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INTRODUCTION

VOLCANOLOGY

Stalking Nature's Most

Dangerous Beasts

n 8 May 1902, searing gases and ash hurtled down the flanks of Mount Pelée on the

Caribbean island of Martinique, killing all but two of the 28,000 inhabitants of St.

Pierre. In seconds the nuées ardentes, or glowing clouds, of the massive pyroclastic

flow transformed a vibrant town known as the Paris of the West Indies into a 20th cen-

tury Pompeii. Ninety-five years later, another Caribbean town was wiped off the map,

when pyroclastic flows from the Souftriere Hills volcano entombed Plymouth, the cap-

ital of Montserrat. But this time, no lives were lost: Plymouth had been evacuated. The volcano had giv-
en ample warning in a series of minor eruptions, and just as important, scientists had tuned in to subtler
signals, including idiosyncratic patterns of seismic rumblings, which had given the volcano’s game away.
Volcanologists have made great strides in recent years in their ability to predict eruptions and to gird
communities for the consequences. This Special Issue examines the state of the art of volcanology—and
indeed, it is as much an art as a science, for volcanoes often defy predictions. Insights

Normile, p. 2018).

Volcanologists do not address such questions idly, of
course, as their findings are often the basis for life-and-death
decisions about how and when to evacuate communities. The
experiences on Montserrat show how well risk assessments
can work, even with the threat there rising as the volcano
builds a gigantic lava dome (see story by Stone, p. 2027). The
stakes are also high in urban settings; thus scientists are keep-
ing a tense vigil at Italy’s Mount Vesuvius, which could
threaten hundreds of thousands of people near its base if it
were to awaken (see story by Bohannon, p. 2020).

It does not matter, however, how closely a volcano is
watched if someone is in the wrong place at the wrong time during an erup-
tion. Determining exactly how victims perish can lead to improved protec-
tion for volcanologists and others who must enter a danger zone and can
even give them a shot at survival if caught in an eruption (see story by Stok-
stad, p. 2022). One big unknown on the health front is whether long-term ex-
posure to ash and gases gives rise to chronic illnesses, a question now being
tackled in earnest (see story by Pickrell, p. 2023).

Working on an active volcano is not for the faint-hearted, especially in
Africa and other regions where a dearth of basic equipment means that
field expeditions—and putting one’s life on the line—are the only way to
gather data (see story by Krajick, p. 2024). But as the stories in this Spe-
cial Issue show, volcanology is a rewarding endeavor in which scientific
advances are making rapid gains on intuition. Just ask the former residents
of Plymouth. —RICHARD STONE
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into their behavior and the ability to devise sound civil defense plans derive as much from
intuition grounded in years of volcano-watching as from the latest code-breaking meth-
ods applied to the cryptic geophysical chatter that scientists eavesdrop on.

Still, the balance is tilting in science’s favor as new instruments and analytical ap-
proaches are brought to bear on restive volcanoes (see stories by Kerr, p. 2016, and
Bachtold, p. 2026). And there are novel ways to collect data following an eruption: For
the first time, scientists are drilling into the magma conduit of a recently active volcano,
Unzen in Japan, to better understand why some eruptions are explosive (see story by
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VOLCANOLOGY

NEWS

High-Tech Fingers on Earth’s Erratic Pulse

Volcanologists are throwing new sensors and instruments at a problem of
immense societal importance: predicting when a volcano near an inhabited
area may erupt. The results are encouraging but far from consistent

