volcano: Sakurajima volcano, Japan, in Magma Transport 
and Storage, edited by M.P. Ryan, pp. 335-356, John Wiley, 
New York, 1990. 

Iwatsubo, E. Y., and D. A. Swanson, Methods used to monitor 
deformation of the crater floor and lava dome at Mount St. 

Helens, Washington, U.S. Geol. Surv. Bull., 1966, 53-68, 
1992. 

Iwatsubo, E. Y., L. Topinda, and D. A. Swanson, Slope- 
distance measurements to the flanks of Mount St. Helens, 
late 1980 through 1989, U.S. Geol. Surv. Bull., 1966, 85-94, 
1992. 

Iyer, H. M., Seismological detection and delineation of magma 
chambers beneath intraplate volcanic centers in western 
U.S.A., in Modeling of Volcanic Processes, edited by C.-Y. 
King and R. Scarpa, pp. 1-56, Vieweg, Wiesbaden, Ger- 
many, 1988. 

Jackson, D. B., D. A. Swanson, R. Y. Koyanagi, and T. L. 
Wright, The August and October 1968 east rift eruptions of 
Kilauea volcano, Hawaii, U.S. Geol. Surv. Prof. Pap., 890, 33 
pp., 1975. 

Jaggar, T. A., and R. H. Finch, Tilt records for thirteen years 
at the Hawaiian Volcano Observatory, Bull. Seismol. Soc. 
Am., 19, 38-51, 1929. 

Jaeger, J. C., and N. G. W. Cook, Fundamentals of Rock 
Mechanics, 585 pp., John Wiley, New York, 1977. 

Jarchow, G. M., G. A. Thompson, R. D. Catchins, and W. D. 
Mooney, Seismic evidence for active magmatic underplat- 
ing beneath the Basin and Range province, western United 
States, J. Geophys. Res., 98, 22,095-22,108, 1993. 

Johnsen, G. V., A. Bjornsson, and S. Sigurdsson, Gravity and 
elevation changes caused by magma movement beneath 
Krafla caldera, northeast Iceland, J. Geophys., 47, 132-140, 
1980. 

Johnson, A.M., and D. D. Pollard, Mechanics of growth of 
some laccolithic intrusions in the Henry Mountains, Utah, I, 
Tectonophysics, 18, 261-309, 1973. 



35, 3 /REVIEWS OF GEOPHYSICS Dvorak and Dzurisin: VOLCANO GEODESY ß 381 

Kaizuka, S., T. Miyauchi, and S. Nagaoka, Marine terraces, 
active faults, and tectonic history of Iwo-Jima, Ogasawara 
Res., 9, 13-45, 1983. 

Kaizuka, S., S. Kato, S. Nagaoka, and T. Miyauchi, Geomor- 
phology of Iwo-Jima and surrounding sea floor, J. Geogr. 
Tokyo, 94, 424-436, Tokyo Metrop. Univ., Tokyo, 1985. 

Kasahara, M., S. Ueki, N. Zana, T. Kohno, and H. Hamaguchi, 
Distance and tilt measurements in and around the volca- 

noes Nyiragongo and Nyamulagira (in Japanese), Bull. Vol- 
canol. Soc. Jpn., 27, 1-13, 1982. 

Kimata, F., I. Fujii, M. Nakamura, R. Miyajima, and T. Okuda, 
Tilt of Yake-dake volcano observed by precise leveling and 
its relation to the seismic activity (1977-1981) (in Japa- 
nese), Bull. Volcanol. Soc. Jpn., 27, 229-237, 1982. 

Kimata, F., M. Nakamura, R. Miyajima, T. Okuda, I. Fujii, and 
H. Aoki, Measurement of deformation at Yakedake vol- 
cano, central Japan (1977-1987), in Kagoshima Interna- 
tional Conference on Volcanoes, Proceedings, pp. 370-372, 
Natl. Inst. for Res. Adv., Tokyo, 1989. 

Kinoshita, W. T., D. A. Swanson, and D. B. Jackson, The 
measurement of crustal deformation related to volcanic 

activity at Kilauea volcano, Hawaii, in Physical Volcanology, 
Dev. Solid Earth Geophys., vol. 6, edited by L. Civetta, 
G. Luongo, and A. Rapolla, pp. 87-116, Elsevier, New 
York, 1974. 

Kisslinger, C., Processes during the Matsushiro, Japan, earth- 
quake swarm as revealed by leveling, gravity, and spring- 
flow observations, Geology, 3, 57-62, 1975. 

Koyanagi, R. Y., W. R. Tanigawa, and J. S. Nakata, Seismicity 
associated with the eruption, in Pu'u 0'o Volume, edited by 
E. W. Wolfe, U.S. Geol. Sun,. Prof. Pap., 1463, 183-235, 
1988. 

Kubotera, A. (Ed.), Joint geophysical and geochemical obser- 
vations of Aso volcano, August-September 1981, special 
Report, Aso Volcano Observatory, 121 pp., Kyoto Univ., 
Kyoto, Japan, 1984. 