After 2 decades of slumber, Alaska’s Re-
doubt volcano was growing restless. Earth-
quakes rattled the mountain as magma
welled up through the crust. But would the
magma rend the surface or fizzle out?
Thomas Miller, chief scientist of the then-
new Alaska Volcano Observatory (AVO),
was “very concerned” that the mountain
would blow, but he was not ready to translate
the tremblings into a prediction of an immi-
nent eruption. However, an hour after Re-
doubt began spouting ash and gas on 14 De-
cember 1989, Miller got a phone call from
Bernard Chouet, a colleague at the U.S.
Geological Survey (USGS) in Menlo Park,
California, who wanted to chat about the
volcano. Oh, it’s erupting? “I expected it was
going to erupt,” said Chouet. Miller was per-
plexed. “If this guy knew it was going to
erupt,” he thought, “why didn’t I know it?”
Chouet’s edge was a peculiar squiggle that
he as well as AVO scientists had seen on seis-
mic recordings from the volcano, but
only Chouet had taken them to be sure har-
bingers of eruption. More than a decade after
Redoubt’s reawakening, this sort of “hum,”
called a long-period (LP) seismic event, has
become one of several once-inscrutable
inklings of doom that scientists now routinely
eavesdrop on. The hope is to anticipate a vol-
cano’s behavior well enough to move people
out of harm’s way. A number of successful
evacuations across the globe in recent years
suggest that scientists are becoming more and
more adept at deciphering the cryptic signals
of rising magma and, most important, decid-
ing when to brace for a volcano to explode.
“Really, we do pretty well” at forecasting
eruptions, asserts volcanologist John Eichel-
berger of AVO and the University of
Alaska, Fairbanks. And he and
other volcanologists at listen-
ing posts around the

To get a clear picture of a volcano’s past, geologi-
cal layers from past eruptions and historic records
are examined.

.
aan

world are getting better all the time, he says.
“The picture is analogous to weather fore-
casting: Some mistakes, but we provide vital
information about a gathering storm.”

The success stories are due in large part
to leaps in the sophistication of the technol-
ogy used to probe the hearts of volcanoes.
Using instruments ranging from satellite-
borne radars to strainmeters buried in bore-
holes, researchers can now track magma
from the time it first rises and pools in the
upper crust, pushes on into the volcano, and
then, sometimes with deadly consequences,
breaks through the surface. A major concern,
however, is that “most volcanoes are not well
monitored,” says Dan Dzurisin of USGS’s
Cascades Volcano Observatory (CVO) in
Vancouver, Washington, including ones in
populous parts of Central and South Ameri-
ca, Africa, and the southwest Pacific.

But even well-monitored volcanoes can
get cranky and confound their watchers.
Soufriere Hills on Montserrat fussed and
fumed for 2 years after its July 1995 reawak-
ening, triggering one false alarm before real-
ly letting loose in 1997. Thus some volca-
nologists view the prediction glass as half-
empty. “We’re quite a ways from [consistent-
ly] forecasting an eruption before the event,”
says C. Dan Miller of CVO. “We can do that
part of the time.”

Miller recalls the two dozen overseas
missions in the past 18 years of USGS’s Vol-
cano Disaster Assistance Program (VDAP)
team he now heads and the sometimes mad-
deningly erratic behavior of rising magma.
For example, he says, in September 1999
“all indications were that [Ecuador’s] Tun-
gurahua was about to suffer a major explo-
sive event.” On the advice of scientists,

officials evacuated 20,000 people from
the volcano’s
flanks. Noth-

ing much happened. Three years later,
Tungurahua sputters on without a major
eruption. “Despite what some scientists
think and despite excellent monitoring,”
says Miller, “we have been unable to
predict when many of these explosive
events are going to happen in the course
of years-long eruptions. There are huge
challenges for scientists.”

From the bottom up

The first challenge for volcanologists is de-
ciding which of the planet’s 600 or so active
volcanoes to monitor closely enough to
allow any hope of predicting an eruption. Ge-
ologists teasing out the history of a dormant
volcano from layer upon layer of its ash, lava,
and mud might warn of the possibility of an
eruption in coming decades, as they did be-
fore Mount St. Helens blew in 1980. They
continue to sound warnings on Italy’s Mount
Vesuvius, which according to the intervals
between past eruptions is due for a major
eruption (see p. 2020). But for a more imme-
diate wake-up call, volcanologists are coming
to rely on the first signs that fresh magma,
which will fuel an eruption, has moved into
chambers in the upper crust—roughly 5 to 10
kilometers below the surface.