Kumagai, T., H. Takahashi, and N. Oyagi, Precursor of volca- 
nism observed by crustal movement in Iwo-Jima, in Ka- 
goshima International Conference on Volcanoes, Proceedings, 
pp. 366-369, Natl. Inst. for Res. Adv., Tokyo, 1989. 

Kuno, H., Dike swarm in Hakone volcano, Bull. Volcanol., 27, 
53-59, 1964. 

Lachenbruch, A. H., and J. H. Sass, Models of an extending 
lithosphere and heat flow in the Basin and Range province, 
in Cenozoic Tectonics and Regional Geophysics of the West- 
ern Cordillera, edited by R. B. Smith and G. P. Eaton, Mere. 
Geol. Soc. Am., 152, 209-250, 1978. 

Langbein, J., D. P. Hill, T. N. Parker, and S. K. Wilkinson, An 
episode of reinflation of the Long Valley caldera, eastern 
California: 1989-1991, J. Geophys. Res., 98, 15,851-15,870, 
1993. 

Larsen, S., R. Reilinger, and L. Brown, Evidence of ongoing 
crustal deformation related to magmatic activity near So- 
corro, New Mexico, J. Geophys. Res., 91, 6283-6292, 1986. 

Lehman, J. A., R. B. Smith, M. M. Schilly, and L. W. Braile, 
Upper crustal structure of the Yellowstone caldera from 
seismic delay time analyses and gravity correlations, J. Geo- 
phys. Res., 87, 2713-2730, 1982. 

Lenat, J.-F., and P. Bachelery, Dynamics of magma transfer at 
Piton de la Fournaise volcano (R6union Island, Indian 
Ocean), in Modeling of Volcanic Processes, edited by C.-Y. 
King and R. Scarpa, pp. 52-76, Vieweg, Wiesbaden, Ger- 
many, 1988. 

Lenat, J.-F., P. Bachelery, A. Bonneville, and A. Hirn, The 
beginning of the 1985-1987 eruptive cycle at Piton de la 
Fournaise (La R6union); New insights in the magmatic and 
volcano-tectonic systems, J. Volcanol. Geotherm. Res., 36, 
209-232, 1989a. 

Lenat, J.-F., P. Bachelery, A. Bonneville, P. Tarits, J.-L. 
Cheminee, and H. Delorme, The December 4, 1983 to 

February 18, 1984 eruption of Piton de la Fournaise (La 
R6union, Indian Ocean): Description and interpretation, J. 
Volcanol. Geotherm. Res., 36, 87-112, 1989b. 

Linde, A. T., D. Agustsson, I. S. Sacks, and R. Stefansson, 
Mechanism of the 1991 eruption of Hekla from continuous 
borehole strain monitoring, Nature, 365, 737-740, 1993. 

Lipman, P. W., The Miocene Questa caldera, northern New 
Mexico: Relation to batholith emplacement and associated 
molybdenum mineralization, in The Genesis of Rocky Moun- 
tain Ore Deposits: Changes With Time and Tectonics, Pro- 
ceedings, pp. 133-149, Denver Reg. Explor. Geol. Soc., 
Golden, Colo., 1983. 

Lipman, P. W., The roots of ash flow calderas in western North 
America: Windows into the tops of granitic batholiths, J. 
Geophys. Res., 89, 8801-8841, 1984. 

Lipman, P. W., J. G. Moore, and D. A. Swanson, Bulging of the 
north flank before the May 18 eruption--Geodetic data, in 
The 1980 Eruptions of Mount St. Helens, Washington, edited 
by P. W. Lipman and D. R. Mullineaux, U.S. Geol. Sun,. 
Prof. Pap., 1250, 143-155, 1981. 

Lirer, L., G. Luongo, and R. Scandone, On the volcanological 
evolution of Campi Flegrei, Eos Trans. AGU, 68, 226-234, 
1987. 

Lockhart, A. B., J. W. Ewert, T. L. Murray, C. Carvajal, and H. 
Mora, Tilt events associated with unrest at Galeras volcano, 
Colombia, May-August 1989 (abstract), Eos Trans. AGU, 
71, 1694, 1990. 

Lockwood, J.P., J. J. Dvorak, T. T. English, R. Y. Koyanagi, 
A. T. Okamura, M. L. Summers, and W. R. Tanigawa, 
Mauna Loa 1974-1984: A decade of intrusive and extrusive 

activity, in Volcanism in Hawaii, edited by R. W. Decker, T. 
L. Wright, and P. H. Stauffer, U.S. Geological Survey Prof. 
Pap., 1350, 537-570, 1987. 

Love, A. E. H., A Treatise on the Mathematical Theory of 
Elasticity, 4th ed., 643 pp., Dover, Mineola, N.Y., 1944. 

Lowenstern, J. B., P. C. Wallmann, and D. D. Pollard, The 
west Mageik Lake sill complex as an analogue for magma 
transport during the 1912 eruption at Valley of Ten Thou- 
sand Smokes, Alaska, Geophys. Res. Lett., 18, 1569-1572, 
1991. 

Macdonald, R., L. Wilson, R. S. Thorpe, and A. Martin, 
Emplacement of the Cleveland Dyke: Evidence from geo- 
chemistry, mineralogy, and physical modeling, J. Petrol., 29, 
559-583, 1988. 

Magus'kin, M. A., V. B. Erman, B. V. Syelyeznyev, and V. I. 
Shkryed, Particulars on shifts of the Earth's surface at 
Karymsky volcano, according to geodetic and photogram- 
metric data during the period 1970-1981, Vulkanol. Seis- 
tool., 4, 49-64, 1982. 

Massonnet, D., M. Rossi, C. Carmona, F. Adragna, G. Peltzer, 
K. Keigi, and T. Rabaute, The displacement field of the 
Landers earthquake mapped by radar interferometry, Na- 
ture, 364, 138-142, 1993. 

Maury, V. M. R., J.-R. Grasso, and G. Wittlinger, Monitoring 
of subsidence and induced seismicity in the Lacq Gas Field 
(France): The consequences of gas production and field 
operation, Eng. Geol., 32, 123-135, 1992. 

McKee, C. O., R. W. Johnson, P. L. Lowenstein, S. J. Riley, 
R. J. Blong, P. de Saint Ours, and B. Talai, Rabaul caldera, 
Papua New Guinea: Volcanic hazards, surveillance, and 
eruption contingency planning, J. Volcanol. Geotherm. Res., 
23, 195-237, 1985. 

McKee, C. O., B. Talai, R. C. Stewart, I. Itikarai, P. de 
Saint-Ours, N. Lauer, L. Sipison, H. Patia, and D. Lolok, 
The 1992 eruption of Manam volcano, Papua New Guinea, 
paper presented at IAVCEI 1993 General Assembly: An- 
cient Volcanism and Modern Analogues, Int. Assoc. of 
Volcanol. and Chem. of the Earth's Inter., Canberra, Aus- 
tralia, Sept. 25-Oct. 1, 1993. 



382 ß Dvorak and Dzurisin: VOLCANO GEODESY 35, 3 /REVIEWS OF GEOPHYSICS 

McKenzie, D., A possible mechanism for epeirogenic uplift, 
Nature, 307, 616-618, 1984. 

McKenzie, D., J. M. McKenzie, and R. S. Saunders, Dike 
emplacement on Venus and on Earth, J. Geophys. Res., 97, 
15,977-15,990, 1992. 

Mellors, R., J.-L. Chatelain, B. L. Isacks, G. Hade, M. Bevis, 
and R. Prevot, A tilt and seismicity episode in the New 
Hebrides (Vanuatu) island arc, J. Geophys. Res., 96, 16,535- 
16,546, 1991. 

Michael, P. J., Chemical differentiation of the Cordillera Paine 
granite (southern Chile) by in situ fractional crystallization, 
Contrib. Mineral. Petrol., 87, 179-195, 1984. 

Michael, P. J., Intrusion of basaltic magma into a crystallizing 
granitic magma chamber: The Cordillera del Paine pluton 
in southern Chile, Contrib. Mineral. Petrol., 108, 396-418, 
1991. 

Minakami, T., On volcanic activities and tilting of the Earth's 
surface, Bull. Earth. Res. Inst. Univ. Tokyo, 20, 431-503, 
1942. 

Minakami, T., Ishikawa, and K. Yagi, The 1944 eruption of 
volcano Usu in Hokkaido, Japan, Bull. Volcanol., 11, 45- 
157, 1951. 

Mogi, K., Relations between the eruptions of various volca- 
noes and the deformation of the ground surface around 
them, Bull. Earth. Res. Inst. Univ. Tokyo, 36, 99-134, 1958. 

Moore, J. G., Subsidence of the Hawaiian Ridge, in Volcanism 
in Hawaii, edited by R. W. Decker, T. L. Wright, and P. H. 
Stauffer, U.S. Geol. Surv. Prof. Pap., 1350, 85-100, 1987. 

Mori, H., and A. Suzuki, Tilt observations of the summit of 
Tarumai volcano (in Japanese) Hokkaido Geophys. Bull., 
50, 47-53, Chikyu Butsurigaku Kyoshitsu, Sapporo, Japan, 
1988. 

Mori, J., C. McKee, I. Itakarai, P. Lowenstein, B. Talai, and 
H. Patia, Recent inflationary tilt at Manam volcano, Papua 
New Guinea, as recorded on a water-tube tiltmeter, J. 
VolcanoL Geotherm. Res., 33, 361-362, 1987. 

Muller, O. H., and D. D. Pollard, The state of stress near 
Spanish Peaks, Colorado, determined from a dike pattern, 
Pure Appl. Geophys., 115, 69-86, 1977. 

Murray, J. B., High-level magma transport at Mt. Etna vol- 
cano, as deduced from ground deformation measurements, 
in Magma Transport and Storage, edited by M. Ryan, chap. 
17, pp. 357-383, John Wiley, New York, 1990. 

Murray, J. B., Ground deformation at Colima volcano, Mexico, 
1982-1991, Geofis. Int., 32, 659-669, 1993. 