The best way to track such magma move-
ments is to detect minute deformations of the
surface. Since the late 1990s, satellite-borne
radar monitoring of ground swelling has been
providing early alerts years before an erup-
tion. In the Cascades of central Oregon, radar !
measurements revealed a 15-kilometer-wide,
10-centimeter-high bulge that had formed
between 1996 and 2000 on the flanks of the
Three Sisters volcanoes, which have slept for
2000 years (Science, 11 January 2002, p.
260). The size and shape of the bulge suggest
that about 21 million cubic meters of magma
have risen into a chamber located 6 or 7
kilometers underground. The upwelling of
hot, gas-laden magma can tip a volcano to-

x-":\ Infrared CDZ

Seismographs record the magnitude and give the
approximate location of earthquakes and other

seismic signals.

(Short-period, SP, event)
Rock breaks as magma presses up toward the surface.

(Long-period, LP, event)
As it rises to the surface, magma, water, and gases
make surrounding rock vibrate.

(“Static” activity that happens on

and off)
Disturbances are created as the magma chamber
under the volcano fills.
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Satellites detect temperature increase, gas plumes,
and SO, emission, which can catch the stirrings of

volcanoes that aren’t otherwise monitored.

ward an eruption. Such magma is more
buoyant than magma lingering from a previ-
ous eruption, so it pushes upward, pressuriz-
ing the plumbing leading to the surface.

Geophysicist Charles Wicks and his col-
leagues at USGS in Menlo Park measured
ground swelling around the Three Sisters by
combining two sets of radar signals bounced
off the surface, one in 1996 and one in 2000.
The resulting interference fringes formed a
bull’s-eye that gauged the amount of uplift.
Thus alerted, USGS researchers deployed
another recent tool in their arsenal—a Glob-
al Positioning System (GPS) instrument that
measures precise latitude, longitude, and
elevation. GPS has confirmed a continuing
rise. The longer the land swells, researchers
figure, the more likely that the magma will
break out of its chamber and start heading
for the surface.

USGS also installed a seismometer on
the bulge. Earthquakes—the squeals of rock
breaking as magma pushes upward—have
long been the primary warning sign of an
impending eruption. But volcanologists have

Exactly how deep LP events are generated
remains unclear, but they are widely believed
to reflect somehow the gurgling of magma in
deep volcanic plumbing. One to 2 weeks be-
fore Mount Pinatubo in the Philippines blew
in 1991, for example, 400 LP events more
than 10 kilometers deep struck each day. It
now appears that the cause was fresh magma
entering the system, says seismologist Ran-
dall White of USGS Menlo Park and the
VDAP team. The LP events were saying, “It’s
coming up, and it’s enough to kick things
around.” Pinatubo magma that erupted onto
the surface contained blobs of the freshly in-
jected magma, suggesting that the resupply
was enough to push the volcano over the edge
into an eruption. Likewise, concern rose in
1989 when swarms of LP events rippled be-
neath Mammoth Mountain in east-central
California and in late 2000 beneath Mount
Fuji. But so far, these appear to have been
merely shots across the bow: Neither long-
slumbering volcano has awoken as yet.

On toward the surface

anxious to track magma
as it nears the surface.
Fumes venting from vol-
canoes once looked like

a promising marker for a
coming eruption. Sulfur
dioxide and other gases es-
cape ahead of ascending
magma. Measured from a safe
distance by infrared spec-
troscopy, sulfur dioxide fumes
rising from a volcanic
cone have often signaled
that magma—
not just heat
seeping from
below—has
neared the
surface and is
driving the
venting
and ash
spout-
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come to recognize that bursts of a peculiar,
resonating hum from deep in a volcano’s
plumbing system can also alert watchers to
the resupply of a deep magma chamber.
These LP events are occasionally detected at
midcrustal depths of 5 to 10 kilometers, but

Signs of deep stirrings
can flag hot spots, but vol-
canologists tasked with
warning the public of im-
pending danger are more

When magma rises to the surface, the pressure
drops and dissolved gases are released.

Carbon dioxide (CO,) dissolved in magma rapidly
escapes during ascent as pressure declines, so it
readily vents or saturates the ground. Sulfur diox-
ide (SO,), on the other hand, is more soluble in

. —
they are not the gounds of rock breakmg, ///—H GPS magma, so it emerges later and can even dissolve
which come at periods as short as a few hun- (P into groundwater.

dredths of a second. Rather, LP events have
periods of 0.2 to 2 seconds.