Murray, J. B., Elastic model of the actively intruded dyke 
feeding the 1991-1993 eruption of Mt. Etna, derived from 
ground deformation measurements, Acta Vulcanol., 4, 97- 
99, 1994. 

Murray, J. B., and J. E. Guest, Vertical ground deformation on 
Mount Etna, 1975-1980, Geol. Soc. Am. Bull., 93, 1160- 
1175, 1982. 

Murray, J. B., and A.D. Pullen, Three-dimensional model of 
the feeder conduit of the 1983 eruption of Mt. Etna volcano 
from ground deformation measurements, Bull. Volcanol., 
47, 1145-1163, 1984. 

Murray, J. B., A.D. Pullen, and S. Saunders, Ground defor- 
mation surveying of active volcanoes, in Monitoring Active 
Volcanoes: Strategies, Procedures, and Techniques, edited by 
B. McGuire, C. Kilburn, and J. Murray, pp. 113-150, UCL 
Press, London, 1994. 

Mutter, J. C., Multichannel seismic images of the oceanic 
crust's internal structure: Evidence for a magma chamber 
beneath the Mesozoic Mid-Atlantic Ridge, Geology, 13, 
629-632, 1985. 

Nunnari, G., and G. Puglisi, The Global Positioning System as 
a useful technique for measuring ground deformations in 
volcanic areas, J. Volcanol. Geotherm. Res., 61, 267-280, 
1994. 

Nur, A., Matsushiro, Japan, earthquake swarm: Confirmation 

of the dilatancy-fluid diffusion model, Geology, 2, 217-221, 
1974. 

O'Connell, R. J., and B. Budiansky, Viscoelastic properties of 
fluid-saturated cracked solids, J. Geophys. Res., 82, 5719- 
5735, 1977. 

Ode, H., Mechanical analysis of the dike pattern of the Spanish 
Peaks area, Colorado, Geol. Soc. Am. Bull., 68, 567-576, 
1957. 

Oikawa, J., Y. Ida, K. Yamaoka, H. Watanabe, E. Fukuyama, 
and K. Sato, Ground deformation associated with volcanic 
tremor at Izu-Oshima volcano, Geophys. Res. Lett., 18, 
443-446, 1991. 

Okada, Y., Surface deformation due to shear and tensile faults 
in a half-space, BulL SeismoL Soc. Am., 75, 1135-1154, 1985. 

Okada, Y., and E. Yamamoto, Dyke intrusion model for the 
1989 seismovolcanic activity off Ito, central Japan, J. Geo- 
phys. Res., 96, 10,361-10,376, 1991. 

Okamura, A. T., J. Dvorak, R. Y. Koyangai, and W. R. Tani- 
gawa, Surface deformation during dike propagation: The 
1983 east rift eruption of Kilauea volcano, Hawaii, in The 
Pu'u 0'o Eruption of Kilauea Volcano, Hawaii: Episodes 1 
Through 20, January 3, 1983, Through June 8, 1984, edited by 
E. W. Wolfe, U.S. Geol. Surv. Prof. Pap., 1463, 165-182, 
1988. 

Omori, F., The Usu-san eruption and the earthquake and 
elevation phenomena, II, Bull. Imp. Earthquake Invest. 
Comm., 5, 101-137, 1913. 

Omori, F., The Sakura-jima eruptions and earthquakes, Bull. 
Imp. Earthquake Invest. Comm., 8, 1-525, 1918. 

Otway, P.M., Ruapehu deformation surveys and the 1975 
April eruption, N. Z. J. Geol. Geophys., 22, 170-173, 1979. 

Otway, P.M., Monitoring of vertical deformation in Taupo 
Volcanic Centre, in Volcanic Hazards Assessment in New 
Zealand, edited by J. G. Gregory and W. A. Waters, N. Z. 
Geol. Surv. Rec., 10, 41-48, 1986. 

Ouchi, S., Effects of uplift on the Rio Grande over the Socorro 
magma body, New Mexico, Field Conf. Guideb. N.M. Geol. 
Soc., 34, 54-56, 1983. 

Pallister, J. S., R. P. Hoblitt, and A. G. Reyes, A basalt trigger 
for the 1991 eruptions of Pinatubo volcano?, Nature, 356, 
426-428, 1992. 

Parsons, W. H., Volcanic centers of the Sunlight area Park 
County, Wyoming, J. Geol., 47, 1-20, 1939. 

Paterson, S. R., and T. K. Fowler Jr., Re-examining pluton 
emplacement processes, J. Struct. Geol., 15, 191-206, 1993. 

Pelton, J. R., and R. B. Smith, Contemporary vertical surface 
displacements in Yellowstone National Park, J. Geophys. 
Res., 87, 2745-2761, 1982. 

Pescatore, T., G. Diplomatico, M. R. Senatore, M. Traumutoli, 
and L. Mirabile, Contributi allo studio del Golfo di Poz- 
zuoli: Aspetti stratigrafici e strutturali, Mere. Soc. Geol. 
Ital., 27, 133-149, 1984. 

Pitcher, W. S., The nature, ascent and emplacement of granitic 
magmas, J. Geol. Soc. London, 136, 627-662, 1979. 