The amount of SO, released in the plume is
measured by how much ultraviolet light it ab-
sorbs. The sensor is commonly fixed to a vehicle
that transports it backward and forward at right
angles to and beneath the plume. Sometimes

As magma presses upward, it raises the ground . X
airplanes or stationary setups are used.

like air in a balloon.

CO, fluxes are measured by infrared light absorp-

tion. They can be measured in the air in plumes
but also directly from the ground where the CO,
seeps slowly from the soil over a wide area.

Using the Global Positioning System, a receiver
on the ground triangulates its exact geographic
coordinates from satellite signals.

With interferometric synthetic aperture radar, a
satellite bounces microwaves off the surface,
measuring the phases of the echoed waves.
Information gathered at two points in time is
superimposed to form an image of changing
ground elevation.

Gases are sampled directly from volcanic vents.
The contents are analyzed using gas or ion
chromatography.

Tiltmeters and strainmeters are fixed in the = : e =5

ground and measure changes in angle or strain.

Electronic distance meters measure distances
between points.
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Bold Venture Aims to Plumb a
Volcano's Fiery Depths

Tokyo—Most volcanologists monitor a mountain’s inner work-
ings with instruments placed on the surface like a doctor's
stethoscope. But this summer an international team will try
something never done before: drilling into the heart—the mag-
ma conduit—of a recently active volcano.

The sleeping giant the Japanese-led team intends to pene-
trate is Unzen, a volcano in southwestern Japan that erupted in
1995. Last year, the group completed the first phase of the proj-
ect, punching a pair of exploratory holes in older deposits in
Unzen's flanks. The more daring stage, drilling into the conduit,
got under way last
month. The hope is
that the high-risk
venture will shed light
on the factors that
determine whether an
eruption is explosive
—"one of the funda-
mental questions of
volcanology,”  says
volcanologist Setsuya
Nakada of the Univer-
sity of Tokyo, a leader
of the project.

When a volcano
starts rumbling, vol-
canologists try to
predict the timing
and size of a potential eruption by decipher-
ing the “smoke signals”"—seismic waves and
ground deformation—it sends out. The Un-
zen Scientific Drilling Project will be the first
time that volcanologists attempt to corre-
late these data with chemical and physical
information from a volcano’s interior ob-
tained soon after an eruption. A better un-
derstanding of the link between processes in
the conduit and the signals monitored at the
surface “has the potential to be quite an ad-
vance in forecasting eruptions,” says another
project leader, John Eichelberger of the Uni-
versity of Alaska, Fairbanks.

Unzen casts a long shadow over the city of Shimabara on
Kyushu Island; a 1792 eruption that killed 15,000 people ranks
as the fifth deadliest volcanic disaster in history. Its most recent
bout of activity, lasting more than 4 years, killed 44, displaced
10,000, and inflicted $2 billion worth of damage as pyroclastic
flows combined with rain-driven mud flows to wipe out homes,
farms, factories, an elementary school, roads, and a train line.
Among the dead were volcanologists Maurice and Katia Krafft
of France and Harry Glicken of the United States.

When Unzen subsided, scientists quickly laid plans for the
drilling. The idea had been floated for other volcanoes, but lo-
gistical, environmental, or safety obstacles had always proved
insurmountable. At Unzen, however, Nakada and Eichelberger
were able to identify a suitable and accessible drilling site out-
side the boundary of a national park that rings the summit.
They put together a team of 60 scientists from five countries
for the project, with Japan picking up roughly 90% of the esti-
mated $18 million cost.

Shot through the heart. A drilling team has just begun a
landmark attempt to penetrate Unzen's conduit.

In the first phase, cores taken from two boreholes filled in
essential details about Unzen’s structure and natural history.
Researchers knew that over 4 years Unzen—a dacitic volcano
in that its magma is largely silica—had effused 200 million cu-
bic meters of magma in roughly 10,000 pyroclastic flows. Such
behavior contrasts with that of Pinatubo, a dacitic cousin in the
Philippines that in one gigantic explosion in 1991 sent 6 or 7
cubic kilometers of ash into the atmosphere. The team learned
from the cores that Unzen'’s earliest eruptions—about 500,000
years ago—were explosive like Pinatubo’s, but that the erup-
tions grew tamer and tamer, becoming effusive about 200,000
years ago.