Pollard, D. D., Elementary fracture mechanics applied to the 
structural interpretation of dykes, in Diabase Dyke Swarms 
of the Canadian Shield, edited by H. C. Halls and W. F. 
Fahrig, Geol. Assoc. Canada Spec. Pap., 34, 5-24, 1987. 

Pollard, D. D., P. T. Delaney, W. A. Duffield, E. T. Endo, and 
A. T. Okamura, Surface deformation in volcanic rift zones, 
Tectonophysics, 94, 541-584, 1983. 

Reilinger, R. E., J. E. Oliver, L. D. Brown, A. R. Sanford, and 
E. I. Balazs, New measurements of crustal doming over the 
Socorro magma body, Geology, 8, 291-295, 1980. 

Richards, M. A., B. H. Hager, and N.H. Sleep, Dynamically 
supported geoid highs over hotspots: Observation and the- 
ory, J. Geophys. Res., 93, 7690-7708, 1988. 

Roberts, P.M., K. Aki, and M. C. Fehler, A low-velocity zone 
in the basement beneath the Valles caldera, New Mexico, J. 
Geophys. Res., 96, 21,583-21,596, 1991. 



35, 3 /REVIEWS OF GEOPHYSICS Dvorak and Dzurisin: VOLCANO GEODESY ß 383 

Roelofts, E. A., S.S. Burford, F. S. Riley, and A. W. Records, 
Hydrologic effects on water level changes associated with 
episodic fault creep near Parkfield, California, J. Geophys. 
Res., 94, 12,387-12,402, 1989. 

Rosi, M., and A. Sbrana, Phlegrean Fields, Quad. Ric. Sci., 
114(9), 175 pp., 1987. 

Rowan, L. R., and R. W. Clayton, The three-dimensional 
structure of Kilauea volcano, Hawaii, from travel time to- 
mography, J. Geophys. Res., 98, 4355-4375, 1993. 

Rubin, A.M., A comparison of rift-zone tectonics in Iceland 
and Hawaii, Bull. Volcanol., 52, 302-319, 1990. 

Ruegg, J. C., J. C. Lepine, A. Tarantola, and M. Kasser, 
Geodetic measurements of rifting associated with a seismo- 
volcanic crisis in Afar, Geophys. Res. Lett., 6, 817-820, 1979. 

Rundle, J. B., and J. H. Whitcomb, A model for deformation 
in Long Valley, California, J. Geophys. Res., 89, 9371-9380, 
1984. 

Ryan, M.P., Elasticity and contractancy of Hawaiian olivine 
tholeiite and its role in the stability and structural evolution 
of subcaldera magma reservoirs and rift systems, in Volca- 
nism in Hawaii, vol. 2, edited by R. W. Decker, T. L. Wright, 
and P. H. Stauffer, U.S. Geol. Surv. Prof. Pap., 1350, 1395- 
1447, 1987. 

Ryan, M.P., J. Y. K. Blevins, A. T. Okamura, and R. Y. 
Koyanagi, Magma reservoir subsidence mechanics: Theo- 
retical summary and application to Kilauea volcano, Ha- 
waii, J. Geophys. Res., 88, 4147-4179, 1983. 

Rymer, H., and G. C. Brown, Gravity changes as a precursor to 
volcanic eruption at Poas volcano, Costa Rica, Nature, 342, 
902-905, 1989. 

Rymer, H., and E. Tryggvason, Gravity and elevation changes 
at Askja, Iceland, Bull. Volcanol., 55, 362-371, 1993. 

Rytuba, J. J., and E. H. McKee, Peralkaline ash flow tuffs and 
calderas of the McDermitt volcanic field, southeast Oregon 
and north central Nevada, J. Geophys. Res., 89, 8616-8628, 
1984. 

Sakurajima Volcanological Observatory, Ground deformation 
at Sakurajima and around Aira caldera associated with the 
volcanic activity, in Kagoshima International Conference on 
Volcanoes, Proceedings, pp. 292-295, Natl. Inst. for Res. 
Adv., Tokyo, 1989. 

Sanders, C. O., Location and configuration of magma bodies 
beneath Long Valley, California, determined from anoma- 
lous earthquake signals, J. Geophys. Res., 89, 8287-8302, 1984. 

Sanderson, T. J. O., G. Berrino, G. Corrado, and M. Grimaldi, 
Ground deformation and gravity changes accompanying the 
March 1981 eruption of Mount Etna, J. Volcanol. Geotherm. 
Res., 16, 299-315, 1983. 

Sanford, A. R., R. P. Mott Jr., P. J. Shuleski, E. J. Rinehart, F. 
J. Caravella, R. M. Ward, and T. C. Wallace, Geophysical 
evidence for a magma body in the crust in the vicinity of 
Socorro, New Mexico, in The Earth's Crust, Geophys. 
Monogr. Set., vol. 20, edited by J. G. Heacock, pp. 385-403, 
AGU, Washington, D.C., 1977. 

Sassa, K., Some problems on the forecasting of the earthquake, 
II (in Japanese), Bull. Disaster Prey. Res. Inst. Kyoto Univ., 5, 
5th anniversary memorial issue, 3-7, 1956. 

Savage, J. C., and M. M. Clark, Magmatic resurgence in Long 
Valley caldera, California: Possible cause of the 1980 Mam- 
moth Lakes earthquakes, Science, 217, 531-533, 1982. 

Savage, J. C., R. S. Cockerham, J. E. Estrem, and L. R. Moore, 
Deformation near the Long Valley caldera, eastern Cali- 
fornia, 1982-1986, J. Geophys. Res., 92, 2721-2746, 1987. 

Scandone, R., and S. D. Malone, Magma supply, magma 
discharge and readjustment of the feeding system of Mount 
St. Helens during 1980, J. Volcanol. Geotherm. Res., 23, 
239-262, 1985. 

Sharp, A.D. L., P.M. Davis, and F. Gray, A low velocity zone 
beneath Etna and magma storage, Nature, 287, 587-591, 
1980. 

Shepherd, J. B., W. P. Aspinall, K. C. Rowley, J. Pereira, 
H. Sigurdsson, R. S. Fiske, and J. F. Tomblin, The eruption 
of Soufri•re volcano, St. Vincent, April-June 1979, Nature, 
282, 24-28, 1979. 

Sigmundsson, F., P. Einarsson, and R. Bilham, Magma cham- 
ber deflation recorded by the Global Positioning System: 
The Hekla 1991 eruption, Geophys. Res. Lett., 19, 1483- 
1486, 1992. 

Sigurdsson, H., and R. S. J. Sparks, Lateral magma flow within 
rifted Icelandic crust, Nature, 274, 126-130, 1978. 

Sigurdsson, O., Surface deformation of the Krafla fissure 
swarm in two rifting events, J. Geophys., 47, 154-159, 1980. 

Smith, R. L., and R. A. Bailey, Resurgent cauldrons, Mere. 
Geol. Soc. Am., 116, 613-662, 1968. 

Smith, R. P., Dyke emplacement at Spanish Peaks, Colorado, 
in Diabase Dyke Swarms of the Canadian ShieM, edited by 
H. C. Halls and W. F. Fahrig, Geol. Assoc. Canada Spec. 
Pap., 34, 47-54, 1987. 

Sparks, S. R. J., H. Sigurdsson, and L. Wilson, Magma mixing: 
A mechanism for triggering acid explosive eruptions, Na- 
ture, 267, 315-318, 1977. 

Spence, D. A., and D. L. Turcotte, Magma-driven propagation 
of cracks, J. Geophys. Res., 90, 1985. 

Spiess, F. N., G. H. Purcell Jr., L. E. Young, and H. Dragert, 
Determination of sea floor displacements using precision 
transponders and GPS, paper presented at the 1994 Inter- 
national Symposium on Marine Positioning, IAG Spec. 
Comm. on Mar. Positioning, Hannover, Germany, 1994. 

Staudigel, H., and H.-U. Schmincke, The Pliocene seamount 
series of La Palma/Canary Islands, J. Geophys. Res., 89, 
11,195-11,215, 1984. 

Staudigel, H., F. K. Wyatt, and J. O. Orcutt, Ocean bottom 
tiltmeter developed for submarine volcano monitoring, Eos 
Trans. AGU, 72, 289-296, 1991. 

Steeples, D. W., and H. M. Iyer, Low-velocity zone under Long 
Valley as determined from teleseismic events, J. Geophys. 
Res., 81,849-860, 1976. 

Stein, R. S., P. Briole, J.-C. Ruegg, P. Tapponnier, and 
F. Gasse, Contemporary, Holocene, and Quaternary defor- 
mation of the Asal rift, Djibouti: Implications for the me- 
chanics of slow spreading ridges, J. Geophys. Res., 96, 
21,789-21,806, 1991. 

Steven, T. A., and P. W. Lipman, Calderas of the San Juan 
volcanic field, southwestern Colorado, U.S. Geol. Surv. Prof. 
Pap., 958, 35 pp., 1976. 

Stuart, W. D., and M. J. S. Johnston, Intrusive origin of the 
Matsushiro earthquake swarm, Geology, 3, 63-67, 1975. 

Swanson, D. A., P. W. Lipman, J. G. Moore, C. C. Heliker, and 
K. M. Yamashita, Geodetic monitoring after the May 18 
eruption, in The 1980 Eruptions of Mount St. Helens, Wash- 
ington, edited by P. W. Lipman and D. R. Mullineaux, U.S. 
Geol. Surv. Prof. Pap., 1250, 157-168, 1981. 

Swanson, D. A., T. J. Casadevall, D. Dzurisin, S. D. Malone, 
C. G. Newhall, and C. S. Weaver, Predicting eruptions at 
Mount St. Helens, June 1980 through December 1982, 
Science, 221, 1369-1376, 1983. 

Tada, T., and K. Nakamura, Inflation-deflation related with 
the 1983 eruption of Miyakejima volcano, Japan, (in Japa- 
nese), Bull. Volcanol. Soc. Jpn., 33, 173-184, 1988. 