The researchers hope that the project’s second phase, a 3-
year effort launched last month with a Shinto cere-
mony at the site to pray for safe drilling, will shed
more light on the subject. But they are not sure what
will happen when they tap into Unzen’s conduit, the

channel through which
magma rises to the sur-
face. Although magma
in the conduit has solid-
ified, it is expected to
be a bit-melting 600°C
and contain highly pres-
surized water vapor. To
cope with such condi-
tions, the drillers will
cool the area around
the bit to 170°C by cir-
culating a gypsum slur-
ry through the hole.
That should allow them
to insert a camera and
sensors for measuring
temperature, density,
and permeability. The
slurry should also help
quell the pressurized
water, and a blowout
preventer, a valve at the
S . surface, will serve as a

S B = % backup.

The drillers expect to
reach the conduit at a
depth of about 1300
meters beneath the summit. Seismic imaging has shown that
Unzen'’s conduit is several hundred meters wide but only 10 to
20 meters thick and slants upward from west to east. The bore-
hole will arc into the conduit, penetrating it horizontally. The
first hole is expected to yield rock samples describing the stabil-
ity of the conduit and its surrounding rock. If all goes well, a sec-
ond summer of drilling in 2005 will slant out of the same bore-
hole into the conduit at a shallower elevation, taking continuous
core samples. That hole would give valuable data on how gas
bubble size and the physical characteristics of magma change on
the way up the conduit.

Insights into exactly how volcanoes shed gas, says Chris
Newhall of the University of Washington, Seattle, “surely will
save both lives and unnecessary evacuations at volcanoes.” For
the eruption-weary people of Shimabara and the millions of
others around the world living in the shadow of volcanoes,
better forecasting cannot come too soon.

—DENNIS NORMILE
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ing that can precede a major eruption.

In the past decade, geochemists have
added carbon dioxide to their observations
because it is more likely than sulfur dioxide
to make it through groundwater to the sur-
face. At Mammoth Mountain, 300 metric
tons of carbon dioxide—measured at the
surface and by flying an analyzer through
the plume—ooze up each day from the fresh
magma injection 5 to 9 kilometers deep.
That amount is down from a more intimi-
dating 1100 tons per day a decade ago,
which was enough to kill trees and close
parts of the mountain to camping. The slow
decline suggests that Mammoth Mountain
will not erupt anytime soon.

But some experts argue that sniffing the
vapors can easily mislead oracles. “Both an
increase in gas emission rates and a decrease
in gas emission rates are bad” signs, says
William Rose of Michigan Technological
University, Houghton. That was made tragi-
cally plain in 1993 at Galeras volcano in
Colombia (Science, 16 April

eruption in the next 12 to 24 hours.” When
seismicity began shooting up logarithmical-
ly, the warning was changed to a large erup-
tion. That was enough for workers to button
up an oil terminal downriver of the volcano
and evacuate, just hours before Redoubt’s
biggest eruption of the series sent mudflows
barreling into the terminal. “I became a be-
liever” in LPs, says Miller. “It’s a very pow-
erful tool. If we see LP events, they get our
attention right away.”

But it took the Galeras tragedy to consoli-
date opinion that shallow LP events can in-
deed serve as warning flags. The night before
the ill-starred researchers headed to the crater,
according to Victoria Bruce in her 2001 book
No Apparent Danger, five of the leaders dis-
cussed the volcano’s state. Fifteen LP events
with their constant frequency and descending
amplitudes—called tornillos in Spanish for
their screwlike appearance—had occurred in
recent weeks, as they had in the weeks before
the previous Galeras blast in July 1992. Al-

VOLCANOLOGY

“absolutely unbelievable”—but concede that
shallow LP events are vital to monitor.
“Recognition of LP earthquakes is one of the
key elements but not the full answer,” says
David Hill of USGS Menlo Park. Their ab-
sence, for instance, cannot be taken as a
clean bill of health. Plenty of seismicity pre-
ceded the 1994 Rabaul eruption in Papua
New Guinea, Hill notes, but not a single LP
event could be discerned. White of the
USGS used an LP-type signal himself to pre-
dict an eruption of Ecuador’s Guagua Pichin-
cha in 1999 within 5 days. But “the biggest
problem is that shallow LP seismicity doesn’t
really begin until the system has opened up a
bit,” he says. “It’s a late-stage phenomenon.
You know [the magma] is coming up the
pipe already.” But will it follow through?