Tada, T., and M. Hashimoto, Recent crustal deformation 
around the Aira caldera, Kagoshima, Japan, and its relation 
to the volcanism of Sakurajima volcano, in Kagoshima In- 
ternational Conference on Volcanoes, Proceedings, pp. 284- 
287, Natl. Inst. for Res. Adv., Tokyo, 1989. 

Takada, A., Subvolcanic structure of the central dike swarm 
associated with the ring complexes in the Shitara district, 
central Japan, Bull. Volcanol., 50, 106-118, 1988. 

Tarantola, A., J. C. Ruegg, and J.P. Lepine, Geodetic evidence 
for rifting in Afar: A brittle-elastic model of the behaviour 
of the lithosphere, Earth Planet. Sci. Lett., 45, 435-444, 1979. 



384 ß Dvorak and Dzurisin: VOLCANO GEODESY 35, 3 / REVIEWS OF GEOPHYSICS 

Tarantola, A., J. C. Ruegg, and J.P. Lepine, Geodetic evidence 
for rifting in Afar, 2, Vertical displacements, Earth Planet. 
Sci. Lett., 48, 363-370, 1980. 

Thurber, C. H., Seismic detection of the summit magma com- 
plex of Kilauea volcano, Hawaii, Science, 223, 165-167, 1984. 

Tilling, R. I., and J. J. Dvorak, Anatomy of a basaltic volcano, 
Nature,.363, 125-133, 1993. 

Toutain, J.-P., P. Bachelery, P.-A. Blum, J.-L. Cheminee, 
H. Delorme, L. Fontaine, P. Kowalski, and P. Taochy, Real 
time monitoring of vertical ground deformation during 
eruptions at Piton de la Fournaise, Geophys. Res. Lett., 19, 
553-556, 1992. 

Toutain, J.P., P. Cahchelery, P. A. Blum, H. Deforme, and 
P. Kowalski, Real-time ground deformation monitoring, in 
Monitoring Active Volcanoes: Strategies, Procedures and 
Techniques, edited by B. McGuire, C. Kilburn, and J. Mur- 
ray, pp. 93-112, UCL Press, London, 1994. 

Tryggvason, E., Subsidence events in the Krafla area, north 
Iceland, 1975-1979, J. Geophys., 47, 141-153, 1980. 

Tryggvason, E., Multiple magma reservoirs in a rift zone vol- 
cano: Ground deformation and magma transport during the 
September 1984 eruption of Krafla, Iceland, J. Volcanol. 
Geotherm. Res., 28, 1-44, 1986. 

Tryggvason, E., Ground deformation in Askja, Iceland: Its 
source and possible relation to flow of the mantle plume, J. 
Volcanol. Geotherm. Res., 39, 61-71, 1989. 

Tryggvason, E., Surface deformation at the Krafla volcano, 
north Iceland, 1982-1992, Bull. Volcanol., 56, 98-107, 1994a. 

Tryggvason, E., Observed ground deformation at Hekla, Ice- 
land, prior to and during the eruptions of 1970, 1980-1981 
and 1991, J. Volcanol. Geotherm. Res., 61,281-291, 1994b. 

Ueki, S., H. Hamaguchi, Y. Morita, T. Mishimura, and 
K. Kasahara, Magma ascent process of the 1989 submarine 
eruption off Ito, Japan, as inferred from seismic activity, 
paper presented at IAVCEI 1993 General Assembly: An- 
cient Volcanism and Modern Analogues, Int. Assoc. of 
Volcanol. and Chem. of the Earth's Inter., Canberra, Aus- 
tralia, Sept. 25-Oct. 1, 1993. 

Upton, B. G. J., and W. J. Wadsworth, Intra-volcanic intru- 
sions of R6union, in Mechanisms of Igneous Intrusion, ed- 
ited by G. Newall and N. Rast, pp. 141-156, Gallery, Liv- 
erpool, England, 1969. 

Valentine, G. A., Note on the distribution of basaltic volcanism 
associated with large silicic centers, J. Volcanol. Geotherm. 
Res., 56, 167-170, 1993. 

Vasco, D. W., R. B. Smith, and C. L. Taylor, Inversion of 
sources of crustal deformation and gravity change at the 
Yellowstone caldera, J. Geophys. Res., 95, 19,839-19,856, 
1990. 

Wadge, G., The magma budget of volcan Arenal, Costa Rica, 
from 1968 to 1980, J. Volcanol. Geotherm. Res., 19, 281-302, 
1983. 

Wadge, G., The dykes and structural setting of the volcanic 
front in the Lesser Antilles island arc, Bull. Volcanol., 48, 
349-372, 1986. 

Waesche, H. H., Tilt changes at Kilauea, Volcano Lett. Hawai- 
ian Volcano Res. Assoc., 467, 1-7, 1940. (Reprinted in The 
Volcano Letter, edited by R. S. Fiske, T. Simkin, and E. A. 
Nielsen, Smithsonian Inst. Press, Washington, D.C., 1987.) 

Walker, G. P. L., The dike complex of Koolau volcano, Oahu: 
Internal structure of a Hawaiian rift zone, in Volcanism in 
Hawaii, vol. 2, edited by R. W. Decker, T. L. Wright, and P. H. 
Stauffer, U.S. Geol. Surv. Prof. Pap., 1350, 961-993, 1987. 

Watanabe, H., Changes in water level and their implications to 
the 1977-1978 activity of Usu volcano, in Arc Volcanism: 
Physics and Tectonics, edited by D. Shimozuru and 
I. Yokoyama, pp. 81-93, Terra Sci., Tokyo, 1983. 

Watts, A. B., U.S. ten Brink, P. Buhl, and T. M. Brocher, A 
multichannel seismic study of lithospheric flexure across the 

Hawaiian-Emperor seamount chain, Nature, 315, 105-111, 
1985. 

Webb, F. H., M. Bursik, T. Dixon, F. Farina, G. Marshall, and 
R. S. Stein, Inflation of Long Valley caldera from one year 
of continuous GPS observations, Geophys. Res. Lett., 22, 
195-198, 1995. 

Wellman, P., Upper mantle, crust and geophysical volcanology 
of eastern Australia, in Intraplate Volcanism in Eastern 
Australia and New Zealand, edited by R. W. Johnson, pp. 
29-37, Cambridge Univ. Press, New York, 1989. 

White, D. E., R. O. Fournier, L. J.P. Muffler, and A. H. 
Truesdell, Physical results of research drilling in thermal 
areas of Yellowstone National Park, Wyoming, U.S. Geol. 
Surv. Prof. Pap., 892, 70 pp., 1975. 

Wiebe, R. A., Structural and magmatic evolution of a magma 
chamber: The Neward Island layered intrusion, Nain, La- 
brador, J. Petrol., 29, 383-411, 1988. 

Wilson, C. J. N., A.M. Rogan, I. E. M. Smith, D. J. Northey, 
I. A. Nairn, and B. F. Houghton, Caldera volcanoes of the 
Taupo volcanic zone, New Zealand, J. Geophys. Res., 89, 
8463- 8484, 1984. 

Wilson, R. M., Ground surface movements at Kilauea volcano, 
Hawaii, Res. Publ. 10, 56 pp., Univ. of Hawaii, Honolulu, 
1935. 

Wolfe, E. W., M. O. Garcia, D. B. Jackson, R. Y. Koyanagi, 
C. A. Neal, and A. T. Okamura, The Puu Oo eruption of 
Kilauea volcano, episodes 1-20, January 3, 1983 to June 8, 
1984, in Volcanism in Hawaii, vol. 1, edited by R. W. 
Decker, T. L. Wright, and P. H. Stauffer, U.S. Geological 
Survey Prof. Pap., 1350, 471-508, 1987. 

Yamamoto, R., T. Soya, S. Suto, K. Uto, A. Takada, 
K. Sakaguchi, and K. Ono, The 1989 submarine eruption off 
eastern Izu Peninsula, Japan: Ejecta and eruption mecha- 
nisms, Bull. Volcanol., 53, 301-308, 1991. 

Yamashita, H., H. Okada, A. Suzuki, T. Maekawa, H. Wa- 
tanabe, and I. Yokoyama, Seismic activities of Tarumai 
volcano from February 1980 through January 1984, in Joint 
Geophysical and Geochemical Observations of Usu Volcano 
in 1982 and Tarumai Volcano in 1983, edited by I. 
Yokoyama, pp. 147-156, Usu Volcano Obs., Usu, Japan, 1984. 

Yang, X., P.M. Davis, P. T. Delaney, and A. T. Okamura, 
Geodetic analysis of dike intrusion and motion of the 
magma reservoir beneath the summit of Kilauea volcano, 
Hawaii: 1970-1985, J. Geophys. Res., 97, 3305-3324, 1992. 

Yokoyama, I., Crustal deformation caused by the 1914 erup- 
tion of Sakurajima volcano, Japan and its secular changes, 
J. Volcanol. Geotherm. Res., 30, 283-302, 1986. 

Yokoyama, I., H. Yamashita, H. Watanabe, and H. Okada, 
Geophysical characteristics of dacite volcanism--The 1977- 
1978 eruption of Usu volcano, J. Volcanol. Geotherm. Res., 
9, 335-358, 1981. 

Zlotnicki, J., J. C. Ruegg, P. Bachelery, and P. A. Blum, 
Eruptive mechanism on Piton de la Fournaise volcano 
associated with the December 4, 1983, and January 18, 1984 
eruptions from ground deformation monitoring and photo- 
grammetric surveys, J. VolcanoL Geotherm. Res., 40, 197- 
217, 1990. 

Zucca, J. J., and J. R. Evans, Active high-resolution compres- 
sional wave attenuation tomography at Newberry volcano, 
central Casacade Range, J. Geophys. Res., 97, 
11,047-11,055, 1992. 

J. J. Dvorak, Institute for Astronomy, P.O. Box 4729, Hilo, 
HI 96720. (e-mail: dvørak@kepler'ifa'hawaii'edu) 

D. Dzurisin, U.S. Geological Survey, 5400 MacArthur Bou- 
levard, Vancouver, WA 98661. (e-mail: dzurisin@usgs'gøv) 