A no-show?

What volcanologists really have to know is
whether the magma they can hear or smell,
but not yet see, is going to make it out the top.
That only happens about half

1993, p. 289). On 14 January, a
party of scientists entered the
crater under the assumption that it
was relatively safe because its low
gas emission meant that magma
was not near the surface. But it ac-
tually meant that the conduit had
plugged itself, allowing gas pres-
sures to build to the breaking
point. Seven volcanologists died
when the plug shattered in a brief
but violent explosion. Gases, says
Rose, are “enigmatic without
something else” to go on.

In the aftermath of Galeras, the
something else looked like it
might be LP events—not the kind
that occur many kilometers deep,
but ones that emanate from just

Image not
available for
online use.

the time. The other half it con-
geals and stalls. At calderas
such as California’s Long Valley
or Italy’s Campi Flegrei—scars
of huge ancient eruptions—the
success rate is probably more
like 1 in 10, says Hill. To force
an eruption, magma must push
its way through solid rock on
the power of its declining buoy-
ancy. If the conduit’s walls are
sufficiently fractured, for exam-
ple, rising magma can shed
enough gas to lose buoyancy
and become far more viscous.
Weakened and stiffened, it
plugs its own pipe.

Experts typically gauge a
volcano’s late-stage eruption

beneath the surface. Shallow LP
waves were the precursors that led
Chouet to call AVO’s Miller as
Alaska’s Redoubt erupted in 1989.
Chouet had deduced that these events a kilo-
meter or so deep reflect an interaction of
magma and groundwater that sets cracks
filled with magma, water, or gas vibrating
like the pipe of an organ. By Chouet’s think-
ing, the more LPs, the more pressurized the
shallow plumbing of the volcano is and the
sooner it is likely to blow.

The 1989 Redoubt eruption strongly im-
plied that shallow LP waves augur trouble.
Redoubt’s initial 14 December eruption was
followed by a couple of weeks of quiet, but
by 1 January 1990 LP events were on the rise
again along with a general increase in the
number and magnitude of quakes. In consul-
tation with Chouet that day, Miller recalls,
AVO released a prediction of “a moderate

Shot heard 'round the world. Redoubt’s mighty blasts in 1989 got many
researchers thinking that LP events may help predict eruptions.

though two of the leaders credited Chouet
with predicting that eruption using fornillos,
according to Bruce, the field trip went on.

A decade after that wake-up call, re-
searchers regard LP events with a range of
feelings. Before Galeras, “what we didn’t
have in our toolbox was something we could
trust to give us reliable magnitude and tim-
ing” of an eruption, says retired USGS vol-
canologist Norman Banks. “Bernard Chouet
gave us that ‘missing link.” ” Banks was
among a number of volcanologists who ap-
peared in a NOVA show aired in the United
States last November that portrayed LPs as
“the Holy Grail of volcano science.”

Many volcanologists assail that mes-
sage—one disparages the NOVA show as

potential by how big a head of
steam it seems to have. After
the cataclysmic eruption of
Mount St. Helens in 1980,
USGS volcanologists were 13 for 13 in pre-
dicting subsequent smaller extrusions of
lava. When they saw a rapid rise in the in-
tensity of seismic activity and accelerating
swelling of the crater floor, they predicted
an eruption minutes to weeks ahead. At
Pinatubo, unrest escalated so quickly and
consistently that it was eventually clear to all
that the volcano was going to blow. As
White puts it, at many volcanoes “it tends to
get noisier and noisier before eruptions.”
Barry Voight of Pennsylvania State Uni-
versity, University Park, has quantified this
“noisier and noisier” behavior of soon-to-
erupt volcanoes. Drawn from the science of
strained materials, his equation essentially
says that the volcano’s last obstacles to rising
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